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In recent years insulin-regulated aminopeptidase (IRAP) has emerged as a new therapeutic target
for the treatment of Alzheimer’s disease and other memory-related disorders. So far, many
potent and specific IRAP inhibitors had been disclosed, including peptides, peptidomimetics,
and low-molecular-weight sulfonamides. In this thesis, various computational approaches
such as docking, molecular dynamics (MD), linear interaction energy (LIE), and free energy
perturbations (FEP) are used to understand the molecular basis for the binding of these inhibitors
to the IRAP.

By applying MD and LIE, the binding mode of Ang IV and the critical role of its N-terminal
tripeptide in the binding to IRAP were described. The stark difference in the binding properties
of two stereoisomers of a peptidomimetic inhibitor, HA08 and HA09, was determined using
MD simulations and LIE binding affinity estimations. With the help of the FEP method, we
discriminate the most probable, between two alternative binding poses for the sulfonamide
family of compounds. The binding modes of the HFI family of compounds (competitive
inhibitors), and spiro-oxindole compounds (allosteric, uncompetitive inhibitors) were also
proposed utilizing a combination of related computational approaches. In this thesis, the
specificity of the diverse class of inhibitors and substrates (oxytocin and vasopressin) for IRAP
compared to other M1 aminopetidase family members was disclosed as a result of the unique
Gly-Ala-Met-Glu-Asn (GAMEN) loop orientation. The different studies performed along this
thesis resulted in several proposed binding modes, which were evaluated by different free energy
calculation approaches, namely LIE and FEP methods. In all cases, the calculated free energies
are in excellent agreement with the experimental data, which strongly supports the final binding
models here proposed.

These results of this thesis will be useful in future lead generation and optimization process
and hopefully in the development of better cognitive enhancers for the treatment of dementia
and other related diseases such as Alzheimer’s disease.
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Introduction 

Computational chemistry dates back to the early 20th century. Walter Heitler 
and Fritz London performed the first theoretical calculations in chemistry in 
1927. Several Nobel Prizes in chemistry have been awarded to computation-
al chemists, most notably in 1998 and 2013. In 1998 Walter Kohn “for his 
development of the density-functional theory” and John A. Pople “for his 
development of computational methods in quantum chemistry” shared the 
Nobel Prize in chemistry.1 In 2013, the Nobel Prize in chemistry was award-
ed “for the development of multiscale models for complex chemical sys-
tems” to Martin Karplus, Michael Levitt, and Arieh Warshel.2 The computa-
tional methods and algorithms they developed have been used to study and 
understand many aspects of chemistry and biology. Computational drug 
design that relies on the knowledge of the three-dimensional structure of the 
target is known as structure-based drug design. This thesis is focused on 
computational models of ligand binding to insulin-regulated aminopeptidase 
(IRAP). 
 
Dementia is the most common medical condition involving deteriorations in 
memory, behavior, and cognition. According to the World Health Organiza-
tion (WHO), 50 million people worldwide suffer from some form of demen-
tia, and this number is rising by 10 million every year.3 Alzheimer's disease 
(AD) is the most common form of dementia, and it accounts for up to 70% 
of dementia cases. Most of new cases are reported in low- and middle-
income countries. Dementia was estimated to cost society approximately 800 
billion USD in 2015.3 
 
Currently, there is no cure for dementia.3 The existing medications approved 
by the Food and Drug Administration (FDA) for treating dementia are cho-
linesterase inhibitors, which can only delay the symptoms. These inhibitors 
prevent the breakdown of the neurotransmitter acetylcholine, thereby pro-
longing the action of the neurotransmitter. Another drug approved by the 
FDA targets the N methyl D aspartate (NMDA) receptor. However, the 
existing drugs lack efficacy4 in the treatment of AD. Thus several approach-
es targeting the neurotransmitter pathways and the ion channels are currently 
under investigation for the development of potential drugs for the treatment 
of dementia.5 
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Initially, angiotensin IV (Ang IV) was considered an inactive fragment in the 
renin-angiotensin system (RAS) due to its weak binding to the AT1 and AT2 
receptors. However, in 2001, Ang IV was found to improve memory and 
learning when injected into the brains of rats and mice.6,7 Subsequently, in-
sulin-regulated aminopeptidase (IRAP) was identified as an Ang IV recep-
tor. Since then, the hypothesis that Ang IV and its analogs improve memory 
and cognition through IRAP inhibition has attracted a substantial amount of 
attention.8–10 The development of potent and drug-like IRAP inhibitors that 
can mimic the positive effects of Ang IV for the treatment of dementia has 
become of therapeutic interest. 
 
Our labs are engaged in a collaborative program aimed at identifying inhibi-
tors of IRAP as a potential new class of cognitive enhancers. This thesis is 
focused on computational models and free energy calculations related to 
ligand binding to IRAP. Computationally derived structure-activity relation-
ships of the inhibitors of IRAP provide valuable information for further lead 
optimization. This thesis consists of three chapters. The first chapter de-
scribes the theoretical methodology and computational and free energy 
methods employed in this work. It is followed by a discussion of the struc-
ture and function of IRAP. The last chapter summarizes the results describ-
ing potential binding models of different classes of IRAP inhibitors. 
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1. Methods 

This chapter introduces and briefly outlines the theoretical and computation-
al approaches used in the Papers I-VI discussed in this thesis. These meth-
ods include molecular docking, molecular dynamics, and free energy calcu-
lations. 

1.1. Automated docking 
Understanding how and where a ligand binds to its receptor is vital to the 
lead optimization process, yet an experimentally determined three-
dimensional structure of the target with a bound ligand is often unavailable. 
Automated docking is a method used to predict the binding pose of a ligand 
in its receptor in these cases. Manual docking can do this, but automated 
docking programs have many advantages, such as speed. Another advantage 
of automated programs is that they can scan for ligand conformations and 
generate numerous binding poses in the receptor.  
 
Docking programs have two main components: a conformational search 
engine to generate numerous conformations of the ligand and a scoring func-
tion to check the fitness of each binding pose and rank them. Generally, 
scoring functions implemented in the docking programs are very simple at 
the expense of accuracy, and the functions can be force field based, empiri-
cal, or knowledge-based. Force field based functions usually evaluate the 
non-bonded interaction energies between the ligands and receptors using a 
force field (see Section 1.2). Empirical functions are weighted sums of vari-
ous interactions between the ligand and receptor with these interactions be-
ing grouped into favorable and non-favorable interactions. A problem with 
empirical functions is that they usually do not consider long-range electro-
static effects. Knowledge-based functions are based on the statistical obser-
vations of interactions found in experimentally determined protein-ligand 
complexes PDB structures. 
 
There are many automated docking programs available, among which 
GLIDE,11 GOLD,12 DOCK,13 and Autodock14 are some of the most widely 
used. In this thesis, GOLD and GLIDE were used to dock the inhibitors to 
IRAP. 
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1.1.1. GLIDE 
GLIDE (grid-based ligand docking with energetics), a docking program 
within the Schrödinger Suite, uses a systematic search of the conformational, 
orientational and positional space of the ligand in the receptor.11 The initial 
docking pose is further refined based on torsional flexibility and energy min-
imization using the OPLS-AA force field.11 Finally, a Monte Carlo sampling 
is performed on the best candidate. 
 
The best poses are selected based on the GlideScore. Glide uses an empirical 
scoring function based on ChemScore.15 A simple GlideScore function can 
be written as 
 
 

GlideScoreXP = ECoul + EvdW +Ebind + Epenalty           (1) 
 

 
where the favorable and non-favorable terms for binding are grouped into 
Ebind and Epenalty, respectively. Two versions of GlideScore are available. The 
“softer” of the two is GlideScore-SP (Standard-Precision), where the penal-
ties for violating physical chemistry principles such as lack of solvent expo-
sure of charged or strong polar groups are more forgiving. In contrast, 
GlideScore-XP (Extra-Precision) is a “harder” function with more severe 
penalties for violations. 
 
We used the GlideScoreXP scoring function in the work presented in this 
thesis. 

1.1.2. GOLD 
GOLD is a docking program developed by the Cambridge Crystallographic 
Data Centre (CCDC). It uses a genetic algorithm methodology16 for predict-
ing ligand docking in the receptors. It allows protein flexibility through side-
chain flexibility. The default scoring function, GoldScore, takes into account 
Hydrogen-bonding, and van der Waals energies, metal interactions and lig-
and torsion strains.12 Other scoring functions, such as ChemScore, 
ChemPLP, and ASP (the Astex Statistical Potential), are available in 
GOLD17. We used the default GoldScore in Paper III to evaluate of the 
docking of sulfonamides in IRAP. 
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1.2 Molecular mechanics and force fields 
Molecular mechanics (MM) is an important empirical method based on the 
laws of classical mechanics. For molecular simulations, atoms are described 
as soft spheres with a mass, charge, and van der Waals radius. These atoms 
constantly interact with the surrounding atoms, which are also defined by 
these parameters. Molecules are built by connecting the atoms with bonds, 
which are described as springs. A potential energy function (Upot) is used to 
approximate the bonded and non-bonded interactions, as shown in eq. 2. 

