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Abstract: Insulin-regulated aminopeptidase (IRAP or oxytocinase) is a membrane-bound zinc-

metallopeptidase that cleaves neuroactive peptides in the brain and produces memory enhancing

effects when inhibited. We have determined the crystal structure of human IRAP revealing a

closed, four domain arrangement with a large, mostly buried cavity abutting the active site. The

structure reveals that the GAMEN exopeptidase loop adopts a very different conformation from

other aminopeptidases, thus explaining IRAP’s unique specificity for cyclic peptides such as oxyto-

cin and vasopressin. Computational docking of a series of IRAP-specific cognitive enhancers into

the crystal structure provides a molecular basis for their structure–activity relationships and dem-

onstrates that the structure will be a powerful tool in the development of new classes of cognitive

enhancers for treating a variety of memory disorders such as Alzheimer’s disease.

Keywords: Alzheimer’s disease; aminopeptidase; catalysis; computational modeling; crystallogra-

phy; cyclic peptide; insulin signaling; memory enhancers

Introduction

Insulin-regulated aminopeptidase (IRAP, oxytoci-

nase, EC 3.4.11.3) was originally identified in fat

and muscle cells in association with the insulin-

responsive glucose transporter GLUT41 as well as in

the placenta as the enzyme that breaks down the

peptide hormone oxytocin.2 It was subsequently

found in many other organs, usually restricted to

specific cell types.3 IRAP has been associated with

tissue specific roles including: (i) maintenance of
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glucose homeostasis through its role in the regula-

tion of the trafficking of GLUT4 in insulin-

responsive cells; (ii) proteolytic control of oxytocin

concentrations in pregnancy to prevent the onset of

premature labor; (iii) regulation of brain oxytocin

and vasopressin levels, modulating complex social

behaviors such as trust, pair-bonding, anxiety, and

(iv) participation in cognitive and memory process-

ing in the brain.

IRAP’s role in memory was identified through

studies of central administration of the hexapeptide

angiotensin IV (Ang-IV; VYIHPF), which enhances

memory and learning in rodents.4–10 The binding

site responsible for this activity was identified as

IRAP.11 Subsequently, Ang-IV and a structurally dis-

tinct ligand, LVV-hemorphin-7 (LVVYPWTQRF, a

degradation peptide of b-globin), were shown to be

potent, competitive inhibitors of IRAP with Ki values

in the high nanomolar range.12,13

IRAP has a distinct distribution pattern in the

brain and is found in regions associated with cogni-

tive, sensory, and motor function. In neurones of the

hippocampus and cerebral cortex, IRAP is present in

intracellular vesicles containing GLUT414 suggesting

a comparable system exists for IRAP and GLUT4 in

neurones as has been described for fat and muscle

cells. In insulin-responsive tissues, IRAP and the glu-

cose transporter are trafficked together to the cell

surface after insulin stimulation. It is well estab-

lished that glucose enhances cognitive performance.15

Thus, it has been proposed that IRAP inhibitors

might exert their memory enhancing effects by

either: (i) inhibiting IRAP’s aminopeptidase activity,

extending the half-life of endogenous neuropeptides

that potentiate memory; (ii) regulating GLUT4 trans-

location and therefore enhancing glucose uptake; or

(iii) modulating signal transduction as IRAP bears

characteristics of a membrane-bound receptor.

The 1025 amino acid IRAP protein belongs to the

M1 family of zinc metallopeptidases and is a Type II

membrane-spanning protein with an N-terminal, 109

residue cytoplasmic domain and an 893 residue extrac-

ellular region including the catalytic domain [Fig. 1(a)].

Previously, we developed an homology model of the cat-

alytic region of IRAP based on the structure of human

leukotriene A4 hydrolase (LTA4H),16 though they

shared limited overall sequence identity of �18%. Vir-

tual screening of a �2 million compound library led to

the identification of a lead series of drug-like com-

pounds we called the HFI-142 series.17 A medicinal

chemistry program yielded more than a dozen HFI-142

analogs with Ki’s less than 10 mM, including three com-

pounds with Ki’s of less than 500 nM.17–19 One of

those, HFI-419, was shown to enhance visual recogni-

tion and spatial working memory in rats.17

IRAP is the only documented M1 aminopepti-

dase that can cleave cyclic peptides such as vaso-

pressin and oxytocin. Homology models based on

related M1 aminopeptidases have been unable to

explain how IRAP can specifically cleave cyclic pep-

tides as the predicted active sites are too small to

accommodate them. As the closest homolog to IRAP,

Figure 1. Three-dimensional structure of the IRAP monomer. (a) Domain organization of IRAP. From left to right are the cytoplas-

mic tail, transmembrane region, juxtamembrane region that includes the cleavage site for oxytocinase production, and the extrac-

ellular domains D1 to D4. (b) Crystal structure of the closed form. The domains are in different colors, the Zn ion is a green

sphere, and glycosylation shown in stick fashion. (c) Homology model of the open form. An interactive view is available in the

electronic version of the article.

