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Abstract
Proteins of the M1 and M17 aminopeptidase superfamilies play important roles in
cellular metabolism. Controlling the activity of these enzymes can modulate chronic and
infectious diseases, such as modulation of hypertension, control of tumor growth and
treatment of malaria. The ability to produce selective and potent inhibitors for different
members of one protein superfamily relies on the knowledge of the mechanism of action,
structure of the target and their individual protein dynamics. Each can be exploited for future
inhibitor design aimed to produce therapeutic agents for human disease. Two of the
representative proteins within M1 and M17 aminopeptidase superfamilies, PfA-M1 and PfAM17 are the focus of this thesis. Both enzymes are metallo-exopeptidases, are essential for
the survival of the malaria parasite, Plasmodium falciparum, and are attractive new
antimalarial drug targets. The dynamics of each protein and how this relates to their
enzymatic function remains unknown. Molecular dynamics (MD) simulation is a
computational technique used to understand the dynamics of proteins. However, PfA-M1
and PfA–M17 are metallo-proteins and have essential zinc ions in their active site. This
presents a significant challenge for their simulation by MD techniques due to the lack of
appropriate metal parameters for the simulation. In this thesis, new parameters for the MD
simulation of M1 and M17 aminopeptidase were designed and implemented. The
parameters produced from a hybrid force field (FF) model enabled MD simulations for both
M1 and M17 aminopeptidase systems. Classical all-atom MD simulations on seven M1
aminopeptidase enzymes (including PfA-M1) were performed in this study, which address
the protein dynamics within the M1 aminopeptidase superfamily. Simulation of the inhibitorbound and substrate bound PfA-M1 sheds light on the intramolecular pathways that the
inhibitor or substrate may take to enter the active site and predicts for the first time, the P2
to P5 substrate pockets of PfA-M1. Simulation of the much larger M17 aminopeptidase,
PfA-M17, identifies reasons as to why the protease is assembled into a homohexamer,
showing that the hexamer stabilises the catalytic machinery, including the substrate pockets
and catalytic water molecules. Dissection of the hexamer suggests that the dimer of trimers
that forms the hexamer is necessary to control substrate movement and that the individual

trimers communicate to allow substrate entry to the interior catalytic cavity of the hexamer.
The analysis of the protein dynamics of M1 and M17 aminopeptidase superfamilies
presented in this thesis has provided fundamental knowledge on how dynamics affects both
catalysis and regulation of activity of the two enzymes and provided key information that will
be of broad benefit to future drug discovery programs.
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CHAPTER ONE - INTRODUCTION

Chapter 1
1.1. Malaria
1.1.1 Malaria remains a global health problem.
The word malaria originally comes from the Italian word mal'aria, or the ‘bad air’,
because the belief at the time was that the emitted gas from marshlands was the cause of
the disease (8). Today malaria is defined an intermittent and remittent fever caused by a
plasmodium parasite when it invades host red blood cells (9). The disease is transmitted by
mosquitoes in many tropical and subtropical regions of the world. Clinical symptoms of
malaria include fever and headache (10). If left untreated, malaria can cause severe anemia,
reduced local oxygen flow and a block in the immune response (11). If any of these events
occur in the brain, cerebral malaria occurs and can cause impaired consciousness, leading
to convulsions, coma and death (12).
Malaria is caused by apicomplexan parasites of the genus Plasmodium. The five
species of Plasmodium that can infect humans are P. falciparum, P. malariae, P. ovale, P.
vivax and P. knowlesi (13, 14). Infection by P. falciparum has the highest fatality rate with
majority of deaths in children less than 5 years old and women during pregnancy (12, 1416). The global morbidity and mortality of malaria remain high with an estimated 214 million
clinical cases resulting in approximately 438,000 deaths in 2015 (9). This fact makes the
treatment of malaria a major health challenge around the world (9).
P. falciparum has a complex life cycle that involves both a mosquito and human host
(Fig 1.1) (2). In the human host, the life cycle begins by the injection of sporozoites, the
infectious form of the malaria parasite, by a feeding mosquito (Fig 1.1, I). The sporozoites
are then carried by the blood circulatory system to the liver where they invade hepatocytes
(Fig 1.1, II). Within the hepatocytes (exoerythrocytic phase), the intracellular parasite
undergoes asexual replication known as exoerythrocytic schizogony. Exoerythrocytic
schizogony culminates in the production of merozoites, the parasite form that is released
into the bloodstream and can infect other red blood cells (Fig 1.1, III). Once the merozoites
invade the host red-blood cells, the parasite enters the asexual erythrocytic or blood stage,
which is the cause of malaria-associated pathology (17). During the blood stage, the
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parasites produce a specialized lysosomal-like digestive vacuole (DV) inside the host
erythrocyte. During the parasite development from ring stages to trophozoites large
amounts of host hemoglobin (Hb) are hydrolyzed in the DV, and parasites grow rapidly to
complete their life cycle. The blood stage reproduction is complete within 48 h post-invasion
(18). Finally, the parasite can also undergo sexual reproduction where gametocytes are
produced. Gametocytes can be taken up by a mosquito, infect the insect host and continue
the life cycle (Figure 1.1, IV).
1.1.2 Therapeutics available for the treatment of malaria.
One of the early forms of treatment for malaria was quinine, a natural product that
was extracted from the bark of cinchona tree (19). Quinine and chloroquine-substituted
quinine were used extensively as malaria medications from the early 1920s until the 1970s
(19-21). The 1980s saw the emergence of resistance to chloroquine and derivative

Fig 1.1. The complex life cycle of the malaria parasite (I) Sporozoites are injected into
the human body by mosquitos. (II) The exoerythrocytic phase. (III) The asexual
erythrocytic development in red blood cells. (IV) The sexual development in mosquito.
Reproduced from (2).
medications that has now spread globally (22).
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By the 1970s, Tu Youyou and colleagues had discovered the natural product
artemisinin, from the plant Artemisia annua (23). Artemisinin was shown to be highly
efficient for treating P. falciparum malaria (24) and the current recommended treatment by
the World Health Organization, for uncomplicated malaria, is a Artemisinin-based
Combination Therapy (ACT) (25, 26). ACT is highly effective and utilizes multiple
artemisinin derivatives that are active against four species of Plasmodium (27) and can
include amodiaquine, lumefantrine, mefloquine or sulfadoxine/pyrimethamine and the semisynthetic derivatives: dihydroartemisinin and piperaquine (28). ACT is approximately 90 %
effective for the treatment of uncomplicated malaria (12, 28, 29). The use of a drug
combination therapy is considered advantageous as it decreases the onset of drug
resistance to any single drug component (30, 31).
In the early 21st century, malaria parasites with partial resistance to artemisininbased therapies emerged in South East Asia (32, 33). Recent reports from that region of
the world indicate that the efficacy of our “last line of defense”, ACT, is diminishing (34, 35).
The discovery of next-generation and completely novel anti-malarial drugs is urgently
needed.

1.2. Aminopeptidases as potential drug targets for the design of new antimalarials.
1.2.1 Proteases as potential drug targets.
Proteases (also termed peptidases, proteinases and proteolytic enzymes) are
enzymes that hydrolyze peptide bonds (Fig. 1.2) and play important roles in all living cells
(36). An early classification of the proteases is from Bergmann & Ross (1936), who
suggested that proteases should be categorized by the position by which they cut their
peptide substrate(s) (37). In this simple system, a protease can be an endopeptidase (or
endoproteinase, Fig. 2), which cuts the peptide bonds of non-terminal amino acids, or an
exopeptidase (Fig. 2), which hydrolyzes peptide bonds located at peptide / protein termini.
In 1967, in order to distinguish and record the different cleavage positions of peptide
substrates, Schechter & Berger (38, 39) proposed numbering amino acid residues of
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polypeptide substrates based on the point of cleavage. The cleavage position (bond that
was hydrolysed) would be the P1 - P1’ and the remaining amino acids numbered from N to
C terminal. For example, a six-residue substrate would be labeled as “P2, P1, P1', P2' ” (Fig.
1.2). Accordingly, the respective binding pockets for each of the amino acids in the substrate
would be defined as “S2, S1, S1', S2',” for the example (Fig.1.2).
The simplistic classification of endo or exo peptidase was complicated by the
discovery that some peptidases show both endopeptidase and exopeptidase activity, e.g.,
cathepsin B (40-42). This led to other methods of classifying proteases that included their
optimal pH for proteolytic activity (such as acid proteases, neutral proteases, basic or
alkaline proteases) (43) as well as a more detailed catalog based on their catalytic residue
(such as serine proteases, cysteine proteases, threonine proteases, aspartic proteases,
glutamic proteases, metalloproteases, asparagine peptide lyases) (44, 45). An up-to-date
detailed classification of protease evolutionary superfamilies can be found in the MEROPS
database (46), in which, proteases are firstly classified by 'clan' (superfamily) based on
basic structure and mechanism before being assigned into families based on sequence
similarity within each clan (46).
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Fig 1.2 Protease activity and nomenclature. The action of an (A) endopeptidase and (B)
an exopeptidase is shown diagrammatically with a four amino acid substrate labelled
according to standard nomenclature of Schechter & Berger (38, 39).
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For cysteine and serine proteases, the side chain that is eponymous residue (Cys
or Ser) is the catalytic residue that acts as a proton-withdrawing group to initiate the
nucleophilic attack to the peptide bond (47, 48), whereas the aspartyl and metalloproteases
trigger a nucleophilic water molecule to attack the scissile bond (49-52). For threonine
proteases, the secondary alcohol of their N-terminal threonine is used as a nucleophilic
agent to perform the reaction (53, 54). The glutamic protease contains glutamic acid and
glutamine catalytic dyad, which act as a nucleophile, with the glutamic acid serving as a
general acid to donate a proton to protonate the carbonyl oxygen in the peptide bond of the
substrate. One to two water molecule(s) involved in the reaction supply the hydroxyl group
to pass the proton to the amide nitrogen on the scissile peptide bond (55).
Protease activity is increasingly seen as a regulatory step in various cellular
processes, including development, organelle shaping, metabolism, pathogenicity and
degenerative disease (56). Aberrations and / or malfunction of protease activity are often
related to a disease state (56-60). Thus proteases are considered attractive therapeutic
targets for a range of disease states (4, 60-82).
One important type of exopeptidase is the aminopeptidase. Aminopeptidases can
be found in many classes of proteases in MEROPS (46) and are the most abundant in the
form of metalloproteases (M1-98) (83). The M1 family of the metalloprotease class contains
the majority of the aminopeptidases (46). The function of an aminopeptidase is to digest the
N-terminal peptide bond of a protein or peptide substrate, releasing a single (or multiple)
amino acids (46, 83). The activity of aminopeptidases is essential to all cellular functions in
both eukaryotes and prokaryotes and, along with other proteases, can regulate diverse
proteolytic pathways (84, 85). Aminopeptidases can be found in many and multiple
biological processes including nutrient acquisition, protein maturation and hormone
regulation (84, 86). Recently, they have been of interest as potential new drug targets to
treat both chronic and infectious diseases of humans (4, 87-93).

1.2.2 Aminopeptidases are involved in hemoglobin digestion in intra-erythrocytic
P. falciparum parasites.
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The blood stage of the P. falciparum life cycle is the cause of the clinical symptoms
of malaria. During the blood stage, human hemoglobin (Hb) is the main source of nutrition
or food for malaria parasites (94). Digestion of Hb occurs via a multi-step proteolytic
cascade that involves many different P. falciparum proteases (Fig. 1.3) (2). Initially, Hb is
endocytosed and transported to the acidic DV inside the infected red blood cells (Fig. 1.3).
Within this specialized organelle, proteases including plasmepsins I, II, IV, falcipains 2, 2’,
3 and a histo-aspartic protease, falcilysin, and aminopeptidases digest Hb to globin peptide
fragments (Fig. 1.3) (94). Once the Hb peptides are approximately 5-10 amino acids in
length, a dipeptidyl aminopeptidase I (DPAP1) and an M1 aminopeptidase (PfA-M1) take
over digestion (95, 96). When the globin peptides are further reduced in length, they are
actively transported out of the DV into parasite cytosol (Fig. 1.3) (97). Finally, within the
cytosol, free amino acids are thought to be liberated by the action of various clans of
metallo-aminopeptidases (MAPs) (2). The amino acids generated from the catabolism of
Hb are not only necessary for protein synthesis but also function to maintain an osmotically
stable environment, and can create a gradient by which amino acids that are rare or not
present in Hb are transported into the parasite from host serum (98).
There are nine aminopeptidases in P. falciparum (97). There are four methionine
aminopeptidases (PfAMetAP1a,b,c & PfAMetAP2) and a single leucine aminopeptidase (PfAM17),

alanyl

aminopeptidase

(PfA-M1),

aspartyl

aminopeptidase

(PfA-M18),

aminopeptidase P (PfAAP) and dipeptidyl aminopeptidase (DPAP1). The methionine
aminopeptidases perform essential housekeeping role(s) in catalyzing the removal of the
N-terminal initiator methionine during protein synthesis (Fig. 1.3) (99). DPAP1 bridges the
gap between endopeptidase and aminopeptidase activity as it further hydrolyzes the
oligopeptides to dipeptides (Fig. 1.3) (95). PfA-M1 hydrolyzes most amino acids from the
N-terminus of the peptides (the P1 position), except for the acidic acids like Glu or Asp (100).
PfA-M17 can process hydrophobic amino acids with a preference for Leu (100). PfA-M18
will only hydrolyse acidic amino acids, including both Asp and Glu (101). PfAAP removes
the N-terminal residues from the peptide substrates with a proline at the P1’ position (102,
103).
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Fig 1.3. The overview of Hb digestion in the malaria parasite P. falciparum. 1.
Plasmepsin I and II initiate Hb digestion, which releases the monomers from the Hb
tetramers. 2. Plasmepsin I, II, IV continue to cleave the Hb with divergent specificities. 3.
Heme is released and hemozoin formed, as can been observed as malaria pigment
hemozoin in the ring-stage of parasite development. 4. Falcipains 2, 2’, 3 will then take over
the digestion process and catalyze the products generated from plasmepsins to globular
peptides of 10-20 residues in length. 5. Falcilysin then further processes the products into
oligopeptides of approximately 5-10 residues. 6. Aminopeptidases are involved in the final
process of digestion and release free amino acids. 7. PfA-M1 has been shown to be active
in the DV, however, can also be found in the cytosol and the nucleus. 8. Protein transporters
move the Hb peptides from DV to parasite cytosol. (Figure reproduced with permission from
McGowan laboratory).
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1.2.3 The P. falciparum neutral aminopeptidases as potential targets for new
antimalarials.
The two neutral aminopeptidases, PfA-M1 and PfA-M17, have been validated as
drug targets for the development of new antimalarials. Both aminopeptidases are encoded
by a single copy of their respective gene, and attempts to genetically disrupt these genes
in P. falciparum have been unsuccessful (4, 95). This indicates that the genes or gene
products are essential for P. falciparum parasites. Inhibition of the activity of the two
enzymes prevents the growth of P. falciparum parasites in culture (4, 98, 104). In the P.
chaubaudi chaubaudi murine model of malaria, inhibitors of PfA-M1 and PfA-M17 were able
to control parasitemia indicating the potential of these enzymes as new antimalarial drug
targets (104, 105). These early inhibitors lacked optimal pharmacokinetic properties for
further development and therefore, new drug-like inhibitors possessing both potency and
selectivity are still required.
One idea for the inhibitor design for any potential new drug target is to mimic the
natural substrate. To use this approach for PfA-M1 and PfA-M17, small molecules that are
a similar size to a dipeptide would be needed. These compounds would need to be able to
bind to the active site of the enzymes and lock the enzymes in a transition state. Various
studies have aimed to produce inhibitors of both PfA-M1 and / or PfA-M17. These include
the development of peptidomimetic scaffolds including bestatin analogues (106),
phosphonic acids (107), and phosphinopeptides (4, 81, 98, 107, 108). Virtual screens of
compound libraries have also been performed and in some cases experimentally validated
(109-112). Screening of the Medicines for Malaria Venture (MMV) / SCYNEXIS anti-malarial
compound library (MMV400) suggested that neither PfA-M1 nor PfA-M17 were the primary
targets of these compounds (108). Drug re-purposing studies also showed the antimalarial
efficacy of Tosedostat, a chemotherapeutic agent that is currently in phase II trials for
various human cancers (105). The study of phospho-arginine mimetics to probe the
specificity of the S1 pockets of PfA-M1 and PfA-M17 provided a route to a small molecule
scaffold that could target both enzymes (107). Potent dual inhibitors have been produced,
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using a hydroxamic acid scaffold, which shows both nanomolar potencies in antiaminopeptidase and anti-parasitic activity (113, 114).
To facilitate the design of new inhibitors and discover potential new pharmacophores
within PfA-M1 and -M17, it is important to understand the relationship between the
structures and function of both of the two enzymes. Therefore, in this thesis, we will
introduce both the M1 and M17 aminopeptidase families in detail and discuss current
literature relating to the family and specifically to PfA-M1 and PfA-M17.
1.3. The M1 aminopeptidase family
The M1 aminopeptidase family is the largest of the metalloprotease clans (115). The
M1 family is defined by the presence of two conserved sequence motifs that are required
for catalytic function; a consensus zinc-binding motif (HEXXH-(X18)-E) and the ‘GXMEN’
exopeptidase motif (116). M1 family members are distributed throughout the bacteria,
archaea, protozoa, fungi, plants and animals (116). They can be found in the cytoplasm,
many subcellular organelles and / or as integral membrane proteins (85, 117, 118).

1.3.1 The role of the M1 aminopeptidases
There are nine M1-type aminopeptidases in humans (119) that perform a variety of
essential cellular functions (120). The leukotriene A4 hydrolase (LTA4H) has dual activities
and can process LTA4 to LTB4 to make chemotactic agents for human neutrophils,
eosinophils, monocytes, and T cells (121) as well as possessing epoxide hydrolase activity
(122). LTA4 was the first M1 to be structurally characterised via X-ray crystallography (6).
The aminopeptidase A (APA) processes angiotensin II (Ang II) to angiotensin (Ang III) in
the renin-angiotensin system (123). This step is essential in regulating blood pressure in
mammals (124). The aminopeptidase N (hAPN / CD13) regulates blood pressure, cyclin
accumulation, mitotic cell division and antigen processing for MHC molecules by degrading
various substrates. Dysregulation of APN function is associated with various cancer-like
states (125, 126). The insulin-regulated aminopeptidase (IRAP), also known as cystinyl
aminopeptidase (CAP), human placental leucine aminopeptidase (PLAP), oxytocinase, and
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vasopressinase, functions as an oxytocinase by degrading oxytocin during human
pregnancy (127) and is active against N-terminal cysteine residues in vasopressin and
oxytocin (128-130). Endoplasmic Reticulum Aminopeptidase(s) (ERAP1 / ERAP2) were
initially identified as aminopeptidases also involved in the in the processing of the Ang II
and Ang III as well as kallidin (131). They take part in post-proteasome processing in the
immune response and have a role in pathogenesis of ankylosing spondylitis (131). Unlike
many M1 enzymes, Thyrotropin Releasing Hormone Degrading Ectoenzyme (TRHDE)
hydrolyses only one substrate, pyroglutamyl- -histidyl-prolylamide-NH2 (TRH), which acts
as a neurotransmitter within both the central and peripheral nervous systems and promotes
the yield of thyrotropin and prolactin (132-136). Aminopeptidase B (APB) cleaves basic Nterminal amino acids and can process glucagon into miniglucagon (137, 138). APB is more
closely related to LTA4H (139).
In the microbial world, M1 aminopeptidases are used primarily for nutrient
acquisition and metabolic pathways. The Escherichia coli aminopeptidase N, EcAPN, has
been studied in detail and like most bacterial M1s, is not essential for bacterial survival (140).
EcAPN is involved in ATP-dependent downstream processing during cytosolic protein
degradation, however, there appears to be redundant peptidases, which likely accounts for
its non-essential nature (141). Similarly lysyl aminopeptidase in Lactococcus lactis helps in
the degradation of casein into peptides and amino acids, which can then be taken up by the
organism as the external source of amino acids (142). In the archaeon Thermoplasma
acidophilum, the tricorn interacting factor (TIF) F2 and F3 are both members of the M1
superfamily (143). Together with TIFF1, these enzymes degrade the tricorn protease
products and generate free amino acids. In protozoa, the best studied example of an M1
aminopeptidase is the enzyme from P. falciparum, PfA-M1, that is discussed in Section
1.3.4 of this chapter.
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1.3.2. The catalytic mechanism of the M1 aminopeptidases.
A catalytic mechanism, based on structural comparisons to the prototypical zincpeptidase, thermolysin, has been proposed for the M1 aminopeptidases (144). A peptide
substrate enters the buried active site and the carbonyl oxygen and nitrogen of the scissile
peptide bond of the substrate are activated by interactions with three atoms: 1) the zinc ion,
2) a highly conserved tyrosine residue and 3) the carboxyl oxygen of the E residue in the
GXMEN motif (Fig 1.4A). The catalytic water is coordinated by a conserved glutamate (that
is not part of the zinc-coordinating triad) and is activated by the zinc ion. The activated
nucleophilic water molecule attacks the carbonyl carbon of the scissile peptide bond,
allowing the traffic of a proton from the activated catalytic water to the leaving nitrogen group
(144). The events surrounding the actual hydrolysis has been proposed to occur through
two sequential transition states (Fig 1.4 B, C), where state I is the interaction of the
nucleophilic proton with a conserved glutamate and state II is the subsequent transfer to
the P1’ amide of the scissile bond (Fig 1.4B).
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Fig 1.4 The catalytic mechanism of M1 aminopeptidases. (A) Active site arrangement
in M1 aminopeptidases showing the zinc-coordinating residues and atoms, and the
coordination of the peptide substrate with the zinc ion. Transition state I (B) and II (C) are
also indicated and the interactions between catalytic residues of the M1 aminopeptidase
and scissile peptide bond of the substrate peptide are shown. (D) The production of the
catalytic process. The figure is based on (144)
1.3.3 The structure of the M1 aminopeptidases.
As of September 2016, the International Protein Databank (PDB) contained 17
unique structures of M1 aminopeptidases from archaea, fungi, bacteria, and animals, which
provides a wealth of structural information to aid our examination of the family. M1
aminopeptidases can exist as both monomers and dimers (Fig 1.5A and 4B), are generally
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membrane bound and can be found surface-exposed or within the cytoplasm (145, 146).
The general structure comprises a short tail from the transmembrane anchor/stalk and a
large ectodomain with a conserved 3–4 domain fold (Fig 1.5) (144).
The N-terminal domain I has a β-sheet core which, while largely solvent-exposed,
contains a hydrophobic region that links to a membrane-spanning anchor (144). The
thermolysin-like catalytic domain II contains the active site flanked by a mixed β-sheet and
α-helical structure that is highly conserved throughout the family. Within the active site, the
catalytic zinc ion is coordinated by Nϵ2 atoms of two conserved histidine residues, the
carboxyl Oϵ atom of the glutamate and a nucleophilic water molecule (144). Domain III is
composed of an immunoglobulin-like fold and is completely absent in some family members,
such as leukotriene A4 hydrolase (Fig 1.5E) (6). The C-terminal domain IV is the most
variable region of the protein family and is completely helical in nature, arranged to cap the
active site and sequester it from bulk solvent. Domain IV is also involved in dimerization,
primarily in mammalian forms (1, 144, 147, 148).
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Fig 1.5: Structure and conservation of M1 aminopeptidases. (A) X-ray crystal
structure of human aminopeptidase N (APN) (1) colored according to domains with
domain I in teal, domain II in orange, domain III in magenta, and domain IV in blue. (B)
Crystallographically observed dimer of APN, that is also proposed to occur on the cell
surface membrane (1) to which APN is attached via domain I (teal). Domains colored as
in A. (C–E) Characteristic structures of M1 aminopeptidases colored according to
sequence conservation (high degree of conservation in purple, average in white, and low
in cyan). Sequence alignments and conservation calculations performed using ConSurf
(3). (C) the M1 aminopeptidase from P. falciparum (PfA-M1) (4), (D) human endoplasmic
reticulum aminopeptidase 1 (ERAP1) (5), (E) human leukotriene A4 hydrolase (LTA4H)
(6). This figure is reproduced with permission from (7).
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1.3.4. Some members of the M1 aminopeptidase superfamily can exist in an open or
closed form.
The determination of the TIFF3 structure identified an open form of the M1
aminopeptidase where the C-terminal domain IV is positioned away from the rest of the
molecule (Fig. 1.6) (149) Interestingly, this study captured both conformations (open and
closed) of TIFF3 in a single crystal (PDBID: 1Z5H, 2.3 Å) as well as a semi-open
conformation in a different crystal (PDBID: 1Z1W, 2.7 Å) (149). Comparison of the
structures shows that the open form has clear access to the active site in domain II, whilst
in the closed form, domain IV is in close contact with domains I + II (Fig. 1.6) (149). Otto et
al proposed that the open form is in an inactive conformation, since Tyr351, a residue
proposed to be involved in the transfer a proton donor to the zinc ion, was shifted 2.7 Å
away from the zinc ion in the open form (149).
Open and closed forms of ERAP1 have also been captured using protein
crystallography (5). Kochan et al captured an open form of hERAP1 (PDBID: 3QNF, 3.0 Å)
by co-crystallizing the protein in the presence of substrate peptide, and also argued that
ERAP1 is inactive in the open form (5). Similarly to TIFF3, Tyr438 (the corresponding residue
to Tyr351 in TIFF3) shows a movement of 6 Å in the open form of ERAP1 and points away
from the active site. Chen et al claims that their structure of a porcine APN (pAPN) mutant
(Phe82Asn, Leu107Phe) was crystallized in a closed form but inspection of the structure
shows that it is more similar to the semi-open form of TIFF3 (144). They concluded that
although their closed form of pAPN is not similar to that of ERAP1, it still has the potential
to open like ERAP1, and consequently modelled an open form of hPAN based on the
ERAP1 open structure (144). To date, there are no reported structures or evidence to
support an open from of any parasite and / or bacteria M1 aminopeptidase.
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Figure 1.6. The structures of the closed and open forms of representative M1
aminopeptidases. The structures are colored by domain with domain I in blue, II in green,
III in yellow and IV in red. The PDB ID, chain and resolution for each M1 aminopeptidase
structure are indicated under the image.
1.3.5 PfA-M1
In P. falciparum, a single M1 aminopeptidase was identified nearly 20 years ago
(150). As annotated by PlasmoDB (151), the PfA-M1 gene (MAL13P1.56) is located on
chromosome 13 of P. falciparum. The gene is 3,257 bp in length and encodes a 1,085
amino acid protein of approximately 126 kDa (151). It shares ~ 70 % sequence similarity
with M1 aminopeptidase orthologues from other Plasmodium species including P. berghei,
P. chabaudi chabaudi, P. vivax, and P. yoelii (4). The N-terminus of the protein (~ 194 amino
acids) is not conserved and has three asparagine-rich low-complexity regions (LCRs) and
a putative transmembrane domain (4, 150). In P. falciparum, the low-complexity regions are
removed by proteolytic processing by an as yet unidentified protease, to produce the active
aminopeptidase that is often referred to in the literature as p96 (for 96 kDa) (150, 152). The
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mature enzyme is thought to be membrane bound (4, 150). The Florent group also proposed
the existence of a 68 kDa (p68) version of the protein (150, 152), however, this form of the
protein has never been isolated away from the p96 version and is presumed to be an artifact
(153). The recombinant form of the protein produced in McGowan et al., removed both the
low complexity regions and the transmembrane domain from the N-terminus and purified
only the ecto-domain of PfA-M1 (4).
During the erythrocytic life cycle, transcription of the PfA-M1 gene reaches its
maximum in schizonts (152), which is when digestion of Hb occurs. PfA-M1 functions in the
final stages of Hb digestion, to presumably provide free amino acids for parasite growth and
replication (96). The P1 substrate specificity of the enzyme is broad (100); it can rapidly
hydrolyze substrates containing a neutral P1 residue such as Leu, Ala, Phe, Tyr, and Ser
as well as basic P1 residues such as Asn, Arg, and Lys (100). It is unable to process Glu
or Asp residues in the P1 position (100).
The intra-cellular location of PfA-M1 has been of interest for many years. Florent
and colleagues used immuno cytochemical studies to localize PfA-M1 and reported that the
enzyme was localized to the parasite cytosol and accumulated around the digestive vacuole,
presumably tethered via its transmembrane domain (152, 154). McGowan et al., (4) studied
the cellular location of the PfA-M1 aminopeptidase by using live microscopy of parasites
transfected with a GFP-PfA-M1 conjugate and observed GFP in the cytosolic compartment
only, consistent with the earlier studies of Florent and colleagues (152, 154). In contrast,
the Klemba group has repeatedly reported that PfA-M1 is localized to the inside of the
digestive vacuole (155-157) as well as the parasite nucleus (157). Currently, the location of
the active form of PfA-M1 remains unresolved with an argument that the N-terminal
transmembrane anchor may localise the enzyme to either side of the digestive vacuole
membrane. Both positions would be amenable to Hb peptide degradation.
The structure of ectodomain of PfA-M1 (Fig. 1.7A) is more closely related to the
bacterial M1 aminopeptidases (Fig. 1.7B) than mammalian homologs (4). PfA-M1
possesses the characteristic bacterial aminopeptidase N fold (158-160), and like the other
M1 aminopeptidases, PfA-M1 consists of four domains (Fig 1.7A), with 26 α-helices and 7
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β-sheets (4). The second domain is the catalytic domain, which possess a zinc-binding motif
H496EYFHX17KE519 and a conserved substrate recognition motif Gly490AMEN ((158-160).
The only zinc ion is coordinated by His496:Nε2, His500: Nε2, and one of the carboxyl Oε atoms
on Glu519 (Fig 1.7C). A water molecule is visible in the X-ray structure between the zinc ion
and carboxyl Oε of both Glu497 and Glu463 (Fig 1.7C). This water molecule is hypothesized
to act as the nucleophilic agent in the hydrolytic activity of PfA-M1 (4). As mentioned above,
the structure of PfA-M1 is in a closed state, and no enzyme in an open state has ever been
observed in the parasite and bacteria kingdom.

Figure

1.7.

The structure of PfA-M1 and E. coli APN (EcAPN). (A) Overall structure of

PfA-M1. (B) Overall structure of EcAPN. (C) The zinc-binding site of PfA-M1. The zinc ion
is shown as a grey sphere and the nucleophilic water molecule as a red sphere. The carbon
atoms of the residues coordinating the zinc ion are shown in stick. Domain colors are same
a previous.
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1.4. The M17 family of Leucine Aminopeptidases.
The M17 leucine aminopeptidases (LAPs) are a different family of metalloaminopeptidases that belong to the MF clan (115). LAPs are ubiquitous in nature and
members can be found in the kingdoms of animals, plants, protozoa and bacteria (161).
The M17 aminopeptidases are cytosolic exopeptidases that form biologically functional
hexamers, which can generally release any N-terminal amino acid from dipeptides and
polypeptides, although often prefer leucine, and rarely process proline in P1’ position (162).
They have extensive physiological roles in the metabolism of hormones and neurotransmission, cell maturation, and turnover of proteins, including utilization of exogenous
proteins as nutrient substances and elimination of nonfunctional proteins (79).