 

 (2) 

The potential energy of the system has six components, as shown in eq. 2. 
The first four parts describe the bonded interactions in the system. Harmonic 
potentials are used to describe the bonds. kb, kθ, and kξ are the force constants 
of the corresponding harmonic potentials of the bonds, angles, and improper 
dihedrals, respectively. Dihedral angles are described by a series of periodic 
functions with barrier height (kφ), periodicity (n), and phase shift (δ). The 
bond lengths, (b), angles (θ), improper dihedral angles (ξ), dihedrals (φ), and 
the interatomic distances (rij) depend upon the relative positions of the atoms 
in the system and are shown in Figure 1, where b0, θ0, and ξ0 are the refer-
ence values for the corresponding terms. 
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Figure 1. Example of bonded and non-bonded interactions in a force field. Bond 
stretching (b), angle bending (θ), dihedral angle rotation (φ), improper dihedral 
bending (ξ), Lennard-Jones (A, B, r), and electrostatic (q, r) interactions are shown 
for atoms i and j. 

 
The remaining two non-bonded parts in the potential energy function de-
scribe electrostatic and van der Waals interactions, which are calculated 
based on Coulomb’s law and Lennard-Jones potentials, respectively. qi and 
qj are partial charges of the two interacting atoms, and the van der Waals 
interactions between atoms i and j are described by the parameters Ai, Bi, Aj, 
and Bj. 
 
All the parameters mentioned in eq. 2 are calibrated from experimental 
and/or quantum chemistry calculations. A set of these parameters with a 
potential energy function is known as a force field. The OPLS-AA18 force 
field was used in the work reported in this thesis. 

1.3 Molecular dynamics 
Automated docking with a built-in scoring function is a quick method for 
estimating the binding pose of a ligand. However, these scoring functions 
lack accuracy since the calculated interaction energies are obtained from a 
single snapshot of the ligand-receptor complex. The accuracy of the results 
depends on having the correct conformation of the ligand and receptor and 
the proper solvation of the complex. Flexible protein side chains and a small 
number of missing water molecules in such snapshots may result in a false 
positive or false negative result. 
 
The potential energy of a static system can be calculated with eq. 2. Howev-
er, biological systems are always subjected to thermal motion. In molecular 
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dynamics (MD), an ensemble of thermally accessible configurations is gen-
erated. Thus, the average potential energy of the simulated system can be 
obtained from these ensembles. These energies are more comparable to the 
experimentally determined values.      
 
MD is a commonly used method for such calculations. In MD, atoms are 
moved according to Newton’s laws of motion, and the system is simulated as 
a function of time. Here, the force on atom i (Fi) at time t is calculated from 
the gradient (∇i) according to eq.2. The acceleration (ai) of atom i is calculat-
ed by Newton’s second law, as shown in eq. 3. 
 

 

 
(3) 

where mi is the mass of atom i. From the acceleration, the velocity and the 
position at time t + Δt can be approximated from the Taylor expansion. The 
MD program Q19 was used for all the MD simulations in the work presented 
here. Q uses the Verlet Leap-Frog algorithm, in which the position and ve-
locities are obtained using eqs. 4 and 5 
 

 

 
 

(4) 

 

 
 

(5) 

where ri and vi are the position and velocities of atom i and Δt is the time-
step used in MD simulations. In this work, a time-step of 1fs and no re-
straints were applied, except for solvent bonds and angles, which were con-
strained using the SHAKE algorithm20. 

1.3.1 Q  
All the molecular dynamics simulations described in this thesis were per-
formed with the MD package Q.19 It was designed mainly for three types of 
free energy calculations; free energy perturbation (FEP),21 empirical valence 
bond (EVB),22 and linear interaction energy (LIE)23. Similar to GROMACS, 
Q can use any of the popular force fields such as OPLS,24 AMBER,25 
CHARMM,26 and GROMOS27. In this thesis, LIE and FEP methods were 
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extensively used for the calculation of free energies with Q. In all simula-
tions, the OPLS-AA force field was used for all standard amino acids. The 
parameters for the ligands were retrieved from the automatic parameteriza-
tion performed with MacroModel, version 10.6 in the Schrödinger suite. 
Additionally, spherical boundary conditions were used in this work. 

1.3.2 Spherical boundary conditions 
In spherical boundary conditions (SBC), solute-solvent interactions are treat-
ed with the SCAAS (surface constrained all atom solvent) model.28 In this 
model, the receptor is divided into three zones by two concentric circles, as 
shown in Figure 2. Zone a, or the “interaction sphere,” contains the solute 
and first solvation shells. The radius depends on the size of the system of 
interest (i.e. the binding site). Molecules in this region are unrestrained. Zone 
s is the shell surface region surrounding zone a, and it has a predefined 
width. Early calculations performed with surface constrained soft sphere 
dipole (SCSSD) model indicated that the solvent molecules in zone s show 
unusual orientational preferences (overpolarization)28. To avoid overpolari-
zation of solvent near shell, solvent molecules are subjected to con-
straints.19,28,29 

Figure 2. Schematic representation of the spherical boundary conditions. Chain A of 
IRAP is represented in a green color cartoon. Three different zones, a, s, and b, are 
represented. The active site or the binding pocket is always in zone a. The ligand in 
the binding site is represented in magenta sticks. 

The third zone b is the boundary region. All the molecules in this zone are 
heavily constrained and essentially immobilized. This zone is treated as a 
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dielectric continuum to simulate the effects of the bulk solvent. To avoid 
excessive strain across the zones, solute atoms in a zone s may also be re-
strained. In the SBC, when calculating the free energy of charged ligands, 
the titratable residues far from the ligand and near the boundary are modeled 
in their neutral form to have equal net charge with the reference system (lig-
and in water). It is also necessary to neutralize charged residues near the 
boundary of the simulation sphere since these in reality would be screened 
by a high dielectric constant19,28. 

1.4 Linear interaction energy 
The LIE method is a semi-empirical method used for the calculation of bind-
ing free energies.23 A pure expression of the LIE can be written based on the 
thermodynamic cycle shown in Figure 3. 
 

 
 

(6) 

 
where  and  are the electrostatic interaction energies when 
the ligand is bound to a protein and free in water, respectively.  
is the free energy difference between the ligand in water and in the protein 
while ignoring the electrostatic interactions. Thus, the free energy of binding 
can be expressed as the sum of the corresponding polar and non-polar com-
ponents.  
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Figure 3. The thermodynamic cycle used to estimate the binding free energies with 
the LIE model based on eq. 6. The blue arrows represent the electrostatic interac-
tions in the ‘on’ state. State Woff and state Poff are unphysical states where the elec-
trostatic interactions are not considered. Unphysical states are not simulated in the 
LIE model. 

1.4.1 The polar term 
The linear response approximation (LRA) method is used to calculate the 
polar term of the LIE equation. This approximation is used to convert the 
potential energies (U) obtained in the MD simulations to free energies 
( )23,30 as follows: 

(7) 

where  indicates the thermodynamic averages of ligand surrounding 
interaction energies obtained in the MD simulation.  and  
in the equation correspond to the average potential energies obtained when 
the electrostatic interactions were considered and ignored, respectively. The 
interaction energies obtained in the ‘off’ term are negligible when compared 
to the ‘on’ term. Thus, eq. 7 can be rewritten as: 

(8)
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Deviations in the LRA scaling factor (1/2) of the charged compounds were 
observed. Hence, a new scaling parameter, β, was developed accordingly to 
improve the accuracy of the method, which depends on the chemical nature 
of the ligand.31,32 When applying this approach to ligand binding, a reference 
state must be considered, i.e., ligand in water. Thus, the polar component of 
the LIE equation can be written as follows:  

 (9) 

In this equation, b and f indicate the bound and free states of the ligand, re-
spectively.  

1.4.2 The non-polar term 
Similar to the polar term, the non-polar term of the LIE method can estimate 
as follows: 

 (10) 

The non-polar scaling parameter, α in eq. 10, is empirically obtained. 

1.4.3 The offset parameter 
The offset parameter, γ, is a protein-dependent constant used to set the abso-
lute free energy scale. A lower value of γ is correlated with a more hydro-
phobic binding pocket.33,34 It does not affect the relative binding free ener-
gies (i.e., the ranking of compounds).  