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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endoplasmic reticulum aminopeptidase 1 (ERAP1),

shares less than 50% sequence identity, these obser-

vations suggest that parts of the active site are

poorly predicted in the available homology models.

Here, we report the crystal structure of IRAP

and use it to understand the basis of recognition of

physiological substrates and cognitive enhancers by

the enzyme. We find that IRAP is dimeric. Each

monomer, composed of four continuous domains,

forms a closed hollow structure with the active site

at its center. The crystal structure reveals the active

site is completely remodeled compared to other M1

aminopeptidases with the GAMEN exopeptidase

loop adopting a completely different conformation.

Cyclic peptides oxytocin and vasopressin could be

readily docked into the crystal structure. Further-

more, computational docking of members of the

HFI-142 series into the IRAP structure provides a

robust explanation of structure–activity relation-

ships. Thus, the structure will prove a valuable

resource for accelerating the discovery and develop-

ment of IRAP-specific cognitive enhancers.

Results

Crystal structure of human IRAP

The crystal structure of IRAP (residues 155–1025)

was determined to a resolution of 3.02 Å. Two mole-

cules of IRAP were found in the asymmetric unit

with the final model including: the 2 molecules (A

and B), 1 Zn ion per monomer, 8 glycosylation sites

per monomer, and 55 water molecules. Final data

collection and refinement statistics are shown in

Supporting Information Table SI. The two monomers

superimpose with a root-mean-square deviation

(rmsd) on Ca’s of 0.44 Å, with the largest outliers

located at either exposed loops or crystal contacts.

As Molecule A is the more complete model, most of

the following analyses focus on it.

The IRAP monomer has approximate dimen-

sions of 93 Å 3 62 Å 3 55 Å [Fig. 1(b)]. Domain D1

(residues 171–365) forms an extensive b-sandwich

with a seven-stranded b-saddle flanked on either

side by three- and four-stranded b-sheets. Domain

D2 (residues 366–615) adopts a thermolysin-like a/b-

fold and contains the catalytic site with a Zn ion at

its center and Zn binding HEXXH(X)18-E and

GAMEN exopeptidase motifs. The active site is

capped by domain D4 to form a large, mostly

enclosed cavity (�5300 Å3) adjacent to the Zn ion.

Domain D3 (residues 616–704) adopts a b-sandwich

fold consisting of three and four stranded b-sheets

and forms a bridge between domains D2 and D4.

Domain D4 (residues 705–1025) is entirely a-helical

with 16 a-helices that assemble in a “bowl-like”

shape and exhibit extensive interactions with

domain D2. IRAP forms a dimer in the crystal that

appears physiologically relevant (Supporting Infor-

mation “Supplementary data.doc,” “Table SII,” and

“Fig. S1”).

A DALI20 search of the Protein Data Bank

reveals that the IRAP structure most closely resem-

bles the closed forms of mammalian endoplasmic

reticulum aminopeptidase 1 (ERAP1),21,22 ERAP2,23

aminopeptidase N (APN),24 and aminopeptidase A

(APA)25 (Supporting Information Fig. S2). IRAP

shares between 32% (APA) and 48% sequence iden-

tity (ERAP1) with them and superposition of the

structures gives rmsd’s on Ca’s of 1.6–1.8 Å. A

domain comparison reveals that D1 to D3 are very

similar (rmsd’s< 1.3 Å). In contrast D4 shows more

variation with rmsd’s ranging from 1.1 Å to 1.5 Å.

IRAP adopts an intermediate conformation

between open and closed forms

A number of M1 aminopeptidases, including ERAP1,

have been crystallized in two distinct conformational

states: open and closed.21,22 The most significant dif-

ference between them is a large rotation of D3 rela-

tive to the catalytic D2, so that D4 is packed (closed

state) or distant (open state) from D1 and the active

site [cf. Fig. 1(b) vs. (c)]. For ERAP1, peptide sub-

strates only bind in the open state and require a

number of conformational changes for activity. These

changes, which occur on transition from the open to

the closed form, include reorientation of a key aro-

matic residue (Tyr549 in IRAP), movement of the

GAMEN motif, and a loop-to-helix transition of a 17

residue segment (equivalent to IRAP residues 528–

544 which form a helix). The IRAP structure

appears to resemble an intermediate conformation

between the fully open and closed forms seen for

ERAP1 with the interdomain angles and position of

the active site Tyr549 [Supporting Information Figs.