1.4.1 The role of the M17 aminopeptidases
In animals, the M17 aminopeptidases appear to have key roles in the development
of eye lens cataracts as well as in the processing and determination of immune-dominant
antigenic peptides (163-167). The human adipocyte-derived leucine aminopeptidase (ALAP) is involved in AngII metabolism, cell migration and antigen presentation (168). A-LAP
activity has been shown to be elevated in some cancers and is proposed to have a role in
cancer progression (169). In plants, M17 aminopeptidase family members appear to play a
role in salvaging nitrogen and carbon resources from the cotyledons of germinating
seedlings (170). In bacteria, the M17 aminopeptidases appear to have a role in virulence
with inhibition of their activity showing antibacterial effects (171-173). The E. coli leucine
aminopeptidase (PepA) also has a role within the Xer site-specific recombination and can
control the transcription of the carAB operon (174). The DNA-binding activity of the bacterial
LAPs appears to be in addition (and / or unrelated) to their proteolytic activity and often
occurs via the formation of a larger oligomeric quaternary structure (170). In the protozoa
kingdom, the best-characterized leucine aminopeptidase is PfA-M17 from P. falciparum that
will be discussed in more detail below in Section 1.4.4.
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1.4.2 The structure of the M17 aminopeptidases
The M17 / LAP monomeric subunit is composed of an N-terminal regulatory domain
and a C-terminal catalytic domain (Fig 1.8A) (81, 172, 175-177). The N-terminal domain
generally contains a central six-stranded β-sheet and three α-helices, and is linked to a Cterminal catalytic domain via a long helix (Fig 1.8A, yellow helix). The catalytic domain is
generally composed of nine α-helices and with a two-stranded β-sheet capping one end
and a central eight-stranded β- sheet flanked on both sides. The complete active site of the
M17 monomers is contained within the C-terminal domain (81, 170, 176, 178).
The M17 aminopeptidases have two divalent cations in their active site (Fig 1.8B)
(171-173). A conserved aspartate residue coordinates both metal ions while conserved
lysine and glutamate residues contribute to the coordination of metal ion 1, while a different
(but still conserved) aspartate and glutamate residue coordinate metal ion 2 (Fig 1.8C). A
carbonate ion is also always found in the active site and is coordinated by a network of
hydrogen bonds with active site residues (81, 176, 179, 180). The carbonate ion is common
to all M17 crystal structures and is proposed to act as a general base, accepting the proton
and activating a metal-bridging water in the cleavage reaction (179).
The M17 hexamer is a dimer of trimers (181). The trimers have ~120 degrees
between each monomer (Fig 1.8C) and two trimers interact each other and form the large
hexameric quarternary structure. This assembly produces a large inner cavity where the
zinc ions and active sites are protected from bulk solvent (Fig 1.8C) (170, 176, 178).
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Fig 1.8. The structure of the M17 aminopeptidases. (A). The monomer of PfA-M17
shown in ribbon where the N-terminal domain is shown in blue, the linker helix between Nterminal and C-terminal is in yellow and the catalytic domain is in magenta. (B) The
molecular architecture of the active site. (C) The hexameric assembly is a dimer of trimers
where trimer 1 (top) is shown in space-filled cyan, green and magenta and trimer 2 (bottom)
in grey, yellow and wheat.
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1.4.3 The catalytic mechanism of the M17 aminopeptidases.
The binuclear metal center of the M17 family is pivotal to its enzymatic function (176,
179, 180). In the proposed catalytic mechanism, a water molecule bridges the two metal
ions and acts as a nucleophilic agent. It attacks the carbonyl oxygen of the scissile bond of
the P1 position of the peptide substrate, which is initially coordinated by one metal and the
nucleophilic water (Fig 1.9A). A single proton is transferred from the water molecule to the
nearby carbonate ion, reducing the nucleophilic water to a hydroxide ion (179) and
producing a bicarbonate ion from the original carbonate (179). The metal-bound hydroxide
and the activated scissile carbonyl carbon of the peptide substrate, form a gem-diolate
intermediate complex that is stabilized by coordination of both oxygen atoms to the double
zinc ions (Fig 1.9B). Finally, the two zinc ions complete the deprotonation of the nucleophile
via the coordination of a lysine residue and release the cleaved peptide (179). A second
water molecule enters the active site and bridges the two metal ions again, whilst a
carbonate replaces the bicarbonate inside the acidic catalytic domain (Fig 1.9).

Fig 1.9. Scheme for the catalytic mechanism of M17 aminopeptidases. (A) Bicarbonate
ion next to Arg356 (numbering according to PepA) acts as a general base and accepts a
proton from the metal-bridging water nucleophile. (B) The proton is shuttled to the leaving
peptide amino group to facilitate breakdown of the tetrahedral gem-diol intermediate. (C)
The product amino acid is released. The figure is reproduced from (179).
1.4.4 PfA-M17
The only M17 aminopeptidase in P. falciparum, PfA-M17, was identified nearly a
decade ago (98). The gene (Pf14_0439) annotated by PlasmoDB (www.plasmodb.org,
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(151)) is located on chromosome 14 of P. falciparum with a predicted molecular weight of
67.8 kDa (182). The enzyme functions as a homo-hexamer in the parasites (98). PfA-M17
is located in the parasite cytosol and its function is not fully understood (2, 81, 98). One of
the hypothesized roles of PfA-M17 is in the final stages of Hb digestion (81, 98). A possible
secondary or alternative function is hypothesized to occur early in the development of the
parasite, as specific inhibition of PfA-M17 is lethal to parasites early in the intraerythrocytic
life cycle (96).
The substrate specificity of PfA-M17 is severely restricted to N-terminal exposed
leucine amino acid (98). Substrates with a P1 Ala residue are reported to be cleaved at a
rate ~ 850 fold slower than Leu, and substrates which contain Arg, Val, Pro, Gly, Ile, Glu,
or Asp in the P1 position cannot be hydrolysed at all (98). The preference for leucine is
postulated to relate to the need to provide isoleucine to the parasite (183). Plasmodium
parasites use Ile in their own proteins; however, it is the only amino acid not available from
Hb digestion (98, 183). Thus, the leucine preference by PfA-M17 may be related to the
demand for free leucine within the parasite cytosol to exchange for isoleucine (81).
A 2.0 Å X-ray crystal structure of PfA-M17 showed the same hexameric
arrangement of monomers as the physiological assembly described for other LAP family
members (81, 170, 176, 178). In the recombinant form of PfA-M17, each monomeric subunit
consists of residues 85-605. The N-terminal domain (residues 85-276) consists of sixstranded β-sheets and three α-helices. A central helix (residue 277-300) bridges the Nterminal and the catalytic C-terminal domain (residues 301-605). An eight-stranded β-sheet
and nine α-helices form the catalytic domain, where the active site and its two zinc ions are
located. Within the hexamer assembly, the six active sites are located within the interior of
the quaternary structure. It is reported that the active site of PfA-M17 contains one
exchangeable site and a tight-binding site (93). The removal of metal in the exchangeable
site slows catalytic activity, whilst removal of both metal ions leads to an irreversibly inactive
enzyme (93).
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1.5. Molecular dynamics of proteins
X-ray crystal structures present proteins as static models and fail to provide a
dynamic model with the internal motions that may play an essential role in their function.
Molecular dynamic (MD) simulations are an important tool for providing insights and models
of the physical basis of the structure and function of biological macromolecules, which may
not be accessible from classical laboratory experiments (184). MD is a computational
biology tool that uses molecular mechanics (MM) to mimic the physical motions of atoms in
the protein molecule present in the actual environment (185). MM are widely used in
molecular structure refinement, MD simulations, Monte Carlo (MC) simulations, and docking
simulations (185). The molecular mechanics force fields (FF) are the foundation of the
biomolecular MD simulations, which provide information about the potential energy of a
system of particles. Parameters of FF can be obtained from experimental and quantum
mechanical studies of capped amino acids for proteins and deoxyribose nucleoside
triphosphates (dNTPs) for DNA. These parameters can then be transferred to the larger
biomolecules, such as protein and DNA. There are two kinds of interaction terms in the
force field functions: the bonded and non-bonded interaction terms. Bonded interactions
include harmonic oscillator energy of bond lengths, bond angles, and improper dihedrals
(fixed terms), torsional dihedral angles (mobile terms, sometimes including improper
dihedrals), The nonbonded terms include Van der Waals interactions and electrostatic
interactions (186). Currently, there are several well-developed FFs to describe protein
structure and motion, including GROMOS (187), AMBER (188), CHARMM (189), OPLS
(190, 191). These FFs are refined and improved every year as research continues and
computing power improves.
Using these simple models and FFs, Newton’s equations of motion can be solved
by a MD simulation, therefore allowing structural fluctuations to be observed with the
evolution of time (184, 192-194). Dynamic simulation methods are widely used to obtain
information on conformations of proteins and other biological macromolecules over time
(184, 192-194) as well as kinetic and thermodynamic information. Simulations can therefore
provide fine detail concerning the motions of individual particles as a function of time (185).
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1.5.1 MD simulation of metalloproteins
The available and well-defined FFs (188, 191, 195) of bio-systems do not currently
include parameters for certain chemical groups or elements, for example transition heavy
metals. Over time, three methods of heavy metal FF development have been proposed and
include a “nonbonded” (196, 197) and “semi-bonded” (198-200) model and more recently a
“bonded” model (201-203). In each of these methods, the transition metal ion(s) has to be
either tethered in the binding pocket by artificial bonds (the bonded model) (201-203) or
constrained in the pocket by external forces (the nonbonded and semi-nonbonded models)
(196, 197, 199, 200, 204). This means that all three models assume that the coordination
of heavy metal(s) is unchanged during the simulation time. This is necessary because the
implemented FF parameters (charge distribution and force constants) of the transition
metals has to change when the coordination of transition metals varies (201). However, it
is impossible to change a FF at each time step during a classical MD simulation (205).
Therefore, classical MD with metal FFs cannot simulate the situation where a metal ion
changes its coordination (206). This is a significant limitation of the current approach that
must be considered during analysis of the MD simulations. This may be addressed by hybrid
methods such as quantum mechanics/molecular mechanics (QM/MM) simulations,
however, these approaches are incredibly expensive with regard to computational power
(205, 207).
A MD study of PfA-M1 used a semi-bonded model as the heavy metal FF for a
classical MD simulation (208). In this study, a single 75 ns trajectory was performed a PfAM1 system. Recent advances in MD of metalloproteins means that this FF approach is now
out of date, and the single trajectory might not sample enough possible conformations
during the simulation. Moreover, for a considerably large system like PfA-M1 (~ 890
residues), it is unlikely that 75 ns would be able to sample any large domain motions. To
date, there have been no MD studies to investigate any M17 family member.
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In order to investigate the protein dynamics of PfA-M1 and PfA-M17, this study will
use the currently most advanced metal force field method to perform a classical MD
simulation both proteins.

1.6 Aims and Objectives
The motivation to understand how protein structure and dynamics can control or
regulate protein function has increasingly demanded the use of a combined computational
and experimental approach. The two neutral aminopeptidases from P. falciparum, PfA-M1
& - PfA-M17, have been extensively characterized by biochemistry and X-ray
crystallography, however, this has provided a static snapshot of the structure of the
enzymes in both their unbound and inhibitor-bound forms. It is still unclear if protein
dynamics has a role in the enzymatic activity and biological function(s) of the two enzymes.
Understanding the relationship between motion, structure and the function will provide new
knowledge for these protease superfamilies that will be of benefit to dissect their biological
roles and in the design of potent and selective inhibitors.

In order to explore the above themes, this thesis will focus on the following three main areas:
a) To explore the dynamics of the M1 and M17 aminopeptidase superfamilies through
MD simulation by producing appropriate FF parameters and completing all-atom MD
simulations (Chapters 2 and 6).
b) Investigate the dynamics of PfA-M1 and how this relates to structure and function,
specifically its aminopeptidase activity, substrate guidance and inhibitor binding
(Chapter 3, 4 and 7).
c) Investigate the dynamics of PfA-M17 to answer the fundamental question of why
this enzyme forms a hexamer and how the hexamer is related to enzymatic function
(Chapter 5).
In summary, this thesis aims to advance our understanding of the M1 and M17
aminopeptidase superfamily by exploring their dynamics and how this relates to function.
These data will be of interest to protease biologists as well as drug discovery programs
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through the mapping of dynamics of the whole protein as well as the specific
pharmacophore. In addition, the computational tools developed in this study will be of broad
interest to the field.
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CHAPTER 2 - METHODS

48

Chapter 2
2.1. Computational methods
2.1.1 Preparation of input models
Initial structure geometries for simulations in this study were obtained from the highresolution crystal structures, which can be found in Table 2.1. Missing atoms and residues
were rebuilt using the default settings from Modeller v9.11 (209) and Chimera (210) (Table
2.1). Residues were protonated according to their states at pH 7.0 using the PDB2PQR
server (211). The residue names of the metal coordination atoms were manually changed
according to our generated FFs (212).
Artificial metal-bonds were generated for PfA-M1 (ZN1085-H496NT, ZN1085-H500NB,
ZN1085-D519OB) and the equivalent conserved residues (HXXHX(18)E) for other M1 family
members. PfA-M17 had artificial bonds between ZN1-D379OA, ZN1-D379OA, ZN2-K374NW,
ZN1-D459OC, ZN1-E461OD, ZN2-D399OB, and ZN2-E461OD. TIP3P water model was used
and no artificial bonds were introduced for water molecules (213). All the atoms and
residues involved in the artificial metal-bonds were then assigned new amber internal atom
types and new residue names were generated in order to differentiate the residues from the
classical AMBER FF.
The residues with artificial bonds to the metal ions were capped with acetyl (ACE)
and N-methylamine (NME) by the metal center parameter builder (MCPB). Single point
calculations of the capped structures were performed using B3LYP function and 6-31G*
Gaussian basis set and provided optimized metal binding geometry (214). The charge
distribution of the artificial bonds (including the side-chains of the metal coordinated
residues and the metals) was obtained using charge model B (ChgModB) of RESP (203).
For protein backbone atoms involved in artificial bonds to metal, the atomic charges were
taken from the AMBER94 FF (215), as required by MCPB. The charges of the two
generated FFs (metals and side-chains) are provided in Amber prepi format while force
constants of the metal-binding area are in Amber ‘frcmod’ format. These files are available
at doi.org/10.1080/07391102.2017.1364669 (212)
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Table 2.1. Structures simulated in this study.
Protein

Abbreviation

PDB ID / resoln / chain
Missing residues rebuilt by Modeller

Ref

Simuln architecture

P. falciparum M1

PfA-M1 closed

(4)

P. falciparum M17

VLSCI avoca Blue Gene
x86, 2.15 G Hz, 512 cores
Desktop 1*GTX1080,
1.71GHZ
NCI Rajin hp cluster x86,
2.8G Hz, 512 cores

500

PfA-M1-bestatin
closed
PfA-M17 hexamer

3EBG, 2.10 Å, Chain A.
No missing residues.
3EBH, 1.85 Å, Chain A.
No missing residues.
3KQZ, 2.39 Å, Chains A-F.
Chain A: K257-M261; Chain B: T255-E262;
Chain C: No missing residues; Chain D: T255V259; chain E: T255-M261; T255-M261.
3KQZ, 2.39 Å, Chain A.
K257-M261.
2DQ6, 1.5 Å, Chain A
No missing residues.
4FKE, 1.85 Å, Chain A
No missing residues.
2YD0, 2.7 Å, Chain A
C486-G514; S553-P557.
3MDJ, 2.95 Å, Chain A
H417-F433; C486-R515; G552-G555; F864G867; G893-R906
4FYQ, 1.9 Å, Chain A
Y891-S899.
4KX7, 2.15 Å, Chain A
S608-P611.
1Z5H, 2.3 Å, Chain A
No missing residues.
1Z5H, 2.3 Å, Chain B
No missing residues.

VLSCI avoca Blue Gene
x86, 2.15 G Hz, 512 cores
(158) VLSCI avoca Blue Gene
x86, 2.15 G Hz, 512 cores
(144) VLSCI avoca Blue Gene
x86, 2.15 G Hz, 512 cores
(5)
VLSCI avoca Blue Gene
x86, 2.15 G Hz, 512 cores
(216) Desktop 1*GTX1080,
1.71GHZ

200

(1)

200

PfA-M17 monomer
E. coli APN

EcAPN

Porcine APN

pAPN

Human ERAP1

hERAP1 open
hERAP1 closed

Human APN

hAPN

Human APA

hAPA

Thermoplasma
acidophilum TIFF3

TIFF3 open
TIFF3 closed

(4)
(81)

(81)

VLSCI avoca Blue Gene
x86, 2.15 G Hz, 512 cores
(147) VLSCI avoca Blue Gene
x86, 2.15 G Hz, 512 cores
(149) VLSCI avoca Blue Gene
x86, 2.15 G Hz, 512 cores
(149) Desktop 1*GTX1080,
1.71GHZ

Simn time
(ns)

500
400

200
200
200
200

200
200
200
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Calculating the correlation between QM and MM frequencies
The frequency modes of the FF areas that were capped with ACE and NME for each
system based on B3LYP/ 6-31G* QM calculation were obtained and visualized as QM
frequency modes. The MM frequencies were obtained from normal mode (NM) calculations
on the metal centers alone, from a globally minimized structure. The correlation between
the data-sets (QM vs. MM) was calculated via linear regression in GraphPad Prism 7.
2.1.2. Bestatin parameters
The structure of peptidomimetic inhibitor bestatin was optimized by HF/6-31G* to
collect RESP charges. The dihedral N2-C1-C2-C3 bonds were frozen during the Gaussian
calculation to prevent the possible self-protonation of bestatin, where the ammonia group
can transfer a proton to the carbonyl group. The bond constant parameters for bestatin were
defined by Parm10 (217).

2.1.3. Input set up for MD simulations
Our M1 Zinc AMBER FF (ZAFF)and M17-ZAFF were used to define the metal
centers of the proteins, whilst the remaining protein elements were defined by AMBER
FF12SB (218-221). Each system was solvated in a water cubic box consisting of TIP3P
water molecules (213) with Na+ ions added to neutralize any charge. For M1 systems, 13
sodium ions were added. For the M17 systems, 36 sodium ions were added to the hexamer
and 6 to the monomer. The minimum distance from the surface of each complex to the
faces of the water box was set to 12 Å. The M1 systems consisted of approximately 130,000
atoms with the periodic box of 117 × 125 × 120 Å3. The hexameric PfA-M17 system
consisted of approximately 294,000 atoms with a periodic box of 167 ×166 × 121 Å3.

2.1.4. MD simulation protocol
All atom MD simulations were performed using NAMD 2.9 MD package (222) on the
computer architecture outlined in Table 2.1. Equilibration was performed in three stages:
first potential steric clashes in the initial configuration were relieved with 50000 steps of
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energy minimization. Initial velocities for each system were assigned randomly from a
Maxwell–Boltzmann distribution. Each system was then heated to 300 K over 0.1 ns, with
the protein harmonic constraints of 10 kcal/mol, under the canonical ensemble (NVT)
conditions. Following this, each system was simulated for another 500 ps under the
isothermal-isobaric ensemble (NPT) conditions with applied constraints gradually reduced
from 10 to 0 kcal/mol. For each system, I performed three replicates each with different
initial velocities. The production stage was then run at constant temperature (300 K) and
pressure (1 atm) by NPT simulations, using Langevin damping coefficient of 0.5 fs−1. The
integration time step of the simulations was set to 2 fs, and the nonbonded cut-off length
was set to 10 Å. The thermostat and barostat control was used by Berendsen pressure
compressibility at 4.57E-5 bar-1, and Berendsen pressure relaxation time at 100 fs. For each
simulated system, periodic boundary conditions (PBC) were used together with the ParticleMesh Ewald (PME) method for electrostatic interactions (223). Conformations of the
systems were saved every 10 ps for subsequent analysis. Equilibration data from prior to
the production phase are shown in Table 2.2.

Table 2.2. The equilibration stage and production phase for each simulation.
Protein

Abbreviation

P. falciparum M1

PfA-M1 closed
PfA-M1-bestatin
closed
PfA-M17 hexamer
PfA-M17 monomer
EcAPN
pAPN
hERAP1 open
hERAP1 closed
hAPN
hAPA
TIFF3 open
TIFF3 closed

P. falciparum M17
E. coli APN
Porcine APN
Human ERAP1
Human APN
Human APA
Thermoplasma
acidophilum TIFF3

Production phase (3 replicate)
Equilibration (ns)
Data
collection (ns)
0 - 50
50 - 500
0 - 50
50 - 600
0 - 50
0 - 100
0 - 25
0 - 25
0 - 25
0 - 25
0 - 25
0 - 25
0 - 25
0 - 25

50 - 400
100 - 200
25 - 200
25 - 200
25 - 200
25 - 200
25 - 200
25 - 200
25 - 200
25 - 200

2.1.5. RMSD calculations
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To check structural stability during the simulations, root-mean-square deviation
(RMSD) conformational analysis was performed using the gromos method (224)
implemented in GROMACS (gmx rms) (225, 226). The reference structure for each system
was the starting crystal structure (Table 2.1) and the backbone atoms (Ca, N, C, and O)
were used to measure the deviations from the input model. All RMSD from the systems
were calculated from production phase simulations. All the MD plots were generated by
Xmgrace (227). The color codes for simulations are: black (run 1), red (run 2), and green
(run 3).

2.1.6. RMSD clustering analysis
RMSD clustering analysis was carried out all proteins simulated. To perform this
analysis, each snapshot from the trajectory is superimposed using all of the Cα atoms from
the enzyme to remove overall translation effect. A least-squares-fitting procedure is
performed to remove overall rotations. A value of 1.4 Å was chosen as the optimal RMSD
cutoff after evaluation of the dependence of the cluster populations against the total number
of clusters in the range 1.0-1.5 Å. In the GROMOS-clustering algorithm, the conformation
with the highest number of neighbors, identified within the chosen RMSD cut-off, is chosen
as the center of the first cluster. All the neighbors of this conformation are then removed
from the ensemble of conformations (224).

2.1.7. RMSF calculations
The root-mean-square fluctuations (RMSF) were calculated from the production
phase (Table 2.2) of the MD trajectories using the GROMACS ‘gmx rms’ command. The
fluctuations were examined on a residue basis and plotted along the residue index of each
simulation system.

2.1.8. Radial Distribution Function calculations
The radial distribution function (RDF) or pair correlation function g(r) was used to
calculate how the density of water molecules varies as a function of distance from the zinc
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ion(s). For all systems the Gromacs command ‘gmx rdf’ was used to calculate the RDF and
zinc ions were selected as the reference particle and waters as the selected paired particle
type.

2.1.9. Principle Component Analysis (PCA)
PCA was based on the calculation of diagonalization of the atom displacement
matrix C, whose elements are defined as

Cij = <[(Xi - <Xi>t)(Xj - <Xj>t)>t , (i, j = 1,2,3,…,3N)

(1)

where the angle brackets <>t indicate the time-average, and i and j run from 1…3N, i.e. over
all three dimensions of the N atoms considered. Where Xi and Xj are Cartesian coordinates
of the Cα atoms, N is the total number of the Cα atoms examined and Xj represents the
time, averaged over all the configurations captured in the simulation.

3N eigenvectors vi are ranked by eigenvalues λi, thus λ1 represents the largest eigenvalue.
The eigenvectors and eigenvalues of C yield the modes of collective motion and their
amplitudes, respectively. The principle components (PCs) of the data X = (X1, X2 ... , X3N)T
can be used for subsequent essential dynamics analysis (EDA). For EDA, the trajectories
were projected on to the studied Vi of the PCi to represent the atomic dynamics found along
the PCi.
Vi =v(i)X

(2)

PCA was performed by using g_cover command of GROMACS 4.07 (195, 228). The modes
generated by the first two (and largest) eigenvalues of each system were analyzed using
the “NMWiz” plugin of VMD and ProDy software (229). To avoid disturbance by highly
flexible residues, PCA calculations were performed using the snapshots from the production
phase of the MD simulation.

2.1.10. Calculating free energy landscapes
The energy landscapes were calculated by the following equation
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ΔG(r) = -KbT[ln P(r) –ln Pmax]

(3)

Where ΔG(r) is the free energy of the molecule,
Kb is the equilibrium constant,
Kb is the probability distribution of the molecular system along the theoretical
multidimensional coordinates (r) of the molecule,
Pmax denotes the maximum probability, which is normalized by subtracting energy of
Pmax to ensure that ΔG = 0 for the minimum free energy.

To reduce the dimensionality of the multidimensional coordinates (r), we used a 2D
projection of the PCA. The free energy surface on the first 2 dimensions is given by (230)
"# (%& ) ∝ −*+ , -. ∫ 0%1 2(%& , %1 )

(4)

Where v1and v2 are the first two eigenvectors. The 2D projection of 4(%& , %1 ) was finally
converted to an energy landscape by SigmaPlot.

2.1.11. Molecular modelling of PfA-M1-Hb6
Snapshot models of PfA-M1 were obtained from the run 2 of the unbound PfA-M1
MD simulation at t=58 ns of run2, and t=384 ns of run3 and were aligned to the pAPN
template structure PDB ID 4NAQ using Pymol 1.8 (231). The structure alignments were
both centered on the catalytic domain of the proteins. The peptide substrate in 4NAQ was
manually truncated to six residues and the sequence mutated to that of Hb6 (D2P3E4N5F6)
using Pymol 1.8 (231). The N-terminal valine residue (V1) was modeled manually with
reference to other peptide-bound M1 aminopeptidases (144, 216, 232). The Leap program
of AmberTools15 (221) was used to add N- and C-terminal groups of the modelled
substrate. The Amber14SB FF (221) was used to define the system, with the exception of
the metal center where we used the M1-ZAFF generated in this study. A TIP3P solvent box
was used to fully solvate the two-modeled complexes.
Three steps were used to optimize the models produced. First, the models were
minimized by minimizing the water molecules by restraining the protein for 50000 steps, the
water molecules were relaxed for 20000 steps using a NTP ensemble after the 50000 cycles
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of system minimization on the whole system. Second, the model was heated from 0 to 300
K within 50 ps by a NVT ensemble with the restraint of 10 kcal/mol. Third, the whole system
was relaxed by NPT simulation at 300 K for 500 ps with restraints gradually released from
10 kcal/mol to 0 kcal/mol on the protein heavy atoms. A 5 ns NPT simulation was used to
equilibrate the system with no restraints. The last frame of each simulation was extracted
as the final models of PfA-M1c-Hb6 and PfA-M1o-Hb6.
2.1.12. Steered MD (SMD) simulations
SMD simulations were performed to apply a directional force or ‘pull’ to the Hb6
peptide and observe the dissociation of the peptide. Two directional forces were applied to
the peptide bound in both the PfA-M1c-Hb6 and PfA-M1o-Hb6 models (Table 2.3). All SMD
simulations were performed using the CUDA accelerate version of the NAMD 2.11 MD
package (222). The configuration files contained the direction vector, spring constant and
velocity (Table 2.3). SMD simulations were performed for 3 ns.
Table 2.3. Details of SMD simulations performed in this study.
SMD

Starting
model

Direction/vector

1

PfA-M1c-Hb6

2

PfA-M1c-Hb6

3

PfA-M1o-Hb6

4

PfA-M1o-Hb6

C-terminal pulling force
Atom A: PfA-M1:Y580@CB
Atom B: Hb6: F6@Cα
77777⃑:
Direction 56
(1.886, -4.276, -0.284)
N-terminal pulling force
Atom A: PfA-M1: L422@CD1
Atom B: Hb6: F1@CB
Direction 77777⃑
56:
(9.144, 15.758, 5.807)
C-terminal pulling force
Atom A: PfA-M1: Y580@CB
Atom B: Hb6: F6@Cα
77777⃑:
Direction 56
(-22.762, 11.851, -6.591)
N-terminal pulling force
Atom A: PfA-M1: A320@Cα
Atom B: Hb6: F1@CB
Direction 77777⃑
56:
(-12.603, -3.814, -5.462)

Spring
constant
(kcal /
mol / Å2)
10

Velocity
(Å / ps)

Channel
length
(Å)

0.007

59

10

0.007

49

10

0.007

60

10

0.007

44
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2.1.13. Calculating the external force and work of SMD
To calculate the external force and work of the SMD simulations, an external work
analysis was performed. The external forces along the trajectories were extracted along the
SMD simulation time to the SMD log files. The displacements along the direction of external
force were also generated and recorded in the SMD log files. The configuration file originally
from the NAMD SMD packages, was manually edited. To control the velocity and direction
of the force, I edited the SMD configuration file performed these simulations. There are only
four inputs to this script. Input 1 (script lines 21-23) is the coordination of the first atom (A),
which indicates the atom I applied the external force to. The second input (script lines 257) is the coordination of a second atom (B). The two atoms (AB) determine the direction of
77777⃑ ). Input 3 (script lines 30) is the external force (in kcal/mol/Å2 for
the external force (56
constant force or in Å / timestep for the pulling velocity) that describes the quantity of the
external force. From there, I scripted lines 46-80 to project the force information onto X, Y
and Z with the direction defined by input 1 and 2.

2.1.14. MD analysis
Dynamics cross-correlation matrices (DCCM) (233) were produced from the
simulations

of

PfA-M1

(Chapter

3)

by

using

Bio3D

v2.4.0

package

(http://thegrantlab.org/bio3d/) from R studio (233, 234). Dyndom server (235) and Hingefind
tcl script (236) were used to predict the hinge residues for the M1 homologs. To run the
Dyndom server, the two extreme coordinates detected from each PC of M1 simulations
were used as the two different conformations, and uploaded to Dyndom server. The two
rigid domains were then recognised and depicted in blue (steady region) and red (moving
region) regions. The Hingefind tcl script was then used in the TCL console of software
VMD1.9.3 (237). The two conformations for Dyndom server were loaded into VMD and
superposed automatically by the Hingefind tcl script, and the coordinates of the hinge
helices were then generated.
All the simulation trajectories were analyzed using the GROMACS 5.14 simulation
package (226). Graphs and plots were produced with Xmgrace (227) and GraphPad Prism7.
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Molecular graphics were prepared with PyMOL 1.8.23 (231). For the images of the M1
aminopeptidase protein structure, a standard color code was generally used where domain
I is in blue, domain II green, domain III yellow, and domain IV red. The protein assembly
interface of PfA-M17 were explored by PDBePISA (238). PROMALS3D server was used to
perform the structural sequence alignment of the selected M1 proteins (239).

2.2. EXPERIMENTAL METHODS
The methods described in Sections 2.2.1, 2.2.2 and 2.2.3 were performed by other
members of the McGowan lab and are briefly included for clarity. I either performed or
assisted with experiments outlined in Sections 2.2.4 and 2.2.5.

2.2.1. Site-directed mutagenesis
Amino acid substitutions were performed using a PCR-based method. Nucleotide
changes to the PfA-M1 gene within the expression plasmid, pSM139, were introduced using
primers complementary to the PfA-M1 sequence, except at the position of the desired
mutation (lower case letter in Table 2.4). The presence of mutants was confirmed via DNA
Sanger sequencing.

Table 2.4. Oligonucleotides used for PfA-M1 mutants
PfA-M1 mutagenesis

Sequence (5’ – 3’)

A453P For

CTTGAACCAAgGACAAAGGCTG

A453P Rev

GTCGGAAACAGgAACCAACTTG

E463Q For

GTTGGTGCTATGcAAAACAAGGG

E463Q Rev

CCCTTGTTTTgCATAGCACCAAC

E497Q For

GGTCACcAGTACTTCCACCA

E497Q Rev

TGGTGGAAGTACTgGTGACC

2.2.2. Protein production
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PfA-M1 and mutants were expressed in Escherichia coli BL21 and purified by the
Monash University Protein Production Unit via a two-step purification (HiTRAP Ni-NTAagarose column followed by Superdex-200 size-exclusion chromatography). Purity of the
purified protein samples was analyzed by 12 % SDS-PAGE. Protein concentration was
determined via a NanoDrop, measuring absorbance at 280 nm.

2.2.3. Enzyme kinetics
Aminopeptidase activity was determined by measuring the release of the
fluorogenic-leaving group, 7-(4-methyl) coumarylamide (NHMec), from the fluorogenic
peptide substrates H-Leu-NHMec (10 μM). Assays were carried out in 96-well microtiter
plates (200 μL total volume) in 50 mM Tris-Cl, pH 8.0 at 37 °C and activity was monitored
until steady-state was achieved. Fluorescence was measured using a FluoroStar Optima
plate reader (BMG Labtech), with excitation and emission wavelengths of 355 nm and 460
nm, respectively. The Michaelis constant, KM, was calculated from the initial rates over a
range of substrate concentrations (0.2–500 μM) with a fixed enzyme concentration (20 nM
for the WT, 125 nM for A453P, 25 μM for E463Q and E497Q mutants). The enzyme turnover rate, kcat, was calculated from Michaelis-Menten with non-linear regression protocols
by using GraphPad Prism 7.

