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Two structurally distinct peptides, angiotensin IV and LVV-haemorphin 7, both competitive high-affinity inhibitors of
insulin-regulated aminopeptidase (IRAP), were found to enhance aversion-associated and spatial memory in normal rats and
to improve performance in a number of memory tasks in rat deficits models. These findings provide compelling support for
the development of specific, high-affinity inhibitors of the enzyme as new cognitive enhancing agents. Different classes of
IRAP inhibitors have been developed including peptidomimetics and small molecular weight compounds identified through in
silico screening with a homology model of the catalytic domain of IRAP. The proof of principal that inhibition of IRAP activity
results in facilitation of memory has been obtained by the demonstration that the small-molecule IRAP inhibitors also exhibit
memory-enhancing properties.
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AD, Alzheimer’s dementia; Ang IV, angiotensin IV; APN, aminopeptidase N; B2 m/TAP, B2-microglobulin/transporter
associated with antigen processing; CREB, cyclicAMP responsive element binding protein; ERAP, endoplasmic reticulum
associated aminopeptidase; GLUT4, glucose transporter 4; GSV, GLUT4 specialized vesicles; HGF, hepatocyte growth
factor; IRAP, insulin-regulated aminopeptidase; KO, knockout; LTD, long-term depression; LTP, long-term potentiation;
LVV-H7, LVV-haemorphin 7; MCI, mild cognitive impairment; MHC, major histocompatibility complex; mTOR,
mammalian target of rapamycin; WT, wild type

COg nitive enhancers nization, 37 million people worldwide suffer from some form

of dementia. It is a progressive condition primarily in old
Dementia is the most common medical condition involving people of which Alzheimer’s dementia (AD) is the most
cognitive impairment. According to the World Health Orga- prevalent form. The incidence of mild cognitive impairment
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(MCI), the transitional phase between normal ageing and
dementia, is on the rise, affecting 3% to 17% of people over
the age of 65 years, depending on the diagnostic criteria used
and type of cohort studied (Portet et al., 2006). The Peripheral
and Central Nervous System Drugs Advisory Committee in
the USA predicted that more than 80% of patients with MCI
will go on to develop AD within 10 years at a rate of 10-15%
per year. Although AD is the most common form of demen-
tia, a range of other medical conditions can cause cognitive
decline and memory impairment. These include multiple
cerebral infarcts, hypoxic damage or head trauma. As a result
of increases in life expectancy and average age of the general
population, the prevalence of dementia and cognitive decline
in the developed world has risen and will continue to rise
significantly unless effective therapies are developed.

There is currently no cure for dementia — all of the pre-
scribed medications are designed to delay the onset or
manage the symptoms, which ultimately lead to improved
quality of life. Most current therapies approved by the Food
and Drug Administration for treating dementia and other
memory deficits belong to the class of cholinesterase inhibi-
tors with sales of the most commonly prescribed cholinest-
erase inhibitor, Aricept, achieving 75% of market share. These
drugs act by preventing the breakdown of acetylcholine,
thereby prolonging the action of the neurotransmitter and
are considered first-line treatment for the cognitive symp-
toms of mild to moderate forms AD, but they suffer from
modest efficacy (Kaduszkiewicz ef al., 2005). The approval of
memantine, which targets N-methyl-D-aspartate (NMDA)
receptor, was granted in 2002 in Europe and 2003 in the USA.
Although efficacy of memantine in the treatment of moder-
ate to severe AD had been inconsistent (Thomas and Gross-
berg, 2009), this NMDA receptor antagonist was approved for
this indication to avoid direct competition with the cho-
linesterase inhibitors. A number of novel approaches target-
ing central glutaminergic, serotonergic, GABAergic,
adrenergic systems as well as ion channels and phosphodi-
esterase enzymes are currently being trialled as pro-
mnemonic agents (Buccafusco, 2009).