S3(d) and 4] lying between the orientations seen in

the two structures for ERAP1. In this state, the vol-

ume of the active site cavity in IRAP is �5300 Å3

compared to 2920 Å3 calculated for the closed form

of ERAP1.21,22 We have previously shown that in the

presence of Ang-IV IRAP becomes resistant to prote-

olysis, consistent with IRAP also adopting open and

closed conformational states.26 We have modeled the

open [Fig. 1(c)] and fully closed forms of IRAP based

on the equivalent ERAP1 crystal structure. These

models are consistent with published biochemical

data on IRAP.

IRAP catalytic site

The initial IRAP crystals were grown in the pres-

ence of Ang-IV, a nanomolar inhibitor of IRAP with

the first three residues (VYI) forming the minimal

peptide fragment required for binding.27 In the

related structure of human aminopeptidase N (APN)

bound to Ang-IV24 only the first three residues were

observed. Surprisingly, despite IRAP being crystal-

lized in the presence of Ang-IV, there was no
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electron density consistent with either the intact

peptide or the first three residues in the active site.

Instead there is clear electron density associated

with the Zn ion that we have interpreted as an ala-

nine [Supporting Information Fig. S3(a)]. We have

subsequently determined structures of IRAP from

crystals grown in the absence of Ang-IV (3.90 Å

resolution) and in the presence of a non-peptide

inhibitor, 5,7-dichloro-2-[(dimethylamino)methyl]-8-

quinolinol (2.96 Å resolution, see Supporting Infor-

mation Table SI). In the latter, the electron density

associated with the Zn ion is best modeled as a

lysine [Supporting Information Fig. S3(b)], as

observed in the structure of the related M1 amino-

peptidase, ERAP2.23 Presumably the enzyme has

picked up the amino acid during expression and

purification.

In the crystal structure, the catalytic Zn ion is

coordinated by His464, His468, and Glu487 of the

HEXXH(X)18E zinc-binding motif [Supporting Infor-

mation Fig. S3(c)] which superimpose almost identi-

cally between the related M1 aminopeptidases

[Supporting Information Fig. S3(d)]. The fourth

ligand is normally a bound water molecule, thought

to be activated by Glu465 to perform a nucleophilic

attack on the carbonyl carbon of the scissile bond

[Supporting Information “Supplementary data.doc,”

Fig. S3(e)]. Mutation of Glu465, or any of the Zn-

binding residues, causes a complete loss of enzy-

matic activity.28 Glu465 is in an identical position to

the equivalent residues of ERAP1 (Glu354) and

ERAP2 (Glu371). However, the fourth ligand in

IRAP appears to be an amino acid, modeled as an

alanine [Supporting Information Fig. S3(a)] or lysine

[Supporting Information Fig. S3(b)], and thus repre-

sents an enzyme–product complex. The amino acid

has been modeled so that its carbonyl oxygen inter-

acts directly with the metal and the amino group

forms hydrogen bonds with Glu487 and Glu431,

which provide the N-terminal anchor for peptide

substrates [Supporting Information Fig. S3(c)]. This

interpretation is consistent with how the fourth

ligand binds in closely related aminopeptidases: bes-

tatin in ERAP1 binds via a carbonyl oxygen,21,22 a

lysine in ERAP2 binds via its carbonyl oxygen,23

and both oxygen atoms of an acetate ion bind to Zn

in APN.24

A point of difference in the active site between

IRAP and the other aminopeptidases is that the car-

bonyl oxygen of the ligands in the other active ami-

nopeptidase structures also makes hydrogen

bonding interactions with the hydroxyl group of a

neighboring tyrosine residue [Supporting Informa-

tion Fig. S3(d)]. This residue, Tyr549 in IRAP, is

entirely conserved across M1 aminopeptidases and

is responsible for polarizing the carboxyl group of

the substrate peptide during the catalytic cycle

[Supporting Information Fig. S3(e)]. In most M1

structures the equivalent residue is orientated

toward the active site. However, in the IRAP struc-

ture, the hydroxyl group of Tyr549 is 6.1 Å distant

from the carbonyl oxygen of the active site alanine

and is therefore not in a position to form a hydrogen

bond. Instead this residue occupies a position inter-

mediate between that of Tyr438 of ERAP1 in the

active closed and inactive open states [Supporting

Information Figs. S3(d) and S4].21 The position of

Tyr549 suggests the IRAP structure is a snapshot of

an inactive state requiring a rotation of helix 7 that

is located in domain D2 to bring the tyrosine back

toward the IRAP active site. Based on the structure

reported here a catalytic mechanism can be pro-

posed (Supporting Information “Supplementary

data.doc,” Fig. S3).