2.2.4. Aminopeptidase activity against Hb6 substrate
The peptide H-LDPENF-OH (Hb6) was purchased from Mimotopes and solubilised
in MQ water to a concentration of 4.1 mM. Purified PfA-M1 protein in 50 mM Hepes, pH 8.0,
0.3 M NaCl, 0.25 M imidazole, 5% (v/v) glycerol was concentrated to 38.7 µM. 100-fold
molar excess of Hb6 peptide (4.2 mM) was added to PfA-M1 (42 µM) and the reaction
allowed to proceed for 2 hrs at 37°C. The reactions were stopped by heat treatment at
100°C for 10 mins. Resulting peptide products were analyzed by Liquid ChromatographyMass Spectrometry (LC-MS). LC-MS was performed by the Monash Proteomics Platform
who mixed each sample with a 1:1 ratio of Matrix, 10 mg/mL a-cyano-4-hydroxycinnamic
acid in 50 % acetonitrile 0.1% TFA and spotted onto the MALDI target plate. Samples were
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subsequently analyzed in reflector mode with a mass range of 100 Da to 1000 Da using
plate model calibration against 4700 mix peptide standards by using the Instrument of 4700
Proteomics Analyzer MALDI TOF/TOF (AB Sciex). Data processing were processed with
4000 Series Explorer version 3.0 and calibrated against 4700 mix peptide standards.

2.2.5. Protein Crystallography
PfA-M1 and mutants were crystallized by hanging drop using previously established
reservoir conditions that ranged from 12 – 22 % PEG8K, 0.2 M MgCl2, 0.1m Tris pH 7 - 8.5
with 5 % v/v glycerol buffer. Co-crystallography experiments involved the addition of the
peptide Hb6 to the drop at a molar ratio of 20:1 peptide: protein. Crystals grew within two
days and were dehydrated against reservoir buffer with 15 % v/v glycerol for 16 hours prior
to data collection. Crystal soaks were performed with the peptide Hb6 at a molar ratio of 5:1
and soaks were performed for various times (10 mins – 2 hrs) prior to data collection (after
dehydration step). Diffraction data was collected under a continuous liquid nitrogen stream
at the MX1 beamline at the Australian Synchrotron.

2.2.6. Structure refinement
Diffraction images were processed by using iMOSFLM (240) and from the CCP4 6.5
suite (241). The FreeR set was obtained from previous structure solutions and 5 % of each
dataset was flagged for the calculation of an Rfree (242) with no low resolution cut off
applied to the data. Structure solution used the molecular replacement program PHASER
and the crystal structure of PfA-M1 (PDB ID 3EBG) was set as the search model. Phenix
1.9.1 interface was used to perform refinement and COOT 0.82 was used for inspection
and manual (243). Waters were added to the model when the Rfree was < 30 and hydrogenbonding geometry contacts of 2.5–3.5 Å were used to retain solvent molecules in the model.
The quality of the final model was assessed using MolProbity (244).
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CHAPTER THREE
INVESTIGATING THE PROTEIN DYNAMICS OF PfA-M1
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3.1. INTRODUCTION
The MA clan, family M1 aminopeptidases are a large superfamily (245). X-ray crystal
structures from higher order species (including insects, animals and humans) indicate that
the proteases are able to undergo a large conformational change from a ‘closed’ to ‘open’
form (5, 144, 149, 216, 246, 247). Given the fact that the active site of the enzyme is buried,
this motion has important implications for the proteolytic mechanism as well as substrate
entry and product egress. It generally accepted that the open form of M1 is in an inactive
state that allows substrates direct access to the catalytic domain through the gap produced
as the C-terminal domain IV moves away from the body of the molecule. The closed form
of M1 is the active form and has an ordered active site and specificity pockets, ready to
position the substrate for hydrolysis (144, 149, 246).
For PfA-M1, the crystal structure clearly showed a closed conformation of the
aminopeptidase and no ‘open’ conformation has ever been observed (4, 248). A previous
classical all-atom MD study on PfA-M1 failed to identify any large domain movements in the
protein (208). This study, however, performed a single replicate on a relatively short time
scale (simulation time =75 ns) (208). Given the size of the protein system (890 residues),
the time-scale sampled may preclude interpretations on the basis of slow collective domain
dynamics, which are often accessed at higher timescales. Therefore, to date, it is assumed
that PfA-M1 cannot undergo the conformational change that other members of the M1
aminopeptidase family can perform. This then prompts the question, how else might PfAM1 differ from the superfamily and what are the implications of this variation for its biological
function and possible future drug development?
In this chapter, I present the findings of an MD study where I performed three
independent all-atom MD simulations on PfA-M1. As PfA-M1 contains an essential zinc
atom, I used my own hybrid bonded/nonbonded model for the generation of the metal
parameters (212). The results show that the hypothesis that PfA-M1 does not undergo a
large conformational change was incorrect as one of our trajectories clearly showed a large
‘opening’ motion. The implications of this discovery are discussed.
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3.2. RESULTS
3.2.1 MD simulations
In this chapter, I performed three independent MD simulations on PfA-M1 (time =
500 ns each) to investigate the protein dynamics that may contribute to enzyme function. I
assessed the overall stability of the PfA-M1 MD simulations by analysing the root mean
square deviation (RMSD) and root mean square fluctuations (RMSF) of the Cα atoms of
PfA-M1. The inspection of the RMSD shows that PfA-M1 reached equilibrium after 50 ns
(Fig. 3.1A). A single stable state (from 100 – 500 ns) was observed on the first and second
runs, during which minor rearrangements were observed (1.8 ± 0.2 Å and 2.3 ± 0.3 Å,
respectively). The third PfA-M1 replicate displayed two equilibrium states, the first from 50
to 240 ns and a second from 300 to 500 ns (Fig. 3.1A). The large RMSD variation (~ 4.1 Å)
between the conformations from each state suggests the occurrence of a large
conformational change in this trajectory. The RMSF of the stable phase (50 - 500 ns) of
each trajectory show that domains I and IV were markedly more flexible in run 3 (green line,
Fig 3.1B) than both runs 1 and 2. Taken together, the two equilibrium states of run 3 may
be a result of large rigid body changes of position by domains I and IV.
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Figure 3.1. The RMSD and RMSF of the Cα atoms of PfA-M1 in MD simulations. (A)
RMSD and (B) RMSF from three MD simulations (run 1 = black, run 2 = red and run 3 =
green). The color bars on the top and bottom of panel B indicate the domain boundaries
where domain I is blue, II is green, III yellow and IV red.

3.2.2. Nucleophilic water behavior throughout simulation.
For the MD simulations, I chose to use my hybrid bonded/non-bonded model to
generate the metal FF parameters for M1 aminopeptidases for two major reasons. First,
that a bonded model of protein-metal interactions is the current gold standard for
parameterizing metals in MD (201, 249, 250) and secondly, to leave the waters in the
simulation as non-bonded interactions. The solvent water molecules in our simulation were
all treated equally as non-bonded TIP3P waters. The reason I wanted to do this was to
accurately depict a functional active site of the protease (where there is a nucleophilic water
present) as well as allow the parameters to be used later for modelling inhibitors within the
active site (where I want to be able to investigate their possible dissociation). Therefore, for
the PfA-M1 simulations, I needed to ensure that the parameters would accurately reproduce
the metal-water coordination accurately and realistically represent a functional
metalloprotease. To assess the water behavior within the active site during the MD
simulations, I performed a radial distribution function analysis (RDF) for all the water
molecules that were within 14 Å proximity of the catalytic zinc ion (Fig 3.2). The RDF plot
confirmed that throughout all of my simulations and for the duration of the time sampled,
one water molecule was located within the first shell of zinc ion (2.0 ± 0.08 Å, Fig 3.2). This
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water is the catalytic water (Fig 3.2) and bridges between E497 and the zinc. The water is
exchanged ~ 30 times in each replicate simulation. It is worth noting that the distribution of
water 1 has a RDF water number of 1.25 (Fig 3.2). This could be explained by the process
involved in the water site substitution at this position (2.0 ± 0.08 Å to zinc ion) in some of
the snapshots found from the trajectory where two waters may be each located within the
first shell were captured from some snapshots, making the RDF water number greater than
1. A second water molecule was also present in the second shell from the zinc ion (2.5 ±
0.09 Å) throughout the entire simulation and was coordinated by E463 and E497 (Fig 3.2).

Fig 3.2. RDF of water molecules in proximity to zinc ion.

3.2.3. Dynamic cross-correlation matrix of PfA-M1 simulations.
I was interested to know what types of coarse-grain dynamics the domains of PfAM1 underwent in the simulations, so I generated a residue-by-residue dynamic crosscorrelation matrix (DCCM) for each trajectory. The DCCM shows the relationship between
the movements of residue pairs and summarises which direction the residue pair is moving
relative to each other (Fig 3.3A). The DCCM does not provide exact movements but can
define a detailed elastic network for each trajectory to get direct visualisation of the
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movement relationships (Fig 3.3B) (251). From this analysis, run 1 shows no major
correlated motion (Fig 3.3B), whilst run 2 exhibits a weak dynamic cross-correlation in
domain I. In contrast, run 3 showed strong correlation of domain I (residues 196 to 391) and
the C-terminal region of domain IV (residues 800 to 1084). In run 2, a weak inverse
correlation between domain IV residues 750-990 and domain III was observed. The cross
correlations observed indicate that slow frequency motions of domains I and IV may be
occurring in runs 2 and 3.
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Figure 3.3: Mapping the corelated movements of PfA-M1. (A) Residue-residue DCCM
was generated from each MD trajectory, as indicated above in each heatmap. PfA-M1
domains are mapped onto the heatmap by color code on each axis. The DCCM of PfA-M1
simulations show residues that move in the same direction (red), inverse or opposite
direction (blue) and no correlated movement (white). The color scale is indicated at the
bottom of panel B. (B) Visualization of the cross correlations plotted onto the PfA-M1
structure with the same color code as in A (red = same direction, blue = opposite direction).
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3.2.4. Principle component analysis of PfA-M1 simulations.
To identify the essential dynamics in the simulations, we performed a Principal
Component Analysis (PCA) by deconvolution of the DCCM. To focus on the major
movements observed throughout the simulation, we only analyzed the top two principle
components (PCs) from this analysis and projected the trajectories (runs 1, 2 & 3) onto their
PCs, respectively, to make a porcupine plot (Fig 3.4). For run 1, PC1 and PC2 together
accounted for 26 % of the total covariance, run 2 was 36 % and run 3, 69 % (Fig 3.4). As
apparent from the DCCM and the low combined percentage of PC1 and PC2 of run 1 and
run2 can be seen to show little movement throughout the trajectory (Fig 3.4A). The PC1 of
run1 indicates movement in domain III, where the loop encompassing residues 680-690
moves away from the body of the molecule (Fig 3.4A). PC2 of run 1 report less movement
than PC1 and described a rigid body movement of the entire of domain I where the domain
moved up and down relative to the body of the molecule (Fig 3.4A). In both runs 2 and 3,
PC1 accounts for a higher proportion of the overall covariance (Fig 3.4B & C). For run 2,
the movement described by PC1 shows that domains I and IV move toward each other to
a “more” closed structure, relative to the starting position (as defined by the X-ray crystal
structure) (Fig 3.4B). The PCA of run 2 is interesting as it indicated that the apparent closed
form of PfA-M1 in crystal structure can move to an even more compact “closed”
conformation. In PC2 of run 2, we saw a similar movement to that of PC2 in run 1, with a
rigid body, hinging movement of domain I. In run 3, the same movement along the PC1
vector significantly exaggerates this hinging motion, allowing the protein to sample an ‘open’
conformation where domains I and IV move away from each other (Fig 3.4C). The PC2 in
run 3 describes a twisting motion between domains I and IV (Fig 3.4C). The PCA of run 3
is particularly fascinating as it shows an open form of PfA-M1, indicating that the hypothesis
that PfA-M1 does not open is wrong.
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Figure 3.4. A porcupine plot of PC1 and PC2 from run 1 (A), run 2 (B) and run 3 (C). Motion > 1.5 Å is shown as unidirectional purple
spikes where the length of each spike is proportional to the range of motion.
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3.2.5 Mapping the movement and free energy landscape of run 3.
To understand how PfA-M1 can move from a closed state, similar to the crystal
structure, to the open state that was sampled in run 3, I projected the run 3 trajectory onto
the PC1 and PC2 vector defined subspace (Fig. 3.5A). Then by coloring each snapshot of
the trajectory dots by its own time step, I was able to visualize the pattern of movement
observed during run 3 (Fig 3.5A). The first motion observed is along PC2 with a 15°
clockwise rotation of domain I and an equivalent and simultaneous counter-clockwise shift
in domain IV (step a to b, Fig 3.5). This movement occurs in the first 50 ns, before the
system reached its first equilibrium stage, and may represent the release of crystal contacts
from the starting position. Next, PfA-M1 transitions from a closed state to an open state
(steps c – e, Fig 3.5) by rotating domain I up by 33 degrees and domain IV down by 26
degrees. The opening motion is along the PC1 vector. Finally, the protein reverse steps a
and b to twist domains I and IV by 15 degrees in opposite directions, whilst retaining an
overall open conformation (step f, Fig 3.5).
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Figure 3.5. The 2D projection of run 3 with time stamps. Dot color is defined by
simulation time from 0 (red) to 500 ns (dark blue). Selected time stamps in ns are indicated
where a = 0, b = 50, c = 170, d = 236, e =290 and f = 450. A porcupine plot of each PC is
shown next to the relative axis to assist in visualization of the movements occurring. The
porcupine arrows on the cartoon structures show the direction of movement and are colored
by domain. Motion >1.0 Å is shown as directional arrows on Cα atoms where the length of
each arrow is scaled to the movement observed.

To understand any potential barriers to the opening and closing of PfA-M1, I
produced a probability-dependent free energy landscape based on the PC1 and PC2
defined subspace (252) (Fig. 3.6) This plot describes a similar pattern of movement to that
shown in Figure 3.5 but now assigns free energy of the pathway. The darker colored
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snapshots indicate the conformations of low energies and provide a low energy pathway of
the most possible movements (Fig.3.6A). Combining the time-lapse data from Figure 3.5
and 3.6A, I was then able to map the free energy versus the time of the simulation (Fig
3.6B). The results show that there is a large energy barrier to overcome to convert PfA-M1
from the closed to open form of PfA-M1 (ΔG =4.53 kT, Fig 3.6B). Firstly, the closed starting
conformation (a) rapidly shifts to a more stable conformation (b) which has the lowest free
energy of the system (ΔG = -9.63 kT). From there, the protein transitions from a closed
conformation to the open form (states b-e). In the conformational transition, the angle
between domain I and IV increases by 66° and expose the catalytic domain to bulk solvent
(state e, Fig 3.6B). The final protein transition occurs in the last 210 ns (e-f) of run 3 and
has a final free energy of ΔG = -7.43 kT (state f, Fig 3.6). During this time, the protein twists
domain I and IV counter-clockwise by 15° and stays in the open form. The low free energy
observed for the open conformations of PfA-M1 (ΔG = -7.43 – -8.1 kT) provide some support
that this form may exist in reality.
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Figure 3.6. Probability dependent free energy plots of run 3. The energies were generated by converting probabilities of snapshots in the
subspace defined by PC1 and PC2 (see method 2.1.9). (A) The free energy landscape contoured heatmap projected onto PC1 and PC2. Free
energy unit is shown in kT and the color of the dots indicates energy from red (0 kT) to dark blue (-10 kT). (B) The free energy mapped against
simulation time with states a to f shown as per Fig 3.5B.
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3.2.6. Prediction of residues involved in the hinging motion of PfA-M1.
MD simulations identified that, compared to the crystal structure, PfA-M1 can move
from a more ‘closed’ conformation to a completely ‘open’ conformation. Members of the M1
aminopeptidase family protein have already reported both open and closed states (5, 144,
149, 216, 246, 247), which provide insight into their protease function. The next section
describes the use of computational methods that would allow me to experimentally validate
my computational prediction that PfA-M1 can open and identify residues or regions within
PfA-M1 that may contribute to the dynamics of the protein.
The identification of potential "hinge" residues in PfA-M1 would provide targets for
mutagenesis to sabotage the hinge motion. If mutagenesis was able to alter the enzymatic
activity or structure of PfA-M1, this would provide support for the fact that motion is intrinsic
to PfA-M1 function. To try and identify such residues I used the dyndom server (253) to
detect the residues that may be involved in a hinge within PfA-M1. To achieve this, I
uploaded the coordinates of the most closed state (run 2 at 343.4 ns) and the open state
(run 3 at 348.4ns) that were produced by the simulations. The dyndom server performs an
automated best fit alignment of the two structures and detects a fixed domain (blue), a
moving domain (red), and a series of fexible residues that may bend in a hinge motion. The
results from the server reported a rotation of 43.1° between the two states of PfA-M1 and
identified a series of residues that may be involved in the movement (Fig 3.7). Seven
separate regions within PfA-M1 were identified to potentially contribute to the open-to-close
motion of the protein, however, 5 of these regions overlapped with the GAMEN motif (Fig
3.7A) potentially identifying this region as important for dynamics.
In order to narrow down the list of potential hinge residues, Hingefind (236) were
also used to draw a hinge axis between closed and open state of PfA-M1 sampled from the
simulations (Fig 3.7C). The Hingefind algorithm performed its own best fit alignment of the
two structures. The results showed the hinge axis only penetrates the M462 and A453
residues (Fig. 3.7C) These two residues were also within regions identified by the DynDom
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server. Therefore, from this work, I wanted to investigate whether M462 and A453 are
required for the movement of PfA-M1.

Figure 3.7. Dyndom and Hingefind prediction of the potential hinge residues in PfAM1. (A) The closed and open states of PfA-M1 where hinge regions were detected by
dyndom server. The fixed domain is shown in blue, moving domain is in red, and bending
residues are in green. (B) Hingefind predicts the hinge axis (red arrow) between the closed
(grey) and open (magenta) states of PfA-M1. The scale of the rotation is indicated by the
two red cylinders. The Cα atoms of M462 and A453 were shown as cyan spheres. The plots
were drawn with VMD using the Hingefind.tcl plugin (236).

3.2.7. Testing if residues M462 and A453 contribute to the dynamics of PfA-M1.
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To test if M462 and A453 are involved in the dynamics of PfA-M1, I designed point
mutations that would alter the nature and size of the residues. For M462, alteration to serine
(M462S) or lysine (M462K) was selected so to shorten (serine) or charge (lysine) the side
chain. The idea was that a serine would allow more room for the localized neighboring
residues to move, as well possibly adding hydrogen bonds to the backbone of Q317OE1 or
N464OD1 and thus limiting the movement of residue 462 (Fig 3.8). For M462K, providing a
longer, positively-charged side chain may alter the electrostatics of the region as well as
possibly introduce hydrogen bonds to Q317NE3 and C318N, thus also potentially limiting
movement (Fig 3.8). In position 453, I designed a proline substitution (A453P) to limit the
flexibility of the main chain and reduce the capacity of the protein to lever domain I (Fig 3.8).

Figure 3.8. Design of potential hinge
mutants in PfA-M1. The carbon atoms of
the protein are colored by domain. M462S
is shown in yellow sticks and labelled in
yellow (M462S) and M462K is shown in
magenta sticks and labelled in magenta
(M462K). A453P is shown in cyan sticks
and labelled in cyan (A453P). Hydrogen
bonds are shown as yellow dashes, while
the metal bonds are red dashes. The zinc
ion was shown in silver sphere.

Site-directed mutagenesis was used to alter the PfA-M1 gene. Ms Komagal Kannan
Sivaraman (McGowan laboratory) generated these mutants, produced the recombinant
protein and assayed the mutant proteins for their aminopeptidase activity to provide data
on the affect the mutations had on the function of the protease. The enzymatic activity of
each mutant is summarized in Table 3.1. The activity of the mutants was assessed in
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comparison to that of wild-type enzyme. We found that the KM values of the mutants were
slightly improved compared to the wild-type enzyme (~ 1.5 – 2.0 fold, Table 3.1), indicating
that the mutants bind to substrate slightly better. However, the overall enzyme efficiency of
mutants was generally reduced compared to the wild-type (Table 3.1, kcat/KM). This is a
result of the reduced kcat values obtained, indicating that the mutants do not turn-over
substrate as rapidly as the wild-type protein. M462S was less efficient than either A453P or
wild type with an overall efficiency of 1404 M-1s-1. The enzyme activity of M462K is only 9.81
M-1s-1, suggesting M462K hardly functions as a protease and implies that the sidechain
change from hydrophobic to basic has impaired the enzyme turnover (kcat only 0.083 ± 0.001
s-1). I found that all the mutants showed impaired enzyme activity indicating that the
mutation had affected the catalytic mechanism, however, as the mutants were able to
process substrates, it is likely that the essential elements of the active site were available.

Table 3.1. Aminopeptidase activity of wild-type PfA-M1 and mutants.
KM

kcat

kcat/KM

(M x 10-6)

(s-1)

(M-1s-1)

Wild-type

120.1 ± 0.9

0.92 ± 0.003

7652

A453P

54.2 ± 1.8

0.11 ± 0.001

2080

M462S

59.4 ± 2.5

0.083 ± 0.001

1404

M462K

81.6 ± 1.7

0.80 x 10-4 ± 0.006 x 10-4

10

PfA-M1 protein

The enzyme activity of each mutant showed a deviation from the wild-type protein.
To confirm whether this loss of function was a result of a structural change, I attempted to
crystallize the mutant PfA-M1 proteins. Ms Kannan Sivaraman purified the recombinant
protein and I set up the hanging drop crystal trays with the assistance of Dr. Nyssa
Drinkwater (McGowan laboratory). With the assistance of Drs Drinkwater and McGowan,
we were able to successfully solve the structures of A453P and M462K to 2.00 Å and
M462S to 2.4 Å (Table 3.2). The three structures were virtually identical to that of wild-type
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(overall RMSD of 0.21 ± 0.03 Å) confirming that the loss of function observed was not a
result of a loss in structural integrity. Excellent density was observed at each of the
respective mutations (Fig 3.9). The change from A453 to P453 resulted in the loss of a
single hydrogen bond with F413 (Fig 3.9A), and the other parts of the protein maintained
exactly the same to the wild-type crystal structure. For M462K, I observed that the K462NZ
atom of the side-chain formed separate hydrogen bonds with the backbone of Y383, E463
and E319 (Fig 3.9B). The introduction of serine at position 462 changes the hydrophobicity
of the local environment and two water molecules around S462 were present (Fig 3.9C).
The S462 formed a hydrogen bond with I469O. A water-mediated bond between M462S
and S316N was also observed (Fig 3.9). The changed hydrophobicity may influence the
dynamics of the potential hinge residue S462. The change of hydrophobicity and increased
pocket volume might be the reason for decrease in enzymatic activity.
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Table 3.2. Data collection and refinement statistics.
PfA-M1 (M462S)

PfA-M1 (A453P)

PfA-M1 (M462K)

Data collection
Wavelength (Å)

0.95370

0.95370

0.95370

Resolution (Å)

30.4 - 2.4 (2.486 - 2.4) 36.0 - 2.0 (2.072 - 2.0) 32.8 - 2.0 (2.071 - 2.0)

Space group

P 21 21 21

P 21 21 21

P 21 21 21

Unit cell
Total reflections

75.01 108.93 117.63
90 90 90
430454

75.64 108.74 117.83
90 90 90
882619

76.34 108.95 118.19
90 90 90
466546

Unique reflections

38340 (3758)

64205 (6111)

66804 (6538)

Multiplicity

6.6 (5.8)

13.7 (11.2)

7.0 (6.3)

Completeness (%)

99.92 (99.89)

96.90 (93.87)

99.34 (98.18)

Rpim

0.113 (0.786)

0.073 (0.467)

0.06 (0.351)

Mean I/sigma(I)

10.28 (2.93)

7.91 (1.55)

10.35 (2.34)

Wilson B-factor

19.58

22.23

19.55

CC1/2

0.984 (0.32)

0.993 (0.534)

0.995 (0.701)

R-work

0.1700 (0.2125)

0.1715 (0.2667)

0.1860 (0.2547)

R-free

0.2187 (0.2633)

0.2181 (0.3249)

0.2196 (0.2966)

non-hydrogen

7854

8014

7935

macromolecules

7279

7216

7331

ligands

21

3

19

water

554

795

585

Protein residues

889

889

889

RMS(bonds)

0.008

0.007

0.005

RMS(angles)

1.27

1.01

1.01

97

98

98

outliers (%)
Clashscore

0.56
4.36

0.11
2.73

0
2.75

Average B-factor

23.7

26.10

23.9

macromolecules

23.5

24.20

23.5

ligands

31.3

44.50

32.2

solvent

26.8

43.40

28.8

Refinement

Number of atoms

Ramachandran
favored (%)
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Figure 3.9. Comparison of the crystal structures and electron density shown for the mutated positions. The comparison between the
wild type PfA-M1 crystal structure (green) and (A) A453P (cyan), (B) M462K (magenta) and (C) M462S (pink). The carbon atoms of wild type
structure are colored in green.
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3.3. DISCUSSION
Within the M1 aminopeptidase superfamily, some members have been shown to
possess two states, an open state and a closed state (5, 144, 149, 246). Former studies
have concluded that the open form is the inactive form and it allows substrates to enter the
active site through the gap between domains IV and I (144, 149, 160, 216). The same
studies state that the closed state refers to the active form of the enzyme, allowing correct
positioning of the scissile peptide bond within the active site (144, 149, 216). PfA-M1 has
only ever been observed in the closed form (4, 248). The closed form of PfA-M1 has a
competent active site with structured S1 / S1’ substrate pockets, ready to cut the peptide
bond, which is consistent with the literature on the structure of the M1 aminopeptidases.
My MD simulations provide evidence that PfA-M1 may also be able to adopt an open
conformation. The open form of PfA-M1 shows a large space between domains I and IV,
and this structure is similar to the open form of the M1 homolog, ERAP1 (PDB ID 3MDJ)
(216). The predicted free energy landscape from my MD study illustrated a free energy
barrier (4.53 kT) between the open and closed form of PfA-M1. This energy barrier may be
the reason that the open form of PfA-M1 has never been observed experimentally in
crystallographic studies (4, 248). The closed to open transition was only observed in one of
the three replicates. Large domain motions are expected at μs - ms simulation time scale
(184, 254) and this may be the reason I only observed the opening event in one trajectory.
Increasing the length and number of trajectories that start from random velocities may
increase the chance of sampling different dynamics of the protein (184, 254). Other
enhanced sampling techniques of MD simulations including Hamiltonian or temperature
replica exchange (255, 256), metadynamics (257), accelerated molecular dynamics (258)
or molecular dynamics flexible fitting (259) might also be helpful to increase the probability
of sampling the closed to open transformation.
Based on the literature, I hypothesized that if PfA-M1 did "open", then the open state
would be needed for its enzymatic function. To test the hypothesis, hinge mutants were
produced to try to sabotage the hinge axis. The results showed that the functions of these
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mutants (A453P, M462S, and M462K) were affected to different extents. The structures of
the mutant proteins were determined and showed no loss of structural integrity and that
each were maintained in the closed form of PfA-M1, which suggests that the loss of
enzymatic activity is due to changes in the catalytic mechanism or dynamics. My hypothesis
that the rigid main chain of proline introduced to position 453 would reduce flexibility and
limit the movement of the protein. The kcat of A453P (0.11 ± 0.001 s-1) is 8-fold less than
that of the wild type (kcat = 0.92 ± 0.003 s-1) and with no direct known involvement in the
proteolytic mechanism, this may be due to dynamics. The alteration to M462 was expected
to alter enzymatic activity as M462 is part of the essential GAMEN motif that positions the
substrate for hydrolysis. M462S changed the hydrophobicity of the S1 pocket, increasing
the hydrophilicity of the area. My hypothesis was that this may influence the dynamics of a
protein hinge in the region. This may be the reason that kcat of M462S was reduced to 0.083
± 0.001 s-1, 11-fold less than the wild-type. Similarly, M462K altered the environment of the
S1 pocket, and produced a hydrogen network with the surrounding residues (Y383, E319,
and E463). The increase in interactions in the region may limit the movement of the protein.
Unfortunately, although the mutants produced in this study did show damaged
aminopeptidase activity they provided no direct evidence for any conformational change.
Further, former mutagenesis studies has shown that mutation of V459, E572 and M1034,
all located in the S1 pocket, can affect the enzyme function to different extent (248, 260).
My mutants changed the environment of the S1 pocket and also changed one of the key
residues of the GAMEN. Thus the experimental data cannot prove the hypothesis that PfAM1 can open.
However, arising from other investigations in the McGowan laboratory, other
mutants of PfA-M1 have been produced. One of these mutants, E319P, was shown to be
catalytically inactive and was crystallized in an open form (Fig 3.10). The position of this
mutant, E319, is highly conserved and has been shown in previous studies of M1
aminopeptidase homologs to be involved in a key salt bridge with K572. The hypothesis for
this mutant was to disrupt this salt bridge and investigate the effect. Comparison of the open
conformation from simulations and the crystal structure of the open conformation of E319
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showed that domain I is in the same position between the two models (Fig 3.10), although
domain I from the simulation data is rotated slightly more than the crystal structure. However,
different to the most open conformation from the simulations (run 3 at 348.4 ns), there is
also a large space between domains II and IV of the crystal structure that is more similar to
the open form ERAP1 (5, 216). This suggests the predicted open state of PfA-M1 from my
simulation data was reasonable but may not have had sufficient time to sample the more
open conformation.

Figure 3.10. The comparison between the open form obtained via simulation and the
open PfA-M1(E319P) X-ray crystal structure. The proteins are shown in cartoon. The
open X-ray structure is in green and open structure from simulation in magenta. The
simulation structure was selected as the extreme open conformation of PC1 in run 3 and
was observed at 348.4 ns. The two structures were aligned using residues in domain II
using Pymol.

This study has produced a new model of PfA-M1 function that contradicts previous
studies (4). In combination with other data from the McGowan laboratory, this work shows
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that PfA-M1 can indeed adopt a similar open conformation to that of other M1
aminopeptidase homologs (5, 149, 216). I propose a new PfA-M1 mechanism where PfAM1 starts at the closed crystal structure position (Fig 3.11, a). To open and accept substrate,
domain I and IV must twist in a clockwise direction. The protein can open via a rigid body
movement, levering the N-terminal domain I away from the rest of the molecule to reach an
open state (Fig 3.11, c). This results in an opening of PfA-M1 allowing access to bulk solvent
and presumably, to any available substrate, to the active site of the enzyme (Fig 3.11,
substrate). As I performed classical MD simulations, and Newton's equations of motion are
time reversible, which indicates that the movements happened in simulations should be
reversible (261). I can therefore model that PfA-M1 can close through an anticlockwise twist
(Fig 3.11, d and f). This returns the molecule to a catalytically competent state for the
hydrolysis (Fig 3.11, e). The protein can then release the hydrolysis products via an open
conformation through the clockwise twist of domain I and IV (Fig 3.11, f and g). My
hypothesis is that in the absence of substrate or a reduced concentration of substrate, PfAM1 remains closed which is the state that has the lowest free energy. The physiological
trigger for the activation or increased activation of PfA-M1, which triggers it to open, remains
to be proven.