1.4.4 The LIE equation 
The full LIE equation can be written by combining polar component (eq. 9), 
non-polar component (eq. 10), and offset parameter. It can be written as 
follows: 

 (11) 

In the standard LIE model, α has a value of 0.18, whereas β depends on the 
chemical nature of the ligand. The IRAP active site has a Zn2+ ion and a 
cluster of carboxylates, which result in considerable electrostatic interaction 
energies. Because of these interaction energies, particularly those involving 
the Zn2+ ion, the outcome will be very sensitive to the force field parameters. 
Therefore, we followed an earlier protocol33 for binding sites containing 
metal ions, and β and γ were treated as free parameters. 
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1.4.5 The electrostatic correction term 
An electrostatic correction term is used in the calculation of the absolute 
binding free energies of charged ligands using the LIE method and spherical 
boundary conditions.35 This correction term is used to account for the long-
range electrostatic interactions between the charged ligand and the titratable 
residues in zone s and b (Figure 2) that are modeled in their neutral form in 
the MD simulations. The electrostatic correction term was calculated using 
eq.12. 

 (12) 

where qp is the formal charge of the neutralized ionic group, ql is the partial 
charge of the ligand atom, and rpl is the distance between the ligand atom 
and the central atom in the neutralized ionic group. The effective dielectric 
constant of water (ε) was set to 80 in Papers III-IV and in this thesis.  

1.5 Free energy perturbation 
The relative binding free energies of two systems or states, A and B, can be 
calculated using the FEP method. This method is based on Zwanzig’s equa-
tion, which after adapting for Gibbs free energies takes the form36 

 (13) 

where  is the Boltzmann constant, T is the temperature,  and are the 
potential energy functions of the two states or systems. Here, 

 denotes the ensemble average potential energy generated 
by the MD simulations sampled using  potential. In our system, eq.13 
assumes that the configuration sampling is carried out under constant tem-
perature and pressure (isothermal-isobaric ensemble). At any rate, the differ-
ence between Gibbs and Helmholtz free energy is negligible due to the small 
volume changes involved. To obtain converged results with FEP (eq. 13), 
the difference between the states should be very small. Therefore it is neces-
sary to divide the perturbation into smaller windows to sample the interme-
diate potentials, Um. These intermediate potentials are created by linear com-
binations of initial (A) and final (B) potentials along a sampling parameter 
( . This technique is used to overcome the convergence problems when the 
differences between the states are not small. 
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(14)

where  varies from 0 to 1. The total free-energy difference can be calcu-
lated by summing the intermediate corresponding intermediate values along 
the  sampling parameter between potential  to  in several of discrete
steps, (m = 1, ...., n). 

 (15) 

1.5.1 Free energy perturbations on ligands 
In computational chemistry, we can transform ligands or residues in a pro-
tein, in an in silico approach to calculate the relative binding free energies37–

39. By applying the free energy perturbation method with an appropriate
thermodynamic cycle (Figure 4), the relative binding free energies (ΔΔG) of
selected pairs of ligands, LIGA and LIGB, can be calculated.

Figure 4. Thermodynamic cycle for calculation of relative binding free energy be-
tween two ligands. 

The sum of the free energies of all the processes connecting the four corners 
of Figure 4 is zero, i.e., 

 (16) 

From eq. 16, we obtain an expression for the relative binding free energy of 
the transformation of LIGA to LIGB. 
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 (17) 

In this thermodynamic cycle of ligand transformation (Figure 4), the hori-
zontal legs,  and , corresponds to the values that are experi-
mentally determined, while the vertical legs, and , are values that 
correspond to unphysical, computationally calculated. 

1.5.2 Free energy perturbations on amino acid side chains  
Similar to the ligand FEP method, relative binding free energy associated 
with amino acid side-chain mutations can be in principle calculated follow-
ing eq. 13 - 17. This FEP method, known as “computational alchemy”, has 
been in use since the 1980s, and much effort has been devoted to developing 
methods.40–42 The main problem associated with this method is achieving 
convergence43,44 in more significant mutation, such as Phe → Ala. Therefore, 
a scheme based on alanine scanning protocol was developed in our lab.45,46 
In this protocol, the convergence of the transformation is achieved by 
smooth and progressive annihilation of the atoms in the wild-type (wt) side 
chain into alanine. The wt side chain is mutated to alanine via two parallel 
MD simulations based on the holo and apo receptors. The binding free ener-
gy difference between the wt and mutant receptors can then be calculated via 
a standard thermodynamic cycle (left cycle of Figure 5).  

Figure 5. Thermodynamic cycle for a Phe → Ile mutation. The thermodynamic 
cycles of Phe → Ala (left cycle) and Ile → Ala (right cycle) are shown. By mutating 
the two (wt and mutant) end-state side-chains to a common intermediate (alanine) 
state, the two cycles can be connected, and the relative binding free energy between 
mutant and wt can be calculated. 
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The convergence problem associated with large perturbations, such as Phe 
→ Ala, can be solved by dividing the given mutation into a series of smaller
subperturbations, thereby creating a smoother transformation between the
end-states. Each subperturbation is subsequently divided into a relatively
large number of windows (51 λ-windows, each sampled for 30 ps, as dis-
cussed in Paper IV), assuring proper sampling. During annihilation of a side
chain, each group of atoms will undergo three consecutive transformations
(i) annihilation of the partial charges, (ii) introduction of a soft-core potential
for the van der Waals (Lennard-Jones) potential to prevent singularities and
(iii) annihilation of the soft-core potential. We calculated the relative free
energies associated with non-Ala mutations (in Paper V, for F544I and
F544V) by a combination of two thermodynamic cycles (Figure 5), connect-
ed by the wt or mutant side chain, respectively, to the common Ala interme-
diate as

(18) 

When performing several mutations of the same position, the wt → Ala tran-
sition in the cycle needs to be calculated only once and can be reused for any 
mutation at that position. Hysteresis as a measure of convergence is calculat-
ed as the absolute difference between the forward and reverse pathways of 
each subperturbation. The total hysteresis is the sum of the hysteresis values 
for each subperturbation of the transformation. 
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2. Insulin-Regulated Aminopeptidase (IRAP)

2.1 Function 

Insulin-regulated aminopeptidase (IRAP, EC 3.4.11.3), also known as 
leucyl-cystinyl aminopeptidase, placental leucine aminopeptidase (P-LAP), 
and oxytocinase is a type II transmembrane zinc metalloenzyme.47 It was 
first identified in specialized vesicles of adipocytes and striated muscle cells 
in association with insulin-regulated glucose transporter type 4 (GLUT-4).48 
IRAP accompanies GLUT-4 to the cell surface and fused to the plasma 
membrane in response to insulin stimulation. IRAP has since been found in 
many other organs, including the brain. IRAP is expressed in different cell 
types49–52 with tissue-specific biological functions53 such as (i) GLUT-4 reg-
ulation and transportation,54 (ii) antigenic peptide processing for MHC class 
I cross-presentation,55,56 (iii) the regulation of oxytocin and vasopressin lev-
els in the brain10,57,58 and (iv) cognition and memory processing are associat-
ed with IRAP.49 

A high level of IRAP expression was found in the brain regions associated 
with memory and cognition. IRAP was found to coexpress with GLUT-4 in 
the neurons of the hippocampus, cerebral cortex, basal forebrain, and amyg-
dala.59 In 2001, Albiston et al. demonstrated that IRAP was the binding site 
for angiotensin IV (Ang IV; Val-Tyr-Ile-His-Pro-Phe) and LVV-hemorphin-
7 (LVVYPWTQRF, a degradation product of β-globin) with Ki values in the 
nanomolar range.47,49,60 Inhibiting IRAP with Ang IV has been linked with 
improved memory and learning in both rats and mice.6,7,61–65 Several hypoth-
eses have been proposed to explain the ability of Ang IV to improve cogni-
tion and learning.66–74 Alternative Ang IV receptors, such as hepatocyte 
growth factor receptor (HGFR),74,75 have also been proposed. Nevertheless, 
the hypothesis that Ang IV and its analogs improve cognitive function 
through IRAP inhibition has attracted the most attention. The hexapeptide 
Ang IV and other structurally related peptidomimetics that act as IRAP in-
hibitors have been shown to improve memory and learning performance and 
mitigate drug and lesion-induced memory deficits in rodents by altering the 
levels of neuropeptides in the brain and/or by facilitating glucose uptake in 
neurons.8–10 
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2.2 Structure of IRAP 
Insulin-regulated aminopeptidase (IRAP) is a type II transmembrane protein 
that belongs to the M1 family of zinc metallopeptidases. IRAP contains 1025 
amino acids distributed between three domains.76–80 The N-terminal cyto-
plasmic domain contains 109 residues (residues 1-110). The intracellular 
domain is involved in endocytosis and trafficking.48 The hydrophobic trans-
membrane domain contains 22 residues (residues 111-131). A large extracel-
lular domain follows the transmembrane domain, and it consists of the re-
maining 893 residues (residues 132-1025) composed of a number of charac-
teristic motifs. The extracellular domain contains the catalytic site, GAMEN 
loop (residues 428-432), and the Zn2+ binding motif, HEXXH(X)18E (resi-
dues 464-487), as shown in Figure 6. 