Specificity and the S1 pocket

A large number of studies have explored the struc-

tural requirements of peptide binding to IRAP. The

most crucial prerequisite is a free N-terminus; how-

ever, there are additional constraints on substrates

provided by the S1 pocket. In the case of Ang-IV

analogs it appears essential that the N-terminal res-

idue has a straight, aliphatic side-chain29 and an

aromatic ring at position 2 maximizes binding.30 In

LVV-hemorphin-7 a valine residue at position 3

appears crucial and aromatic residues at positions 4

and 6 are major determinants of affinity.12 In con-

trast, C-terminal residues of either peptide do not

appear important.12,29

The S1 pocket, adjacent to the active site, is

responsible for determining the specificity of IRAP

for the free N-termini of target peptides [Supporting

Information Fig. S3(e)]. The GAMEN motif occupies

one side of the S1 pocket. The motif not only assists

in recognizing the N-termini of substrates but also

helps align the scissile bond for catalysis. The impor-

tance of the GAMEN motif in IRAP has been demon-

strated with mutations of any residues leading to

decreased activity and mutation of Glu431 causing

complete loss of activity.31 Glu431 interacts with the

free amino group of the peptide substrate [Support-

ing Information Fig. S3(e)].

The similarities and differences in substrate

specificity amongst IRAP and its closest homologs,

ERAP1 and ERAP2, appear largely due to variations

in the S1 pocket (Supporting Information Fig. S5).32

Although ERAP1 displays preference for hydropho-

bic and aromatic side-chains, ERAP2 displays pref-

erence for extended chains with positively charged

ends. Surprisingly, IRAP displays aspects of specific-

ity found in both enzymes. When compared to other

M1 aminopeptidase structures, the loop containing

the GAMEN motif in IRAP is significantly displaced

with respect to the active site residues (Fig. 2). The

first two residues of the GAMEN motif in ERAP1

(Gly317, Ala318), ERAP2 (Gly334, Ala335), APN

Hermans et al. PROTEIN SCIENCE VOL 24:190—199 193



(Gly352, Ala353), APA (Gly357, Ala558), and the

equivalent residues of LTA4H (Gly268, Gly269) sur-

round the N-terminal side-chain of bound substrate

and, together with the adjacent amino acid (Ser316

of ERAP1, Pro333 of ERAP2, Ala351 of APN,

Thr356 of APA, Tyr267 of LTA4H), make up one

edge of the pocket (Supporting Information Fig. S5).

In contrast, the rearrangement of the loop in IRAP

results in the equivalent GAMEN residues, Gly428

and Ala429, sitting further back from the active site

with the side-chain of adjacent Ala427 sitting com-

pletely out of the S1 pocket, enlarging the pocket

sufficiently to fit all amino acid side-chains except

tryptophan. Although homology models of IRAP

have suggested Ala427 points into the active site,

mutation of Ala427 to a large residue (tyrosine) had

no effect on cleavage of physiological peptide sub-

strates,33 consistent with the crystal structure.