3.4 CONCLUSIONS
The characterization of PfA-M1’s mode of action as outlined in this work could be
used as a basis for future rational drug design to produce antimalarials. It provides new
horizon to PfA-M1 as the enzyme also process an open form. The protein need to twist and
then achieve an open form, and such motion might involve in enzymatic function. Therefore,
a future potential inhibitor might need to target the twisting motion of the protein, which
might effectively prevent the protein form opening for substrates.
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Figure 3.11. Proposed mechanism of action of PfA-M1. The protein is shown
diagrammatically in green and domains I and IV are labelled. The direction of motion is
indicated by arrows. The potential substrate is shown in grey. (a) The starting or resting
conformation of PfA-M1 is completely closed. (b) PfA-M1 undergoes a clockwise twist to
reach the transition state between open and closed conformation. (c) PfA-M1 moves to an
open conformation and is ready for substrates to enter in the interior of the protein and the
catalytic domain. (d) PfA-M1 moves to a transition state when holding the substrate inside
the protein. (e) PfA-M1 twists to a closed conformation to position the P1 / P1’ residues for
hydrolysis of the peptide bond. (f) PfA-M1 then twists domains I and IV in a counterclockwise direction. (g) PfA-M1 then opens again to release the products of proteolysis. At
this point, the protein may accept another substrate and and return to state d, or may move
to a transition state h and return to a closed form, a.
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CHAPTER FOUR
DETERMINING THE STRUCTURAL FEATURES OF PfA-M1
BOUND TO A PEPTIDE SUBSTRATE
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4.1 INTRODUCTION
Determining the structure of an enzyme bound to its natural substrate can provide
profound knowledge of the proteolytic mechanism as well as provide structural activity
relationships (SAR) of the intermediate state that can aid the design of novel inhibitors. To
date, there have been three structures of M1 aminopeptidases in complex with peptide
substrates reported (139, 144, 262). To successfully capture the substrate bound enzyme
complex for leukotriene A4 hydrolase (LTA4H) and human APN (hAPN), catalytic mutants
of these mutants were produced and co-crystallized with peptide substrate (139, 144). The
inactive catalytic mutants were produced by mutating the catalytic Glu residues in each
enzyme (LTA4H(E296Q) or hAPN(E384Q)), allowing the enzyme-substrate structure to be
produced and not processed. For the Anopheles gambiae M1 aminopeptidase, the
determination of the first structure identified two bound substrates (PDBID: 4WZ9) that must
have co-purified with the enzyme (232). For hAPN, the substrate angiotensin IV was
captured inside the closed form of hAPN after the protein was treated with EDTA to chelate
the zinc to effectively disable its enzymatic activity (1) .
The natural substrate for PfA-M1 is Hb peptides (96). Previous work showed that
the selective inhibition of PfA-M1 in parasite trophozoites resulted in an accumulation of Hb
peptides (96). The peptides that were found at the highest concentration were two six-mers,
V93DPVNF98 from the Hb α-chain and V98DPENF103 from the Hb β-chain (263). The finding
implies that PfA-M1 can process longer peptides than the di- or tri-peptides that has been
published previously (152, 154, 208) .
However, to date, no studies have experimentally investigated the digestion of
longer peptides by PfA-M1. Therefore, there is no structural data to map the potential
substrate pockets of the enzyme (S2, S3, S4 etc). This represents a significant gap in our
knowledge of the enzyme mechanism and description of potential druggable sites within the
protein. To address this, I undertook a study to investigate the activity of PfA-M1 on a sixmer peptide that we called Hb6 (LDPENF) and attempted to model and validate a transitionstate complex of PfA-M1 bound to Hb6. The aim of this work was to identify new substrate
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pockets within PfA-M1 as well as identify how the substrate might enter the active site and
the possible routes that the proteolytic products would exit from.

4.2. RESULTS
4.2.1. Hb6 is a substrate of PfA-M1.
A previous study had identified two six-mer peptides, V93DPVNF98 from the Hb αchain and V98DPENF103 from the Hb β-chain as natural substrates of PfA-M1 (96). To
improve the affinity of the peptide for PfA-M1, the P1 residue was altered to leucine, for
which PfA-M1 has been shown to have a strong preference (100). Therefore, the peptide
used in this study had the sequence L1D2P3E4N5F6, where L1 is the P1 residue, whilst D2 is
the P1’, P3 the P2’ etc. In this study, this peptide will be referred to as Hb6.
To validate that Hb6 could act as a substrate for recombinant PfA-M1, I used the
Monash Proteomics Platform to perform liquid chromatography-mass spectrometry (LC-MS)
to detect if the product of hydrolysis was present after digestion. For the LC-MS experiments,
I prepared two samples with either Hb6 alone or Hb6 with PfA-M1 with a 100-fold molar
excess of peptide. The LC-MS results showed that Hb6 alone was detected at the correct
molecular weight of 734.33 (Fig 4.1A) whilst the addition of PfA-M1 resulted in the reduction
of the full-length peptide and the appearance of a smaller peptide that corresponded to the
molecular weight of the product, DPENF (621 Da, Fig 4.1B). These results indicated that
the P1 residue of Hb6 can be hydrolysed by PfA-M1, however, the proteolytic activity is
stopped at the P2 Asp residue. This experiment also confirmed that Hb6 is a substrate of
recombinant PfA-M1.
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Figure 4.1. LC-MS experiments to investigate if Hb6 is a substrate for PfA-M1. (A)
Extracted-ion chromatogram (EIC) of sample 1 (Hb6 alone). The blue trace is EIC
chromatogram of 734 m/z (mass-to-charge ratio, purple trace is that of 621 m/z. (B) The
total observed spectrum signals of sample 1 with a molecular Dalton range of 0 to 3000. (C)
Extracted-ion chromatogram (EIC) of sample 2 (Hb6 and PfA-M1 mixture). (D) The total
observed spectrum signals of sample 2 with a mass scan range of 0 to 3000 Da.

4.2.2. Attempts to produce a co-crystal structure of PfA-M1 bound to Hb6
To attempt to solve the structure of a PfA-M1-Hb6 complex, it was necessary to
produce an inactive form of PfA-M1 to prevent PfA-M1 from digesting Hb6 during the
crystallization process. PfA-M1 requires one to two nucleophilic water molecules in the
active site for hydrolysis of peptide bonds (4). Based on previous work that elucidated the
catalytic mechanism of PfA-M1 (208) as well as others (1, 144), I decided to introduce point
mutations to alter the residues that coordinate the nucleophilic waters. Removing the ability
of the enzyme to coordinate water in its active site should produce a catalytic (inactive)
mutant. As it is not certain which Glu residue (E497 or E463) contributed the most to the
coordination of the catalytic water, I designed two single point mutants, PfA-M1(E463Q)
and PfA-M1(E497Q) (Fig 4.2). The choice of a glutamine side chain was based on the
assumption that it would coordinate water poorly but retain a similar shape and position to
the original residue.
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Figure 4.2. The nucleophilic water that is coordinated by E463 and E497 in PfA-M1.
The cartoon of the protein structure is shown in green. The residues involved in metal
coordination and nucleophilic water bridge were in sticks. Zinc ion was shown by sphere.

To make the mutant PfA-M1 proteins, we used site-directed mutagenesis to alter
the gene encoding the enzyme. Ms Komagal Kannan Sivaraman (McGowan laboratory)
generated these mutants and produced the recombinant proteins. Ms Kannan Sivaraman
also assayed the mutant proteins for their aminopeptidase activity to provide data on the
effect the mutations had on the function of the protease. The activity of the mutants was
assessed in comparison to that of wild-type enzyme and showed that the mutant proteins,
as expected, had no detectable aminopeptidase activity (tested up to 25 μM of protein).
To ensure that the mutations had not introduced major structural changes in the
active site of the enzyme, I crystallized the two mutant proteins in their unbound form. Ms
Kannan Sivaraman purified the recombinant proteins E463Q and E497Q and I set up the
hanging drop crystal trays with the assistance of Dr. Nyssa Drinkwater (McGowan
laboratory). With the assistance of Drs Drinkwater and McGowan, we were able to
successfully solve the structures of E463Q to 1.9 Å and E497Q to 2.0 Å (Table 4.1). The
two structures were virtually identical to that of wild-type (overall RMSD of 0.4 ± 0.05 Å)
confirming that the loss of function observed was not a result of a loss in structural integrity.
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The crystal structures showed that the coordination of the water molecules in both mutants
was altered (Fig 4.3). In PfA-M1(E463Q) mutant, the position of the side-chain is altered
drastically and now points towards domain I (Fig 4.3A). In PfA-M1(E463Q), the position of
the side-chain is altered drastically and now points towards domain I (Fig 4.3A). The
dihedral N-CA-CB-CG angle of Q463 switched to 92.9 degrees, resulting in NE2 of Q463
facing away from the metal center. This change in orientation is likely due to repulsion
between the positively charged NE2 atom of Q463 and the also positively charged metal
center (total charge of the metal center is +1).” This results in the loss of its interaction with
the nucleophilic water (Fig 4.3A). Moreover, the GAMEN motif is closer to the zinc ion /
metal centre (by 2.2 ± 0.1 Å) and M462 is actually quite close to the zinc ion (Fig 4.3A). The
loss of the interaction with the water or the movement of the GAMEN motif might be the
reason for the loss of activity observed in the mutant. The PfA-M1 (E497Q) showed a similar
geometry to the wild-type with regard to the position of the mutated side-chain, however,
the interaction with the nucleophilic water is similarly lost (Fig 4.3B). A water bridges to the
zinc ion only through E463 and the position of the nucleophilic water has changed, moving
further from the mutated Q497 (Fig 4.3B). The position of the GAMEN motif is unchanged
with this mutant, suggesting that E497 may have a more direct role in activating the
proteolytic attack than E463.

Figure 4.3. Comparison of the structures of (A) E497Q and (B) E463Q with the wildtype enzyme. Protein residues are shown in stick with carbon atoms of wild-type (grey),
E463Q orange and E497Q yellow. Waters are shown in red (mutant) and grey (wild-type).
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Table 3.1. Data collection and refinement statistics.
PfA-M1(E497Q)
Data Collection
Wavelength (Å)
Resolution range (Å)
Space group
Unit cell
Total observations
Unique reflections
Multiplicity
Completeness (%)
Rpim
Mean I/sigma(I)
Wilson B-factor
CC1/2
Refinement
R-work
R-free
Number of atoms
non-hydrogen
macromolecules
ligands
water
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran
favored (%)
outliers (%)
Clashscore
Average B-factor
macromolecules
ligands
solvent

PfA-M1(E463Q)

0.95370
33.8 - 2.0 (2.071 - 2.0)
P 21 21 21
74.53 109.27 117.32
90 90 90
958292
65405 (6472)
14.6 (14.7)
100.00 (100.00)
0.046 (0.412)
14.41 (2.03)
26.43
0.998 (0.636)

0.95370
38.4 - 1.9 (1.968 - 1.9)
P 21 21 21
76.75 108.47 115.78
90 90 90
341512
65552 (5704)
5.2 (4.1)
85.39 (75.17)
0.044 (0.479)
12.48 (1.64)
18.55
0.996 (0.569)

0.1920 (0.2883)
0.2206 (0.3315)

0.1589 (0.2540)
0.2043 (0.2780)

7686
7218
21
447
889
0.005
1.10

8322
7316
27
979
889
0.008
1.20

97
0
4.22
36.30
36.10
44.70
37.90

98
0
3.10
20.50
19.20
29.20
30.20

Attempts to co-crystallize the structure of catalytic mutants in complex with Hb6 were
unsuccessful. I tried both co-crystallography approaches as well as ligand soaks to attempt
to produce the structure. We varied the molar ratios of Hb6 to PfA-M1 protein (both E463Q
& E497Q). We also tried changing the soaking times (from 2 minutes to overnight) and pretreatment with EDTA to try and further prevent the enzyme from functioning. However, all
data collected from co-crystallography and crystal soaks showed that there was no electron
density for Hb6 in the structures solved and that the overall structure of mutants was
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unchanged. There were no observed changes to the arrangement of the neither asymmetric
unit nor crystal packing.

4.2.3. Modelling the PfA-M1-Hb6 complex
Since I was unsuccessful in obtaining the crystal structure of PfA-M1-Hb6, I chose
to produce a model of the complex. My previous work (Chapter 3) had shown that PfA-M1
could exist in both an open and closed form. Therefore, I wanted to investigate the potential
binding positions of Hb6 within an open and a closed form of the protein. The coordinates
of both the open (PfA-M1o) and closed (PfA-M1c) were available from my simulations.
Despite the fact that the open and closed forms of PfA-M1 have undergone a major
conformational change, my current data shows that the catalytic domain II is largely
unchanged. Therefore, to guide the binding pose of Hb6 to PfA-M1, I used the structure
from the porcine Aminopeptidase N (pAPN) that had been co-crystallized with a polyalanine seven-mer (PDB ID 4NAQ (144)). To model the complexes, I aligned domain II
(residues 398 to 645) from the PfA-M1 structures with the template and maintained the
position of the backbone atoms of the substrate (A1 to A6 and the C-terminus of the peptide
was trimmed). The substrate was then trimmed from the C-terminus to six amino acids in
length and mutated to the sequence of Hb6. The two models were then minimized by Amber
package (described in Chapter 2) to release any close contacts or clashes between the Hb6
and PfA-M1. The main clashes in the modelled structures were located between the Hb6
D3 side chain and E497OE in PfA-M1. The minimization step optimized the model and
increased the distance between the two groups to a more appropriate distance. The
optimized models obtained, PfA-M1o-Hb6 and PfA-M1c-Hb6, are shown in Figure 4.4. The
overall structure of the models showed little change when compared to the original
coordinates (PfA-M1c-Hb6 RMSD = 0.5 Å and PfA-M1o-Hb6 RMSD = 0.4 Å).
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Figure 4.4. The models of Hb6 bound to PfA-M1. (A) PfA-M1c-Hb6 and (B) zoom of the
active site. (C) PfA-M1o-Hb6 and (D) zoom of the active site. PfA-M1 is shown in standard
domain coloring, except for residues within 4.5 Å to Hb6 which are shown in orange surface.
The carbon atoms of Hb6 are shown in cyan, water and metals are in spheres.
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The modelled Hb6 sits in the catalytic domain alongside the GAMEN motif in both
models and is in a similar position to the template substrate from pAPN (Fig 4.4). In PfAM1c-Hb6 model, the P1 residue L1 is located in the S1 pocket and forms a backbone
hydrogen bond with GAMEN residue E463 as well as zinc-coordinating residues E519 and
H496 (Fig 4.4B). The carbonyl oxygen also coordinates directly to the zinc ion (Fig 4.4B).
The P2 residues, D2, forms a hydrogen bond with GAMEN residue G460N and the P3 and
P4 residues have hydrophobic interactions with V493, A461 and G460 (Fig 4.4B). The side
chain of P4 residue (E4) shows no polar contacts to PfA-M1 whilst N5 forms a hydrogen
bond with T492OG (Fig 4.4B). The final residue of Hb6, F6, formed three hydrogen bonds
with R489 through its carbonyl oxygen (Fig 4.4B).
In the PfA-M1o-Hb6 model, weaker hydrophobic interactions between GAMEN motif
were observed but the major difference from the open model was that the side chains of
the Hb6 did not form any hydrogen bonds with PfA-M1 (Fig 4.4D). The backbone oxygen
atom of P3 did form two hydrogen bonds with R489.
4.2.4. Steered MD study suggests N-terminal access point is preferred by Hb6.
I was then curious about how Hb6 might access the PfA-M1 active site. PfA-M1 has
two potential access points to the active site, a C-terminal pore and an N-terminal access
point formed by the interactions of domains I, II and IV (4, 208). In chapter 3, I investigated
the possibility of an open form of PfA-M1, and believed that substrate might get access to
the active site from an open form of PfA-M1. However, whether the substrate enters from
the gap between domain I and IV, or from the C-terminal pore in the open form is still unclear.
To investigate the potential path that Hb6 might travel, I used steered MD (SMD) simulations
to predict whether Hb6 prefers the C-terminal or N-terminal path. In SMD simulations, an
external force is added to ‘pull’ atoms in the direction of the force, in this case, to pull the
substrate towards either the N-terminal entrance or the C-terminal pore (Fig 4.5).
I performed four separate SMD simulations using a constant pulling force. These
simulations applied an external force of velocity of 0.001 Å / ps on the Cα of Hb6L1 from the
N-terminal channel for both PfA-M1c-Hb6 (SMD1) and PfA-M1o-Hb6 (SMD2), and on the
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Cα of Hb6F6 towards C-terminal channel from PfA-M1c-Hb6 (SMD3) and PfA-M1o-Hb6
(SMD4) (See Table 2.2 for more detail). The atom that defined the direction of force is
shown in Fig 4.5. Each channel in the two models are approximately linear and parallel to
the force direction used (Fig 4.5A & B). The only channel that result in potential clash with
side chains is the C-terminal channel of the closed model (SMD3, residues D971 and D830).
Given the same force velocity, the time taken for Hb6 to exit the interior of PfA-M1 was
faster for the shorter N-terminal pathway than the C-terminal (Fig 4.5). The external work
was calculated from the trajectories and log files of the simulations (see Section 2.1.12) and
used to generate a plot of the external work vs the displacement or SMD extension of Hb6
(Fig 4.5E). This plot describes the displacement of Hb6 between each snapshot compared
to the position of Hb6 in the starting conformation.
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Figure 4.5. SMD of PfA-M1 Hb6 models
based for two different pathways. The
force direction, channel length and
constrained atom for both (A) PfA-M1c-Hb6
and (B) PfA-M1o-Hb6 models are shown
and PfA-M1 is in standard coloring. In
brown, the protein pocket surface is
indicated. In panels (C) PfA-M1c-Hb6 and
(D) PfA-M1o-Hb6, Hb6 is shown in spheres
with the carbon atoms shown in cyan.
Arrows indicate the direction of the force
applied to both the N-terminal path (SMD 2
& 4) and the C-terminal path (SMD 1 & 3).
(E) External work curves from the four SMD
simulations (colored as indicated). The
extension distance was taken from the log
file of each SMD, which described the
extension distance of every saved
snapshot, and external work was calculated
by Newtons law of W = FS. Extension
distance unit is in Å, and the calculated
external work is in 1.0 E-20J.
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The external work vs extension shows that the external force (the slopes of the four
SMDs) are very similar to each other at the beginning of the simulation (Fig 4.5E). However,
between an extension of 22 - 40 Å, the slope of SMD3 rises more sharply than the other
runs, indicating that a higher external force is required during SMD4 to keep Hb6 moving at
the same speed as the other SMDs. Interestingly, this happened from 22 Å, where the F6
of Hb6 approaches the bottle neck (D971 and D830) of the C-terminal channel in the PfAM1o-Hb6 model. Analyzing the bottleneck radius between the two C-terminal channels of
the models suggested that the pore in the open form is narrower compared to that from the
closed form (1.94 Å in the open and 2.45 Å in the closed). SMD 2 and 4 required a smaller
external work (2.1 E-17 J for SMD2, and 1.7 E-17 J for SMD4), compared to the external
work on Hb6 towards the C-terminal channel of both models (2.9 E-17 J for SMD1 and 2.7
E-17 J for SMD3). SMD4 has the least external work. This suggested that the N-terminal
channel of an open PfA-M1 is the most preferred way for Hb6 to migrate through.

4.3 DISCUSSION
In this chapter, the peptide known as Hb6 was shown to be a substrate for
recombinant PfA-M1. The protease was able to cleave the P1 residue but unable to keep
processing through the P1’ Asp (D2). This result supports the previous study by Harbut et
al. that identified a six residue peptide as the likely substrate for PfA-M1 in a chemical
genetics study in P. falciparum (96). The inability to cleave the P1’ Asp residue is also
consistent with earlier studies showing that PfA-M1 does not readily cleave an Asp residue
(100). Whether PfA-M1 shows processive activity, i.e. the ability to cleave the P1 residue
and continue to process the same peptide substrate, requires further work with residues
that can be cleaved (for example, change the D2 to a L2 in Hb6).
My attempts to produce a crystal structure of catalytic mutants of PfA-M1 bound to
Hb6 were unsuccessful. There are many reasons why crystallization was unsuccessful and
may include lack of affinity of Hb6 to PfA-M1 as well as sub-optimal crystal packing. The
McGowan laboratory has produced numerous co-crystal structures of PfA-M1 bound to
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potent small molecule inhibitors. Moderate inhibitors (micromolar range) have rarely been
successfully resolved. Currently, the affinity of Hb6 for PfA-M1 has not been determined.
Previous attempts to use ITC to determine binding of a known peptidomimetic to PfA-M1
have been unsuccessful with no enthalpic change observed despite nanomolar inhibition.
Therefore, future work may want to try and determine the affinity of the peptide for the
proteins. The other reason that may influence our success in producing crystals of the
complex is the crystal packing. The conditions used in this study were similar to those used
to produce standard PfA-M1 crystals. This may limit the space available for the substrate to
enter the active site (if soaked into a pre-formed crystal) or may also prevent a
conformational change that is required for binding. The catalytic mutants produced in this
study, E463Q and E497Q, were both found to be in the closed forms. However, in the
structure of seven alanine peptide bound to pAPN, the protein was crystallized in its open
form, where there is a clear gap between domain II and domain IV to allow the substrate to
access the active site (144).
I also attempted to produce a complex structure by extraction of the essential zinc
ion. This method was successfully used to produce the structure of Ang IV bound to hAPN
(1). However, for PfA-M1, our EDTA treatment was obviously insufficient as electron density
for the zinc ion was observed in all datasets collected. Future work to produce a structure
of PfA-M1 complexed to substrate would need to focus on improving the affinity of the
substrate for the protease, screening alternate conditions to allow for a possible
conformational change or find a more effective method of chelating the protein.
I then modelled the complex structure of PfA-M1c-Hb6 and PfA-M1o-Hb6 from the
template pAPN-7Ala. The model firstly describes how a natural substrate might bind inside
PfA-M1. The detailed interaction analysis indicated that, apart from S1 and S1’ pocket
region, residues A468, T492, V493, R489, S542, and H543 are involved in the substrate
binding, and help position P3 to F6 of Hb6 at C-terminal channel. Among these residues,
T492 and V493, provide hydrophobic interactions to P3. These residues are conserved in
pAPN (corresponding residues = T379 &V380) was also found to provide hydrophobic
interactions to the backbone of P3 of the 7Ala substrate. R489 coordinates the backbone
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oxygen of E4 in Hb6. The R489 position is conserved in PfA-M1, pAPN, pAPA and hAPN.
The corresponding residue (R434) in pAPN coordinates A6 of 7Ala. Similarly, R442 in hAPN
coordinates the backbone nitrogen of F6 in Ang IV (1). This location of P3 to F5 is also
consistent to the proposed long substrate binding mechanism inside hERAP1 (216). It has
been proposed that hERAP1 uses its C-terminal channel for long substrates and a separate
substrate pathway (between domains II and domain IV) for the short substrates (216).
Interestingly, the corresponding residue of PfA-M1-R489 in hERAP1 is an alanine (A407),
which is located at the branch point between the two substrate pathways. It is possible that
the substitution of the Arg for Ala at position 407 is a reason why hERAP1 has two substrate
pathways but other M1 aminopeptidases do not.
The SMD study suggested that N-terminal channel is a more likely pathway for the
substrate to travel in PfA-M1, especially when the protein is open. More hydrogen bonds
were found in PfA-M1c-Hb6 model and more external work was required to pull the
substrate out of the PfA-M1c-Hb6. This suggests that the closed conformation is better for
maintaining the substrate in the correct position for catalysis, supporting that the closed
conformation is an active form. The limitations of SMD simulations are the value and velocity
of the external force applied. If it were possible to sample numerous SMD at varying external
force, the potential mean force (PMF) could be calculated and ideally the simulations
performed can be viewed as spontaneous process (264-267). The PMF is basically the free
energy profile along the simulated biological event (268). The information in a PMF plot
might explain better which channel the protein prefers from a computational biology aspect
(268). The result of SMD is also biased based on the direction of the force applied and the
starting models created for this purpose.

4.4 CONCLUSIONS
The results of the experimental work in this chapter prove that PfA-M1 can cleave a
peptide of up to six amino acids long. The computational work in this chapter provides
meaningful data on the nature of peptide binding, in particular of peptides longer than 2
amino acids. The simulation of the potential molecular pathways that the peptide substrates
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may travel may identify as yet unknown druggable sites in PfA-M1. Finally, the work in this
chapter asks the question as to whether PfA-M1 may have two potential substrate routes,
like hERAP1, and therefore, may process longer peptides than tested here.
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CHAPTER FIVE

INVESTIGATING THE DYNAMICS OF PfA-M17

102

Chapter 5

5.1 INTRODUCTION
Previous crystallographic studies of the unbound and inhibitor-bound enzyme
confirmed that PfA-M17 forms a hexameric quaternary structure (81). The six active sites
of the PfA-M17 hexamer are arranged in a disc-like fashion, orientated inwards to form a
central catalytic cavity. Flexible loops, located at the external surface of the hexamer, are
proposed to guard each of the six entrances and are proposed to govern access to the
catalytic cavern (81). The dynamics and motion of the protein complex in relation to its
enzymatic function remain unclear. In particular, questions arise as to how peptide
substrates can enter the catalytic interior and why does it need to be a hexamer? To unveil
the mysteries of PfA-M17, I used all-atom MD simulations to study the movements of PfAM17.

5.2 RESULTS
5.2.1 Nomenclature used to describe the structure of PfA-M17 in this study.
In this chapter, I have undertaken an extensive study of the dynamics of PfA-M17
using various MD simulation experiments. To assist in the explanation and analysis of this
data, I have mapped the secondary structure topology and defined the secondary structural
elements of the recombinant monomeric structure by PDBsum server (269) (Fig 5.1). The
recombinant PfA-M17 protein has a truncated N-terminus and residues 1-84 are not
included in the recombinant protein (81). The recombinant monomeric PfA-M17 contains
28 loops (L1-L28), 20 β-strands (β1-b20), and 15 helices (a1-a15). Residues 1-84 are
truncated in the recombinant protein and not included in this topology. The N-terminal
domain (amino acids 85-271) is composed of 6 a-helices, 10 loops and 7 b-strands. The Cterminal domain (amino acids 323-601) consists of 7 a-helices, 18 loops and 13 b-strands
and is linked to the N-terminal domain via a long a-helix, however, this helix is bent in the
middle and is detected as two helices according to the PDBsum server (a7-8) (81).
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To clarify the description of the arrangement of the hexameric assembly of PfA-M17,
I have also defined the monomers of the hexamer by a simplified format that is based on a
premise that PfA-M17 and the M17 superfamily is composed of a dimer of trimers (81, 170,
176, 178). Therefore, I refer to the trimeric subunit as having an ABC composition and the
second trimer as A2B2C2. In this nomenclature, the hexamer is described as an (ABC)2
composition (Figure 5.2). I found that the use of chain IDs (A – F for the hexamer) as per
the crystal structure was confusing when investigating the subunit assembly and behavior
(as described in this chapter).
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Figure 5.1. The topology index of the secondary structure used in the PfA-M17 MD
analysis. The residue range is from 86 to 601. The plot is generated by PDBsum server.
Structural elements are labeled and indicated with a-helices in green and b-strands in
pink.
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Figure 5.2 The molecular assembly of PfA-M17. (A) The front trimer (ABC), (B) the back trimer (A2B2C2) and (C) the hexamer (ABC)2.
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5.2.2. MD simulations of the PfA-M17 monomer and hexamer.
To complete the MD simulations of PfA-M17, it was necessary to generate an
appropriate zinc FF for the two cations present in the active site of the M17 aminopeptidases.
This work is described in (212). This FF uses a hybrid bonded/non-bonded model and was
used to complete all-atom MD for both the monomeric A-subunit of PfA-M17 (n=3, 200 ns)
system as well as the biologically active hexamer, PfA-M17(ABC)2 (n=3, 400 ns). Each system
was simulated from three independent replicates using different velocity seeds at the
beginning of each simulation.
The overall stability of each system was analyzed by calculating the root mean
square deviation (RMSD) of the Cα atoms during the simulation. Analysis of the overall
plasticity of the PfA-M17 hexamer showed that it did not undergo large movements in the
time-frame sampled (average RMSD of hexamer = 2.9 Å, Fig 5.3A). This was not the case
with simulations of the PfA-M17 monomer, where removal of the protein-protein interactions
of the hexamer appeared to allow structural changes in comparison to the crystal structure
(average RMSD of monomer = 4.2 Å, Fig 5.3B).

Figure 5.3. The RMSD of Cα atoms during the (A) hexamer and (B) monomer
simulations. The comparison of RMSD traces of Cα atoms relative to the crystal structure
as a function of simulation time. The time interval is 10 ps per sampled frame. Run 1 is
shown in black, run 2 in red and run 3 in green.

107

Chapter 5
The mobility of individual residues throughout the simulations was also assessed
via calculation of a root mean square fluctuation (RMSF) of the Cα atoms (Fig 5.4). The
RMSF plots showed that all three triplicate runs were consistent in their movement and
were generally cross-consistent between a monomer alone and the monomers within the
hexamer (Fig 5.4). However, in the hexamer simulations, there are some differences
between the trimers, but consistencies within each trimer, suggesting that the trimers might
have a different scale of fluctuation. The RMSF results also correlate with the RMSD
findings that the hexamer is more stable than the monomer. Smaller fluctuations were
observed in each chain of the hexamer than were observed in the monomer. The largest
variation in all systems was the N-terminus of the protein (L1, Fig 5.4) but this was
disregarded due to the truncation of the N-terminus. Two other loop regions, L9 and L13,
also showed large fluctuations in nearly all simulations (Fig 5.4). Typically, residues 257261 were very flexible (average fluctuation of 5.4 Å in monomer simulations, 4.3 Å in
hexamer simulations). These residues were known to be flexible as they could not be placed
into electron density in the original crystal structure (81). Residues 141-145, that are located
at a protein-protein interface in L3 loop, also experienced fluctuations in both the hexamer
and monomer simulations (Fig 5.4)
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Figure 5.4. RMSF analysis of both monomer and hexamer simulations. (A) Cartoon model of the PfA-M17 monomer (green) showing
RMSF peak locations in different colors (labelled). (B) RMSF of Ca atoms in monomer simulations. (C) RMSF of Ca atoms in hexamer
simulations shown by monomer ID (A, B, C, A2, B2, C2). Run 1 is shown in black, run 2 in red and run 3 in green.
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5.2.3. The hexamer protects the active site environment.
The active site of each PfA-M17 monomer has one or two cations, one carbonate
ion and generally one catalytic water molecule (Fig 5.5), (81). The active form of the enzyme
is presumed to have two cations within the active site (93) and all my PfA-M17 simulations
had two cations in the active site (212). My choice to use my own FF for the MD meant that
the metal ions in each simulation were effectively tethered to their coordination residues
and as such, could not move throughout the simulation (212). Therefore, the only events I
could observe were the overall stability of the active site residues, and the behavior of the
water molecules and carbonate ion throughout the simulations.

Figure 5.5. The architecture
of the PfA-M17 active site.
The zinc ions and catalytic
water are shown in grey and
red spheres respectively. The
nearby residues are shown in
stick with the protein carbon
atoms

in

green

and

the

carbonate ion in pink. The
metal bonds are shown as
black dashes and hydrogen
bonds as yellow dashes.