The catalytic domain of IRAP was crystalized as a dimer consisting of two 
chains, chain A and B. Each monomer can be divided into four domains,79,80 
D1 (shown in gray), D2 (yellow), D3 (red) and D4 (cyan) as shown in Figure 
6B. The D2 domain contains the catalytic site, the Zn2+ ion, and the zinc-
binding motif. The D2 domain is capped by the D4 domain, forming a large 
cavity adjacent to the metal ion. This cavity contains the catalytic site. The 
D3 domain acts as a bridge between the D2 and D4 domains. 
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Figure 6. Crystal structure of the IRAP monomer. (A) Schematic representation of 
the IRAP domains. (B) Surface representation of a monomer of IRAP crystal struc-
ture (Chain A of PDB ID: 4PJ6). The domains are represented in different colors. 
(C) The active site residues of IRAP (green sticks). Zn2+ is represented as a gray
sphere. The corresponding residues of close M1 family members, ERAP1-closed
(PDB ID: 2YD0) and ERAP2-open (PDB ID: 4JBS) are shown in blue and magenta,
respectively.

IRAP structure closely resembles the structures of other aminopeptidases, 
such as mammalian endoplasmic reticulum aminopeptidase 1 (ERAP1),81,82 
endoplasmic reticulum aminopeptidase 2 (ERAP2),83 aminopeptidase N 
(APN),84 aminopeptidase A (APA)85 and leukotriene A4 hydrolase 
(LTA4H). The crystal structures of many proteins in the M1 aminopeptidase 
family exhibit two conformations, closed and open.81,82 Initially, IRAP was 
found to adopt an intermediate conformation between the open and closed 
forms.79,80 In 2017, Mpakali et al. crystallized a “closed conformation” of 
IRAP (PDB ID: 5MJ6)86 in the presence of a bound inhibitor, and it was 
structurally very similar to ERAP1 and ERAP2. However, this closed con-
formation of IRAP is linked to GAMEN loop rearrangement, which is in-
duced by the binding of a ligand.86 

The M1 family of aminopeptidases are characterized by two conserved se-
quences in the catalytic site: (i) a zinc-binding motif, and (ii) a GAMEN 
motif.87
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2.2.1 IRAP catalytic site  
In the crystal structure of IRAP, the highly conserved zinc-binding motif, 
HEXXH(X)18E characteristic of the M1 aminopeptidases family, is repre-
sented by His464, Glu465, His468, and Glu487. In this motif, His464, 
His468, and Glu487 coordinate to the Zn2+, as shown in Figure 6C. Glu465 
is expected to play a role in the catalytic mechanism of N-terminal peptidas-
es.88,89 Furthermore, substitution of these residues resulted in the loss of zinc 
binding and catalytic activity, which strongly demonstrate their critical role 
in the active site.88–94   

The position of Glu465 in IRAP is identical to that in ERAP1 and ERAP2. 
Tyr549 is also a highly conserved residue in members of the family; howev-
er, Tyr549 was found to orient away from the active site and occupy a dif-
ferent position to than the corresponding Tyr residue in the open and closed 
conformations of ERAP1 (Figure 6C).  

2.2.2 The GAMEN loop  
The GAMEN motif is another characteristic feature of M1 aminopeptidas-
es.87 The GAMEN loop has been shown to be essential for peptidase activity. 
Glu431 in the GAMEN loop is expected to interact with the N-terminal resi-
due of the peptide substrate, and any mutations of Glu431 resulted in com-
plete loss of activity.92 The crystal structure of semi-open IRAP (PDB ID: 
4PJ6) revealed a different conformation of GAMEN loop compared to the 
other M1 aminopeptidases as shown in Figure 7. The closed and open con-
formations of ERAP1 reveal the same restrictive GAMEN loop orientation. 
Thus, the difference in the IRAP GAMEN loop conformation is not due to 
the semi-open conformation of the protein, but is a characteristic of IRAP. 
The GAMEN loop occupies one side of the S1 pocket (Figure 7). The new 
orientation observed in the crystal structure of IRAP clearly showed in-
creased space of the S1 pocket, allowing it to accommodate bulky cyclic 
peptides, such as oxytocin and vasopressin. The specificity of IRAP for cy-
clic peptides is discussed in the subsequent sections. 
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Figure 7. Comparison of the GAMEN loop orientations in closely related M1 ami-
nopeptidases. The key residues in the binding site and the GAMEN loop of IRAP 
(PDB ID 4PJ6) are shown in green sticks and cartoon, respectively. The rest of the 
IRAP structure is shown as a gray cartoon. The GAMEN motifs of ERAP1 open 
(PDB ID: 3MDJ, yellow), ERAP1 closed (PDB ID: 2YD0, cyan), ERAP2 (PDB ID: 
4JBS, magenta), and APN (PDB ID: 4FYS, orange) are superimposed. The S1 pock-
et is represented in blue mesh, and the Zn2+ is represented as a gray sphere. 

In this thesis, all automated docking, MD, LIE, and FEP calculations were 
performed on the crystal structure of chain A of semi-open conformation of 
IRAP (PDB ID: 4PJ680).  
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3. Binding and inhibition of IRAP 

Since IRAP was validated as the Ang IV receptor,49 IRAP has emerged as a 
new therapeutic target for the treatment of Alzheimer’s disease and related 
disorders. Several research groups have devoted considerable efforts to the 
discovery of novel compounds that mimic the positive effects of Ang IV. 
Many potent and specific drug-like IRAP inhibitors,95,96 some with proven in 
vivo efficacy,97,98 and inhibitors with more peptidic character99–107 have been 
disclosed. Lukaszuk et al. developed a number of Ang IV analogues.100,101 In 
2008, Albiston et al. identified benzopyran-based drug-like compounds in an 
in silico screening against a homology model of IRAP.97 Our collaborators in 
Sweden identified low-molecular-weight aryl sulfonamides as IRAP inhibi-
tors through virtual screening. Furthermore, they used an alternative struc-
ture-based strategy, involving the introduction of conformational constraints 
in Ang I108 to develop a new class of peptidomimetics. 
 
This chapter summarizes the binding and inhibition of IRAP by various clas-
ses of competitive inhibitors, such as peptides, peptidomimetics, sulfona-
mides, and benzopyran-based inhibitors. The non-competitive inhibition of 
IRAP by spiro-oxindole compounds is also discussed. Furthermore, analogs 
developed based on the structure-activity relationships observed in the Pa-
per I are presented.  
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3.1 Peptide inhibitors 
A high-affinity binding site for Ang IV was first discovered in 1992 and it 
was named Ang IV receptor.109–111 This receptor was found in various tissues 
and displayed low affinities for Ang IV precursors.74,112,113 In 2001, this re-
ceptor was purified and identified as IRAP.49 Several studies have been per-
formed to elucidate the binding mechanism of Ang IV in IRAP. These stud-
ies revealed the critical importance of the N-terminal residues, Val-Tyr-
Ile.114 Truncation of the N-terminal residues resulted in a loss of affinity. 
While the C-terminal tripeptide was also found to be necessary, it did not 
play a crucial role in binding. C-terminal extensions were tolerated.114  
 
In addition to Ang IV, a decapeptide, LVV-hemorphin-7 (LVV-H7), was 
identified as another potent inhibitor with an equivalent binding affinity for 
IRAP.115,116 Later, LVV-H7 was identified as an IRAP agonist.117 Addition-
ally, endogenous IRAP substrates, such as the macrocyclic peptides oxytocin 
and vasopressin (Figure 8), are known to positively influence cognition.10,57 
IRAP is the only aminopeptidase that has been reported to catalyze the 
cleavage of the macrocyclic peptides oxytocin and vasopressin. Many ho-
mology models have been developed based on the endoplasmic reticulum 
aminopeptidase 1 (ERAP1), which shares approximately 50% sequence 
identity with IRAP. However, these homology models cannot explain the 
specificity of IRAP for its cyclic substrates, which suggests that IRAP may 
have a different active site conformation than its close family members. The 
X-ray crystal structures of IRAP reported in 201480 and 201579 support this 
idea. 
 