Angiotensin IV (Ang IV) and memory

The hexapeptide Ang IV, which was initially thought of as an
inactive metabolic fragment of the vasoconstrictor peptide
angiotensin II, has memory-enhancing properties, improving
performance in a number of memory tasks when injected in
the brains of rats. The first studies demonstrated that admin-
istration of an acute dose of Ang IV into the lateral ventricle
of rat brain resulted in facilitation of memory retention and
retrieval in the conditioned and fear avoidance paradigms
(Braszko et al., 1988; Wright et al.,, 1993). The mnemonic
effects of Ang IV were also observed for other forms of
memory. Central acute or chronic infusion of Ang IV or its
more stable analogues (Norleucine Ang IV, Norleucinal Ang
IV, des-Phe®-Ang IV) into rats also enhanced spatial reference
memory in the Barnes, swim and radial arm mazes (Wright
etal., 1999; Lee et al., 2004; Braszko et al., 2008), and spatial
working memory in the spontaneous alternation plus maze
task (de Bundel et al., 2009). Ang IV and des-Phe®-Ang IV were
also shown to improve performance in the object recognition
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task as well as in the radial arm maze in rats — these effects
were purported to be mediated via interactions with central
dopaminergic pathways (Braszko, 2004; 2009; Braszko et al.,
2008;), although the lack of specificity as to which dopamine
receptor subtype is involved remains a concern (Braszko,
2010). The memory-enhancing effects of Ang IV have also
been demonstrated in mice where strain differences have
been reported in the response (Golding et al., 2010).

More importantly from a therapeutic viewpoint, centrally
administered Ang IV or its analogues are able to reverse
memory deficits induced by a broad range of experimental
insults. These include four vessel occlusion rat model of
global ischaemia (Wright efal., 1996), bilateral perforant
pathway lesions (Wright et al., 1999), perturbations of central
cholinergic systems by the muscarinic receptor antagonist
scopolamine or the nicotinic receptor antagonist mecamy-
lamine pretreatment (Pederson ef al., 1998; 2001; Albiston
et al., 2004; Olson et al., 2004; Olson and Cero, 2010), and
chronic alcohol exposure (Wisniewski et al., 1993).

In support of its memory effects, Ang IV and its analogues
have been shown to facilitate long-term potentiation (LTP) in
the dentate gyrus of rats in vivo (Wayner et al., 2001) and also
to enhance LTP (Kramar etal.,, 2001) and to attenuate
alcohol-induced suppression of LTP (Wright et al., 2003) in
the CA1 region of the hippocampus in vitro. Similarly, the
structurally distinct decapeptide LVV-haemorphin 7 (LVV-
H7), which was isolated from sheep cerebral cortex and iden-
tified through competition with radiolabelled Ang IV binding
as a high-affinity ligand (Moeller et al., 1997), was able to
mimic the effects of Ang IV on enhancing performance in
two spatial memory tests, the Barnes circular maze (Lee et al.,
2004) and the spontaneous alternation task (de Bundel et al.,
2009).

Ang IV targets

It is therefore of therapeutic interest that the target protein in
the brain that mediates the memory-enhancing effects of Ang
IV and LVV-H7 be identified. The most compelling evidence,
as outlined below, support insulin-regulated aminopeptidase
(IRAP) as the target binding site of Ang IV and LVV-H7. First,
both peptides are high-affinity, competitive inhibitors of
IRAP (Lew et al., 2003), competing with the peptide substrates
for binding to the catalytic site. The distribution of the
binding site for Ang IV, characterized by high-affinity binding
of radiolabelled Ang IV/Nle'Ang IV, parallels the localization
of IRAP mRNA in adjacent sections of mouse brain (Albiston
etal., 2001). Cells transfected with IRAP expressed a high
affinity Ang IV binding site resulting in a gain of function
(Albiston et al., 2001). Moreover, a dramatic loss of '*I-
Nle'Ang IV binding is observed in the sections prepared from
brains of the IRAP knockout mouse (Albiston et al., 2010a). As
will be discussed in section 4.2, small molecule, non-peptide
highly selective inhibitors of IRAP have been identified and
developed using a model of the catalytic site of IRAP, reca-
pitulating the physiological effects of the peptide inhibitors
on memory and glucose uptake (Albiston etal., 2008;
Fernando et al., 2008; de Bundel et al., 2009).