The structural basis for the different conformation

of the GAMEN loop in IRAP compared to the other

aminopeptidases is unclear. The open and closed forms

of ERAP1 reveal the same restrictive GAMEN loop

conformation, suggesting that the difference is not due

to the transition between active and inactive conform-

ers. Similarly, equivalent aminopeptidase structures

with and without active site ligands display the same

restrictive loop conformation, suggesting the nature of

ligand in the active site is not the cause of the shift

seen in IRAP. Crystal packing does not appear respon-

sible as the GAMEN sequence itself is buried within

the protein, while the adjacent loop residues (Ile422 to

Ala427) are only partially exposed in the join between

D2 and D4. The nearest symmetry related residue to

the loop residues is more than 9 Å away. These obser-

vations suggest that the difference in GAMEN loop

conformation between IRAP and the other aminopepti-

dases is a consequence of the local environment and

hence a unique aspect of the IRAP active site struc-

ture. The most substantial rearrangement seen is for

the side-chain of Phe425 with respect to its equivalents

Phe314 (ERAP1) and Phe331 (ERAP2) (Fig. 2). In the

ERAP structures, the aromatic side-chain of this phe-

nylalanine residue sits beneath the adjacent GAMEN

sequence, packing against the main-chain atoms of the

GAMEN motif glycine residue. In IRAP, Phe425 has

swung approximately 180� to point away from the

GAMEN sequence and out toward D4, where it forms

a p-stacking interaction with the guanidinium group of

Arg920. In ERAP1 and ERAP2, the arginine residue at

this position is replaced by a lysine residue that, while

still capable of forming a p-stack with aromatic side-

chains, is found to do so less frequently in protein

interfaces.34 The removal of the bulky phenyl group

from beneath the GAMEN sequence allows it to pack

more closely to the fourth strand of the D2 b-sheet,

resulting in the observed shift of the GAMEN loop and

subsequent increase in size of the S1 pocket. Homology

models of IRAP to date, including our own,17 do not

include this altered GAMEN loop structure meaning

that the size and shape of the S1 pocket has been incor-

rectly modeled. As such, accurate interpretation of

putative substrate and inhibitor binding modes has

been hampered.

Molecular basis for IRAP recognition of

physiologically relevant peptides

IRAP has been shown to cleave a range of natural

peptide hormones in vitro including oxytocin,

Figure 2. Comparison of the GAMENmotif loop conformation

in several representative M1 aminopeptidase structures. The

structures of ERAP1 open (PDB id: 3MDJ, blue), ERAP1 closed

(PDB id: 2YD0, yellow), ERAP2 (PDB id: 4JBS, orange), and

APN (PDB id: 4FYS, red) were superimposed on the IRAP crys-

tal structure (green) using the catalytic site residues. (a) The dif-

ferent conformations of the GAMENmotif loops for the proteins

colored as above. The rest of the IRAP structure is shown as a

gray cartoon with the active site residues shown as rods colored

by atom type. (b) Detailed representation of the IRAP and

ERAP2 GAMEN motif loops. The two proteins are displayed as

in (a) but with the residues of the loop shown as sticks colored

by atom type. Displacement of the loop between the equivalent

residues Ile422/328 and Met430/336 is substantial, with the dif-

ference in the side-chains of Phe425/331 exceeding 10 Å. An

interactive view is available in the electronic version of the

article.

This figure also includes an iMolecules 3D interactive version

that can be accessed via the link at the bottom of this figure’s

caption.

194 PROTEINSCIENCE.ORG Structure of Insulin-Regulated Aminopeptidase

info:x-wiley/pdb/3MDJ
info:x-wiley/pdb/2YD0
info:x-wiley/pdb/4JBS
info:x-wiley/pdb/4FYS
http://imolecules3d.wiley.com:8080/imolecules3d/review/NjURWtnMNBiP27N6bvUsgHwDhq4ELFLBzgal6CYWcmH3WzUqGpOanOGZxxYHkDYk756/1489
http://imolecules3d.wiley.com:8080/imolecules3d/review/NjURWtnMNBiP27N6bvUsgHwDhq4ELFLBzgal6CYWcmH3WzUqGpOanOGZxxYHkDYk756/1489
http://imolecules3d.wiley.com:8080/imolecules3d/review/NjURWtnMNBiP27N6bvUsgHwDhq4ELFLBzgal6CYWcmH3WzUqGpOanOGZxxYHkDYk756/1489


vasopressin, Lys-bradykinin, Ang-III, Met-

enkephalin, dynorphin A, cholecystokinin 8, and

somatostatin.28,35–37 IRAP is unique however as it is

the only documented M1 aminopeptidase that can

cleave cyclic peptides such as vasopressin and oxyto-

cin. Vasopressin and oxytocin were the first reported

substrates of IRAP and their cleavage has been

studied in the most detail.28,36,37 Initially, the N-

terminal cysteine is cleaved at its peptide linkage

and remains linked by its disulfide bond to an inter-

nal cysteine. Subsequently, sequential release of N-

terminal amino acids is observed.

IRAP’s unique ability to bind and cleave cyclic

peptides is reflected in the structural differences of

the IRAP active site compared to other aminopepti-

dases (Fig. 2). Docking of vasopressin and oxytocin

into the IRAP structure [Fig. 3(a,b)], as well as into

both open and fully closed models of IRAP, gives

binding conformations consistent with substrate rec-

ognition and catalysis. The shifted GAMEN loop in

IRAP allows the cyclic peptides to sit across the

active site Zn ion in a productive orientation with

the first peptide bond positioned ready for cleavage.

Previous attempts by us to dock the cyclic peptides

into homology models of IRAP were not successful

because the GAMEN loop had been modeled in the

conformation seen in related aminopeptidases. In

the latter, the GAMEN loop impinges on the space

required for the cyclic peptide to sit within the

active site (Fig. 2). This provides a molecular basis

for IRAP’s specificity for cyclic peptides. IRAP is

likely to recognize linear peptides in a similar way

[Fig. 3(c), Supporting Information “Supplementary

data.doc”].