Figure 8. Structure of an IRAP peptide inhibitor (angiotensin IV) and its endoge-
nous substrates (oxytocin and vasopressin).  
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Based on the available crystal structures of IRAP, binding modes of the pep-
tide inhibitor, Ang IV, and its cyclic substrates, oxytocin and vasopressin are 
presented in Paper I. This paper aimed to identify the binding poses of line-
ar and cyclic peptides using computational approaches. The role of the N-
terminal and C-terminal residues of the peptides and the IRAP specificity for 
cyclic substrates were investigated using MD and binding free energy calcu-
lations. 
 

 
Figure 9. The binding modes of Ang IV (cyan) and Ang IV-γ-turn (yellow) in IRAP. 
Key residues contributing to the binding are shown. Zn2+ is shown as a gray sphere  

Previous studies have suggested that Ang IV may have an inverse γ-turn at 
the C-terminal.99,108,118 To identify the possible bioactive conformation of 
Ang IV, we designed and performed MD and LIE calculations on both ex-
tended Ang IV and Ang IV with an inverse γ-turn (Ang IV-γ-turn). From the 
MD calculations presented in Paper I, both Ang IV and Ang IV-γ-turn, ex-
hibit a conserved binding mode. The N-terminal residue is coordinated with 
Zn2+, and the terminal amine is fixed by three glutamate carboxylates 
(Glu431, Glu487, and Glu295), as shown in Figure 9. This binding mode 
supports the hypothesis that Glu431 in the GAMEN loop plays an important 
role in peptide processing.92 In the MD simulations, the C-terminal region of 
Ang IV-γ-turn slightly relaxes toward the extended Ang IV conformation, 
causing the position of C-terminal carboxylate group of the phenylalanine 
residue to mimic that of the extended conformation. However, the two con-
formations are distinct (Figure 9). The difference in the binding free energies 
of the two conformations is very small (~1kcal/mol, see Table 1 in Paper I); 
thus, it is difficult to predict the more favorable conformation. However, the 
unscaled electrostatic energies of Ang IV-γ-turn slightly more favorable 
(~3.5 kcal/mol) than those of the extended conformation. 
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Figure 10. The binding mode of oxytocin in IRAP (green sticks) extracted from rep-
resentative snapshots from the corresponding MD simulations. The GAMEN loop in 
IRAP (PDB code 4PJ6, cyan; representative snapshot from MD simulations with 
oxytocin, red) is compared with the GAMEN loops of ERAP1 (PDB code 2YD0, 
blue) and ERAP2 (4JBS, yellow). 

Our docking and MD simulations with the cyclic substrates oxytocin and 
vasopressin supported the hypothesis that the bioactive conformation of the 
cyclic substrates is favored by the unique conformation of the GAMEN loop 
of IRAP79,80 (see Figure 10). It was also observed that the binding mode ob-
tained in the MD simulations is very stable with backbone root meant square 
deviation (RMSD) values as low as 1.56 ± 0.2 Å for the cyclic fragment 
(Cys1-Cys6) of oxytocin and 0.93 ± 0.1 Å for the GAMEN loop. The optimal 
complementarity between cyclic substrates and the GAMEN loop of IRAP is 
in stark contrast with the conformation of the GAMEN loop of most closely 
related M1 aminopeptidases, ERAP1 and ERAP2 (see Figure 10). Thus, our 
results support the hypothesis that the specificity of IRAP for cyclic sub-
strates is, due to its unique of its GAMEN loop conformation. 

3.2 HA08 and HA09 inhibitors  
In their search for more potent drug-like compounds that can efficiently in-
hibit IRAP, Andersson et al. used an alternative approach involving steric 
constraints and the macrocyclization on Ang IV.108,119 Ligands developed 
with this approach have many advantages, such as reduced accessible con-
formational space and high target affinity, metabolic stability, membrane 
permeability, and selectivity.120 In Paper I, we characterized two recently 
synthesized 13-membered macrocyclic disulfide compounds, HA08 and 
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HA09 (Figure 11). These two compounds were designed to mimic the N-
terminal of oxytocin and vasopressin. The HA08 and HA09 are epimers of 
each other (see Figure 11) and HA08 is 100-fold more potent than HA09. 
The aim of this study was to understand the binding modes of these com-
pounds and to estimate the binding free energies using the LIE method. 
 

 
Figure 11. The structure of 13-membered macrocyclic IRAP inhibitors, HA08, and 
HA09. 

Similar to Ang IV, both HA08 and HA09 are coordinated to the Zn2+ ion, 
and the N-terminal amine is fixed by three glutamates, Glu431, Glu487, and 
Glu295, as shown in Figure 12. A few key interactions, such as the interac-
tions of the C-terminal aromatic ring with Tyr961 and Arg929 (Figure 12A) 
and the hydrophobic interactions with Phe550 (Figure 12B), were missing in 
HA09 compared to the more potent epimer HA08. The lack of these interac-
tions is due to the different chirality at one stereocenter, which resulted in a 
100-fold decrease in potency. The binding free energies calculated in this 
model are in excellent agreement with the experimental data. 
 

 
Figure 12. The binding modes of synthetic inhibitors, HA08 (magenta) and HA09 
(green), in IRAP. Key residues contributing to the binding are shown in lines. The 
Zn2+ ion is shown as a gray sphere. 
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The mean unsigned error (MUE) between the experimental and calculated 
binding free energies is less than 0.1 kcal/mol (see Table 1 in Paper I), and 
we consistently predict HA08 to be the more potent inhibitor. Furthermore, a 
significant increase in the dendritic spine density was observed when the 
cells were treated with 0.1 and 1 μM HA08. In contrast, HA09 did not alter 
spine density or morphology. These results suggest that HA08 may have 
cognitive-enhancing effects. 
 
The structure-activity relationships observed in this study may serve as a 
starting point for further lead optimization in the development of more po-
tent drugs. 

3.3 HA08 analogs 
Previously, the Ang IV analogs developed by the macrocyclization of the 
olefinic side chains of the linear peptide Ang IV, were reported to be 10-fold 
more potent than Ang IV.119 Ring size was shown to affect potency more 
than location of the carbon-carbon bridge. Macrocyclization may result in 
improved affinity, metabolic stability, and selectivity; however, predicting 
the outcome of a particular modification of the ring is challenging. In Paper 
II, we describe the development of a series of macrocyclic IRAP inhibitors 
with either disulfide, olefin metathesis-derived, or lactam bridges and varia-
tions in the ring size and other functionalities. 
 
 

 
Figure 13. Compounds synthesized in this study to test various pharmacophoric 
elements of the parent compound HA08. 

These analogs were developed by modifying HA08, such as replacing the C-
terminal carboxylate with an amide (9), replacing the phenolic tyrosine with 
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a fluorophenyl group (10), changing the P1-P1’ amide linkage to a second-
ary amine (11) and removing the N-terminal amino group (12), as outlined in 
Figure 13. In addition, compounds 13-15 were prepared by replacing the 
disulfide linkage of HA08 with lactam bridges, as shown in Figure 13. In 
this work, we tested the various pharmacophoric elements of the lead com-
pound HA08 by a combination of computational methods such as MD, LIE, 
and FEP. 
 
Macrocyclic primary amide derivative 9 has an IC50 of 39 nM, which is just 
over two-fold lower than that of HA08. The replacement of the hydroxy 
group on the phenyl ring with a fluorine atom at the para position in HA08 
resulted in IRAP inhibitor 10 being almost 10-fold less potent with an IC50 
value of 330 nM, suggesting that the interaction of the hydroxyl group with 
the protease is important but not critical. Compound 11 showed weak bind-
ing (in the micromolar range), while 12 was completely inactive, showing 
the importance of the free amine and carbonyl of the intact amino acid struc-
ture at the N-terminus for high affinity. 
 
The three lactam-bridged analogs were all much less active than HA08, with 
compounds 14 and 15 being approximately 100-fold less active than HA08. 
These two peptides have 14-membered macrocycles. In contrast, compound 
13, a 13-membered macrocycle, was completely inactive. The influence of 
ring size in the disulfide analogs of HA08 has been noted previously. 
 
 

Figure 14. The binding mode of IRAP inhibitors (A) Compound 9 (B) compound 14 
modeled in the cis (yellow) and trans (blue) configurations. Zn2+ and water mole-
cules are represented as gray and red spheres, respectively. 