A number of alternative proteins have been proposed as
the specific binding site for Ang IV. This hexapeptide has
been reported to bind, at high concentrations, to a number of
other proteins including the angiotensin AT, receptor and



aminopeptidase N (APN). Indeed, some of the vasoconstrictor
effects in the different vascular beds attributed to Ang IV were
the result of the binding to and activation of AT, receptors
(Cheng et al., 1994; Loufrani et al., 1999). Recently, the hepa-
tocyte growth factor (HGF) receptor C-Met was put forward as
the binding site mediating the some of the effects of Ang
IV — this claim is based on the structural homology of the Ang
IV analogue Norleual to the hinge region of HGF (Yamamoto
et al., 2010). However, the binding and actions of the native
peptide, Ang IV, or other analogues were not investigated in
the C-Met system. Therefore, IRAP is the only validated target
for the novel pharmacological effects of Ang IV and its
analogues.

IRAP

Structure

IRAP (EC 3.4.11.3) is a type II transmembrane protein that
belongs to the M1 aminopeptidase, a family characterized by
two distinct motifs, the HEXXH zinc-binding and the
GXMEN substrate recognition sequence in its C-terminal
catalytic domain (Keller et al., 1995; Rogi etal., 1996). A
feature unique to IRAP amongst the aminopeptidase family is
the 109 amino acid N-terminal cytoplasmic domain that con-
tains two dileucine motifs that are preceded by acidic clusters.
These are characteristic trafficking motifs. Under normal
basal conditions, IRAP is present predominantly in vesicles,
with the large catalytic domain located intraluminally and
the N-terminal domain in the cytosol. When present at the
plasma membrane, the catalytic site is exteriorized to facili-
tate the processing of peptide hormones that are released into
the extracellular milieu.

Function

The physiological role of IRAP is not well understood. Prior to
its purification from bovine adrenal membranes and its iden-
tification as a specific Ang IV binding site, the AT, receptor
(Albiston et al., 2001), IRAP was first cloned in adipocytes as
the protein that accompanies the glucose transporter GLUT4
to the plasma membrane following insulin stimulation
(Keller et al., 1995). The same protein was also isolated from
the placenta as oxytocinase (Rogi et al., 1996), the enzyme
that regulates circulating oxytocin levels during the later
stages of human pregnancy.

Peptide hormone cleavage. In addition to oxytocin, IRAP has
the ability to cleave the structurally similar cyclic peptide,
vasopressin as well as a number of other peptide substrates
including somatostatin, cholecystokinin-8, lys-bradykinin,
angiotensin III, met-enkephalin, dynorphin A 1-8, neuroki-
nin A and neuromedin B in vitro (Herbst et al., 1997; Matsu-
moto et al., 2001a, b; Lew et al., 2003). The physiologically
relevant substrates of IRAP remain to be elucidated, although
insights from the global IRAP knockout mouse suggest that
vasopressin is a plausible candidate (Wallis et al., 2007).
However, the major determinants as to which peptide sub-
strates are cleaved by IRAP include the co-location of the
components, either intraluminally, extracellularly or circulat-
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ing in the blood stream, as well as the binding affinity of the
substrate and velocity of catalysis.