The residues that coordinate the metal ions show very little turbulence in both
monomer and hexamer simulations (Fig 5.4). This is likely due to my choice to use a bonded
model for the first shell protein atoms that meant that these residues were effectively
tethered to their position. The substrate specificity pocket, or S1 pocket, that coordinates
the P1 residues of the substrate is defined by residues M392, M396, F398, G489, and A577
(81). I found that the S1 pocket residues M392, Met396, P398 in L13 and T486, G489 and
L492 in α11 show more fluctuation in the monomer simulations (average RMSF 4.5 ± 0.5
Å) than in hexamer simulations (average RMSF 1.2 ± 0.4 Å). This indicates that the
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hexamer may have a role in the maintenance of the shape and size of the S1 pocket for
PfA-M17, thus possibly influencing substrate specificity.
In the M17 aminopeptidase superfamily, the carbonate ion found in the active site
acts as a general base to accept protons from the nucleophilic water (178). For PfA-M17,
the carbonate ion is not explicitly added to the recombinant enzyme, however, scavenges
the ion from the environment (to date, it is always present in the active site of all structures
solved (81, 107, 113, 114)). In the PfA-M17 crystal structures, it is coordinated within the
active site via water-mediated interactions to R378 and G377 (Fig 5.5). In all of the MD
simulations (both monomer and hexamer), the carbonate ion was readily lost from the active
site (within ~ 50 ns in all systems, the average distance between the CO3 and the ZN2 is
23.5 Å at the end of the simulations). The loss of the CO3 ion fits with the reported catalytic
mechanism of M17, where it is proposed to act as a proton-acceptor and once this event
has occurred, it would leave the active site to allow a new CO3 ion in to continue to
proteolytic process (179, 180, 270). In my simulations, we do not observe the ‘replacement’
of the CO3 ion, however, I am unable to simulate the proton transfer event and also did not
add excess CO3 ions to the simulation protocol. Therefore, it is not surprising that this event
was not observed. The addition of excess CO3 ions to the simulation protocol would be
useful if future studies were to investigate the precise atomic details of the catalytic reaction.
The behavior of the water molecules within the MD simulation was not restricted due
to the decision to leave them non-bonded (212). Interestingly, I found that the water
molecules in and around the active site behaved differently between the hexamer and
monomer simulations (Fig 5.6). In the monomer simulations, zinc 1 (Zn1, coordinated by
D379, E461 and D459, Fig 5.5) was coordinated by a water molecule. My MD showed that
this water was maintained in only one trajectory (run 2) and had only ~ 80 % occupancy
(Fig 5.6). This might because there is more fluctuations within the structure of the active
site in the monomer simulations than in the hexamer simulations. In contrast, all three
trajectories of the hexamer had an exchangeable water site that was stably occupied and
coordinated to the metal throughout each hexamer simulation in each of the six metal
binding sites (100 % occupancy, Fig 5.6). I propose that the water molecule in this position
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can act as the nucleophilic water for PfA-M17, and that the hexameric assembly appears
necessary to stabilize the nucleophilic water site. This conclusion is supported by early work
done by Chen et al., who proposed that a bridging water molecule becomes terminally
coordinated to only one of the zinc ions before the nucleophilic attack (271). The zinc 2 ion
(Zn2, coordinated by K374, D379 and D399, Fig 5.5) was not coordinated by any water
molecule throughout any of the simulations performed.

Figure 5.6. The behavior of water molecules in the active site of PfA-M17. Radial
distribution function (RDF) plots of the water molecules around the zinc ions for hexamer
(A) and monomer (B) simulations. The x-axis shows the distance between the water
molecules and zinc atoms and the y-axis shows the probability of water molecules being
found at that position.

5.2.4 Principle component analysis of the MD simulations
I was interested to see if there were any large conformational changes that were
occurring within both our monomer and/or hexamer MD simulations. I therefore performed
two separate principle component analyzes (PCA) on the simulation trajectories. The first
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PCA focused on the dynamics of the hexamer (PCAhex) and was calculated from the atomic
displacement matrix of the hexamer backbone and zinc atoms, using the production phase
of hexamer simulations (120,000 frames in total) as the sampling pool. The backbone and
zinc atoms of the crystal structure of the PfA-M17 hexamer was used as the reference
structure. The second PCA focused on the A-subunit type movements in both hexamer and
monomer simulations (PCAmon). To do this, I extracted the coordinates pertaining to the
backbone and zinc atoms from each monomer within the hexamer simulation trajectories to
create six A-type trajectories of backbone and zinc atoms. These six trajectories were then
combined with the trajectories from the monomer simulations. The total combined A-type
trajectory was then taken as the conformational sampling pool, and the PCAmon of the
backbone and zinc ion atoms was performed with the backbone and zinc ion of chain A
from the crystal PfA-M17 as the reference structure
PCA defines a set of eigenvectors derived from the matrix of pairwise correlated
motion of atoms. The eigenvectors, or principle components (PCs), are ranked according
to the amplitude of the protein motions they describe. In general, the first eigenvectors that
account for 50% or more of protein fluctuations are thought to describe the most significant
motion within protein simulation (272-274). The contributions of the PCs from both of my
PCA are shown in Table 5.1. I can see that the PC1 of both the hexamer and monomer
PCA account for the majority of the overall covariance of each conformational sampling
pool (Table 5.1). The percentage of PC2 values drops significantly and PC3 takes less than
7% in each PCA. Therefore, to analyze the global conformational transitions that were
observed in my MD simulations, I chose to use only PC1 and PC2 in further analyzes.
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Table 5.1. The percentage of the motion accounted for by the three PC values from the
PCAhex and PCAmon.
PCAhex

PCAmon

PC1

62.00%

50.78%

PC2

10.00%

12.59%

PC3

6.71%

6.52%

5.2.5. The essential dynamics of the PfA-M17 monomer.
I was then curious about protein dynamics of the monomer alone, in the absence of
the protein-protein interactions of the hexamer. In my PCAmon (Fig 5.7), I analyzed the data
from the monomer only simulation as well as the individual A like monomers within the
hexamer. When all the A-type trajectories from monomer and hexamer simulations were
plotted along PC1mon and PC2mon (Fig 5.7A), it can clearly be seen that the monomers that
are not subjected to protein-protein interactions of the hexamer show very little motion in
common with that of monomers from the hexamer (Fig 5.7A). The movements that projected
onto PC1mon from the monomer simulations (PC1mon(mon)) showed an expansion of up to ~ 6
Å in size (Fig 5.7B), however, unsurprisingly the expansion for monomers within the
hexamer was less than that of the monomers alone (Fig 5.7 A&C). L13 and L24 form part
of the S1’ specificity pocket for PfA-M17, and their dramatic movement in monomer alone
simulations provide further support to the fact that the hexamer is involved in stabilizing the
size and shape of the catalytic machinery. The PC2mon identified significant different
movements between monomer simulations (PC2mon(mon)) and hexamer simulations
(PC2mon(hex)) within the C-terminal catalytic domain (Fig 5.7A, D, E). In the isolated
monomers, L9 were observed to move towards α3 by 4.6 Å, while in the A type units of
hexamer, L9 were observed to move apart from α3 by 3 Å. L13 and L24 were observed to
move towards each other in the isolated monomer PC2mon(mon), which squeezed the S1’
specificity pocket for PfA-M17. However, a subtler scale of opposite movements within L13
and L24 were observed in PC2mon(hex).
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In summary, the isolated monomer shows extreme expansion both in the N and Cterminal domains, including the metal binding centers. However, I saw that the active site
residues and metal binding center show little movement at all in the A-like units of hexamers.
Different movements were observed between the two in the L9, L13, and L24. There is no
significant movement observed for L24 nor the metal center, supporting the hypothesis that
the hexamer acts to stabilize the active site and metal center for proteolysis.
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Figure 5.7. The PCAmon on the Alike trajectories from monomer
and hexamer simulations. (A)
The 2D projection of PC1mon and
PC2mon

using

the

A-type

trajectories from all simulations.
The

snapshots

of

the

A-type

trajectories from monomer and
hexamer simulations are shown as
projected dots by PC1mon and
PC2mon (center) and the projected
movements

are

shown

by

porcupine plots surrounding. The porcupine arrows in the protein are proportional to the scale of the obtained PC movements. The protein is
from chain A of the crystal structure. The schematic graphs of the single unit PfA-M17 are shown along the X- axis and Y- axis. The PC1mon(mon)
and PC2mon(mon) are the movements that projected using the monomer simulations, while the PC1mon(hex) and PC2mon(hex) movements are
projected using the A-like units from hexamer simulations. The detail movements are shown in panel (B) PC1mon(mon) (C) PC1mon(hex), (D)
PC2mon(mon), and (E) PC2mon(hex).
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5.2.6 The essential dynamics of the PfA-M17 hexamer.
The essential dynamics of the PfA-M17 hexamer were projected onto the top two
PCs from PCAhex. The PC1hex projected dynamics shows that the hexamer expands by an
average of ~ 6 Å on each side (Fig 5.8). This is a known behavior in the simulation of crystal
structures and reflects the correction in atom volume due to the release of crystal contacts
(275). Analysis of PC2hex showed a movement in L5A that was connected to a rigid body
movement of the entire N-terminal domain from the equivalent trimer subunit (Fig 5.8B). To
describe this in more detail, the L5A moves 4.4 Å from its original position (as per the crystal
structure) toward the body of the hexamer. This appears to allow or facilitate a concomitant
domain shift of the entire N-terminal domain by an equivalent amount (~ 5.2 Å) in the same
direction (Fig 5.8E). I then focused on the movements of the neighbor units (A and A2, B
and B2, C and C2) by superposing the PC2hex movements (the neighbor units B and B2, C
and C2 were superposed on A and A2). What was also interesting about this observation
was that this movement was unidirectional and was not perpetuated throughout the entire
hexamer. I did not observe the N-terminal domain rigid body movement in either A, B or C
subunits, only in A2 and B2 (no movements were observed in either C or C2, despite similar
fluctuations of L5). Investigating why this might be showed me that the hexamer assembly
is not perfectly symmetrical and the length of molecule from A to B is slightly smaller than
the other two sides (Fig 5.8A). Such slight changes in length may result in variation in the
motion observed.
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Figure 5.8. The essential dynamics of the PfA-M17 hexamer. (A) PC1hex shows the expansion of the three sides, which results in an
increase in the overall size of PfA-M17. (B) The size of minimum structure (X-ray structure) in PC1hex. (C) The size of maximum structure in
PC1hex. (D) Porcupine plots of the movements along PC2hex showing synergistic movements between (E) A and A2, (F) B and B2 and (G) C
and C2. The black porcupine arrows on Cα atoms represent the direction of movement and their length is proportional to the scale of detected
motion. To reduce the complexity and focus on the significant movements, only movements that are greater than 1.5 Å were shown by the
arrows. In (E), (F) and (G), L5 is shown in red cartoon and the N-terminal domain is circled in black.
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In order to link the two major movements found in PC1 and PC2, I calculated a free
energy landscape (FEL) derived from projecting the hexamer trajectories onto the PC1 and
PC2 defined subspace (276-278). The FEL was then calculated based on the probability of
each sampled conformation in the 2D projection. The result shows that from the
conformation captured in the crystal structure, PfA-M17 relaxes through a transition state
before sampling two significant conformations (Fig 5.9). Comparing the Gibbs free energy
of the states that are close to the starting structure (G = 1739.96 kcal/mol) and the transition
state (G = 1622.85 kcal/mol) shows a DG of 117.11 kcal/mol and explains the relaxation of
the structure.

Figure 5.9. FEL of hexameric PfA-M17. The Gibbs free energy projection onto the space
defined by PC1 and PC2. The schematic images of the PfA-M17 conformational states are
shown alongside the x- and y- axis. The color for Gibbs free energy ranges from blue (0
kcal/mol to red (1888.15 kcal /mol, the relative highest energy in the FEL.)
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5.2.7. Hexamer movement is achieved by independent trimer movements.
To ascertain what was the driving force behind the movements of the hexamer
further, I dissected the assembly of the PfA-M17 hexamer, and analyzed the dynamics of
the sub-assembly of PfA-M17 in the hexamer trajectories. PDBePISA (238) was used to
analyze the details of the structural stability of the possible sub-assemblies of the PfA-M17
hexamer (Table 5.2). The results showed that the most stable assembly was the hexamer
with the internal energy ΔGint = -110.2 kcal/mol and a dissociation energy of ΔGdiss=92.2
kcal/mol. In addition to the hexamer, two other assemblies were identified; a trimer
(ABC/A2B2C2) or a dimer (AB2/ BC2/ CA2). The trimers (ΔGint= -24.6 ± 0.2 kcal/mol) appeared
to be slightly more stable than the predicted dimers (ΔGint = -22.8 ± 0.5 kcal/mol), however,
the values were very similar (Table 5.2). The detected dissociation energy of the trimers
drops drastically compared to that of a hexamer, but is still higher than that of the
dissocation of the dimer (Table 5.2). This means the dimer assembly is likely to be the first
to dissociate within the possible M17 oligomers.

Table 5.2. Analysis of potential PfA-M17 assemblies identified from PDBe-PISA.

1
2

(ABC)2

ΔGint1
(kcal/mol)
-110.2

ΔGdiss2
(kcal/mol)
92.2

Trimer

ABC/A2B2C2

-24.6 ± 0.15

21.9 ± 3.5

Dimer

AB2/ BC2/ CA2

-22.8 ± 0.5

10.3 ± 0.9

Assembly
types
Hexamer

Composition

ΔGint is the internal free energy of the given assembly type.
ΔGdiss is the calculated average dissociation energy.
I then trimmed the hexamer trajectories into separate trimer and dimer trajectories

and analyzed the two different assemblies to investigate their dynamics and identify the
drivers of hexameric movement. I performed PCA on the trimer (PCAtri) and dimer (PCAdim)
trajectories using ABC and AB2 of crystal structure as references, respectively. For the
trimers, the top 3 PCs take 51.3 % of the overall covariance in trimer trajectories (Table 5.3),
however, the top 3 PCs for the dimer only account for 42.12 % of the dimer covariance
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(Table 5.3), indicating that the significant movements in dimer cannot be reasonably
separated by only the top three PCs.

Table 5.3. The percentage of the top three PC values from the PCAtri and PCAdim.
PCAtri

PCAdim

PC1

29.57%

19.91%

PC2

14.42%

11.34%

PC3

8.32%

10.87%

The trimer and dimer trajectories were then projected onto their top two PCs,
respectively (Fig 5.10). The distribution of trajectory snapshots on PC2 represents the
conformational similarity and difference. That is to say when the distribution of snapshots is
highly crowded in certain areas of the PC defined subspace, the snapshots are in close
proximity to each other, whereas a high desecration of snapshots distribution in the
subspace means the conformations of the snapshots are different. Interestingly, the result
of trimer 2D projection showed that the conformations of two trimers were separated clearly
by the PCtri1 vector (Fig 5.10A). This indicates that the trimers are moving independently
from one another within the hexameric arrangement. However, the 2D projection of dimer
trajectories (Figure 5.10B) suggests that even though PC1dimer only takes 19.9% of overall
covariance, and dimer PCA cannot separate the unique motions among the three dimer
trajectories. Moreover, there are no independent or dependent movements that can be
dissected as the projections of the three dimers do not clearly overlap nor are completely
separate from each other.
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Figure 5.10. The 2D projection of PC1 and PC2 for the (A) PCAtrimer and (B) PCAdimer.
Conformations from the front and back trimer trajectories were projected as cyan and
magenta dots in panel A, respectively. Conformations from the BA2, CB, and AC dimer
trajectories were projected as green, blue, and yellow dots in panel B, respectively.

5.2.8. PfA-M17 has an entrance to the active site cavity that is occluded by
cooperative movements of L9 and L3.
My work indicates that the dynamics of the trimers are the driving force behind
hexamer movements, I was then curious about the correlated dynamics between the front
trimer (ABC) and back trimer (A2B2C2) that might account for the relevant biological events
such as substrate guidance and processing. Therefore, I firstly looked for such trimer
communication from the projected movements along PC1 from the PCAhex. Interestingly, I
found that there is a small alternate but coordinated motion of L9 with L3 of all the six units
(Fig 5.11). It was postulated that movement of L9 (residues 247-265) might have a role in
guiding substrates entering in PfA-M17 (81). L3 (residues 137-145) is located at a trimer
protein-protein interface between A and A2 and has previously also been identified as
flexible in crystal structures (81). The movement indicated that when L9 and L3 of the front
trimer are moving close to each other (L9A and L3A2, L9B and L3B2, L9C and L3C2), the L9
and L3 from the back trimer are moving away from each other (L3A and L9A2, L3B and L9B2,
L3C and L9C2) (Fig 5.11). In order to monitor the movements in the two loops along PC1
sampled from all hexamer simulations, the distance between the Ca atoms of N258 and
N139 were measured from the two most extreme structures in PC1 (Table 5.4). It can be
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seen that the distance between these residues on the ABC trimer decreases by 2.8 ± 2.5 Å
from max to min conformation. At the same time, the distances of the back entrances
increase by 7.1 ± 3.7 Å (Table 5.4). However, the loop movement is not uniform between
the subunits as I noticed that the distance between Chain A N258:Ca and Chain A2
decreased (Table 5.4). This door-like motion between trimers displays a coordination
between the dimer of trimers and supports the hypothesis that this region is involved in
regulation of the enzymatic function by acting to regulate the entrance of peptide substrate
to the inner catalytic sub-compartment (81).

Table 5.4. The distances between Ca of N258 and N139 from the two extreme structures
of PC1hex. Min and max represent the two extreme structures of the PCAhex.
Chains
Residues
Front
entrance

max
min
ΔDist

Residues
Back
entrance
Chains
Residues

max
min
ΔDist

A and A2
A:N258 –
A2:N139
10
6.6
3.4
A:N139 –
A2:N258
7.9
11.8
-3.9
A and A2
A:N258 –
A2:N139

B and B2
B:N258 –
B2:N139
6
6.5
-0.5
B:N139 –
B2:N258
7.9
13
-5.1
B and B2
B:N258 –
B2:N139

C and C2
C:N258 –
C2:N139
12
6.6
5.4
C:N139 –
C2:N258
6.3
18.5
-12.2
C and C2
C:N258 –
C2:N139

Average (Å)

9.33 ± 2.5
6.57 ± 0.05
2.77 ± 2.5

7.37 ± 0.8
14.43 ± 2.9
-7.07 ± 3.7
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Figure 5.11. Representative movements of L9 and L3 along PChex1. The L13 and L3 loops are shown in magenta and yellow, respectively. The
black arrows indicate the loop movements. The movements between (A) AL9 and A2 L3, (B) BL9 and B2 L3, (C) CL9 and C2 L3, (D) A2L9 and A L3. (E) B2L9
and B L3 and (F) C2L9 and C L3 .
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5.2.9. Cooperativity in the conserved metal binding sites of the hexamer.
PC2 of PCAhex also identified communication between the six catalytic domains in
the projected movement. Fascinatingly, I observed opposing movements of L13 from each
subunit within its respective trimer, where L13A and L13B move together to the same
direction and appear to push L13C toward the catalytic zinc ions in the C active site (Fig
5.11B). A similar phenomenon was observed in the back trimer with the concerted motion
of L13 of A2 and B2 resulting in the movement of L13 C2 to occlude the zinc ions of the chain
A2 active site (Fig 5.11). At the same time, I observed that α11 and L24 move towards the
N-terminal domain of their respective A-type unit in the hexamer dynamics (Fig 5.11). These
synergistic movements indicate an important role for L13 in the catalytic mechanism and /
or regulation of activity within the M17 superfamily.
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Figure 5.11. PfA-M17 may have cooperative dynamics within the active sites. The
catalytic movements captured in the front (ABC) and the back (A2B2C2) trimer along PC2.
(A) The slab through view of the hexamer PfA-M17. (B) The catalytic movements in the
front trimer. (C). The catalytic movements in the back trimer. The porcupine arrows are
black, and the L13 in each unit are in white tubes, and the L24 are in yellow tubes. The zinc
ions are shown as spheres.

5.3. DISCUSSION
5.3.1. Why does PfA-M17 form a hexamer?
Many M17 proteins are reported to be functional hexamers (81, 170, 176, 178). A
major question for PfA-M17 was why does the malaria parasite invest so much energy to
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produce the complexity and size of the hexameric protease? Another question is how the
protein dynamics contribute to the function of PfA-M17? Therefore, I performed MD
simulations of both monomer and hexamer PfA-M17 to find the answers to these questions.
The recombinant PfA-M17 is truncated due to the presence of low complexity regions. I am
unable to consider the implications of this truncation in my study. I did observe that L1 in Nterminal domain was extremely flexible in both hexamer and monomer simulations. This is
likely due to the truncation of the N-terminus and the removal of protein / peptide that it
might interact with. Simulation of the hexamer showed that it supported the proper shape
of the substrate binding pockets, as the loops that involved in forming the substrate-binding
pocket in monomer simulations moved more than in the hexamer simulations. The lack of
stability of the monomer simulation also indicated that protein-protein interactions are
important for enzyme stability.
I also found that the hexamer can help to protect the active site environment, as the
important nucleophilic water is lost in the monomer simulation, but retained in the hexamer
simulations. In the other M17 proteins, the nucleophilic water was also found in between
the zinc ions of each A-type units (167, 172, 279-281), our results indicate that the assembly
of a hexamer is important to maintain the position of the catalytic water molecule for M17
aminopeptidase family.

5.3.2. Do trimers regulate the activity of PfA-M17?
My investigation into the different assemblies within the hexamer indicated that the
trimers may be capable of communication. The putative substrate entrance regions showed
opposing motion between the trimers, suggesting that the trimers drive the movement of
the substrate guiding loops in a hexamer PfA-M17. The L9 loop was found to be very
important for this motion and it appears that flexibility or dynamics in L9 is conserved among
the M17 aminopeptidase family. Among the M17 aminopeptidase crystal structures
available, all of the structures have high B-factors or missing residues in L9 (81, 167, 172,
280, 282, 283), except for the M17 from Trypanosoma brucei (284). In this M17, the L9
residues (170-177) form an extensive hydrogen network from main chains atoms and likely
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cause a more rigid loop structure. The sequence of the L3 region is not conserved shared
by the family members (81, 167, 172, 280, 282, 283), however, high B-factors suggest that
the L3 dynamics also exists in the bovine lens LAP (167) and the tomato LAP (282).
However, in Pseudomonas putida (280), Staphylococcus aureus (283) and Helicobacter
pylori (172), L3 is much shorter or even missing altogether. Thus, I suspect that substrate
guidance / entry is controlled by the coordinated motion of the L3 and L9 loops, and that in
higher organisms such as parasites, mammalian and plants, communication between the
trimers helps regulate substrate movement. However, in lower organisms, such as bacteria,
there may exist a different regulation of substrate entry and exit that does not rely on the
dynamics of L3.

5.3.3. A model for the catalytic mechanism of the M17 aminopeptidase superfamily.
The L13 loop (residues 388-391) appears to have a dynamic and fundamental role
for the M17 proteolytic mechanism. In the original crystal structure, the L13 loops had high
B-factor and this supports my results from PC2hex that L13 undergoes a radical movement.
The position of L13 is different among the available crystal structures of different M17
aminopeptidases and alignment of the structures shows the different positions (81, 167,
172, 280, 282, 283). In the Pseudomonas putida LAP, the position and stability of the loop
has been shown to be affected by the environmental pH (279, 280). Sequence alignment
of the loop region shows sequence diversity (Fig 5.13,(172). This could mean that dynamics
may be driving evolution or vice versa and providing a mechanism for different catalytic
mechanisms, regulation or even substrate specificity. My data shows that K386 is highly
mobile during the L13 movement of PC2hex. The equivalent lysine is highly conserved and
has been captured interacting with the P1 substrates in several studies (167, 172, 279, 280).
It is known to be important for enzymatic activity. Therefore, from my current study, I
hypothesize that the role of K386 in PfA-M17 is to hold the substrate at an appropriate
position for hydrolysis as well as potentially guide the product away from the active site after
hydrolysis.
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Figure 5.13. A structure-based sequence alignment of L13 regions of M17
aminopeptidases by PROMALS3D server. Consensus_aa is the conserved amino acids
among the given eight M17 proteins. In bold, the single letter amino acid code means the
amino acid is conserved at that position. Consensus_ss is the consensus secondary
structure. Shown at the bottom is the topology index defined in this study. The structural
information used here are PfA-M17 (PDB ID 3QKZ) (81), bovine lens M17 (PDB ID 2EWB)
(167); H. pylori M17 (PDB ID 4ZLA) (172); Caenorhabditis elegans M17(PDB ID 2HB6), P.
putida M17(PDB ID 3H8G) (280), Streptomyces sp. M17 (PDB ID 5LHJ ) (283), and tomato
M17 (PDB ID 5D8N) (282).

5.4 CONCLUSIONS
Summarising the biologically relevant protein dynamics from this study, my results
suggest that substrate entrance and product exit from the hexamer of PfA-M17 requires
communication between the trimers. This in turn, provides some rationale for the need for
a hexameric assembly for proteolysis. The hexamer further acts to stabilize the catalytically
competent structure of PfA-M17 and maintain a catalytic water at all times in the active site.
It is possible that assembly and / or dissocation of the hexamer may be a mechanism by
which the parasite controls proteolysis by PfA-M17 throughout different life-cycle stages.
From a biophysical perspective, future studies would need to employ hybrid QM/MM
simulations to consider the actual reaction dynamics and capture any possible movement
of the zinc ions. However, the size of this particular system currently makes such a study
prohibitively expensive in terms of computational power. Further, longer time scales for allatom MD as performed here may also benefit this work but have the same cost associated
with them. The current bottleneck of the approach is the development of affordable
supercomputers and improved simulation methods.
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CHAPTER SIX

PROTEIN DYNAMICS OF THE CLAN MA, FAMILY M1
AMINOPEPTIDASES.
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6.1. INTRODUCTION
The clan MA, family M1 aminopeptidases are recognized as attractive drug targets
for various disease states including infectious diseases and cancer (4, 81, 87, 88, 285, 286).
To date, the structures of 13 different M1 aminopeptidase enzymes have been reported
from humans, animals, insects, parasites, bacteria and archae (1, 4-6, 144-148). Four have
been captured in both their ‘open’ and ‘closed’ forms (144, 149, 216, 247). Studies on these
enzymes have postulated that the open form is catalytically inactive and exists to guide the
peptide substrate to the active site (144, 147). The closed form is considered the
catalytically active form where the hydrolysis of the P1-P1’ peptide bond occurs (144, 147).
However, the molecular mechanism that underlies the transition between the two states is
still unclear. In my previous study (chapter 3), I showed the PfA-M1 appears to undergo a
similar transition from closed to open. Prior to my study, it was assumed that the bacterial
and parasite M1 aminopeptidases may only occupy a closed form. To try and understand
how the protein dynamics may vary in different species of M1 aminopeptidase, I sought to
characterize the protein dynamics of selected representatives of the family. Understanding
the protein dynamics of different M1 aminopeptidases may prove beneficial to future drug
design due to differential dynamics producing variation in druggable pockets between the
family members.

6.2. RESULTS
6.2.1. Selection of representative M1 aminopeptidase structure for analysis.
All-atom MD simulations of large proteins remains computationally expensive and
this meant I was unable to simulate every unique M1 aminopeptidase that was present in
the protein databank (PDB). Therefore, to study the diversity in protein dynamics throughout
the whole M1 aminopeptidase family, I selected seven representative ectodomain proteins
for which there was structural information. Whilst all M1 aminopeptidases to date have been
found to have an N-terminal membrane bound anchor, the challenge of structurally
characterizing this region of the protein has precluded any structural information to be
gathered on the region. Therefore, my analysis will only consider the ectodomain of the M1
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aminopeptidase family. The selected seven structures had the following three features, (1)
coverage of the various species within kingdoms of life, (2) each must contain the four
complete domains that is characteristic of the aminopeptidase N fold and (3) had PDB
coordinates that were available to the public prior to the commencement of this study
(January 2015). It is worth noting that I excluded any member of the leukotriene A4
hydrolase family due to the fact that many members of that sub-family lack domain III (and
therefore did not fit the criteria for inclusion).
Given those caveats, I chose nine types of M1 aminopeptidases to analyze that
came from four different mammalian homologs, one bacterial and one archaea enzyme
(Table 6.1). The selection includes two open and seven closed forms of M1 aminopeptidase.
The two open forms (TIFF3 and hERAP1) also have their closed forms available for
comparison. As described before, M1 aminopeptidases exist as both monomers and dimers
(Fig 4A and 4B), and the dimers are generally membrane bound and can be found surfaceexposed or within the cytoplasm (145, 146). In this work, I focus on the dynamics of the
monomer, as not all of the selections exist in a dimer assembly and monomers are found
to be biologically functional. The dimer interactions and modelled dimer dynamics based on
monomer dynamics will be addressed later in this chapter.
To compare the variation in secondary structure, I performed a structure-based
sequence alignment of the selected M1 representatives (Fig. 6.1) by putting the PDB
structures in PROMALS3D server (239). I chose to use a structure-based sequence
alignment as a sequence only alignment (E.g. BLAST) would not take into consideration
the known structural features of the proteins. I did attempt a BLAST alignment of the
sequences, however, there was significant mismatch in domains III and IV, which disagreed
with the known domains within crystal structures. The alignment showed that the core
conserved elements included 14 β-sheets and 2 α-helices in domain I; 6 β-sheets and 10
α-helices in domain II; 5 β-sheets in domain III and 17 α-helices in domain IV. To allow me
to discuss conserved secondary structural elements across the representatives, I have
renamed the conserved secondary structures for use in later analysis (Fig 6.1). Finally, for
domain IV of the M1 aminopeptidases, I have dissected the domain into the two modules
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that were first reported in TIFF3 (149). In the alignment shown in Figure 6.1, the first module
is α14 - 19, and the second module α20 - 30.
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Table 6.1. Selected M1 aminopeptidase structures analyzed in this study.
Protein
Tricorn Interacting Factor F3
Tricorn Interacting Factor F3
Aminopeptidase N
PfA-M1
Aminopeptidase A

Aminopeptidase N
Endoplasmic Reticulum
Aminopeptidase 1*
Endoplasmic Reticulum
Aminopeptidase 1*

Species

Abbreviation
used in this
study
TIFF3

PDB ID:
chain

Resolution
(Å)

Open or
closed?