These analogs were docked in IRAP using HA08 binding mode described in 
Paper I as the template. Interactions similar to those of HA08 were observed 
for these compounds, as shown in Figure 14, providing insight into the ef-
fects of the substitutions (carboxylate for amide, 9, Figure 14A, and disulfide 
for lactam ring, 14, Figure 14B). The current binding model explains the 
observed SAR of this series, indicating the detrimental changes caused by 
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various substitutions. We calculated the absolute binding free energies with 
the LIE model. The LIE model shows a relatively high MUE between the 
calculated and experimental affinities of 2.5 kcal/mol. The high MUE ap-
pears to be due to the underprediction of positively charged compounds 9, 
10, and 11, which are very sensitive to fluctuations in the strong electrostatic 
interactions with Zn2+. When these compounds are not considered, the calcu-
lated value is reduced by half (MUE = 1.2). Compounds 13-15 were mod-
eled in both their cis and trans conformations to identify the most favorable 
conformation of the lactam-bridge derivatives. Both the cis and trans con-
formations of the 13-membered macrocyclic compound, 13, are inactive. For 
both 14 and 15, the trans conformation was favored in our model. In com-
pound 14, the trans configuration is specifically stabilized through an inter-
action between Tyr549 and the amide oxygen that is replacing the disulfide 
bond, while the carboxy-terminal group interacts directly with Arg929, 
forming a stronger salt bridge interaction (see Figure 14B).  
 
We employed the FEP method to overcome the charge sensitivity with the 
LIE model. The relative binding free energies (ΔΔG) between pairs of com-
pounds were calculated with the FEP method. In this work, we used HA08 
as a reference ligand to evaluate the effects of the replacement of the termi-
nal carboxylic acid group with an amide (HA08 → 9), the loss of the car-
bonyl coordinating the Zn+2 ion (HA08 → 11), and the effect of removing 
the amino group (HA08 → 12). 9 was modified to 10 to evaluate the effect 
of substituting the hydroxyl in compound 9 with a fluorine atom (10). The 
results obtained from the FEP calculations are in excellent agreement with 
the experimental data (see Table 3 in the Paper II).  
 
The influence of various substitutions and the corresponding shifts in the 
binding free energies are well explained in the binding model; for example, 
weaker Zn2+ interactions for compound 11 led to a significant drop in the 
affinity (more than 2.5 kcal/mol), which perfectly reproduced the experi-
mental data. The effect of the mutation of the hydroxyl of tyrosine to a fluo-
rine atom and the role of carbonyl oxygen atom coordinating to Zn2+ are 
explained by the proposed binding mode. Thus, molecular modeling sup-
ports that multiple points of interaction between the inhibitor and the recep-
tor are required to achieve strong affinity. 

3.4 Sulfonamide inhibitors 
Macrocycle HA08 (Figure 11), mimicking the N-terminal regions of oxyto-
cin and vasopressin, emerged as a very potent IRAP inhibitor (Ki = 3.3 nM). 
The biological characterization of HA08 demonstrated its ability to increase 
the number of stubby/mushroom-like spines in rat hippocampus, a property 
associated with cognition improvement.121 However, inhibitors derived from 
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peptides, including HA08, are likely to show pharmacokinetic problems such 
as undesirable blood-brain barrier permeability. Furthermore, because of its 
structural similarity to the N-terminus of Ang IV, it may have macromolecu-
lar targets other than IRAP, such as hepatocyte growth factor (HGF)/c-MET 
system.74,75 
 
In Papers III-IV, we presented a series of arylsulfonamides that aremoder-
ately potent IRAP inhibitors.95 These sulfonamides are novel drug-like IRAP 
inhibitors bearing a tetrazole at the meta position of the aromatic ring, struc-
turally differentiating them from Ang IV analogs (see Figure 15). This series 
was identified after screening a library of 10 500 drug-like compounds for 
their ability to inhibit the proteolytic activity of IRAP.122 Two analogs of this 
series were evaluated and found to alter the morphology and increase the 
density of dendritic spines in the hippocampus of mice.123 The aim of the 
current study was to establish the structure-activity relationships in this se-
ries employing various computational approaches, such as docking, MD, 
LIE, and FEP.  
 
 

Figure 15. Structures of various sulfonamides. See Table 1 in paper-III for a full 
series of sulfonamides and their experimental data. 

 
The exhaustive docking calculations with GOLD, and GLIDE and the sub-
sequent MD simulations did not produce any stable binding poses. This 
prompted us to consider alternative manual docking strategies, which were 
inspired by a recent crystal structure of IRAP in which the phosphinic group 
of an inhibitor coordinates with the Zn2+ (PDB ID: 4Z7I).79 This idea was 
further supported by crystal structures containing sulfonamide–Zn2+ ion in-
teractions (PDB codes 4R59, 4KAP, 4KUY).124,125 Finally, two binding 
modes showed stability during the subsequent MD simulations and main-
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tained their initial interactions with the protein, including their coordination 
with the Zn2+ ion. 
 

 
Figure 16. Superimposed binding modes of compounds 21 (cyan), 25 (yellow), and 
26 (orange) in IRAP; (A) pose A and (B) pose B. Only one average structure is 
shown for clarity. Zn2+ and water molecules are represented in gray and red 
spheres, respectively, and chlorine atoms are represented in green. 

 
In pose A (Figure 16A), the ligand is further stabilized by the interactions 
between its −NH group and Glu465. The tetrazole is accommodated in the 
cavity defined by the loop region involving residues 438–443 and interacts 
with the backbone of Arg439 and the side chain of Thr442. In pose B, the 
ligand is inverted (Figure 16B) relative to pose A. In pose B, its substituted 
aromatic ring is in the 438–443 loop cavity, and the tetrazole remains ex-
posed to solvent. Additionally, the −NH group of the sulfonamide interacts 
with the zinc-coordinating carboxylate of Glu487. However, the two models 
show reasonably good statistical performance with MUEs of 0.54 and 0.34 
kcal/mol for poses A and B, respectively. Nevertheless, the Pearson correla-
tion coefficients of the relative rankings of the series favored pose B 
(R=0.64) over pose A (R=0.36). 
 
To understand the structure-activity relationships of this series and to con-
firm that as suggested by the LIE models, pose B is marginally favored, we 
performed FEP transformations on ten selected compounds in both poses in 
parallel. The compounds were selected to cover the different structural 
changes within the series affecting the affinity, including the nonbinding 
species. The obtained relative binding free energies summarized as shown in 
Figure 17. The data unambiguously support pose B as the more favorable 
binding pose. 
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Figure 17. Bar diagram showing relative binding free energies (ΔΔGbind) of six pairs 
of compounds, calculated in poses A and B, and compared to the corresponding 
experimental values. Energies are in kcal/mol, and error bars denote the S.E.M. 

In Paper III, the compounds 21, 25, and 26, were identified as specific 
IRAP inhibitors when screened against APN and LTA4H. The selectivities 
of compounds in this series were tested by superposition of compound 26 in 
the structures of IRAP, APN and LTA4H. The GAMEN loop conformations 
of APN and LTA4H were incompatible with the binding modes discussed in 
Papers III-IV. However, the crystal structure of the IRAP-closed (PDB ID: 
5MJ6) conformation86 revealed a GAMEN loop similar to those in APN and 
LTA4H. Thus, the specificity of the sulfonamides can, at least in part, be 
attributed to the GAMEN loop conformation typical of the open confor-
mation of IRAP. 

3.5 HFI-compounds 
In 2008, Albiston et al. identified a series of low-molecular-weight, drug-like 
IRAP inhibitors [Howard Florey Institute (HFI) series] with nanomolar af-
finities.96–98 These inhibitors,which possessed a benzopyran scaffold, were 
identified through virtual screening of 1.5 million compounds against a ho-
mology model of IRAP. These compounds were proven to be effective cog-
nitive enhancers in both normal and memory-deficit rat models96,126. The 
compounds are specific to IRAP with low affinities for APN and LTA4H. 
The most potent inhibitors found to date include either 4-(pyridin-3-yl) or a 
4-(isoquinolin-3-yl) substituents on the benzopyran and also a 2-amino or 2-
acetamido substituents97 (Figure 18). 
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Figure 18. Structures of the benzopyran-based IRAP inhibitors. Compounds 6 and 8 
are 4-pyridynyl derivatives; compounds 7 and 9 are 4-quinolinyl derivatives. 