Major histocompatibility class (MHC) class I antigen process-
ing. Certain aminopeptidases appear now to play a key role
in the last, yet crucial, proteolytic steps that generate small
peptides for presentation onto MHC class I molecules. This
allows the mature MHC—-peptide complexes to be recognized
by cytotoxic T lymphocytes. Close family members to IRAP,
endoplasmic reticulum aminopeptidase 1 and 2 (ERAPI,
ERAP2), were identified as enzymes involved in the genera-
tion of mature antigenic epitopes from peptide precursors
that are delivered into the ER by a transporter associated with
antigen processing (Saveanu et al., 2005). Recently, IRAP has
also been implicated in the generation of antigenic peptide
for cross-presentation, not in the ER but in endosomal com-
partments (Saveanu et al., 2009) (Segura et al., 2009) and in
patterns that are distinct from those processed by the ERAPs
(Georgiadou et al., 2010). Therefore, not only has a new func-
tion for IRAP been discovered but also the peptide substrate
specificity is significantly broader than previously proposed
(Albiston et al., 2007).

GLUT4 vesicle trafficking. IRAP was so named because the
protein was first identified in close association with the facili-
tative glucose transporter, GLUT4, in specialized vesicles
called GLUT4 specialized vesicles (GSV) found in fat and
muscle cells (Keller efal.,, 1995). These GSVs respond to
insulin receptor stimulation, translocating to the plasma
membrane to facilitate glucose uptake into these cells (Bryant
et al., 2002). IRAP is proposed to play a role in regulating the
trafficking of GSVs because of the presence of the dileucine
motifs in the cytoplasmic tail, which when injected into fat
cells resulted in the translocation of the vesicles to the cell
surface (Waters et al., 1997).

Insights from the IRAP knockout mice. Given the diverse func-
tions ascribed for IRAP, the IRAP knockout (KO) mice dem-
onstrate only modest phenotypic characteristics. In the
absence of IRAP, GLUT4 levels are significantly reduced in fat
and muscle (up to 80%) resulting in decreases of both basal
and insulin-stimulated glucose uptake (Keller ef al., 2002).
However, despite the significant loss of GLUT4, IRAP KO mice
are still able to maintain normal glucose levels (Keller et al.,
2002). In contrast to the reported decreases in GLUT4 in the
muscle and fat of IRAP KO mice (Keller et al., 2002), glucose
transporter levels are not significantly altered in various brain
regions, including the hippocampus and cortex, where there
is almost complete co-localization between IRAP and GLUT4
in neurons (Fernando et al., 2008). Moreover, glucose uptake
following potassium-induced depolarization in hippocampal
slices, which is mediated by GLUT4, is the same for IRAP KO
and wild-type (WT) mice (Fernando et al., 2008).

IRAP has been shown to be highly expressed in the pla-
centa, where it is up-regulated during pregnancy and is
released into the maternal circulation. Circulating IRAP has
been suggested to play an important role in maintaining
oxytocin levels during pregnancy to prevent the onset of
premature labour and ensure adequate blood supply to the
foetus. Interestingly, IRAP KO mice are able to reproduce
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normally, with normal litter size and frequency, and survival
of pups is the same as for WT animals (Keller ef al., 2002;
Pham et al., 2009). However, a possible explanation for the
lack of an obvious developmental phenotype following gene
deletion of IRAP could be due to the fact that circulating
levels of IRAP detected in the maternal blood during preg-
nancy have only been reported in humans (Yamahara et al.,
2000). Moreover, the sequence identified as the cleavage site
for the release of soluble IRAP is not conserved and is absent
in most mammalian species except in higher order primates
(Rosenbloom et al., 1975). Hence, the absence of circulating
IRAP in mice during pregnancy is due to the inability of a
secretase to cleave the membrane bound enzyme to release
into the circulation (Pham et al., 2009).

Recently, Wallis etal. (2007) reported an increase in
plasma vasopressin levels in IRAP KO mice, suggesting that
IRAP may play a role in regulating levels of this peptide
hormone. Vasopressin has been reported to have memory-
enhancing properties (McEwen, 2004), which is consistent
with the proposal that inhibitors of IRAP enhance memory
by extending the half-life of its neuropeptide substrate, in
this case, vasopressin. Along the same line, the IRAP KO mice
would be expected to perform better in memory tasks;
however, this was not the case. Contrary to expectation, the
IRAP KO mice exhibited an age-related deficit in a spatial
memory task (Albiston et al., 2010a). This surprising finding
could be due to altered normal brain development as a result
of the permanent germline deletion of the IRAP gene, as high
levels of IRAP expression have been observed in the highly
neurogenic subventricular zone of the embryonic mouse
brain (Chai et al., 2001).