Molecular basis for IRAP recognition of

cognitive enhancers

Our previous studies have identified a series of

IRAP-specific inhibitors that show activity in vivo as

cognitive enhancers in normal rats and memory def-

icit rat models.17–19 These benzopyran-based com-

pounds were originally identified through in silico

screening of a homology model of IRAP based on the

crystal structure of LTA4H.17 Further development

has relied primarily on traditional medicinal chemis-

try in the absence of an experimental IRAP struc-

ture, resulting in compounds with Ki values as low

as 40 nM.17,18

We have docked a selection of these compounds

into the IRAP structure to find that compound

Figure 3. IRAP recognition of physiological ligands and cognitive enhancers. (a) Computational docking of the cyclic peptide

oxytocin. IRAP is shown as a cartoon colored gray, except for the GAMEN loop residues which are colored green. Oxytocin

and the active site residues are shown as rods colored by atom with carbon atoms either cyan (oxytocin) or white (IRAP) with

the Zn ion shown as a green sphere. The molecular surface of IRAP is also shown. The GAMEN loop from ERAP1 (PDB id:

2YD0) has been superimposed (yellow). This position for the GAMEN loop, characteristic of other M1 aminopeptidase structures

discussed in the text, impinges on the identified binding orientation of oxytocin, and prevents computational docking of cyclic

peptides such as oxytocin. (b) Computational docking of the cyclic peptide vasopressin. View is as for oxytocin in panel a. (c)

Docked conformation of Met-enkephalin in the IRAP crystal structure. Met-enkephalin displayed as rods with carbons purple

for Met-enkephalin. (d) Molecular basis of recognition by IRAP of cognitive enhancers. The following inhibitors are shown in yel-

low bonds: HFI-142, HFI-419, HFI-435, HFI-437 with the side-chain of residue Phe544 shown in light purple.
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ranking by docking score (a theoretical estimate of

the KD for the formation of the docked complex) is

consistent with the kinetic data (Supporting Infor-

mation Table SIII). All compounds dock with almost

identical poses, with the oxygen of the hydroxyl

group on the chromene core interacting with the Zn

ion and the chromene packed against the GAMEN

loop [Fig. 3(d)]. Specificity of the compounds for

IRAP over related aminopeptidases including

ERAP1 and ERAP217 is therefore explained by

IRAP’s repositioning of this loop which impinges this

site in the other enzymes preventing the compounds

binding in this orientation. The common ethylcar-

boxylate group on the 3-position of the chromene

core has a hydrogen bond to the backbone amide of

the GAMEN loop alanine and the 4-position aro-

matic substituents form a ring stack against the

side-chain of Phe544. The greater sensitivity of the

quinolinyl compounds (HFI-435, HFI-437) than the

pyridinyl compounds (HFI-142, HFI-419) to muta-

tions at residue Phe544 (Phe544I/V)38 arises, in this

model of binding, from the different degree of ring

stacking to Phe544. The shorter pyridinyl group sits

displaced from the Phe544 aromatic ring while the

second ring of the quinolinyl group reaches partially

over the ring to the b-carbon of the side-chain. This

causes the greater degree of sensitivity seen for the

quinolinyl compounds to substitution of the Phe by

the b-branched Val and Ile residues. Overall, these

results indicate that the IRAP structure provides a

reliable basis for understanding the structure–activ-

ity relationships of IRAP-specific inhibitors.

Discussion

Memory and cognitive impairments afflict more

than 25% of people over 65 years due to a wide

range of clinical conditions including Alzheimer’s

disease, head trauma, hypoxic damage, and stroke.

Currently, most approved treatments are focused on

cholinesterase inhibitors but these have proven lim-

ited efficacy. More innovative approaches are

required and hence the development of memory-

enhancing drugs is gaining momentum.19 Thus, the

discovery that small molecule specific inhibitors of

IRAP can enhance memory17 has generated much

interest in academia and industry. As a part of this

effort, we have determined the crystal structure of

IRAP at atomic resolution.

The overall domain architecture seen in IRAP

(Fig. 1) has previously been observed in a range of

other M1 aminopeptidases including human

ERAP1,21,22 ERAP2,23 APN,24 APA,25 and LTA4H16

(missing D3) (Supporting Information Fig. S2). Our

comparison of the available crystal structures

revealed that the first three extracellular domains

in IRAP are closely similar to the other enzymes

with more variability in the C-terminal domain that

caps the active site (Supporting Information

Fig. S2). Unlike its closest homologs, ERAP1 and

ERAP2, IRAP is found to be a dimer in solution and

in the crystal (Supporting Information

“Supplementary data.doc,” Fig. S1). However, IRAP

does use its C-terminal domain to dimerize [Sup-

porting Information “Supplementary data.doc,” Fig.