1Z5H:A

2.3

TIFF3
EcAPN
PfA-M1
hAPA

1Z5H:B
2DQ6:A
3EBG:A
4KX7:A

H. sapien
H. sapien

hAPN
hERAP1

H. sapien

Thermoplasma
acidophilum
T. acidophilum
E. coli
P. falciparum
Homo sapien

Aminopeptidase N
Sus scrofa
* Structure has bestatin bound.

open

Residues
rebuilt by
Modeller
-

Reference
(149)

2.3
1.5
2.1
2.15

closed
closed
closed
closed

608-611

(149)
(158)
(4)
(147)

4FYQ:A
2YD0:A

1.9
2.7

closed
open

hERAP1

3MDJ:A

2.95

closed

pAPN

4FKE:A

1.85

closed

891-898
486-513,
553-557
417-433, 486514, 552-555,
864-867,
893-906
-

(1)
(5)
(216)

(144)
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Figure 6.1. Structure-based sequence alignment of selected M1 aminopeptidases.
Protein names are shown on the left with the respective numbers of each protein.
Conserved secondary structure elements are boxed and nomenclature indicated at the
bottom of each box. Color codes apply as per standard M1 coloring (domain I blue, domain
II green, domain III yellow and domain IV red). Residues highlighted in yellow are involved
in dimer interfaces. GAMEN and zinc-binding motif are in red box and indicated.
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6.2.2. MD simulations of selected M1 aminopeptidase structures.
In this chapter, I have investigated the dynamics of M1 aminopeptidases by
performing MD simulations on the selected structures (Table 6.1). I performed 200 ns of
MD simulations, each with three replicates, on the closed form of EcAPN, hAPN, hERAP1,
hAPA, pAPN, and TIFF3 systems and the open forms of hERAP1 and TIFF3. The results
of the PfA-M1 simulations presented in chapter 3 are also included for comparison purposes.
To begin the analysis of M1 aminopeptidase simulations, the stability of the
simulations was checked by RMSD analysis. The RMSD values of the protein Cα atoms
were calculated and compared to the Cα atoms of each starting snapshot (Fig 6.3). The
results indicate that the RMSD of the Cα atoms in the systems increases gradually in the
first 25 ns and then remains stable to the end of the simulations. Comparing of the RMSD
average values among the production phase of the six systems, an immediate observation
is that four M1 systems (3.5 ± 0.4 Å, for closed hERAP1, 3.4 ± 0.5 Å for the open hEPRA1,
3.9 ± 0.3 Å for pAPN, 2.8 ± 1.4 Å for open TIFF3) have higher RMSD values than that of
the other four M1s (EcAPN 2.1± 0.3 Å, hAPA 2.0 ± 0.2 Å, closed TIFF3 2.4 ± 0.5 Å and
hAPN 2.3 ± 0.2 Å). This indicated that EcAPN, hAPA, closed TIFF3 and hAPN have less
global conformational changes during the simulations. Run 2 of closed form hERAP1 has a
larger RMSD (average 3.4 Å ± 0.3 in production phase) than that of the other two replicates
of hERAP1, suggesting that the conformations in run 2 are different from the other two runs.
The three runs in pAPN quickly increased to 3.8 Å in the first 19 ns and stayed steady at
3.9 ± 0.3 Å throughout the remaining simulation, indicating that a large conformational
change apparently takes place rapidly before equilibration is reached. The average RMSD
of the open TIFF3 triplicates all differed with run 1 showing a stable RMSD of 2.0 Å but runs
2 and 3 show a slow increase in RMSD at different times (run2 ~ 29 ns and run3 ~ 70 ns)
indicating a large movement within the protein at these times.
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Figure 6.3. The RMSD of each M1 aminopeptidase MD simulation. (A) closed TIFF3, (B) open TIFF3, (C) EcAPN, (D) PfA-M1, 500 ns from
chapter 3, (E) hAPA (F) hAPN (G) closed hERAP1 (H) open hERAP1 and (I) pAPN. RMSD were calculated based on Cα atoms compared to
the starting crystal structures of each system. Replicates indicated by color where run 1 = black, run 2 = red and run 3 = green.
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The detailed analyzes of root-mean-square fluctuation (RMSF) of the backbone
atoms versus the protein residue numbers from the equilibrium phase of the production MD
simulation (25-200 ns) are depicted in Figure 6.4. The immediate finding is that the catalytic
domain II and C-terminal domain IV are highly stable for all enzyme representatives,
however, with the exception of ERAP1 and TIFF3, the residues of the third domain of M1
aminopeptidases are subject to fluctuation. In both open and closed hERAP1, the residues
486–513 were missing in the PDB coordinates and were re-built with ModellerV9.13 prior
to MD simulation. The RMSF results for hERAP1 support that this region is highly
disordered with high RMSF values for both the open and closed forms of the protein (Fig
6.4). In both closed and open TIFF3 simulations, a relatively higher overall RMSF of
domains I and IV than the other parts of the protein provides hints that these two domains
undergo a large conformational change during the simulation.
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Figure 6.4. RMSF of each MD simulation. (A) closed TIFF3, (B) open TIFF3, (C) EcAPN, (D) PfA-M1, 500 ns from chapter 3, (E) hAPA, (F)
hAPN, (G) closed hERAP1, (H) open hERAP1 and (I) pAPN. RMSF were calculated from the production stage. Replicates indicated by color
where run 1 = black, run 2 = red and run 3 = green.
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6.2.3. PCA of the simulated M1 systems.
Separate PCA was performed on combined trajectories of each type of M1 system.
The atomic covariance matrix of the atomic displacement was generated and its
eigenvectors were extracted and ranked by the magnitude of the 3N eigenvalues. The
identification of relevant motion is usually described by the first few PCs that have large
contributions to the overall variance in highly complex trajectories (273, 287). To identify
how many PCs I needed to analyze, I first compared the fractional contribution of the first
three PCs extracted from each trajectory (Table 6.2). Most of these reduced subspaces
account for at least 58 % of overall PCs, indicating that PC1-3 can be used to identify the
characteristic motion of the whole system being analyzed.
Table 6.2. Fractional contribution of each PC to overall variance
System

Contribution to overall variance
PC1
PC2
PC3

TIFF3 (closed)
TIFF3 (open)
EcAPN
PfA-M1 (500 ns, chapter 3)
hAPA
hAPN
hERAP1 (closed)
hERAP1 (open)
pAPN

0.56
0.57
0.28
0.48
0.33
0.30
0.43
0.78
0.38

0.18
0.14
0.26
0.21
0.18
0.28
0.19
0.11
0.19

0.06
0.04
0.10
0.05
0.07
0.07
0.07
0.04
0.08

6.2.3.1 TIFF3
The TIFF3 simulations were the most mobile of the systems I studied. I performed
separate PCA on the two different simulations that had started from an open or closed state
of the protein (Table 6.2). The closed PCA was dominated by PC1TIFF3 (closed) that provided
56 % of the overall variance and showed an overall closing motion, so that the final
conformation was more closed than the starting position. Interestingly, in both PC1TIFF3 (closed)
and PC2TIFF3 (closed), domain I and regions of domain II (β-strands 15 to 19 and α-helices 3
to 5) move as a rigid body. In PC1TIFF3 (closed), this is by 7.5 Å away from the body of the
molecule and shows the GAMEN motif (domain II) moving by 6.7 Å (in the same direction)
(Fig 6.5A). In PC2TIFF3

(closed),

these elements swing up and down by 11° (Fig 6.5B).
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Meanwhile, domain III, together with α-helices 14 to 16 of domain IV, rotate down by 3.5°
in PC1TIFF3 (closed) (Fig 6.5A), but PC2TIFF3 (closed) shows a swing of up to 7.5° (Fig 6.5B). In
PC1, α-helices 21-28, the majority of domain IV module II (α 20-30), move 7.4 Å toward the
catalytic domain II (Fig 6.5A) but then in PC2, these α-helices rotates inside and outside of
the catalytic pocket by 8.6°. Overall, PC1TIFF3 (closed) shows a closing of the structure whilst
PC2TIFF3 (closed) maintains a distance between the junctions of domains I, II and IV. PC3TIFF3
(closed)

showed a similar movement pattern to that of PC2TIFF3 (closed) but domain III remained

still (Fig 6.5C). Combined, the movements result in a reduction in the size of the S1 pocket,
making TIFF3 more compact (closed) than its starting position. The Hingeplot and Dyndom
servers reported two potential hinges in the PC1 movement (Fig 6.5A). The first hinge is
unique amongst our selected M1 aminopeptidases and appears to account for how domain
I and domain II β-strands 15 to 19 and α-helices 3 to 5 move as a rigid body in both PC1
and PC2 (Fig 6.5A). The second hinge was located within domain IV and appears to
account for the inside and outside of the catalytic pocket rotation in α-helices 21 to 28 of
domain IV (Fig 6.5A).
The PCA of TIFF3 simulations starting in an open conformation also showed that
the molecule ‘closed’ during the simulation. Along the PC1TIFF3

(open)

(57%, Fig 6.5E)

movement, β1-6 of domain I tilts up by 3.3Å, but the rest of domain I, together with parts of
domain II (β-strands 15 to 19 and α-helices 3 to 5) rotates down by 4.3° and is similar to
that found in the closed TIFF3 PCA. The domain III swings outward by 3.7°. At the same
time, α20-29 and the upper part of α30 in domain IV rotates up toward the active site by 27°
to produce the closed conformational state of TIFF3. This conformation is similar to the final
“more closed” form of TIFF3 that was identified at the end of the closed TIFF3 simulations.
The RMSD between the closed form from closed simulations and open simulations was
only 1.2 Å versus 2.3 Å between the closed X-ray structure of TIFF3 and closed state found
in open form of TIFF3 simulations.
Hingeplot and Dyndom servers reported a hinge axis during the closing motion that
is buried deep in domain IV (Fig 6.5F). The hinge is similar to the hinge in PC1pAPN (see
section 6.2.3.7) and the second hinge in PC1hERAP1 (open) (See section 6.2.3.6) but is different
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to the hinge identified in PC1TIFF3(closed) (Fig 6.5B). Among the residues identified to bend is
F516 (Fig 6.5F). F516 is conserved among hAPA (F663), pAPN (F663), hAPN (F666), and
hERAP1 (F644) and therefore may contribute to the opening and closing of module II (α 2030) of domain IV within the M1 aminopeptidases. In the PC2TIFF3 (open) movement, domain I
together with part of domain II (β15-17 and α3-4) twisted anticlockwise by 23° (Fig 6.5G).
The loop V334-D347 (corresponding to α6 of EcAPN, hAPN, and pAPN) of domain II rotates
down by 8.3°. The domain III swings down by 6.5° and the upper part of α9-15 in domain
IV moves in toward the plane of the figure (Fig 6.5G). Taken together, this means that all of
domain I and part of domain II (β1-4 and α1-3) twist against domain IV (Fig 6.5G). In the
PC3TIFF3 (open) movement, the same rigid body (domain I together with β1-4 and α1-3 of
domain II) rotates down by 24° (Fig 6.5H). The loop V334-D347 of domain II moves up by
8.2 Å towards domain I (Fig 6.5H). At the same time, domain III swings down by 6.3 degree
and the entire domain IV move up by 4.7 Å (Fig 6.5H).
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Figure 6.5. The porcupine plot showing the projected movements of TIFF3 as described by PCA for both open and closed starting
positions. TIFF3 is shown in cartoon and colored by domain (I blue, II green, III yellow, and IV red) unless otherwise indicated. The porcupine
arrows are in cyan and scaled proportionally to the magnitude of Cα atom movement. For clarity, only movements larger than 1.25 Å are
displayed by arrows. On the top panel is the PCA of the closed TIFF3 conformation where (A) is PC1, (B) is the potential hinges and bending
residues identified, (C) PC2 and (D) PC3. In image A, the first hinge is shown with blue stick, the second hinge is shown with grey stick. The
GAMEN motif is shown in orange, α14-16 in magenta, α21-28 in wheat color. In panel B, the hinges detected in PC1TIFF(closed) by the Dyndom
server are shown. The blue cartoon shows the fixed region, and red is the mobile region. The light green shows the potential hinge residues
for the first hinge, and dark green shows the second. The potential hinge residues that are in same colors were shown nearby each hinge
region. On the bottom panel is the PCA of the open TIFF3 conformation where (E) is PC1, (F) is the potential hinges and bending residues
identified, (G) PC2 and (H) PC3. In E, (PC1TIFF(open)) α20-29 are shown in wheat. In F, the hinges detected in PC1TIFF(open) are shown. The hinge
is shown with cyan stick. The blue cartoon is the fixed region, and red is the mobile region, and hinge residues were in cyan color.
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6.2.3.2 EcAPN
Overall, EcAPN was largely stable, maintained a closed conformation and had little
to no movements within the active site. PC1 and PC2 were both significant contributors to
the overall movement identified, however, neither resulted in large domain motions. The
projected movement on PC1 indicated that domain I twists horizontally and the α-helix 1112 (residues 396 - 431) move 4.2 Å up toward domain I (Fig 6.6A). This movement is
accompanied by a 3.3° swing in domain III, a 5 Å loop movement (residues 629-634,
between α18 and 19) and a 2.6 Å movement of α-helices 29-30 (residues 836-870) in
domain IV away from the active site (Fig 6.6A). PC2 showed a 4.1 Å rotation of domain I
toward the body of the molecule and a similar swing in the position of domain III to that
identified in PC1 (Fig 6.6B). PC3 only accounted for 10 % of the overall motion but identified
a more significant movement of domain III than in either PC1 or PC2 (Fig 6.6C). Analysis
of the movement using the Dyndom server, identified residues 333-338, 347-348, 444-445,
469-480, 539-540 and 543-546 as being important to the hinging motion and two residues
(T445 and V540) that might act as hinge axis (as predicted by Hingeplot, Fig 6.6D).
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Figure 6.6. The porcupine plot showing the projected movements of EcAPN as described by PC1 (A), PC2 (B) and PC3 (C). EcAPN is
shown in cartoon and colored by domain (I blue, II green, III yellow, and IV red) unless indicated otherwise. The porcupine arrows are in cyan
and scaled proportionally to the magnitude of Cα atoms movement. For clarity, only movements larger than 1.25 Å are displayed by arrows. In
panel A, residues 396-431 are shown in orange, loop residues 629-634 (between α18 and α19) in domain IV are in black. and helices α-29 to
30 in magenta. (D) A putative hinge was identified in the PC3 projection movement. The hinge axis is shown as a yellow cylinder. The blue
cartoon is the fixed region and red is the mobile region. The hinge residues are indicated in yellow.

147

Chapter 6
6.2.3.3 PfA-M1
All analysis of PfA-M1 is outlined in Chapter 3. The PfA-M1 data has been included in parts
of this chapter for comparison only.

6.2.3.4 hAPA
No large domain motions were captured in hAPA simulations and hAPA stayed in
its closed conformation. The major motion observed for hAPA was a large movement in the
long loop within domain III (residues 559-580). PC1 accounted for 33% of the overall
movement of hAPA and consisted of a 2.1 Å downward movement in domain I with a
concomitant 15° outward rotation of α9 and the loop the links α9 to α8 (residues 445-474)
in domain II (Fig 6.7A). At the same time, the long loop of domain III swings up by 32° whilst
the rest of domain III rotates down by 7.0° (Fig 6.7A). In domain IV, α22 to α 29 and the
upper part of α30 move away from the body of the molecule by 3.0 Å (Fig 6.7A). Together
with the movements of α8-9, the S1 substrate pocket gains volume due to PC1 in these
simulations. In PC2, domain I slightly twists (3.7°) in a horizontal direction and the domain
III long loop moves randomly (Fig 6.7B). PC3 also sees domain I rotate down toward the
body of the molecule by 4.0° (Fig 6.C). In summary, PC1-3 indicated that the protein did not
experience large domain movements but experienced an overall expansion or inflation,
mainly due to the movement of α8-9 (corresponding to S1 pocket helix in PfA-M1) and the
movement of α22-30 (corresponding to the module II of domain IV). This motion is likely
related to the release of crystal constraints / crystal packing.
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Figure 6.7. The porcupine plot showing the projected movements of hAPA as
described by PC1 (A), PC2 (B) and PC3 (C). hAPA is shown in cartoon and colored by
domain (I blue, II green, III yellow, and IV red) unless indicated otherwise. The porcupine
arrows are in cyan and scaled proportionally to the magnitude of Cα atoms movement. For
clarity, only movements larger than 1.25 Å are displayed by arrows. In panel A, α9 and the
loop between α8-9 are shown in orange, and α22-29 and the upper part of α30 are in wheat.

6.2.3.5 hAPN
No large domain motions were captured in hAPN simulations and hAPN stayed in
its closed conformation. PC1 and PC2 provide similar contributions to the overall movement
(30 and 28 % respectively). PC1 sees the entire domain I move up by 1.5 Å, and α-helices
25 to 29 of domain IV toward the catalytic centre by 3.4 Å (Fig 6.8A). In PC2, domain I
rotates down by 5.6° and α-helices 25 to 27 within domain IV move up by 2.2 Å, but αhelices 28 and 29 shift down by 3.3 Å (Fig 6.8B). This split in the movement of domain IV
(the entire domain is not experiencing a rigid body motion) allows a small expansion of the
S1’ pocket of hAPN (Fig 6.8B). PC3 shows rotation in the N-terminal region of domain I by
9.1° that allows β-strand 11 and 12 to shift to the right by 3.3 Å (Fig 6.8C). The α-helices 28
and 29 from domain IV also shift in the same direction as domain I but by 4.2 Å (Fig 6.8C).
Interestingly in PC3, a α9 in domain II moved, resulting in the residue F472 (corresponding
to the Y575 in PfA-M1 on S1 pocket helix) moving closer to the zinc center residues. In total,
the PCA identified three major patterns of movement in the hAPN simulations. First, that
the domain I rotates up and down as a rigid body. Second, that domain II remains rigid in
each of the top three PCs and three, that the solvent exposed long loop of domain III
(residues 565 to V586) moves in apparently random directions.
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Figure 6.8. The porcupine plot showing the projected movements of hAPN as described by PC1 (A), PC2 (B) and PC3 (C). hAPN is
shown in cartoon and colored by domain (I blue, II green, III yellow, and IV red) unless indicated otherwise. The porcupine arrows are in cyan
and scaled proportionally to the magnitude of Cα atoms movement. For clarity, only movements larger than 1.25 Å are displayed by arrows. In
all panels, α25-27 of domain IV is in magenta, α28-29 in orange and the long loop (565-586) of domain III in black. In panel C, β11-12 is in
light blue.
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6.2.3.6 hERAP1
Similar to TIFF3 (See section 6.2.3.1), I performed two separate PCA on the
combined closed and open forms of the simulations of hERAP1. The outcomes of these
two PCAs were also similar to that of TIFF3 in that both simulations were observed overall
to undergo a ‘closing’ motion. Compared to the other M1 aminopeptidases analyzed in this
study, hERAP1 has a large loop insertion in domain II (residues 478–517, see Fig 6.1). The
two PCAs showed that this loop possesses apparently random movements in the top three
PCs of both PCAs. The flexibility observed in this loop during the MD simulations is
consistent with the experimental crystallography data, where residues 485-514 could not
be resolved in the electron density (5, 216).
The PCA on hERAP1 showed that none of the closed simulations reached an open
conformation, but each of the open simulations did reach a closed conformation in the last
50 ns. Specifically, in PC1hERAP1 (closed) (43%, Fig 6.9A), domain I rotates down by 3.2°, the
α6 of domain II together with the upper part of α23-26 of domain IV shift to left by 3.1 Å,
which constrains the S1’ pocket (Fig 6.9A). The GAMEN motif of domain II also moves
down by 3.5 Å. The whole protein moves to a more compact form than the closed X-ray
structure of hERAP1 (Fig 6.9A). In PC2hERAP1 (closed) (Fig 6.9B) and PC3hERAP1 (closed) (Fig 6.9C),
only random motions of the flexible loop were sampled, and the rest of the protein remained
relatively still.
In the open hERAP1 simulations, along PC1hERAP1 (open) , domain I rotates down by
5°, domain II and domain III barely move except that the long loop (478-518) of domain II
moves randomly (Fig 6.9D). At the same time, α21-30 significantly rotate toward the metal
centre by 34°. The upper part of α21-30 shifts 9.2 Å during this rotation and effectively
closes hERAP1. This conformation is more similar to the closed crystal state found in the
closed hERAP1 simulations than the closed crystal structure. The RMSD between the
closed state sampled in both open and closed simulations is only 1.5 Å versus 2.3 Å
between the closed state sampled in open hERAP1 simulation and closed crystal structure
of hERAP1. A group of flexible bending residues that might be involved in the closing motion
observed in PC1hERAP1 (open) were detected by the Dyndom server and a putative hinge axis
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generated by Hingeplot (Fig 6.9D). The first group of residues account for the rotation of
domain I (180-187), and include E183 that is corresponds to E319 of PfA-M1 (Fig 6.9E).
Mutation of E319 to proline was the mutation that resulted in capturing the open state of
PfA-M1 (see Chapter 3). The hinge residues of a second putative hinge are also listed in
Fig 6.9D. These residues allow for the rotation between α14-19 and α21-30 of domain IV.
In the PC2hERAP1 (open) movement, domain II rotates up by 2.4° and the domain II loop
incorporating 419-434, (corresponding to α9 or the S1 helix of domain II in the other M1s)
moves to left by 8.9 Å. This movement is accompanied by the upper part of α13-15 shifting
to the left by 5.5 Å (Fig 6.9F). In the PC3hERAP1 (open) movement, domain I rotates up and
down by 4° and the rest of the protein remained stable except for random turbulence of the
flexible loop in domain II (Fig 6.9G). In summary, the major movement from PC1-3 indicate
the protein can move to a closed form that is more compact than the crystal form hERAP1.
This movement may be mediated by the two separate hinge regions.
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Figure 6.9. The porcupine plot showing the projected movements of hERAP1 as described by PCA for both open and closed starting
positions. hERAP1 is shown in cartoon and colored by domain (I blue, II green, III yellow, and IV red) unless otherwise indicated. The
porcupine arrows are in cyan and scaled proportionally to the magnitude of Cα atom movement. For clarity, only movements larger than 1.25
Å are displayed by arrows. On the top panel is the PCA of the closed hERAP1conformation where (A) is PC1, (B) PC2, (C) PC3 and (D) is the
potential hinges and bending residues identified in PC1hERAP1 (closed). In panel A, α23-26 of domain IV are in magenta, α8-9 in orange, the
GAMEN motif in white and loop residues 478–517 in black. In panel D, F and G, α21-30 of domain IV are in magenta. The hinge axis is shown
in cyan stick, the blue cartoon shows the fixed region, and red is the mobile region. The Dyndom detected hinge residues indicated in cyan
text. On the bottom panel is the PCA of the open hERAP1conformation where (E) is PC1, (F) PC2 and (G) PC3.
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6.2.3.7 pAPN
The overall finding of the PCA for pAPN is that the simulations captured a more
compact pAPN molecule than the starting crystal structure. Specifically, in PC1, the entire
domain I undergoes a rigid body shift and rotates upward (away from the body of the
molecule) by 4°, whilst α9 of domain II also moves up by 14° (Fig 6.10A). At the same time,
α21 to 29 and the upper part of α30 in domain IV undergo a large movement toward the
catalytic centre by 12.5 Å, closing the molecule further and producing a more compact
closed state for pAPN (Fig 6.10A). Using both DynDom and Hingeplot, I identified a hinge
axis in domain IV and key hinge bending residues that might be required for the motion (Fig
6.10B). The overlapping residues from these two methods (F662, I944, K945, and G800)
might act as the hinge axis (Fig 6.10B). Interestingly, this closed form pAPN is very similar
to the recent closed pAPN dimer crystal structure (RMSD = 1.2 Å). The major difference is
the upper part of α27-30 in the closed simulation seems to constrain the size of the S1’
pocket more than what was observed in the crystal structure (PDB ID 5LDS, (247). In PC2,
domain I rotates down by 20° and α25 to 27 of domain IV move up by 4.4 Å (Fig 6.10C). In
PC3, domain I undergoes a 2.3 Å rigid body movement but the loop incorporating L88-Y96
shifts down dramatically (12.6 Å) toward domain IV (Fig 6.10D). In summary, domain I in
pAPN can also rotate as a rigid body, and the closed form from PC1 supports the recent
crystallographic data on the closed form of pAPN. In my simulations, the closing motion is
achieved by domain I rotating downwards while the second module of domain IV (α21 to 29
swings up toward the active site. The hinge axis identified for pAPN is similar to those
detected in the open conformation simulations of both TIFF3 and hERAP1.
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Figure 6.10. The porcupine plot showing the projected movements of pAPN. pAPN is
shown in cartoon and colored by domain (I blue, II green, III yellow, and IV red) unless
otherwise indicated. The porcupine arrows are in cyan and scaled proportionally to the
magnitude of Cα atoms movement. For clarity, only movements larger than 1.25 Å are
displayed by arrows. (A) PC1 where the S1 helix α9 is in orange. (B) The A putative hinge
identified in the PC1 movement by Dyndom. The hinge axis is shown in cyan stick, the blue
cartoon shows the fixed region, and red is the mobile region. The hinge residue numbers
are indicated in cyan text. (C) PC2 where α 25 to 27 are shown in magenta. (D) PC3. where
L88-Y96 are shown in orange.
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6.2.4 The mammalian M1 aminopeptidases dimers might possess the same opening
movement as were found in monomers.
The selected M1 structures for hAPA, pAPN, hAPA were crystallized as homodimers and have been reported to be functional as membrane-anchored homodimers on
the cell surface (1, 144, 147). It has been postulated that the dimerization facilitates the
conformational changes without change to the dimer interface ((147). I was curious about
the dynamics of the dimers but time did not permit the MD simulation of dimer structures.
Therefore, I decided to investigate how the monomeric dynamics may translate to a dimer.
To do this, I first looked into the conservation of the protein-protein interfaces between the
homodimers (Fig 6.11A). I found that the protein-protein interactions are located at domain
IV and mediated by the two modules of domain IV (Fig 6.11). For the protein-protein
interface of pAPN and hAPN, module I of domain IV is mostly basic and module II is acidic
(Fig 6.11C). The two regions have opposing charges, which result in attractive forces that
facilitate the interactions of the two monomers, as the dimer is linked by domain IV of the
monomers with twisted orientations (Fig 6.11). Two glutamine residues involved in the dimer
interface were found to be conserved in the M1s from higher organisms studied here (Fig
6.1 & Fig 6.11). Two conserved salt bridges were also identified in the dimer interface of
pAPN and hAPN dimers (Fig 6.11) and hydrogen bonds (10 in hAPN, 6 in hAPA, 4 in pAPN)
and water bridges (15 for pAPN, 8 in hAPA, 8 for hAPN) were pivotal to the interactions (Fig
6.11). The solvent accessible surface areas (SASA) of the protein-protein interface were
mapped and calculated for the three dimers and showed a similar value (1750 – 2050 A2,
Fig 6.11).
In the simulations of the monomeric form of these proteins, I found that the low
RMSF of the conserved Glu residues within the dimer interface (hAPA Q872 = 0.38 ± 0.01
Å and Q907 = 0.42 ± 0.02 Å; hAPN Q881 = 1.10 ± 0.02 Å and Q917 = 0.9 ± 0.03 Å; pAPN
Q878 = 0.82 ± 0.03 Å and Q914 = 0.43±0.01 Å) suggests that the movement sampled from
my simulations may not interfere the dimerization of M1 aminopeptidases.
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Figure 6.11. The dimerization of hAPA, hAPN and pAPN. The overall structure of the
homodimers in the crystal structures are shown in (A) hAPA, (C) hAPN, and (E) pAPN. The
surface of the dimer interactions are shown in (B) hAPA, (D) hAPN, and (F) pAPN. The
electrostatic potential map shows residues involved in dimerization. In B, D and F, the
modules of domain IV were shown by orange (module I) and magenta (module II). The
range of the electrostatic potential map is -2 to 2 kT. The surface area is indicated beside
the electrostatic potential legend.
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6.3. DISCUSSION
In this chapter, I performed all-atom MD simulations of a selection of six different M1
aminopeptidases starting either from their open or closed forms, and analyzed their major
movements. I used PCA to investigate if the proteases underwent a major conformational
change and found that for all six systems simulated, no closed starting conformation was
found to sample an open form. Further, the two systems that started open, each closed
during the simulation time. However, despite not sampling an opening movement, common
motions were identified within the M1 aminopeptidase family and suggest that given the
right circumstances, all M1 aminopeptidases can sample both an open and closed form.
In this study, I observed that there are three dynamic relationships or ‘rules’ that
appear to be important to allow the opening and closing motion of the M1 aminopeptidase
family. One, that domains I and IV have transient interactions with each other. In the closed
form M1 simulations (hAPA, hAPN, hAPN, pAPN), domain I was observed to interact with
domain IV in the crystal structure, but in the beginning of each simulation, these interactions
were quickly lost and domain I was then observed to move as a rigid body throughout the
rest of the simulations. Second, that domain IV can pivot on a flexible hinge that appears to
be located within α14-16, and that this hinge is what allows the enzyme to ‘open’. This is
consistent with the crystallographic studies of TIFF3 and hERAP1 that also showed a clear
gap between domain IV and domain I in the open form (149, 216). My hinge residue analysis
suggested that higher organisms (hERAP1, hAPN, pAPN) have the similar hinge axis for
the movement and conserved hinge residue were put forward, however, TIFF3 has a
different hinge axis in α14-16, which might due to the loosely packed helical assembly of
domain IV. Finally, three, that the module II of domain IV can move towards metal center
and allows the C-terminal helix of the whole protein to make contact or interact with α9 of
the catalytic domain II, thereby sealing the S1’ pocket. Interestingly, a phenylalanine residue
that was identified as a key bending residue to produce this movement is highly conserved
across the mammalian and archael M1 aminopeptidases (hAPA, F663, pAPN, F663, hAPN
F666, hERAP1, F644 and TIFF3, F516).
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6.3.1 Six movements can summarize the dynamics that were commonly observed in
the M1 aminopeptidase representatives.
My PCA of MD simulations of seven different M1 aminopeptidases identified a total
of six possible movements within the superfamily (Fig 6.12). In the TIFF3 simulations
performed in this study, I observed all six movements from the one protease (Fig 6.12). The
first is a hinged vertical swing of domain I, identified as one of the most important motions
required for the conformational change (as mentioned above). The common hinge for this
movement appears to be located between β9 and α1 in domain I. Within this hinge axis,
TIFF3, PfA-M1, hAPA, hERAP1 and EcAPN all have a glutamic acid at the same position
that is the predicted hinge residue. In pAPN and hAPN, this position has a glutamine residue.
A salt bridge between this conserved glutamic acid and a lysine residue in domain II is
known to be critical to the stability and activity of EcAPN (288). It has previously been
postulated that this conserved Glu residue (E121 in EcAPN) interacts with the aminoterminus of the substrate. My results here would also imply that disruption of this salt bridge
would disrupt a stabilizing feature of the closed ensemble. This is supported by results for
PfA-M1 also, where mutation of the same conserved residue (E319 in PfA-M1) resulted in
an inactive, open conformation of the protein. The conservation of these elements within
the whole family implies that dynamics in this area are integral to the superfamily and that
a similar vertical swing of domain I, as observed in TIFF3, would be common to all the M1
aminopeptidases.
The second commonly observed motion was a vertical rigid body shift of domain I,
which is controlled by the conserved helices α1 and α2 in domain I. Sequence conservation
of α1 and α2 is very high (Fig 6.1) and may explain why the movement is common amongst
all the candidates. The third common motion is a hinge-like swing of domain III that is
accompanied by (four) a shift in the first module of domain IV (domain III drags at first
module of domain IV), and five, a hinge-like swing of the entire domain IV toward domain II
in either direction (to close further or open). Simulation of the closed form of PfA-M1 also
suggests that domain IV moves towards domain II (Chapter 3). Finally, a horizontal rigid
body shift of module II of domain IV toward domain II. Taking these results together, and
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assuming that these movements can go in both directions, I can postulate the dynamics of
opening and closing of the M1 aminopeptidases. Thomas Schaffee (La trobe University,
Australia), a collaborator of the McGowan laboratory, produced a tree that represents
evolutionary relationships between the M1 aminopeptidases used in this study. The
structural analysis that produced this tree with be reported elsewhere, however, I have used
the tree to show the differences in the dynamics between the M1 aminopeptidases from
different species (Fig 6.12).
The dependencies or relationships between these movements also asks the
question of the evolution of the dynamics and the relationships between the enzymes. The
M1 aminopeptidase superfamily is large and diverse and how might the dynamics have
evolved over time? When I analyze the movements observed in each species and their
structural relationships (Fig 6.12), I can see that the hinged vertical swing of domain I is
connected to the movement of domain IV. For TIFF3, when domain I moves up, domain IV
swings down, but in hERAP1, pAPN, hAPN, and hAPA when domain I moves, only module
II of domain IV moves away from α5 of domain II. The largest swing motion of domain III
was observed in the lower organisms (TIFF3, EcAPN and PfA-M1) and a rotation of α9-15
of domain IV was observed in hERAP1 pAPN, and TIFF3. Therefore, it might be due to the
request of performing enzymatic tasks that involve conformational changes. Moreover, the
common dynamics in higher and lower organism are not always the same, and this might
be result from the evolutionary preference.
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Figure 6.12. Hierarchical clustering of structural similarity RMSD displayed as
unrooted dendrogram (as produced by Thomas Schaffee, La Trobe University). The
M1 aminopeptidases are shown schematically with standard coloring. Domain IV is divided
into module I and II (as shown by two rectangles). The red circles indicate mammalian
enzymes, yellow is archae, blue bacteria and green parasite. The six commonly observed
motions are shown by arrows (color coded to domain).
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6.3.2. The unique movements among the M1 aminopeptidase candidates.
Whilst there were common movements identified within all the M1 aminopeptidase
studies here, there were also elements within individual enzymes that moved entirely
uniquely to that of the other family members. The movement of β8-9 in domain I showed
major differences in its movements between the representatives. In mammalian enzymes
(hAPA, hERAP1, hAPN and pAPN), β8-9 is longer than the other candidates and maintains
a relatively stationary position throughout simulations. β8-9 in mammalian M1s is located
directly above the upper part of the module II in domain IV, and helps shape the groove
between domain I and domain IV. In contrast to the mammalian enzymes, EcAPN, PfA-M1
and TIFF3, have a shorter β8-9 that does not form contacts with domain IV and is more
flexible. In EcAPN and PfA-M1, there is ~ 9 Å between to β8-9 and domain IV. The
differences in the interactions of β8-9 and domain IV between the mammalian and lower
species provides an explanation as to why domain I in the mammalian enzymes show less
vertical rotation dynamics compared to what was found in EcAPN(PC1EcAPN), and PfAM1(PC2PfA-M1). Therefore, the evolutionary trend that favours a longer β8-9 to pack against
domain IV may slow the dynamics of domain I, promoting a closed state.
In domain II, the GAMEN motif and zinc metal center were found to be very rigid in
EcAPN, hAPA, pAPN, and hAPN. However, in both open and closed form of hERAP1 and
TIFF3, and the MD trajectory that showed an open PfA-M1 (chapter 3), I witnessed a shift
in the position of the GAMEN motif that appeared to follow domain I dynamics. The stability
of the GAMEN motif appears connected to the opening and closing motion. Once the
GAMEN starts to move, the whole enzyme will undergo a conformational change, and
following this means that when the GAMEN is stable, the enzyme is closed and catalytically
competent. Given the function of the GAMEN motif is to correctly position the substrate for
hydrolysis, this finding supports previous literature that that closed form of the enzymes are
the active forms but further implies that dynamics may be intrinsically linked to catalysis.
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The most varied motions among all the systems studied came from domain IV. It
appears that the packing and size of the helices in domain IV can influence the dynamics
of the protein. Domain IV of TIFF3 has the least number of residues and helices are loosely
packed in comparison to the other candidates. The average length of the helices is also
shorter than other candidates. Both open and closed form of TIFF3 were sampled from the
simulations, however, the open form of TIFF3 was not retained during the simulation and
the protein closed in each trajectory within 200 ns. TIFF3 is from Thermoplasma
acidophilum, an archaebacteria that lives in a high temperature, acidic environment.
Proteins from this organism therefore have to function in this environment and the high
temperature conditions may give rise to more fluctuations in protein conformations than
proteins that exist in more temperate environments. From a thermodynamics aspect, the
loosely packed secondary structure of TIFF3 may assist the enzyme in such an environment
and may be an evolved strategy for its function. In more ‘normal’ conditions (as sampled in
my MD simulation), this may translate to a protein that is more flexible or dynamic than other
representatives.
The conical domain IV also appears to have variable packing of its helices that may
account for the different movements observed. In the original analysis of TIFF3, it was
proposed that domain IV has two modules, module I (α14-19) and module II (α20-30) (149).
My analysis of the M1 aminopeptidases in this study would concur that most of the domain
IV dynamics are module dependent. Simulation and X-ray crystal structure data suggested
that the higher organisms (pAPN, hAPN and hERAP1) have unique rotation between these
two modules, and one conserved phenylalanine residue is detected as a mutual hinge
residue for the rotation. For EcAPN and PfA-M1, I did not identify movement between the
modules nor is the phenylalanine residue conserved. This might be because in EcAPN and
PfA-M1, module I is larger and has more contacts with domain II. The major difference of
module I between EcAPN and PfA-M1 and the mammalian enzymes is the position and
length of α18 and α19 that appear to sterically block rotation between modules I and II. In
the mammalian organisms, the α18 helix is an average of 5 amino acids longer than in
EcAPN and PfA-M1 and maintains a stable distance of 12 Å to domain II. α19 is very short
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and easily bridges to module II. Rotation of these two modules is observed in simulation. In
EcAPN and PfA-M1, α18 moves toward α10 in domain II, reducing the size of the S1’ pocket.
These enzymes also have a very long α19 in order to bridge module I to module II of domain
IV. This long α19 would appear to preclude any rotation between the modules. The long
α19 in EcAPN and PfA-M1 also extends beyond the globular body of the molecule, which
may be the reason why dimers are not observed in these species. The dimeric interface of
the mammalian enzymes are at the exact point that α19 protrudes in EcAPN and PfA-M1.
A previous study on PfA-M1 also suggested that the protruding tail of α19, may have a role
in substrate guidance (208), however, my results in chapters 3 and 4 would suggest that
substrates are more likely to access the active site via an opening of the protein.
In mammalian M1 aminopeptidases, α30 of module II in domain IV is ~ 20 residues
longer than that of the EcAPN and PfA-M1. This long helix lends itself to more mobility and
can move towards α9 of domain II as part of the conformational change. However, the
equivalent helix in EcAPN and PfA-M1 has a tight interaction with α9 in domain II mediated
by hydrogen bonds. This may also explain why it is harder for the less complex organisms
to open domain IV in the conformational change.
Domain III of EcAPN has the longest β-sheets of all the candidates and was
observed to have the largest swinging motion of domain III. A similar motion was observed
in PfA-M1 and this was the second largest among the candidates. I suggest that the
dynamics of domain III might be required to assist in the opening of domain IV in the lower
organisms, as module I of domain IV swings together with domain III. The domain III loops
between β22 and 23 for both EcAPN and PfA-M1 move in concert with domain II, while the
corresponding but longer loop in higher organisms (hERAP1, hAPA, hAPN, and pAPN)
moves randomly through the simulations. This concerted movement makes me suspect that
the movement may assist the movement of the domain IV.
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6.4. CONCLUSIONS
I found that the domain I of the M1 aminopeptidases can rotate and twist as a rigid
body and that the rotation of domain I may be associated with the rotation of domain IV to
aid the protease to open or close. My findings suggest that all M1 aminopeptidase enzymes
can occupy an open or closed conformation, however, the open form of M1 aminopeptidase
is the unstable form, while closed form of M1 is the stable, catalytically competent form.
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Abstract
The M1 metallo-aminopeptidase from Plasmodium falciparum, PfA-M1, is an
attractive drug target for the design of new antimalarials. Bestatin, a broad spectrum
metallo-protease inhibitor, is a moderate inhibitor of PfA-M1, and has been used to provide
structure activity relationships to inform drug design. The crystal structure of PfA-M1 with
bestatin bound within its active site has been determined, however, dynamics of the inhibitor
and the association or dissociation pathway have yet to be characterised. Here I present an
all-atom molecular dynamics study where we have generated a hidden Markov state model
from 2.3 μs of molecular dynamics simulation. Our hidden Markov state model identifies
fives macrostates that clearly show the events involved in bestatin dissociation from the
PfA-M1 active site. The results show for the first time that bestatin can escape from the
active site of PfA-M1, primarily due to weak interactions within the substrate pockets. Our
approach identifies individual dynamics and control of substrate / inhibitor movement that
could be exploited to produce selective inhibitors that can differentiate between similar
members of the M1 aminopeptidase superfamily.