Although the role of IRAP in peptide trimming for MHC
class I antigen presentation has also been studied in the IRAP
KO mice, its physiological significance is far from resolved. In
human dendritic cells, IRAP is thought to play a role in
trimming peptides for antigen cross-presentation in an alter-
nate pathway, in endosomal compartments rather than in
the endoplasmic reticulum (Saveanu et al., 2009; Segura et al.,
2009). IRAP deficiency was shown to compromise cross-
presentation and not endogenous presentation (Saveanu
et al., 2009) but only in inflammatory dendritic cells (Segura
et al., 2009).

Mechanisms of action

The distribution of IRAP in the brain provides valuable
insights into its physiological role, with high concentrations
of the enzyme present in regions involved in processing cog-
nitive function including the prefrontal and entorhinal cor-
tices, hippocampus, basal forebrain and amygdala (Fernando
et al., 2005). IRAP is found predominantly in neurons where
the enzyme occurs intracellularly in large dense core vesicles,
in the endoplasmic reticulum and golgi (Fernando efal.,
2007). The factor(s) that stimulate the translocation of IRAP
to the plasma membrane in neurons have not been eluci-
dated, although activation of adenylyl cyclase by dibutyryl
cyclic AMP has been shown to result in the mobilization of
IRAP to the neuronal cell surface (Fernando et al., 2008).
Although inhibitors of IRAP facilitate both short- and long-
term memory, as well as have a beneficial impact on learning,
the physiological function of IRAP in the brain is unknown
(Albiston et al., 2007). Based on the known functions of IRAP
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in the periphery, we propose two potential mechanisms of
action by which IRAP inhibitors may enhance memory.

Aminopeptidase activity. Although modulation of neuropep-
tide degradation by IRAP inhibitors is the most straightfor-
ward proposition, it is unclear which of the IRAP substrates
are clearly associated with memory, and studies looking at
changes in neuropeptide levels following inhibitor treatment
are limited and technically challenging. IRAP is capable of
degrading a range of neuropeptides in vitro (section 3.2.).
Oxytocin and vasopressin seem unlikely candidates as they
are associated with social behaviour and anxiety, although it
is interesting to note that a role for oxytocin in face recogni-
tion has recently been proposed (Rimmele et al., 2009). Beyer
and coworkers demonstrated utilizing microdialysis, that sys-
temic and local intracerebral injection of a stable analogue of
Ang IV elevated extracellular levels of oxytocin in the rat
amygdala resulting in anxiolytic effects that were blocked by
an oxytocin receptor antagonist (Beyer et al., 2010).

Another potential IRAP substrate, somatostatin, has
recently been demonstrated to play a role in memory pro-
cessing via action on the somatostatin receptor subtype 3
(Einstein et al., 2010). Although critical for object recogni-
tion, the authors did not observe an effect on spatial memory
(Einstein et al., 2010). In complementary studies, it was dem-
onstrated that intracerebroventricular (i.c.v.) injection of Ang
IV protected rats against pilocarpine-induced seizures, poten-
tially by elevating the concentration of somatostatin-14 in
the brain since the anti-seizure activity was blocked by con-
comitant administration of a somatostatin receptor-2 antago-
nist (Stragier et al., 2006).