S1(b), Supporting Information Table SII] like human

APA and APN. Modeling of the intact IRAP provides

no compelling evidence that IRAP might act as a

receptor to signal across membranes [Supporting

Information “Supplementary data.doc,” Fig. S1(d)].

A comparison of the active site of IRAP with the

related M1 aminopeptidases reveals many similar-

ities [Supporting Information Fig. S3(d)] that,

together with published mutagenesis studies, sug-

gest a common catalytic mechanism [Supporting

Information “Supplementary data.doc,” Fig. S3(e)].

However, key differences do exist including a major

change in the conformation of the GAMEN loop that

enlarges the S1 specificity pocket, thus explaining

how IRAP can recognize cyclic peptides whereas the

others cannot. Surprisingly, the IRAP structure

revealed a conformation in which the C-terminal

domain does not fully enclose the active site [Fig.

1(b)]. Modeling suggested a fully closed conformation

of IRAP, like that seen in ERAP1,21,22 is possible.

We also readily modeled an open form of IRAP based

on ERAP1 [Fig. 1(c)]. The existence of fully open

and closed IRAP states is consistent with published

proteolysis data that revealed the apo enzyme is pro-

teolytically sensitive but peptide-bound enzyme is

insensitive.26 Interestingly, a key catalytic tyrosine,

Tyr549, is orientated away from the active site and

the crystallographic data suggest an amino acid is

bound to the catalytic zinc ion. Thus, it appears that

the crystal structure has captured IRAP as an

enzyme–product complex with domain D4 starting

to swing out from the active site to allow product

release.

Despite numerous attempts, we have so far

failed to soak in or co-crystallize IRAP with physio-

logical ligands or synthetic inhibitors. However, com-

putational docking into IRAP (in all three

conformations) provides compelling functional

insights. For example, docking of either the linear

peptide Met-enkephalin or the cyclic peptides oxyto-

cin and vasopressin results in tightly clustered solu-

tions in which the first peptide bond is positioned

over the Zn ion ready for catalysis (Fig. 3). These

models provide the basis for understanding the

extensive published structure-function studies of

IRAP substrates. Vasopressin and oxytocin have

been suggested to be physiological substrates of

IRAP.39,40 The effect of vasopressin on facilitating

memory consolidation and retrieval is well estab-

lished and there is evidence that oxytocin is involved

in long term memory.41 One hypothesis for the mem-

ory enhancing effects of IRAP inhibitors is that they
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prolong the half-life of these cyclic peptides by inhib-

iting their degradation by IRAP and hence promote

memory through extended interaction of neuroactive

peptides with their receptors. The modeling here

provides a molecular basis for understanding IRAP’s

unique specificity toward cleavage of these cyclic

neuropeptides.

Computational docking of selected benzopyran

family members of cognitive enhancers into the

IRAP structure demonstrated they dock in the same

orientation relative to the active site in contrast to

previous modeling studies that were hampered by

incorrect modeling of the GAMEN loop.38 Strikingly,

the docking scores correlate exceedingly well with

experimentally derived Ki values (Supporting Infor-

mation Table SIII). This result suggests the IRAP

crystal structure could prove very useful for discov-

ering and developing new families of cognitive

enhancers.

Although very potent inhibitors of IRAP have

been discovered, pharmacokinetic issues including

good blood–brain barrier penetration remain to be

solved.42 The crystal structure presented here will

facilitate the development of new inhibitors with

desirable properties that could be developed into

cognitive enhancers to treat memory loss associated

with a range of disorders like Alzheimer’s disease,

brain trauma, and stroke.

Materials and Methods

Protein production

Human IRAP (residues 155–1025) was cloned and

expressed as previously described.26 Briefly, IRAP

was expressed in Sf21 insect cells using a Sartorius

Stedim Biotech Biostat-Cultibag RM Bioreactor sys-

tem (Aubagne, France). The purified protein was

dialyzed into 25 mM Tris–HCl (pH 7.2) and 150 mM

NaCl, purified by size exclusion chromatography on

a Superdex 200 column, and concentrated. One 10 L

culture typically produced 1–2 mg of purified pro-

tein. The IRAP construct used here has been shown

to be active using a fluorometric assay.26 IRAP was

concentrated to 9 mg/mL for crystallization studies

and stored at 280�C in 25 mM Tris pH 7.2, and

150 mM NaCl.