Author Summary
The development of inhibitors/drug candidates typically involves understanding the precise
molecular details of their interactions with their targets. This requires a full 3-dimensional
image of the candidate bound to the target to be obtained, most commonly using X-ray
crystallographic analyzes. This approach, whilst it reveals all the atomic interactions
between the two molecules, is a static ‘snapshot’ of the final state and provides no
information on how the events before, or in indeed after association. What is essentially
needed is a ‘movie’ describing how the inhibitor/drug engages and disengages with its
target. Using molecular simulation techniques, we have mapped, in 3-dimensions, the route
by which the inhibitor bestatin can dissociate from the new antimalarial drug target, PfA-M1.
This analysis provides important knowledge that may be exploited in the design of new
inhibitors/drugs that target PfA-M1 and the large M1 aminopeptidase superfamily.
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INTRODUCTION
Bestatin, a natural product isolated from Streptomyces olivoreticuli, is a Phe-Leu
dipeptide analogue that contains an α-hydroxy-β-amino acid [1]. Bestatin is a broadspectrum inhibitor of metallo-aminopeptidases and acts via coordination of the zinc ions
within the active site of these enzymes [1]. Bestatin has been used to identify and map
protease substrate-binding pockets, providing structure activity relationships (SAR) of
various M1 family aminopeptidases, including the new malarial drug target, PfA-M1 [2-6].
PfA-M1, the M1 aminopeptidase from Plasmodium falciparium, is involved in the
digestion of hemoglobin in blood stage malaria parasites and is an attractive drug target for
the development of novel antimalarials [2, 7, 8]. PfA-M1 belongs to the clan MA family of
M1 aminopeptidases that are characterized by two conserved motifs within their catalytic
domain. The first motif, HEXHX(18)E, is responsible for the coordination of an essential zinc
ion and the second, GXMEN, is a substrate guiding motif [9]. PfA-M1 consists of a
transmembrane anchor and a large ectodomain with a canonical 4-domain fold (Fig 1A).
The X-ray crystal structure of the ectodomain identified that the active site was buried within
the core of the enzyme, with putative access points formed either between domain
interactions or through the completely helical C-terminal domain IV that forms a pore with
direct access to the active site [2].
The crystal structure of PfA-M1 bound to bestatin is consistent with a competitive
mechanism of inhibition, with the oxygen atoms of the α-hydroxy-β-peptide bond
coordinated to the essential zinc ion (Fig 1B) [2]. When bound to bestatin, the coordination
geometry of the PfA-M1 zinc ion is altered from tetrahedral to a pentahedral geometry that
is thought to lock the enzyme in an inactive transition state [2]. The S1 and S1’ substrate
specificity pockets of the enzyme have also been mapped using bestatin (Fig 1B) [2]. The
Phe moiety of bestatin occupies the S1 pocket that is predominantly formed by a flexible
loop incorporating residues 572-575 as well as a conserved methionine residue (M1034)
from domain IV (Fig 1B) [2, 10]. The S1’ pocket houses the bestatin Leu moiety and is a
large cavity that is open to the C-terminal domain (Fig 1B) [2]. The G460AMEN464 motif forms
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hydrogen bonds with the amide nitrogen of the α-hydroxy-β peptide bond as well as the
bestatin carboxylic acid group (Fig 1B).
Work from our laboratory has focussed on the design of novel inhibitors of PfA-M1
[11, 12]. A previous study modelled a peptide substrate into the active site of PfA-M1 using
bestatin as a guide [13]. A classical molecular dynamics (MD) simulation of this substratebound model indicated that the peptide substrate maintained both its conformation and
pentahedral metal coordination during a short time-scale (75 ns) [13]. To investigate
potential ligand dynamics and diffusion in and around the active site at more relevant
biological timescales, we chose to use bestatin as a model system with which to study the
binding dynamics between PfA-M1 and small molecule inhibitors.
Due to the presence of a zinc ion in the active site of PfA-M1, we recently developed
a hybrid bonded/non-bonded MD simulation model to investigate the behavior of small
molecule inhibitors that are bound to the active site of M1 aminopeptidases [14]. In our
current study, we use these parameters to perform a series of MD simulations of PfA-M1
bound to bestatin, producing a total simulation time of 2.3 μs. This sample size provided us
with a large ensemble of conformations (~230,000 snapshots) that we used to perform timestructure independent component analysis (tICA). For our purposes, tICA is a superior form
of data analysis in comparison to principle component analysis (PCA) as it allows
exploration of the independent movements that occur between protein and ligand over time
[15] and is thus well suited to studying the relatively subtle, slow active-site dynamics
occurring during enzyme-ligand interactions [16]. Further, it permits generation of a Markov
state model (MSM) to identify conformational states of protein and ligand, and transitions
between these states [17, 18]. Our analysis identified five key, metastable intermediates in
the PfA-M1-bestatin binding pathway as well as the atomic interactions that influence the
stability of the small molecule in the active site pocket. Furthermore, the transition
probability predicted that when these interactions are lost, bestatin can leave the active site
of PfA-M1. The results from this study provide a route to potent, selective inhibitors of PfAM1 by comprehensive structure-activity relationships generated from both interactions and
dynamics between the enzyme and inhibitor.
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METHODS
System preparation for MD. The starting model for MD of PfA-M1-bestatin was
PDB ID 3EBH [2]. Missing atoms and residues were modelled using Modeller 9v11[19], and
charged amino acids were modelled in their protonated states as obtained on the
PDB2PQR web server at physiological pH 8.5[20]. The metal centre was defined as
described previously [14] and the protein defined by Amber FF14SB. The O2 and O3 atoms
of bestatin were left as non-bonded atoms (no metal-bonds were linked to the zinc ion).
Bestatin underwent geometry optimisation using the HF/6-31G* basis set using Gaussian
09 D.01 [21], with atomic charges determined by restrained electrostatic potential fitting
(RESP) [22]. During geometry optimization the dihedral N2-C1-C2-C3 bond was frozen to
prevent the possibility of self-protonation. The bond constant parameters for bestatin were
defined by Parm10, the same set of parameters that used in Amber FF14SB from Amber
Tools package [23]. The protein-ligand systems were solvated by TIP3P waters in a cubic
water box with a minimum of 12 Å between the edge of the box and the protein-ligand
complex. Na+ ions were added to neutralize any charge.
MD simulation protocol. All atom MD simulations were performed by using NAMD
2.9 [24] on an IBM Blue Gene/Q cluster using our own Amber force field parameters (212).
Equilibration was performed in three stages. First, potential steric clashes in the initial
configuration were relieved with 50000 steps of energy minimization. Initial velocities for
each system were then assigned randomly according to a Maxwell–Boltzmann distribution
at 100 K. Each system was then heated to 300 K over 0.1 ns, under the isothermal-isometric
ensemble (NVT) conditions, with the protein atoms (excluding hydrogens) harmonically
restrained (with a force constant of 10 kcal mol-1 A-2). Following this, each system was
simulated for 100 ps under the isothermal-isobaric ensemble (NPT) with applied harmonic
restraints that were reduced from 10 to 2 kcal mol-1 A-2. The above equilibration process
was performed three times from the same starting structure in order to initiate three
production simulations with different initial velocities. For production simulations, the time
step was set to 2 fs and the SHAKE algorithm was used to constrain all bonds involving
172

Chapter 7
hydrogen atoms [25]. All simulations were run at constant temperature (300 K) and pressure
(1 atm), using a Langevin damping coefficient of 0.5 fs−1 [26], and a Berendsen thermostat
relaxation time of τP = 0.1 ps [27]. The Particle-Mesh Ewald (PME) method was used to set
the periodic boundary conditions (PBC) that were used for long-range electrostatic
interactions [28] and a real space cut-off of 10 Å was used. Conformations were sampled
every 10 ps for subsequent analysis. In the first round of MD simulations, three complete
simulations for PfA-M1-bestatin were performed for 600 ns. Five representative
conformations, extracted by the K-means algorithm [29], which are the central
conformations of the five most populated clusters from the first round of simulations, were
used to launch a second round of MD simulations and two replicates of each representative
structure was simulated for 50 ns (see MSM methods for more detail). All frames with time
interval of 10 ps were saved to disk.
MD Analysis. Simulation trajectories were analyzed using the GROMACS 5.14
simulation package [30]. For principle component analysis (PCA), 3N*3N atom covariance
matrices of the protein displacement in simulations were generated based on backbone
atoms (N, Cα, C, O) of the PfA-M1-bestatin crystal structure. Principle Components (PCs),
that taken together accounted for more than 50% of the overall covariance, were chosen
for essential dynamics analysis. The GROMACS 5.14 simulation package [30] was used to
project the trajectory onto the top PCs. Graphs and plots were produced with Xmgrace [31]
and GraphPad Prism7. Molecular graphics were prepared with PyMOL 1.8.23 [32] and
VMD1.9.3 [33].
Time-structure based independent component analysis. Pyemma [34] was
used to perform time-structure independent component analysis (tICA) of the combined MD
trajectories. The tICA in this study was constructed based on the methods described
previously using a lag time of 2 ns [16] [35], which was optimized for studying ligand-binding
states. The RMSD of bestatin and the metal centre residues (H496, H500 E519, and zinc)
from the reference starting conformation (from the crystal structure) was then used as the
‘feature’ parameter for tICA. The covariance matrix from the entire trajectory data was
calculated by eq. (1) [36].
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(1)

Where !"# is the covariance matrix, % is the lag time (2ns), and )" is the input RMSD feature,
which are defined as the RMSD of the selected atoms from the reference structure at time
t. The tIC eigenvectors, as well as the tIC eigenvalues were obtained by singular value
decomposition of the covariance matrix. The top two tICs (tIC1 and tIC2) were dominant
(59.9%) to the overall covariance, thus were used for the analysing essential dynamics of
bestatin binding. The MSM was constructed upon the subspaces defined by the top two
tICs.

Construction of MSM. The K-means algorithm [29] within the software program
Pyemma [34] was used to divide the conformational space into 1265 microstates based on
the top two tICs from the total MD simulations (2.3 μs). Time was then coarse-grained into
discrete intervals %. A MSM that can predict longer timescale dynamics was subsequently
built via the first-order master equation eq. (2).
.(/%) = 0 1 %.(0)

(2)

where .(/%)is a vector describing the state population and 0 1 % is the transition probability
matrix of the lag time %.
Validation and evaluation of MSM. The generated MSMs were then interrogated
by implied timescale plots using a selection of random lag times (< 20 ns) to ensure that the
model was Markovian. The timescales (%3 ) were obtained from the transition probability
matrix 0"# and defined by eq. (3).
%3 = −

5
6178 (5)

(3)

where (93 ) is the eigenvalue of the transition matrix with the given lag time %.
The MSM was then evaluated by the Chapman-Kolmogorov test to ensure the
model to be Markovian [37]. Bayesian MSMs were used for the display of statistical errors
in the test [38]. The MSM refinement followed the protocol outlined previously by Jiang et
al., [39]. Unfortunately, validation of our MSM using the Chapman Kolmogorov test showed
that the predicted model was not Markovian in nature, as none of the implied timescales
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reached a plateau and also showed poor discretization at any of the provided lag times (lag
times tested from 0.1 – 20 ns, Supp. Fig 1A). The Chapman-Kolmogorov evaluation test
[37] showed that the MSM from 1.8 μs of MD, with lag time of 5 ns, resulted in a prediction
that was too fast (Supp. Fig 1B). Therefore, our initial triplicates of 600 ns were not sufficient
for the MSM so we chose to perform additional MD sampling. We then divided the
conformations obtained from the initial triplicate simulations into 5 clusters using the Kmeans algorithm [29] and choose the middle conformation of each cluster as a new starting
point for a second round of MD simulations. Each new starting conformation was used (with
reassigned initial velocities) to perform two independent replicates of 50 ns of MD simulation,
with two replicates that had different initial velocities being completed for each cluster. We
then combined our total MD simulation (first round = 600 ns in triplicate, a second round =
50 ns in duplicate for five different clusters). The combined MD trajectories consisted of 2.3
μs or 230,000 frames with a timestep of 10 ps. Clustering the conformations [29] identified
1265 microstates. The model was tested again via the Chapman-Kolmogorov test and
found to be Markovian (Supp Fig 1C & D) so we pooled the total 1265 microstates into 5
metastable macrostates using the Robust Perron Cluster Analysis (PCCA+) algorithm [40].
These five macrostates were then used to build a coarse-grained hidden Markov state
model (HMM) using a lag time of 5 ns [41] which described transition probabilities between
the five macrostates.

RESULTS

Construction and validation of a Markov state model (MSM)
To investigate the binding and conformational dynamics of bestatin bound to PfAM1, we performed all-atom MD simulations of the PfA-M1−bestatin complex for a total of
2.3 μs. To investigate the behavior of the complex in more detail and access functionallyrealistic timescales, we performed time-structure based independent component analysis
(tICA) on this dataset using the RMSD between bestatin and the PfA-M1 metal centre (H496,
H500, E519 and zinc ion) as the tICA “feature” parameter. The top two tICs explain 59.9%
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of the movement observed between bestatin and the metal centre of PfA-M1. To generate
a free energy landscape of bestatin binding to PfA-M1, we projected our MD trajectories
onto the tIC 1 and 2 vectors and produced a 2D projection of the conformational space that
was sampled (Fig 2A). The free energy landscape identifies two major populations within
the trajectories that are separated by a large energy barrier (Fig 2A). Further, the X-ray
crystal structure was not the lowest energy conformational state observed in our study (Fig
2A).
To understand the details of the binding interactions and dynamics of the bestatin
molecule within the free energy landscape, we built a MSM with 1265 microstates on the
top two tICs. Evaluation of the implied timescale showed convergence at a lag time of 5 ns
and the produced model was Markovian as the plot was shown to plateau after 5 ns (Supp
Fig 1C). Validation, as detailed in the Methods, showed that the new MSM predicts slightly
faster kinetics than the MD simulations (Supp Fig 1D). The same trend was observed in other
recent studies using MSMs [39]. To group the 1265 microstates into meaningful
macrostates for further analysis, we constructed a coarse-grained MSM by pooling the total
1265 microstates into 5 metastable macrostates in a hidden Markov state model (HMM), as
described in Methods.

Pentahedral coordination of the zinc ion is not stably maintained
In the crystal structure, bestatin is coordinated to the zinc ion via two bonds, one
from the inhibitors’ hydroxyl group (BesO2-ZN) and a second from the carbonyl group (BesO3ZN) [2] (Fig 1B). Whilst the starting conformation of our MD simulation was taken from this
X-ray crystal structure, our MSM analysis showed that this binding pose is not stable. In
state 1 (ΔG = 4.32 kT, Fig 2B) we observed two binding conformations within the population,
that we have termed substate 1a and substate 1b (Supp. Fig 2A and 2B). In both substates,
the zinc ion remains pentahedrally coordinated via bestatin, however, the position of the
oxygen atoms that coordinate the zinc ion changes. Substate 1a is the equivalent of the Xray crystal structure, with a BESO2-Zn bond of 2.2 ± 0.06 Å and a longer BesO3-ZN bond of
2.5 ± 0.2 Å. In substate 1b, this configuration switches so that BesO3 moves closer to the
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zinc ion (2.05 ± 0.1 Å) and BESO2 moves away, lengthening the metallo-bond to 2.5 ± 0.2
Å. In the substate 1b conformation, the Phe moiety of bestatin loses its π-π interactions
with the phenol group of Y575 and can be seen to rotate within the S1 pocket (Supp. Fig
2B). This results in the movement of E572, a residue known to be flexible [10], as well as
M1034, causing a change in the size and shape of the S1 pocket. The bestatin Leu moiety
maintains a similar position in both substates 1a and 1b. The hydrogen bonding network of
substate 1b is also altered compared to 1a, with BesO2 changing its H-bond coordination to
E497OE, E463OE and E463N whilst BesO3 lost its hydrogen bond with Y580OH but has
interactions with H500N2, and E497OE (Supp. Fig 2B, Supp. Table 1). The carboxylic acid of
bestatin (BesO1/O4) forms only one hydrogen bond with A461N (Supp. Fig 2B, Supp. Table
1).
In addition to the dynamics of the zinc-ligand interactions, our results also show that
there is a rapid transition between states 1 and 2, with state 2 representing the lowest
energy conformation for bestatin (Fig 2B). State 2 has a very low free energy (ΔG = 0.51
kT) compared to state 1 (ΔG = 4.32 kT) and a forward transition rate of 9.1 µs-1 (reverse
transition is 6.0 µs-1). State 2 therefore represents the most stable binding pose and the
largest population observed in our study. Within state 2, 30 % of the conformations sampled
had lost their BesO3-Zn metal bond (distances > 3.6 ± 0.5 Å), retaining only a tetrahedral
zinc coordination via the BesO2-Zn bond (2.1 ± 0.1 Å). The loss of the BesO3-Zn metal bond
appears to allow the carboxylic group (BesO1/O4) to move deeper into the S1’ pocket via the
formation of two hydrogen bonds with G460N (Table S1). This movement of the carboxyl
group also drags the bestatin Leu moiety down into the large S1’ pocket (Supp. Fig 2C).
We also observed that the bestatin Phe group rotates similarly to that observed in state 1
(Supp. Fig 2C). There was an overall loss of four hydrogen bonds, with new bonds from
BesN2 moving closer to E497 and forming a new hydrogen bond with E497OE. The hydrogen
bond network of BesO2 is maintained as described in both substates of state 1 and BesO3
still forms a hydrogen bond with Y580OH (Supp. Table 1).

Bestatin must overcome a large energy barrier to lose zinc coordination.
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State 3 in our model represents the loss of the final metallo-ligand bond between
bestatin and the zinc ion, initiating the diffusion of bestatin away from the active site. When
the bond between BesO2-Zn is lost, the side-chain of E497 moves and fulfills the tetrahedral
coordination of the zinc ion whilst also maintaining a hydrogen bond with BesO2. The
transitions between states 2 and 3 are very rare events (Fig 2B). Both the forward and
backward transition rates calculated in our study were only 0.15 µs-1, however, once
obtained, state 3 is quite stable (ΔG = 1.8 kT). The loss of the zinc coordination sees the
entire bestatin molecule move away from the active site pulling the Phe moiety out of the
S1 pocket (Supp Fig 2D). In this state, compared to the crystal structure, S1 pocket residues
E572 and M1034 have moved 2.3 ± 0.2 Å from their original position, enlarging the size of
the pocket. The movement out of the S1 pocket appears related to a new hydrogen bond
that is formed between BesN2 and GAMEN residue A461N. The original hydrogen bonds
between the GAMEN motif and the carboxylic (BesO1/O4) oxygens are lost, and G460 and
A461 move 4.1 Å away from the active site. The carboxyl group BesO1/O4 moves further
down the large S1’ pocket and forms new hydrophobic interactions with V459 (Supp Fig
2D). The Leu group also swings towards the Phe moiety and has hydrophobic interactions
with the backbone atoms of T577 (Supp. Fig 2D).

Bestatin has two potential exit points from the active site
Once the zinc coordination is completely lost, bestatin appears to be able to move
away from the active site in two different directions (Fig 2B). States 4 and 5 represent
diffusion away from the active site and are the two smallest populations observed in the
HMM (Fig 2B). This is likely because the backward transition rates (returning to state 3) for
both state 4 (5.78 µs-1) and 5 (2.2 µs-1) are significantly higher than their forward rates (1.1
and 0.35 µs-1 respectively, Fig 2B), indicating that state 3 is the favored position. In both
states 4 and 5, the geometry of the zinc ion reverts to what is observed in the unbound Xray crystal structure of PfA-M1 (PDB ID 3EBG) where a water molecule coordinates the
zinc ion. We observe that a water molecule moves into the active site in states 4 and 5,
displacing the direct interaction of the side-chain of E497 with the zinc in state 3, and forming
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a water-mediated bridge between E497 and the zinc ion (Supp. Fig 2E). This returns the
active site to a proteolysis ready position, with the nucleophilic water in position.
In state 4, bestatin moves further into the S1 pocket, moving toward an apparent
exit to solvent that is formed by the junction of domains I, II and IV (Fig 3). In our study,
bestatin is captured at a maximum distance of 4.5 ± 1.7 Å from the zinc ion and the Phe
group forms hydrophobic interactions with Q317, E319, M1034, Q1038 and V459 (Supp.
Fig 2E). The BesO2 maintains a hydrogen bond with E519, but BesO3 only retains a hydrogen
bond with Y580OH (Supp. Table 1). BesN2 only forms one hydrogen bond with E319OE. The
carboxyl group BesO1/O4 continues its way down to the deep S1’ pocket, losing all hydrogen
bonds and hydrophobic interactions to the pocket. The Leu group swings down to
accompany the carboxylic group but has hydrophobic interactions with T576 and T577.
State 5 is the least populated state found in our study (Fig 2B). At the maximum
displacement from the zinc ion as measured in this study, bestatin has moved 6.4 ± 0.3 Å
from the zinc ion and is migrating toward the S1’ pocket / channel. Extrapolation of this
directional vector means that the molecule would leave the enzyme via the C-terminal
domain IV pore as previously hypothesized [2]. Both the Phe and Leu moieties are in the
S1’ pocket and the whole molecule is observed to migrate away from the metal center. The
Phe group has hydrophobic interactions with V493, G460 and A461 and the Leu moiety
also has hydrophobic interactions with S1’ pocket residues 575-577 and Y580 (Supp. Fig
2F). The BesO2 and BesO3 form no hydrogen bonds in state 5, whilst BesN2 reforms a
hydrogen bond with E497OE. The carboxylic oxygens (BesO1/O4) move towards Q1038,
however, measurements indicate that they are still too far to form a hydrogen bond. Finally,
in contrast to all other states, bestatin does not form a hydrogen bond to Y580.

Overall dynamics of PfA-M1 throughout simulations
We investigated the overall stability and dynamics of the PfA-M1 protein throughout
the MD simulation. Root mean square deviation (RMSD) of the backbone atoms in
simulations stabilized at 2.1 ± 0.1 Å indicating that the protein underwent no large rigid body
motion (Supp Fig 3A). Any potential global conformational transitions were investigated by
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principle component analysis (PCA) with a distance matrix defined by the protein backbone
atoms. Our PCA identified that principle component 1 (PC1) and 2 (PC2) contributed 45 %
to the overall variance whilst PCs 3-5 accounted for 11.3 %. Inspection of PC1 and 2 shows
a small concerted motion of all domains that likely results from the release of crystal
contacts (Supp Fig 3B). Investigation at the residue level identified that the volume of the
S1 pocket is increased due to outward movement of S1 helix (residues 570-575) and M1034
(Supp Fig 3C). The GAMEN motif residues also moved marginally with E463 and N464
moving 0.5 Å towards the S1 pocket, while G460 and A461 move up by 0.7 Å (Supp Fig
3C). The overall result of PC1 and PC2 dynamics produces an S1 pocket that is altered
compared to the crystal structure and indicates that the slightly confined S1 pocket
observed in crystal structures may be due to packing constraints.

A model for the binding and dissociation of bestatin
The five states identified in the HMM offer a chance to provide a reasonable model
for the association and dissociation of bestatin to PfA-M1. Whilst our data only models
diffusion away from the active site, the transition rates in combination with previous studies
indicate a probable series of events.
The most stable interaction observed throughout our entire study was a hydrogen
bond between Y580 and bestatin. Y580 is a key residue in the catalytic mechanism of the
M1 aminopeptidases [2, 5, 42], where it binds to the substrate P1 carbonyl oxygen in the
tetrahedral transition state, reducing the activation energy of the hydrolysis reaction [13, 42].
If one considers then, that the interaction between Y580 and bestatin is one of the primary
drivers of position and stability (as supported by our current MD data), then state 5 may
represent the approach of the inhibitor to the active site (pre-binding). In all other states in
our study, Y580 shares at least one hydrogen bond with bestatin and could be considered
associated, if not bound, to the active site.
The transition from state 5 to state 3 is highly favoured, indicating that this is the
likely direction of movement of bestatin (Fig 2B). In state 3, we observe the first interaction
with the GAMEN motif, a recognized substrate guiding region (Supp. Table 1) [2, 5, 42].
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From state 3, there are two main options for the inhibitor, neither of which occurs rapidly
(Fig 2B). It can move into a more favourable energetic position and form more interactions
with the GAMEN motif and other catalytic residues, including the zinc ion (state 2) or it can
move pass the active site toward the N-terminal exit (state 4). The transition rates for either
of these directions are low (compared to a return to state 3) and represent very different
outcomes. A move to state 2, that has an equally high energy barrier to any direction of
movement, represents true binding of the inhibitor to the active site. The equal rates of
transition between directions is consistent to the biological activity observed in experimental
inhibition assays, where a linear inhibitory kinetics are observed [10]. A move to state 4 may
represent the dissociation of the inhibitor from the enzyme, and ultimately an egress route.
State 1 can be accessed with equal efficiency from state 2 and likely exists due to
the crystallography data. Analysis of the interconverting binding poses within state 1 (1a
and 1b) shows that the bestatin pose is not stable and our PCA shows us that the size of
the S1 pocket increases in the absence of crystal contacts. The hydroxyl ketone oxygens
move between a first and second shell coordination of the zinc ion, resulting in the two
distinct populations that we have called substate 1a and 1b. Transition from state 1 to 2,
our lowest energy state, shows that 70 % of the population retain this dynamic pentahedral
coordination, however, the remaining 30 % revert to a tetrahedral. The same tetrahedral
geometry is also observed in state 3, where E497OE fulfills the zinc coordination, suggesting
that the loss of zinc coordination by bestatin may be due to competition by E497OE.
Previous studies by Jones et al., showed that pentahedral coordination of the zinc
ion was unchanged throughout their MD simulation of a modelled substrate-bound PfA-M1
[13]. However, their MD parameters placed dummy atoms around the zinc ion (a nonbonded model) and charge distributions were determined empirically by test simulations
[13]. This raises the concern of unrealistic charge distributions amongst first shell atoms [43]
and may account for the difference in the stability they observed versus the dynamic
coordination observed in our current study. Our hybrid force field parameters are
appropriate for the tetrahedral metal geometry of the M1 aminopeptidase active site and
allow non-polarised waters near the zinc ion to move, describing a more realistic protease
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active site. In validation studies of our force field parameters, two waters were identified in
the second shell of Harding’s bond cut-off (2.1 Å, occupancy of 100% and 2.6 Å, occupancy
of 90%) [14]. This finding suggests that our force field parameters can simulate both
tetrahedral and pentahedral geometry of zinc binding area but may show a slight preference
for retention of tetrahedral geometry. In this study, our starting model had pentahedral
geometry between bestatin and PfA-M1. One limitation of our study is that the nonpolarizable force-field used to model coordination bonds might decrease the accuracy of
modelling the real electric distribution around the metal ion. However, this remains a
challenge to all of the parameterization methods of metallo-proteins in classical MD
simulations [44-49]. The polarization of the inhibitor changes depending on its vicinity to the
metal ion, when coordinated it is polarized but if it moves away from the metal ion, it will
become non-polarized. Given that we are unable to change the polarization state of the
inhibitor during a classical MD simulation, we chose to model bestatin in a non-polarized
state so that when the inhibitor moves away from the metal centre, the non-polarized
inhibitor is appropriate within the area defined by a classical force field.