As described on the previous page, IRAP was recently
demonstrated to play a role in the immune system by trim-
ming peptides for cross-presentation via MHCI molecules.
What is thought provoking about this discovery is the emerg-
ing role of immune proteins in brain development and syn-
aptic plasticity (reviewed in Boulanger, 2009). MHCI genes
and associated proteins are expressed in a number of regions in
the adult brain including the hippocampus and cortex, with a
subset of MHCI genes regulated by CREB in hippocampal
neurons (Corriveau et al., 1998) (Barco et al., 2005). Because
over 50 MHCI proteins are in the mouse, insights into the
function of these proteins in the central nervous system (CNS)
have been obtained from studies using B2-microglobulin/
transporter associated with antigen processing (B2M/TAP)
double knockout mice that are MHCI deficient. The adult
B2M/TAP knockout mice demonstrate altered synaptic plastic-
ity with enhanced NMDA receptor-dependent LTP and
absence of long-term depression (LTD) in the CA1 region of
the hippocampus (Huh et al., 2000). However, analyses of the
performance of these mice in memory and learning tasks have
not been reported. Potentially, IRAP inhibitors in the CNS
could alter the processing of these antigens for presentation by
MHCI molecules in neurons, which could then impact on
synaptic plasticity. Facilitation of LTP by IRAP inhibitors has
been reported, as discussed previously.

Regulation of glucose uptake. IRAP co-localizes with GLUT4 in
neurons in regions of the brain associated with cognition,
raising the question as to whether there is an analogous
system in neurons as found in adipocytes and muscle cells.
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Figure 1

IRAP (top left panel) and GLUT4 (bottom left panel) immunostaining in pyramidal neurones in the CA3 region of the hippocampus with the extent

of co-localization shown in the merged image (right panel).

IRAP inhibitors could facilitate memory by potentiating
glucose uptake into neurons. The key role glucose plays in
memory formation is well established. Exogenous glucose
administration has been shown to facilitate memory in
rodents (Lee et al., 1988; Ragozzino et al., 1998) and to reverse
memory deficits in animals (Parent et al., 1997; Parkes and
White, 2000) and age-related deficits in humans (Korol and
Gold, 1998; Ragozzino et al., 1998). Increased cognitive load
results in a decrease in extracellular glucose levels in the
hippocampus (McNay et al., 2000), and this depletion can be
reversed by peripheral glucose administration (McNay et al.,
2000). The decrease in extracellular glucose levels in the hip-
pocampus during the performance of cognitive tasks is the
result of increased glucose uptake into neurons facilitated by
GLUT4. Exogenous glucose administration facilitate memory
in rodents, possibly via the activation of the mTOR pathway
(Dash et al., 2006). Infusions of glucose also reverse memory
deficits induced by the GABA receptor agonist muscimol
(Parent et al., 1997) in rats.

In brain regions that are important in memory process-
ing, such as in the pyramidal neurons of the hippocampus,
IRAP is found in the same vesicles as GLUT4 (Figure 1)
(Fernando et al.,, 2008). Utilizing hippocampal slices, we
demonstrated that IRAP inhibitors increased the amount of
glucose taken up into active neurons via GLUT4 (Albiston
et al., 2008; Fernando et al., 2008). This finding supports the
hypothesis that the close association of IRAP and GLUT4 is
functional in neurones and suggests a potential mechanism
of action for memory enhancement by IRAP inhibitors.
However, in whole animal studies, we have been unable to
correlate the memory-enhancing effects of IRAP inhibitors
with increased glucose utilisation. Acute i.c.v. administra-
tions of IRAP inhibitors in rats enhance spatial working

memory observed in the plus maze spontaneous alternation
task (Albiston et al., 2008; de Bundel et al., 2009). Although
extracellular hippocampal glucose levels decreased signifi-
cantly when the animals explored the plus maze, indicating
increased glucose uptake by the hippocampus, IRAP
inhibitors did not potentiate this effect (de Bundel efal.,
2009).

IRAP inhibitors

The acute and chronic effects of IRAP inhibitors on facilitat-
ing different forms of memory have been demonstrated by a
number of laboratories (section on Ang IV). However, the
mechanisms by which these inhibitors enhance memory in
normal animals and reverse performance deficits in experi-
mental models of memory loss are yet to be elucidated.
Regardless, the robustness of the memory effect of these
inhibitors reaffirms IRAP as a suitable target for the develop-
ment of new classes of cognitive enhancers.