 
The HFI-compounds were proven to be efficient cognitive enhancers, and 
these compounds represent a novel class of inhibitors with benzopyran scaf-
fold. However, the binding mechanism of these inhibitors in IRAP is disput-
ed. To date, multiple binding modes for these compounds have been pro-
posed, and some reports have been based on homology models, while others 
have been based on crystal structures. The first binding mode proposed is 
based on a homology model that was built on the active site of LTA4H. Al-
biston et al. proposed two binding modes; one for pyridinyl analogs and the 
other for quinolinyl analogs.126 In the pyridinyl analogs, the oxygen atom on 
the benzopyran ring interacts with Zn2+, and Glu295 coordinates with the hy 
droxyl group of the chromene ring. In contrast, the nitrogen atom in the 4-
quinolinyl group coordinates to the metal ion, and the chromene hydroxyl 
group interacts with Lys520 and Ser546. However, neither of the binding 
poses explains the SAR associated with substitutions at the 2- and 3-
positions on the benzopyran ring. Later, 3D crystal structures of IRAP in 
open and closed conformations were published and showed the unique 
GAMEN loop conformation, as discussed in Section 2.1. The binding pose 
proposed by Hermans et al.80 in the open conformation of IRAP revealed 
that the oxygen of the hydroxyl group on the chromene ring interacts with 
the metal ion. The chromene ring is packed against the GAMEN loop, and 
the substituents at the 4-position on the benzopyran ring form π-π stacking 
interactions with Phe544. According to this binding mode, the substituents at 
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the 4-position of the benzopyran ring are stacked against Phe544, which help 
explain the sensitivity of these compounds to mutations at Phe544.126 How-
ever, such a binding pose is not possible in the closed conformation of the 
IRAP crystal structure due to steric hinderance from the GAMEN loop.86 
Docking calculations in the closed conformation of IRAP revealed that the 
carbonyl group of the 2-acetamide moiety interacts with the metal ion. 
 
In 2014, Mountford et al. expanded the series with a number of additional 
derivatives; unfortunately, none of the previously predicted binding poses 
successfully explain the SARs.80,86,126 Understanding the SAR and binding 
mechanism at the molecular level is essential in the structure-based drug 
design. The aim of the paper was to identify and evaluate the potential bind-
ing pose of HFI compounds utilizing various computational methods, such 
as docking, MD, LIE, and FEP. 
 
The binding pose described in the Paper V was derived from a docking cal-
culation. In this potential docking pose, the ester carbonyl oxygen coordi-
nates with Zn2+, and the 4-hydroxy benzopyran ring forms π-stacking inter-
action with Phe544, as shown in Figure 19. Tyr549 forms another π-stacking 
interactions with the substituent at the 4-position of the chromene ring. In 2-
acetamide derivatives (ligands 8, and 9), the hydroxyl group at the 7-position 
of the benzopyran ring interacts with Arg439 through a water molecule, and 
the 2-acetamide oxygen and nitrogen interact with the Glu431 backbone and 
the Glu487 side chain, respectively (Figure 19A). The 2-amino derivatives 
(ligands 6 and 7) interact with Glu295 and Glu431 via the amino group and 
form π-stacking interactions with Phe544 (parallel π-stacking) and Tyr549 
(edge-to-edge). In our simulations of these 2-amino compounds, Zn2+ was 
coordinated with two water molecules and was not coordinated to either 
His464 or His468. No interaction with Arg439 was observed (Figure 19B).  
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Figure 19. Binding modes of compounds 9 (panel A, green sticks), and 6  (panel B, 
yellow sticks) in wt-IRAP determined by LIE calculations. Zn2+ and water molecules 
are shown as gray and red spheres, respectively. π - stacking interactions between 
the ligand and IRAP are indicated by the purple color dashed line. 

 
For compounds 6-9 in the mutant versions of IRAP, F544I and F544V, the 
hydrophobic π- stacking interactions between the ligands and receptors were 
absent. Unlike that in wild-type IRAP, no interaction with Arg439 was ob-
served in the simulations of the 2-acetamide derivatives, while the 2-amino 
compounds showed comparable docking interactions. The lack of hydropho-
bic π- stacking interactions between the ligand and receptor is expected to 
result in a lower binding affinity, which was experimentally supported by the 
significant decline in the binding affinities observed for the ligands in the 
F544I/V mutants. The LIE calculated MUE for the of the HFI series (exclud-
ing non-binders) was 0.5 kcal/mol. Our model shows an excellent statistical 
performance (Pearson correlation coefficient R = 0.71) with low MUE and 
reproduces the relative ranking within the series rather well. 
 
To confirm the binding models, we designed a set of FEP transformations 
between the pairs of ligands in wild-type and mutant IRAP. Four FEP trans-
formations were carried out for each enzyme variant in such a way as to 
close the thermodynamic cycles with ΔΔG = 0. The obtained relative bind-
ing free energies from the FEP transformations are in excellent agreement 
with the experimental data (see Table 3 in Paper V), thus strongly support-
ing the validity of the binding pose. The calculated cycle closure errors in 
the relative binding affinities (ΔΔG) are 0.09, 1.22, and -0.19 for wt-IRAP, 
F544I, and F544V, respectively. The larger error observed in the F544I sim-
ulations arise from the 4 → 2 transformation, which is off from the experi-
mental value by approximately 1kcal/mol. 
 
We also evaluated the effect Phe544 mutation on the ligand binding by per-
forming residue FEP calculations (see Section 1.5.2). The calculated relative 
binding free energies are in excellent agreement with the experimental data 
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(see Table 4 in Paper V). The MUE values were 0.17 and 0.18 kcal/mol for 
F544I and F544V, respectively. Furthermore, we superimposed this binding 
mode to a closed IRAP structure, finding that the proposed binding model 
could fit in the closed conformation of IRAP without any steric clashes with 
the enzyme.  
 
The results obtained from the LIE and FEP calculations are strongly support 
the binding pose and explain the SAR quite well. The experimental data 
show that replacing or substituting 3-position ethyl ester has detrimental 
effect on binding. A similar trend was observed in the binding modes of 3-
cyano compounds, where the Zn2+ coordination is lost because of the substi-
tution. 

3.6 Spiro-oxindole compounds 
In Paper VI, we describe the SAR and the binding mode of a new class of 
small, non-peptide IRAP inhibitors synthesized from a spiro-oxindole dihy-
droquinazolinone scaffold.122 The kinetic studies on these compounds re-
vealed that they were non-competitive inhibitors of the substrate L-Leu-
pNA. The non-competitive behavior of the spiro-oxindole compounds sug-
gests that they may bind in an allosteric site away from the metal ion. In 
addition, the tested ligands (1, 7, 32, 36-37, and 39-40), demonstrated speci-
ficity for IRAP over human APN as reported in Tables 1 and 2 in Paper VI. 
The aim of the study was to achieve a better understanding of the SAR of the 
series. 
 
Ligands 1, 3, 12, 24, 32, 38, and 40 were selected for docking studies based 
on their measured potencies in an enzymatic assay. We performed docking 
calculations on the selected compounds in three potential sites, herein re-
ferred to as H (histidine cluster), A (allosteric site), and Z (zinc site). Inde-
pendent docking of the selected ligands at the H and A sites did not yield any 
conserved binding mode compatible with the SAR. All the S-isomers of the 
ligands (except compound 12) docked in a conserved manner in the Z site. 
While in the vicinity of the metal ion, the ligands did not coordinate to the 
Zn2+. In this pose, the oxindole moiety forms a hydrogen bond with Tyr549, 
while the bromine interacts with Arg439. The second ring forms π-π stack-
ing interactions with Phe544, which is only possible with the S stereoisomer. 
To assess the stability of this binding mode, we performed MD simulations 
of the complex with ligand 38, one of the most potent compounds in the 
series. The average root-mean-square deviation (RMSD) along all replica 
simulations was 0.44 ± 0.01 Å for the protein backbone and 2.26 ± 0.5 Å for 
the ligand. This indeed reflects a refined position for the ligand, which is 
shown in Figure 20. 
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Figure 20. (A) Binding mode of ligand 38 (green sticks) in IRAP obtained from a 
representative snapshot from the MD simulation. (B) The same snapshot, with the 
superposition of substrate L-Leu-pNA (orange sticks) as docked to IRAP, in two 
different viewing angles. Zn2+ and water molecules are shown as gray and red 
spheres, respectively, and bromine atoms are shown in magenta. The key residues 
are shown in lines.  