Structural studies

Crystallization was performed using the vapor-

diffusion hanging-drop method at 22�C. Crystals

appeared after several days in 25% (w/v) polyethyl-

ene glycol (PEG) 3000, and 100 mM Tris pH 8.5. Ini-

tially crystals of IRAP could only be grown in the

presence of the inhibitor Ang-IV and the initial

structure was determined from them. Crystals for

data collection were transferred to artificial mother

liquor containing 20% glycerol as cryo-protectant

prior to freezing by rapid emersion into liquid nitro-

gen. Data were collected at the MX2 beamline at the

Australian Synchrotron (Clayton, Victoria). Data col-

lection was controlled using Blue-Ice software.43 The

data were integrated with XDS,44 and scaled with

SCALA from the CCP4 program suite.45 A dataset to

a resolution of 3.02 Å was collected from a single

crystal. The crystal belonged to the space group P21
with unit cell dimensions of a5 68.3 Å, b5 256.1 Å,

c571.1 Å, b5115.1�. Assuming two molecules in

the asymmetric unit, the VM value for this crystal

was 2.81 Å/Da with an estimated solvent content of

56%.46 Molecular replacement was performed using

the program PHASER47 in the CCP4 program

suite45 with the structures of the related M1 amino-

peptidases ERAP1 (PDB id: 2YD0)21,22 and ERAP2

(PDB id: 3SES)23 as search models. A solution in

which one molecule was located with ERAP1 and

the second molecule in the asymmetric unit located

with ERAP2 gave the best results. Alternate rounds

of model building and refinement were performed

with the programs COOT,48 REFMAC 5,49 and

BUSTER.50 In total eight rounds of refinement were

performed with the Rfactor and Rfree dropping after

each round of refinement. Water molecules were

built in during the last rounds of refinement. The

final model yielded an Rcryst and Rfree of 20.0% and

26.0%, respectively. Molecule A consists of residues

159–596, 598–639, and 646–1025 and Molecule B

consists of residues 160–222, 229–596, 598–638,

648–661, and 664–1025. It was apparent from the

electron density maps that several asparagine resi-

dues were glycosylated: Asn 184, 215, 256, 266, 368,

682, 760, and 850. These residues were modified

with either a mono- or di-saccharide of N-acetylglu-

cosamine. The Ramachandran plot showed that

99.0% of the residues were in the allowed regions

with 14 residues as outliers (Cys835, Asn638,

Tyr972, Tyr784, Asp917, and Pro296 of Molecule A;

Trp433, Asn693, Cys835, Pro162, Ser450, Ile718,

Val373, Ile884 of Molecule B). All outlying residues

were located in regions where the electron density is

not well defined. Data and refinement statistics are

listed in Supporting Information Table SI. The coor-

dinates for the IRAP structures have been deposited

in the Protein Data Bank (http://www.rcsb.org/pdb/)

under the accession numbers 4P8Q and 4PJ6.

The PISA (Protein Interfaces, Surfaces and

Assemblies) server (http://www.ebi.ac.uk/pdbe/pisa/)

was used for all protein:protein surface interaction

calculations. The DynDom program for protein

domain motion analysis (http://fizz.cmp.uea.ac.uk/

dyndom/) was used to calculate the conformational

differences between dynamic proteins. The 3V: cav-

ity, channel, and cleft volume calculator and extrac-

tor (http://3vee.molmovdb.org), was used for all

protein cavity volume calculations. The program

LSQMAN (Uppsala Software Factory) was used for

alignment and comparison of proteins. Figures
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containing structural models were prepared in

PyMOL.51

Computational modeling

Models of the “open” and fully “closed” conformations

of IRAP were prepared by superimposing the individ-

ual domains of chain A of the IRAP crystal structure

onto the equivalent domains of chain A from the

ERAP1 open (PDB id: 3MDJ) and closed (PDB id:

2YD0) structures. In both cases, the domains were

then reassembled and minor steric clashes resulting

from the repacking of the domains removed through

minimization using the MMF94s forcefield in Sybyl-X

2.1.1 (Certara L.P., St. Louis, MO).

Docking of ligands was performed using Surflex

version 2.7 running in Sybyl-X 2.1.1. In cases where

chiral centers were present, all possible enantiomers

were docked. In all cases, the R-enantiomer docked

better and thus the results are for this enantiomer.

Ligand sites were defined on the basis of the crystal-

lographic alanine associated with the catalytic zinc

ion using a threshold of 0.5 and bloat value of 2.0.

Molecules were docked in GeomX mode using

default settings and inspected in Sybyl.
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