Peptidomimetic IRAP inhibitors

As a tool for pharmacological studies or as a lead of a poten-
tial therapeutic, Ang IV, like many peptides, is compromised
by its susceptibility to degradation in vivo and lack of efficacy
when administered peripherally. These have been the
primary issues considered in the structural modification of
the parent peptide. The inclusion of unusual amino acids has
seen some success with peptide sequences based on Ang IV
including Nle'Ang IV, mentioned earlier. Most recently,
Lukaszuk and coworkers generated an analogue with an
N-terminal p?-homovaline residue and a C-terminal
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Peptide inhibitors of IRAP. (A) Structures of peptide inhibitors and analogues. (B) Comparison of inhibitor and substrate sequences.

B*-homophenylalanine in the Ang IV sequence yielding a
peptidomimetic (AL-11) of significantly longer in vivo half-life
(Lukaszuk et al., 2008). In addition, replacement of the
C-terminal His-Pro segment by a constrained Trp-Gly motif
(AL-40) yielded increased potency with selectivity over APN
and AT, receptor (Lukaszuk et al., 2009).

Extending the work of Taisho Pharmaceuticals (Kobori
et al., 2000), a range of cyclized analogues of Ang IV have also
been developed. The most recent disulfide cyclised tripeptide
analogues of Ang IV described retained low nanomolar K;
values (Andersson etal.,, 2010). Compared with earlier
attempts (Axén et al. 2006; 2007; Andersson et al., 2008), a
critical substitution of Tyr* for a B3>-homotyrosine residue, the
use of homocysteine residues and the inclusion of a
C-terminal aminomethylphenylacetic acid residue yielded
peptides that essentially share only the phenolic side chain of
the original peptide. However, the compounds still show low
metabolic stability and in vivo efficacy has not been investi-
gated, showing the challenges still present in the develop-
ment of peptidomimetic inhibitors.

In some respects, the conundrum that remains with these
peptides is what distinguishes IRAP inhibitors from sub-
strates. A listing of the identified substrates and inhibitors of
IRAP shows elements that may yet be useful in inhibitor
design. Most significantly, the IRAP substrates oxytocin, vaso-
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pressin and CCK8 possess a tyrosine residue in position 2,
although there is a broad substrate specificity exemplified by
the role of IRAP in trimming peptides for MHC I presenta-
tion. The presence of a pivotal tyrosine residue near the NH,
terminus is also present for peptide IRAP inhibitors (Figure 2).
Both vasopressin and oxytocin have been shown to be sub-
strates as a cyclic disulfide, while somatostatin cleavage stops
at the terminal disulfide, and calcitonin and endothelins are
not substrates. This shows that there may be an element of
conformational recognition by IRAP. On the other hand, as
far back as 1961, IRAP (as oxytocinase) activity was found to
be inhibited when oxytocin was linearized by benzylation of
cysteines, or desulphurization to yield alanine residues
(Berankova and Sorm, 1961).

Benzopyran-based IRAP inhibitors

Identification. Although the crystal structure of IRAP has not
been obtained, the structures of a number of M1 aminopep-
tidase family members including human leukotriene A4
hydrolase (LTA4H) (Thunnissen et al., 2001), bacterial APN
(Addlagatta etal., 2006) and PfA-M1 aminopeptidase
(McGowan et al., 2009) have been solved. Using the crystal
structure of LTA4H, a homology model of the catalytic site of
IRAP was developed and employed in an in silico screen for
potential IRAP inhibitors (Albiston et al., 2008).
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Structures of benzopyran-based inhibitors.