 
In the MD simulation, the bound ligand moved slightly away from the 
Zn2+ion while maintaining the initial coordination found in the docking. The 
slight shift in the ligand during the MD simulations allowed it to accommo-
date the small L-Leu-pNA substrate between the inhibitor and metal ion, as 
shown in Figure 20B. The proposed binding mode reasonably explains the 
SAR and IRAP specificity. The orientation of the substitution at the 5-
position of the oxindole moiety, i.e., the bromine in original hit compound 1, 
is in line with the high propensity of halogens to form interactions with argi-
nine,127 which explains why the replacement of the halogen or electron-
withdrawing groups in active compounds 4-7 with either aryl (11-17), het-
eroaryl (18-20) or vinyl groups (21-22) made the compounds inactive or 
weakly active. This is also in line with the inactivity of compound 12, which 
has the bulkiest substituent at this position. Similar to peptides, pep-
tidomimetics and, other drug-like inhibitors, the specificity of spiro-oxindole 
compounds is also associated with the unique GAMEN loop orientation 
observed in semi-open IRAP. 
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Conclusions and future perspectives 

The aim of this thesis was to understand the binding mechanism of different 
classes of IRAP inhibitors at the molecular level. Additionally, the selectivi-
ty of these inhibitors for IRAP over closely related M1 family members was 
rationalized. Numerous computational methods were used to address the 
SAR related questions of the inhibitor series.  
 
In Papers I-II, the binding mode of peptides, macrocyclic peptidomimetics, 
and analogs were presented using an array of computational techniques. 
Phe550 was identified as a key residue for the better pharmacokinetic prop-
erties of HA08 over HA09. Similarly, Arg929 and Tyr961 play an important 
role in the C-terminal stabilization of the Ang IV. The available mutational 
data is minimal. Thus, it will be interesting to another study with mutational 
analysis on these residues, both in vitro and in silico. There are no experi-
mentally obtained kinetic data for the substrates, oxytocin, and vasopressin. 
Otherwise, a simulation of enzyme catalysis on the substrates would be an 
exciting work, which will provide more valuable information need for the 
lead generation and optimization. However, our current results are in excel-
lent agreement with the experimental binding affinities, strongly support the 
proposed binding mode.  
 
The two alternative binding poses that emerged in Paper III for the low-
molecular-weight drug-like aryl sulfonamides was narrowed down to one 
potential binding pose in Paper IV. FEP method was crucial in distinguish-
ing the potential binding pose, and the SAR was well explained. The existing 
sulfonamides are in the sub-micromolar range, which can be improved with 
suitable substitutions based on the knowledge gained in this research. The 
experimental and computational data shows that the modifications on thio-
phene and the aromatic ring improved the efficacy, as in compound 14 to 13 
or as in 16 to 21. There is a need to expand the small and low molecular 
weight drug-like IRAP inhibitors, and the knowledge gained from the Pa-
pers III-IV will be helpful in such efforts.   
 
The residues Phe544, Tyr549 and Arg439 played a crucial role in the bind-
ing of two classes of compounds. The binding mode of HFI compounds was 
thoroughly evaluated using a plethora of computational methods. Previously, 
the impact of single residue mutations (F544I/V) on the binding of HFI 
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compounds was evaluated. Similar mutational analysis should be conducted 
on the other key residues, Tyr549 and Arg439, identified in Papers V-VI. 
Similar mutational analysis should be conducted on the spiro-oxindole com-
pounds to understand the binding mechanism. Reduced activity or complete 
inactivity in such mutations would further validate the proposed binding 
modes. 
 
The research presented in this work provides valuable insights into the bind-
ing mechanisms of IRAP and identified the role of several active site resi-
dues in the binding process. However, to make inhibitors with high bioavail-
ability in brain after oral administration is a tremendous challenge, yet to 
overcome. The knowledge gained in this research will aid in the structure-
based drug designing campaigns for the development of better drugs for the 
treatment of cognition and memory related diseases, such as Alzheimer’s 
disease. 
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Sammanfattning på svenska 

Upptäckten och utvecklingen av nya läkemedel är en process som är känd 
för att vara tidskrävande, riskfylld och kostsam. En typisk upptäckts- och 
utvecklingscykel, från koncept till marknad, tar cirka 14 år och kostnaderna 
ligger mellan 1,0 till 1,2 miljarder USD. Som ett resultat av detta har diverse 
metoder utvecklats, i hopp om att förkorta forskningscykeln, minska kost-
naderna och minska riskerna för misslyckade läkemedelsupptäckter. Da-
torbaserad modellering för läkemedelsdesign är en av de mest effektiva 
metoderna för att nå dessa mål. Under de senaste två decennierna har 
uppseendeväckande framsteg gjorts inom utvecklingen av nya metoder. År 
2013 var Martin Karplus, Michael Levitt och Arieh Washel tilldelade No-
belpriset i kemi för utvecklingen av datorbaserade metoder. De da-
torbaserade metoderna och algoritmerna som utvecklats används för att stu-
dera och förstå många aspekter inom kemi och biologi. Datorbaserad läke-
medelsutveckling är en av tillämpningarna som är beroende av kunskapen 
inom tredimensionella strukturer, så kallad struktur-baserad läkemedelsut-
veckling.  
 
Enligt världshälsoorganisationen (WHO) drabbas 50 miljoner människor 
över hela världen av någon form av demens. Denna siffra stiger med 10 
miljoner varje år. Alzheimers sjukdom är den mest förekommande formen 
av demens och omfattar upp till 70% av alla fall. De flesta fallen rapporteras 
i länder med låg- och medelinkomst. År 2015 beräknades kostnaderna att 
vara runt 800 miljarder USD för dessa samhällen. I nuläget finns det inget 
botemedel för demens. Tillgängliga läkemedel mot demens som godkänts av 
livsmedels- och läkemedelsmyndigheten (FDA) tillhör klassen kolinester-
ashämmare och verkar bara genom att fördröja symptomen. Under de 
senaste åren har insulin-reglerad aminopeptidase (IRAP) framträtt som en ny 
terapiform för behandling av Alzheimers och andra minnespåverkande sjuk-
domar. Hittills har många potenta, specifika och läkemedels-liknande IRAP-
hämmare upptäckts, inklusive peptider, peptidomimetika och föreningar med 
låg molekylvikt såsom sulfonamider och HFI-föreningar. Förstående för 
bindningsmekanismen på molekylnivå är avgörande för utvecklingen av nya 
läkemedel. Denna avhandling är inriktad på datorbaserade beräkningsmodel-
ler för ligandbindning till insulinreglerat aminopeptidas (IRAP). I den här 
avhandlingen används olika beräkningsmetoder såsom molekylär dynamik 
(MD), linjär interaktionsenergi (LIE) och fri energiperturbation (FEP) för att 
förstå den molekylära basen för bindningen av dessa hämmare till IRAP. 



 50 

I artikel 1 har vi identifierat den potentiella bindningspositionen för angio-
tensin IV, oxytocin och vasopressin i IRAP. Tidigare syntetiserades två 
hämmare, HA08 och HA09, baserat på den N-terminala regionen av oxyto-
cin och vasopressin. I artikel I karakteriserades bindningssätten för två syn-
tetiska läkemedelsliknande hämmare, HA08 och HA09, på molekylnivå. 
Från den nyligen tillgängliga informationen, i artikel II, designades, syn-
tetiserades och karakteriserades en uppsättning potenta HA08-analoger. De 
förväntade farmakokinetiska egenskaperna hos de nyligen syntetiserade 
analogerna uppnåddes. Även om HA08- och HA08-analogerna var potenta 
hämmare, lider de av en begränsad blod-hjärnbarriär (BHB) ge-
nomträngning. Detta innebär att läkemedlet inte kunde passera BHB för att 
nå hjärnregionerna vid oral administrering. Bindningsposen för en annan 
serie sulfonamider med låg molekylvikt beskrivs i artikel III-IV. Med kraft-
fulla beräkningsverktyg kunde vi urskilja den potentiella bindningsposi-
tionen, vilket ytterligare kan förklara struktur-aktivitetsrelationer (SAR). I 
artikel V beskriver vi bindningsställningarna för HFI-föreningar. Den iden-
tifierade bindningsställningen för HFI-föreningarna är överlägsen vid 
förklaring av SAR. Spiro-oxindolföreningarna är inte starka hämmare av 
IRAP. Dessa föreningar visade sig binda på ett alternativt läge till den kata-
lytiska bindningsplatsen. Med hjälp av automatiserad dockning och 
molekylärdynamiska simuleringar, identifierade vi det allosteriska bind-
ningsstället och karakteriserade bindningsläget i artikel V. 
 
Arbetet som presenterades i denna avhandling identifierade ett antal viktiga 
interaktioner som utövar gynnsamma förhållanden för ligandbindningen. 
Dessa nya insikter om bindningsmekanismen på det IRAP-katalytiska stället 
ger nyckelinformation för farmakofor design för IRAP-hämmare och banar 
väg för utveckling av en ny generation läkemedel för behandling av demens 
och andra relaterade störningar, såsom Alzheimers sjukdom. 
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