A library of more than 1.5 million commercially available
compounds were screened, compounds that had predicted
high affinity for IRAP purchased, and assessed for their ability
to inhibit IRAP activity. Subsequent sequential analogue
identification screens with the hit compounds as templates
led to the identification of a family of nanomolar affinity
benzopyran-based IRAP inhibitors. Three of the compounds,
HFI-419 (ethyl 2-acetylamino-7-hydroxy-4-pyridin-3-yl-4H-
chromene-3-carboxylate), the quinoline analogue HFI-435
and the hybrid molecule HFI-437 (ethyl 2-acetylamino-7-
hydroxy-4-quinolin-3-yl-4H-chromene-3-carboxylate), pre-
pared as racemates, exhibited K; values of 420, 360 and 20 nM
respectively (Figure 3). All three compounds demonstrated
selectivity for IRAP (Albiston et al., 2008) in contrast to the
peptide inhibitors Ang IV and LVV-H7. L.c.v. administration
of HFI-419 demonstrated memory-enhancing effects in two
memory paradigms (Albiston etal.,, 2008), significantly
improving performance in the novel object recognition and
spontaneous alternation task. The performance of rats treated
with HFI-419 in the spatial working memory spontaneous
alternation task, exhibited a bell-shaped dose-response curve
(Albiston et al., 2008) and paralleled the responses to the
peptide IRAP inhibitors, Ang IV and LVV-H7 (de Bundel et al.,
2009).

Computational docking of the inhibitors into a molecular model of
IRAP. Docking studies were used to provide a detailed view
of how the inhibitors are likely to bind to IRAP, which will be
important in guiding ongoing medical chemistry pro-
grammes. Unexpectedly, the docking results revealed two
alternate binding conformations for these structurally analo-
gous inhibitors but indicated in both cases that Phe*** would
provide a hydrophobic packing point at one side of the active
site (Albiston et al., 2010b), and that the inhibitors interacted
with the Zn atom. It should be noted that in the docking
studies the S-isomer was predicted as the preferred binding
mode in all examples, irrespective of the pose.

R2
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HF1-437

In the binding pose adopted by the pyridinyl derivatives,
HFI-142 and HFI-419, a ring stack is predicted between the
benzopyran moieties of the compounds and Phe’** (Albiston
et al., 2010b) (Figure 4A). This binding pose contains numer-
ous other interactions including a hydrogen bond from the
hydroxyl moiety of the inhibitors to Glu?*® and van der Waals
interactions involving GIn*?®, Pro**, Glu*®, Ala*”’, Leu*®* and
[le>.

The quinolines (HFI-435 and HFI-437) are not able to
adopt the aforementioned binding mode for the pyridinyl
compounds as the quinoline group is too large to enter the
small polar pocket formed by Glu*** and Glu** (Figure 4B).
Alternatively, they adopt a mode which allows a stronger
interaction with the Zn ion through the quinoline nitrogen.
The quinoline compounds are predicted to be more active
than the pyridinyl compounds due to the more favourable
coordination with the Zn ion, along with the hydrogen
bonding network between the hydroxyl moiety of the inhibi-
tors and Ser®*¢ and Lys**°, and more van der Waals contacts,
for example, between the quinoline ring and the side chain of
Met*? and between the ethyl ester with Ile*’.

Future directions

From this overview of IRAP inhibitors, it is apparent that
there are three key issues requiring resolution. (i) Elucidation
of the mechanism of action by which IRAP inhibitors facili-
tate memory. (ii) The need to develop IRAP inhibitors that are
effective following peripheral administration. Both the
peptide and benzopyran based inhibitors have undergone
medicinal chemical alerations, but to date only efficacy via
i.c.v. administration has been reported. (iii) Are IRAP inhibi-
tors an effective treatment for memory loss resulting from AD
or aging? Studies utilizing animal models will help to address
this issue. Progress in any of these areas is likely to result in a
clearer understanding of the role of IRAP in the CNS.
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Figure 4

Docking of the benzopyran-based inhibitors. (A) HFI-419 docked into the IRAP model. The residues are discussed above in the main text. (B)
Compound HFI-437 docked into the IRAP model. The residues are discussed above in the main text. This figure is rotated 90° along the y-axis from

Figure 4A.
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