DISCUSSION
Excluding viruses, M1 aminopeptidases are distributed throughout all phyla, and
have been implicated in a wide range of functions including cell maintenance, growth and
development, and defense [50]. The catalytic domain and active sites of the M1
aminopeptidases share the highest % sequence identity within the superfamily and includes
conservation of key residues involved in the proteolytic mechanism [50]. Understanding the
dynamics of the active site and S1 / S1’ substrate pockets may provide new avenues to
selectivity and potency of inhibitors, not only for the production of antimalarials, but also for
inhibitors of the human cancer target, Aminopeptidase N (APN) [51].
With the exception of APN, the bestatin bound M1 aminopeptidases show a
conserved binding mode wherein the backbone hydroxy ketone of bestatin coordinates the
active site zinc ion [2, 5, 42, 52-57]. In APN, it is the terminal carboxylic acid that coordinates
the zinc, which results in a completely different binding pose [6]. Comparison of the
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canonical vs APN binding modes indicates that the APN substrate-binding pocket is wider
than those in homologous enzymes, which allows or even promotes a different bestatin
binding pose. Interestingly in our study, relaxation of the crystal contacts also produced an
increase in size of the S1 substrate pocket that immediately resulted in fluctuations in the
position of the Phe ring. Rotation of the Phe ring when bestatin is bound is also not unique
to PfA-M1, as other crystal structures have identified different positions of the Phe ring [2,
5, 42, 52-57]. Positioning of the Phe ring relies on π-π stacking in PfA-M1 as well as in
porcine Aminopeptidase N and the human Aminopeptidase A [4, 58]. Improving the strength
of the interactions with S1 pocket residues would stabilize the inhibitor directly via stronger
bonds as well as by limiting the flexibility of the pocket.
Dynamics within the S1 pocket of PfA-M1 has been observed previously but were
assumed to be result of an induced fit of bulky inhibitor molecules [10]. However, our
analysis in this study shows that the substrate specificity pockets may be inherently flexible
and not simply ‘pushed’ by a bulky inhibitor. E572 and M1034 have been identified as
flexible cap residues in multiple studies [10, 13, 59, 60]. In a recent study, Rosati et al
confirmed that E572 and M1034 promote broad specificity and enhance catalysis but that
replacement of these residues with those of the E. coli aminopeptidase N did not promote
catalytic efficiencies that are observable for the E. coli enzyme. Their conclusion was that
there are factors beyond sequence that drive catalytic efficiency in the M1 aminopeptidases
[60]. Our study shows that at least one other factor to consider is protein dynamics. Inducing
rigidity into the substrate pockets, via engineering stronger interactions between ligand and
protein, may aid potency of inhibitors.
Random accelerated MD of APN bound to bestatin suggested that there were three
potential pathways for ligand dissociation [61]. The major channel was the large C-terminal
domain IV pore [61]. The other two less populated routes were located at the junction of
domains I, II and IV and from the catalytic domain [61]. Our current study suggests a model
for bestatin binding and dissociation that involves only two different intramolecular routes.
The route that the ligand takes appears dependent on the dynamics of the S1 pocket. In all
observations made in this study, the S1 pocket is made larger by the movement of E572
183

Chapter 7
and M1034 away from the zinc ion. Once these residues are 2.7 Å from their stating position,
the GAMEN motif is also able to move away from the zinc and destabilizes the position of
the bestatin carboxylic acid. The concurrent movement of the bestatin molecule allows
E497OE to compete with the BesO2 for coordination to the zinc, and if successful, can break
metal coordination with the ligand. From this point, E572 and M1034 act as gates. If both
continue to move and open, the S1’ pocket is no longer contained and the ligand can
migrate through the S1 and exit the molecule via the smaller channel formed by the junction
of domains I, II and IV. However, if the position of E572 and M1034 stabilizes, then diffusion
of the molecule occurs via the internal channel formed by the helices of domain IV.
Some members of the M1 aminopeptidase family have been shown to undergo a
radical conformational change that ‘opens’ the protease, exposing the active site to solvent
[5, 55, 62]. Analysis of ‘open’ conformation of the M1 aminopeptidases shows that the S1
pocket is poorly organised [62, 63]. An open conformation of PfA-M1, nor any bacterial
homologs characterised to date, has never been observed experimentally, despite
resolution of numerous X-ray crystal structures [2, 10-12, 59, 64-66]. Despite these
differences, it appears that dynamics in the structure, shape and size of the S1 pocket of
these enzymes is still key to their specificity and ultimately, their inhibition.

CONCLUSIONS
The results of this study raise significant findings with regard to how to model
inhibitor behavior for the M1 aminopeptidases. The method of choice for structure-activity
relationships is often X-ray crystallography, which provides powerful atomic information
about key interactions between enzyme and ligand. However, as shown here, dynamics
should not be overlooked. Our results show that our crystal structure of PfA-M1 bound to
bestatin is likely artificially restrained by crystal contacts and consequently displays a
smaller S1 pocket. The change in size of the S1 pocket has profound effects on the
movement of the P1 inhibitor moiety, the Phe ring. Likewise, dynamics of the S1 pocket
also appear to dictate inhibitor egress from the active site (and possibly entrance) and show
key residues to target to improve potency by stabilizing both the inhibitor and target. Finally,
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the identification of preferred routes of entrance and egress provides new avenues to
promote selectivity within the enzyme family. Individual dynamics and control of substrate
movement could be exploited to produce selective inhibitors that can differentiate between
similar members of the M1 aminopeptidase superfamily.
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Figure legends

Figure 1. The crystal structure of PfA-M1 bound to bestatin. (A) A cartoon model of the
X-ray crystal structure of PfA-M1 bound to bestatin, where the protein is colored by domains
(I blue, II green, III yellow, IV red) and the zinc ion is shown as a grey sphere. (B) Inset
zoom shows the carbon atoms of bestatin as pink sticks and PfA-M1 carbon atoms by
domain color. Hydrogen bonds are shown as black dashes and metal bonds as red dashes.
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Figure 2. The free energy landscape and HMM PfA-M1-bestatin simulations. (A) The
free energy landscape projected onto tIC1 and tIC2 as indicated on the axis. Free energy
(kT) color legend is shown on the right of panel. (B) The estimated coarse-grained HMM of
the bestatin diffusion process. The yellow circles represents a bestatin macrostate
(numbered 1 – 5) and the diameter of the circle is scaled to be proportional to the population
size. The estimated exchange macrostates were shown by the gray arrows and the
thicknesses of the arrows are proportional to the exchange rates. Actual rates are indicated
along arrows in text (µs). The metal center residues (H496, H500, E519) are shown in lines
(representative from 10 frames automatically generated by the PCCA module of Pyemma)
and the zinc ion in grey sphere. Carbon atoms of bestatin are shown in pink (X-ray crystal
structure position) or cyan (representative from 10 frames from respective state). The
molecular images were generated by VMD1.9.2 software (237).
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Figure 3. Cartoon model of the channels within PfA-M1. The protein is colored by
domain. The channel formed by the junction of domains I, II and IV is shown in solid blue
and the C-terminal channel in red. The image was generated using CAVER3.0.2 software
(289) from 3EBH.
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Supplementary Information

Supplementary Figure 1. Construction and validation of the MSM. Implied timescale
test based on (A) first round MD simulations and (B) combined (two) rounds MD simulations.
The color lines are automatically generated from the 10 representative slowest implied
timescales with a range from 1 to 20 ns. The solid lines are from MD data and the dashed
lines from the prediction of timescales. The shaded area is the error bars assigned by
bootstrapping calculations, which represent the uncertainties in the values of prediction of
MD data. The Chapman-Kolmogorov test based on (C) first round MD simulations and (D)
combined (two) rounds of MD simulations. The solid black line is the prediction from MD
data and dashed lines the prediction of the constructed MSM. Panels show the prediction
of the given MSM model quantity for lag time kτ (1->1, 2->2, 3->3, and 4->4) as well as the
comparison to an independently estimated a model at kτ.
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Supplementary Figure 2. The protein-ligand interactions of HMM macrostates. The
interactions between bestatin (crystal structure is pink stick, HMM conformations from 10
frames are cyan sticks) and PfA-M1. Residues within 4.5 Å of the bestatin are shown in
lines, colored by domain. The zinc ions (grey) and water molecules (red) from macrostates
are shown in spheres. The internal surface of PfA-M1 pockets is shown by electronic charge
distributions. Hydrogen contacts are in yellow dashes. Metal-bonds are in red dashes.
Water bridges were in blue dashes. (A) Sub-state 1a. (B) Substate 1b. (C) State 2. (D) State
3. (E) State 4. (F) State 5.
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Supporting Figure 3. The projected PC1 and PC2 movements of PfA-M1. Porcupine
plots of PC1 (A) and PC2 (C) show the cartoon model of PfA-M1 colored by domain. Pink
arrows depict positive PC directions and gray arrows negative PC direction. Arrows are
proportional to size of movement. Overall size of domain movements indicated by arrows
and measurements. In the inset zoom boxes, the details of the S1 pocket expansion in both
PC1 (B) and PC2 (D). In orange, the starting position of the S1 helix shows that it moves
outward, making the pocket bigger. In cyan, shows the movement of the GAMEN residues.
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Supplementary Table 1: Metal and H-bonding network present in HMM macrostates
where grey shading indicates the bond is present. Dark grey indicates 100% occupancy,
while light grey indicates 30% occupancy.
HMM state
Bond Info.
Metal Bonds
H496NE-ZN
H500NE-ZN
E519OE-ZN
BesO2-ZN
BesO3-ZN
E497OE-ZN
WaterO-ZN

1
1a

2

3

4

5

1b

30%

Hydrogen bonds
BesN2-E519OE
BesN2-E463OE
BesN2-E319OE
BesN2-E497OE
BesO2-H500NE
BesO2-H496NE
BesO2-E497OE
BesO2-E463OE
BesO2-E463N
BesO2-E519OE
BesO2- Y580OH
BesO3-Y580OH
BesO3-H496NE
BesO3-E497OE
BesO3- H500NE
BesO3-E519OE
BesN1-A461O
BesN1-E497OE
BesO1/O4-A461O
BesO1/O4-A461N
BesO1/O4-G460N
Hydrogen bonds defined as 3.0 Å ≤ distance between donor and receptor ≤3.5 Å.
Residues = GAMEN
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CHAPTER EIGHT - DISCUSSION

203

Chapter 8
Members of the M1 and M17 aminopeptidase superfamilies play crucial roles in the
cellular metabolism. Inhibition of their activity can modulate chronic and infectious diseases,
for example modulation of hyper tension, control of tumor growth and treatment of malaria
(4, 98, 104, 125, 126, 131). The development of specific, potent inhibitors of the two types
of protease offers a new route to treatment for such diseases (4, 98, 104, 125, 126, 131).
The ability to produce selective and potent inhibitors for different members of a superfamily
requires precise knowledge of the mechanism of action, architecture of the target and their
potential dynamics, key data that can be exploited in future inhibitor design.
The PfA-M1 and –M17 proteins are attractive new antimalarial drug targets. The
protein dynamics that relate to their enzymatic function remain unknown. This knowledge
is important to broaden our understanding of the protein superfamilies and may contribute
to the design of new inhibitors / drugs. With the new parameters for the MD simulation of
M1 and M17 aminopeptidases designed and implemented in this research, I performed
classical MD simulations on seven M1 aminopeptidase enzymes (including PfA-M1) and
PfA-M17. These studies shed light on the intramolecular pathways that the substrate may
take to enter the active sites of PfA-M1 and -M17 and address the evolution of protein
dynamics within the M1 aminopeptidases. In light of the different protein dynamics identified
from this thesis, the results are important new target residues for the production of potent
and selective inhibitors to target PfA-M1.

8.1 The hybrid FF for the simulation of M1 and M17 aminopeptidases.
MD simulation of the M1 and M17 aminopeptidases by a classical MD approach
meant that I had to tackle one of the toughest problems in classical MD, how to accurately
parameterize the metal ions (197, 199, 201, 249, 290, 291). Most classical FFs used in MD
simulations describe only covalent bonds and electrostatic interactions, and lack the ability
to correctly model the dynamic polarization of coordinated metal centers (292). Three main
strategies have been employed to generate models of metal-containing sites for simulations
including “nonbonded” (197), “semi-bonded” (293) and “bonded” (196) models. Whereas
nonbonded models use non-covalent interactions to define metal centers (294), the semi204
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bonded model places dummy atoms around metals to mimic the electron orbitals (204). In
contrast, the recent Zinc Amber Force Field (ZAFF), an extension to the AMBER FF for
simulating zinc-containing proteins, uses a bonded model to define the metal-ligand bonds
(201). This model extracts artificial metal-bond constants (angles, bond fluctuations) and
partial charge distribution for the metal centre as defined by the required quantum
mechanics (QM) single point and frequency calculations (201). The accuracy of the FF can
be determined by comparing the normal mode (NM) frequencies of molecular mechanics
(MM) to the QM frequencies (201). The ZAFF describes 12 unique zinc-containing proteins
with a bonded-model, but did not include the M1 and M17 aminopeptidase metal centres.
In this study, I considered the advantages and disadvantages of the three models
available and chose to use a hybrid bonded/non-bonded approach to generate unique
parameters to accurately model the zinc-protein interactions, while leaving all other ligands
unrestrained. The hybrid bonded/non-bonded approach (recently described in (292)) allows
us to more accurately study the behavior of weakly-bound small-molecule inhibitors, as well
as the exchange of the nucleophilic water molecule(s) in the active sites of both enzymes,
providing the basis for a more accurate depiction of the catalytic mechanism of M1 and M17
aminopeptidases. When a M1 or M17 aminopeptidase is simulated bound to ligand, there
is likely to be a small cost to the accuracy of the metal center geometry due to the nonpolarized metal center. The benefits of my hybrid FF include that the metal center geometry
is maintained throughout the simulation and that the FF can be used to do comparative
studies of unbound and ligand-bound targets.
The hybrid FF parameters are appropriate for the tetrahedral metal geometry in M1
and zinc 1 in the M17 aminopeptidase active sites. In the evaluation studies of our FF
parameters, two waters were identified in the second shell of Harding’s bond cut-off both in
M1 (2.1 Å, occupancy of 100% and 2.6 Å, occupancy of 90%) and zinc position 1 in M17
(2.1 Å, occupancy of 100% and 2.7 Å, occupancy of 80%) (212). This finding suggests that
the hybrid FF parameters can simulate both tetrahedral and pentahedral geometry of zinc
binding area but may show a very slight bias for retention of tetrahedral geometry. However,
neither the bonded model nor semi-bonded model is able to simulate the two situations
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within one simulation, and supports that my decision to produce a hybrid FF is the most
appropriate for this biological system.

8.2. The protein dynamics of the clan MA, M1 aminopeptidase superfamily.
The protein dynamics of seven selected M1 aminopeptidases were studied in this
thesis. The results show that all M1 aminopeptidases likely have the potential to sample
both an open and closed conformation. In my study, I performed MD simulations of between
200 – 600 ns and in all systems and all replicates, I observed that only PfA-M1 went from a
closed to open conformation in one trajectory. However, the simulations of the open form
M1 aminopeptidases (TIFF3, hERAP1) showed that the proteins rapidly closed, reaching a
closed conformation within 20 - 100 ns. This result indicates that open state of M1 is
energetically unfavorable and may be sampled rarely. Future drug development should
therefore still focus more on obtaining high affinity to the closed form M1 aminopeptidases
or looking for inhibitors for the twisted closed form M1 in order to prevent M1 from opening
again. Overall, my MD simulation of the M1 aminopeptidases shows that it is likely that
simulation of their opening and closing events would require MD simulations of longer timescales, likely microseconds to even seconds. Enhanced sampling and especially biased
enhanced sampling might be helpful to access meaningful comparison to biological
timescales. This could be achieved using next generation GPU accelerated supercomputer
clusters in the future. Other factors that may influence the opening and closing might include
physiological changes or concentration of the substrate present in the local environment.
To compare the various M1 aminopeptidase representatives I studied in this thesis,
I produced a conserved M1 aminopeptidase ‘core’ structure (Fig 6.1). The analysis of the
dynamics of the M1 aminopeptidase core structure indicated the highly conserved catalytic
domain II was rigid and showed the least dynamics. Domain II has the highest sequence
identity amongst the M1 aminopeptidases. The dynamics of domain I showed a common
rotation and hinge motion. The scale of this motion in TIFF3 was larger than in the other
representatives, likely due to the fact that domain I is more loosely packed. The loosely
packed domain I can be explained by the evolutionary trend of M1, which tends to form
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larger domains I and IV with more α-helices and β-sheets for higher organisms but smaller
domains in the more ancient types. The fact that TIFF3 exists in high temperature and low
pH may also related to its more loosely packed structure. The loosely packing of TIFF3
might be a built-in strategy for the protein to make conformational changes more easily
under such conditions.
In the bacteria and parasites, the β-sheets of domain III were larger than in the
mammalian enzymes and found to be more mobile. They are 2+ more β-strands that are
each 4 amino acids longer in each of the major β-sheets, and have similar flexible loop
connections to domain II and IV to that of the higher organisms. This might account for scale
of domain III movement being larger in lower organisms than in the higher organisms. The
dynamics of domain III might be an important aspect to help the lower organisms undergo
the conformational change to open. The lower organisms appear to rely on rigid body
movement of domain IV to open, which is different to the higher organisms. It is possible
that the larger domain III swing helps to pivot domain IV in bacteria and parasites.
Domain IV shows complexity in its dynamics that appears related to the packing of
the domain IV helices. Domain IV can be effectively divided into two modules, module I
(α14-19) and module II (α20-30). Module I in EcAPN and PfA-M1 is larger and contains the
long α19 that is easily identified in all representatives studied here. The packing of the
module II helices 20 -30 in the bacterial and parasite enzymes was also found to be tighter
than the higher organisms and the archae. For example, in EcAPN and PfA-M1, α18 is
close to domain II, while the corresponding helix in the higher organisms is 5 amino acids
longer in length and maintains a distance of 12 Å to domain II. Module I of the bacterial and
parasite enzymes moves in concert with the swing movement of domain III. Whilst the
opening of PfA-M1 relies on the movement of entire of domain IV, the higher organisms rely
more on the movement between the two modules in domain IV. Therefore, the evolutionary
trends of the M1 aminopeptidase appears to show that the formation of smaller β-sheets in
domain III coupled with less contacts between module I and domain II results in a protein
that can open more easily.
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The opening and closing event of the M1 aminopeptidases must involve changes to
interactions between residues from domain II and IV. Investigation into these interactions
showed differences in the electrostatic potential of the interactions between the various
species. In the mammalian and TIFF3 enzymes that open more readily, the interactions
between domains II and IV are mostly hydrophobic. In the lower organisms, the interactions
are hydrophilic. The interactions between domains II and IV likely control or contribute to
the open and closed states and need to change to allow the protein to open and close.
Therefore, more hydrophilic interactions between the two domains is likely to keep the
interactions intact, keeping the protein in a closed state. Hydrophobic interactions might
decrease the attraction between the two domains and allow the protein to open more easily.
This finding might explain why M1 aminopeptidases in the higher organisms are more
readily able to sample the open conformation. Additionally, for TIFF3, domain IV is loosely
packed with shorter α helices but longer loops, which also favors a ready switch between
conformations.
One important caveat of my study is that the enzymes examined in this thesis were
investigated in their monomeric form, however, for the mammalian enzymes, there is
evidence of functional dimers (in addition to monomers)(147). Analysis of the dimer
interface of hAPA, hERAP1, hAPN and pAPN suggests that the dimer interactions are
conserved and mediated primarily at the solvent exposed pore of domain IV (Fig 6.11).
Dimers have never been reported in bacterial or parasite M1 aminopeptidases and
inspection of their domain IV shows that their longer α19 likely prevents formation of a dimer
as observed for the mammalian species (hAPN, pAPN, and hAPA). In EcAPN and PfA-M1,
the protrusion of the long α19 likely prevents the dimer formation. TIFF3 has short α-helices
in domain IV and does not share the conserved dimer interactions with higher organisms,
therefore, TIFF3 is also less likely to form dimers. Conserved glutamine residues were
identified at the dimer interface of hAPN, hAPA and pAPN, and analysis of their RMSF
throughout simulation showed little turbulence (RMSFs between 0.4 – 1.1 Å). This suggests
that the motion observed in my simulation may not interfere with a dimer interaction.
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8.3. Insight into the dynamics in PfA-M1 can guide future antimalarial drug design.
PfA-M1 is an essential hemolysin in P. falciparum. Its ectodomain consists of four
separate domains with the active site located in the catalytic domain II. Prior to this study,
no open form of PfA-M1 had been observed and it was assumed to not sample an open
conformation (4). This meant that the active site was effectively buried from bulk solvent
and asked the question of how a peptide substrate and small molecule inhibitors accessed
the active site (4). Studies performed in this thesis aimed to shed light on possible
intramolecular routes that peptide substrates or inhibitors may take to access the active site.
A combination of computational biology, including MD and SMD, as well as experimental
biology was used to (a) show that the design of small molecule inhibitors need to consider
the dynamics of the substrate binding pockets, (b) show that a six amino acid hemoglobin
derived peptide can be cleaved by PfA-M1; (c) show that despite earlier evidence, PfA-M1
can indeed sample an open conformation.
To investigate potential ligand dynamics and diffusion in and around the active site
at more relevant biological timescales, I chose to use bestatin as a model system with which
to study the binding dynamics between PfA-M1 and small molecule inhibitors. The
dissociation of bestatin within PfA-M1 pocket was interrogated by a series of MD simulations,
producing a total simulation time of 2.3 μs. This sample size provided a large ensemble of
conformations (~230,000 snapshots) that I used to perform time-structure independent
component analysis (tICA). The tICA permitted the generation of a Markov state model
(MSM) to identify conformational states of protein and ligand, and transitions between these
states. The obtained HMM states also provided a model for the association / dissociation of
bestatin from PfA-M1. The results of this study show that a change in size of the S1 pocket
has profound effects on the position of a P1 inhibitor moiety and that the dynamics of the
S1 pocket also appear to dictate inhibitor egress from the active site (and possibly entrance).
I identified key residues to target to improve potency by stabilizing both the inhibitor and
target. The individual dynamics and control of substrate movement could be exploited to
produce selective inhibitors that can differentiate between similar members of the M1
aminopeptidase superfamily.
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The study on the dissociation of bestatin from PfA-M1 arose from a total of 2.3 µs
of MD simulation. During all of this time, the dynamics of the protein were found to be very
stable and maintained a closed conformation. In contrast, my other study of the unbound
PfA-M1, that provided a total of 1.5 µs, identified an open conformation of the protein. The
open form of PfA-M1 was similar to the published open crystal structures of hERAP1, pAPN
and TIFF3 (1, 149, 216) (Fig 3.10). Analysis of the free energy of the trajectories suggests
that there is a significant energy barrier (4.53 kT) between the open and closed form of PfAM1. The closed form of PfA-M1 has a low free energy and this barrier is the likely reason
that the open form of wild type PfA-M1 has not been captured in crystallographic studies to
date.
To provide experimental validation of the computational result, I attempted to identify
the ‘hinge’ residues that were involved in the motion to open PfA-M1. Potential hinge
residues were mutated and mutant proteins analyzed for structure and function. The
mutants produced in this study showed compromised aminopeptidase activity, however,
their crystal structures provided no direct evidence for any conformational change. In a
separate study, mutagenesis of residues involved in a key salt bridge between domains II
and IV did result in the resolution of a structure of PfA-M1 that was in the open conformation
(McGowan lab, unpublished). This mutant, PfA-M1 (E319P), was catalytically inactive and
the structure obtained was of low resolution (3.5 Å). Key elements of the active site (e.g.
GAMEN motif) were missing in electron density. This is consistent with other studies of the
open forms of M1 aminopeptidases that show that the active site / substrate pockets are
poorly organized in the open conformation (149, 295). Comparison of the structure of PfAM1 (E319P) and my MD model showed that both open crystal structure and the open form
in simulation data rotates domain I up and leaving huge gap between domain I and domain
IV, however, the open PfA-M1 crystal structure opened a gap between domains II and IV
as observed in other open form crystals, while the simulation structure did not sample this
conformation (1, 149, 216). The simulation data is in a less open form compared to the
crystal structure. This suggests that simulations need a longer time scale to sample the
complete dynamics in relation to the opening between domains II and IV.
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The identification of an open form of PfA-M1 changes the way we would view
substrate access to the active site. The intramolecular routes that have been proposed from
the bestatin study may still be possible. Although my PfA-M1-bestatin simulations still needs
QM/MM approaches to evaluate the possibility of bestatin escape routes, the long classical
simulations indicate that small inhibitors such as bestatin might stop M1 from
opening.Moreover, it is now far more likely that the substrate and inhibitors access the
active site whilst the protein is open. The protein then closes, forming the catalytic
machinery required for proteolysis. This asks the question of the role of the C-terminal
domain IV pore that is of significant size and was previously proposed to be the route of
entry for peptide substrates (4). In my study, I showed that PfA-M1 was able to cleave a six
amino acid peptide called Hb6. This is the first time a peptide of this size has been shown
to be cleaved by PfA-M1. I was unable to produce the co-crystal structure of PfA-M1 bound
to Hb6, despite production of catalytic mutants and extensive crystallographic trials. I
therefore modelled the substrate into the protein and analyzed these models. The modelled
PfA-M1-Hb6 suggests that residues P3 - F6 of Hb6 are located in the domain IV pore /
channel. This position is consistent with the position of substrate in pAPN, hAPN and
hERAP1 (1, 144, 216). hERAP1 is able to process very long peptide substrates (up to 16
residues with a preference for > 8) and the domain IV has been proposed to correctly
position the long tail (216). A SMD study supported the hypothesis that the most likely route
of substrate entrance to the active site is directly through the open form.
To date, a detailed study of substrate pockets in PfA-M1 has been limited to only
the P1 and P1’ pockets. In this study, I propose the position of substrate pockets P2’, P3’,
P4’ and P5’, where residues A468, T492, V493, R489, S542, and H543 are involved in
forming these pockets. However, future experiments are needed to work out the maximum
length of the peptide that PfA-M1 can cut and if the activity is processive or not. These new
substrate pockets provide more detailed knowledge of the activity of PfA-M1 and potential
new druggable sites that could be exploited in future inhibitor design.
The culmination of my studies into PfA-M1 have proposed a new mechanism of
action for the protease. The substrate likely enters the active site through an open form of
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PfA-M1 and is positioned correctly by the movement of S1 pocket helix (residues 570-575).
The move to an overall closed form to stabilize the binding of substrate, and Y580 helps to
locate the peptide bond in the right place for proteolysis. Here, I postulate that the energy
released from hydrolysis might aid the protein to overcome the energy barrier to open again
for continuation of the process. The new fundamental mechanistic data produced in this
thesis has implications for all M1 aminopeptidases and will be useful for future rational drug
design to produce not only new antimalarials but other inhibitors targeting other members
of the M1 aminopeptidase superfamily.

8.4 The protein dynamics of PfA-M17, implications for the M17 aminopeptidase
superfamily.
The family of hexameric M17 aminopeptidases are conserved throughout all
kingdoms of life, and possess a characteristic homohexameric arrangement described as
a dimer of trimers. In P. falciparum, PfA-M17 is postulated to have a role in Hb digestion as
well as essential house-keeping functions (96). To understand the mechanistic implications
of the hexameric assembly, I undertook a thorough investigation of the dynamics of PfAM17, and how those motions contribute to its function. The comparison of the metal center
behavior between the monomer and hexamer simulation sets provided evidence that the
hexamer stabilizes the active site and maintains the position of catalytic water, which is
pivotal to the enzymatic function.
The original crystal structure of PfA-M17 showed six channels to the central catalytic
cavity and identified a ~20 Å flexible loop (residues 246-265, L9) that sits at the entrance to
each of the channels (81). Initial modelling and energy minimisation of the starting loop
conformations resulted in almost complete occlusion of the channel entrances. During the
simulation of the hexamer, changes to the size and shape of these possible entrance pores
was observed. Interestingly, the three pores at the front trimer were observed to open to a
larger diameter, while the other three pores in the back trimer maintained their original pore
sizes. The loop dynamics sampled during this movement supported previous hypotheses
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that the L13 is very flexible. Moreover, it may be that substrate movement is controlled by
the trimers in that the substrate may enter on one trimer face only.
Analysis of the active site of PfA-M17 identified a novel loop movement that links
the active site of the trimers. The detailed movement within the catalytic domain were
analyzed. The catalytic loop L13 of subunit A2 moved to the catalytic center of subunit A,
and significant rearrangement of α10 and α 24 in subunit A was required to facilitate such
movement of L13. Experimental validation of this catalytic loop movement was provided by
an X-ray crystal structure that had a similar conformation with occluded active sites due to
the movement of this loop (McGowan laboratory, unpublished data). Comparison of my MD
model and the inactive crystal structure showed that the results were consistent. The major
difference observed was that the movement of the loop in the crystal structure was observed
in all chains of the hexamer, whereas only one chain in the MD showed a similar movement.
The reason for the discrepancy between the MD and the structural data likely results from
the metal coordination in the active site and the limitations of our MD FF. The crystal
structure showed that the zinc ions were rearranged and that a third and novel zinc position
was observed. The rearrangement was necessary to facilitate the change in backbone
structure that occurred when L13 moved. The nature of my MD simulation, specifically my
hybrid ‘bonded / non-bonded model’ that was used to manage the quantum mechanics of
cation simulation, required us to fix the positions of the active site zinc ions (212). This is a
major limitation of using classical MD simulations for metallo-proteins as we cannot simulate
the metals changing position / coordination. However, despite this significant limitation, the
simulated backbone motions are remarkably similar to those observed in all active sites of
the crystal structure. Future work might rely on the use of hybrid QM/MM simulation and
increase the simulation length to micro seconds level to solve this problem.
Characterization of the function, and regulation of that function, described in this
thesis for PfA-M17 has implications for understanding how the large family of M17 enzymes
functions, and provides insight into the vast range of functions attributed to the large and
important enzyme family. The overall contribution of my study to the family of M17
aminopeptidases tells us that the arrangement protects the six active sites contained within
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the central catalytic cavity and regulates access to the central cavity by key loops that flex
to open and close access channels. A flexible loop links the active sites of each trimer to its
neighbor. It is possible that this loop acts as a key regulatory mechanism to control the
activity of PfA-M17 in different environmental conditions.

8.5 CONCLUSIONS
My findings suggest that all M1 aminopeptidase enzymes can occupy an open or
closed conformation, however, the open form of M1 aminopeptidase is more unstable and
possibly sampled less in bacteria and parasites. The model complex structure of PfA-M1Hb6 provides predictions as to the potential substrate binding pockets that have not
previously been explored and maps the protein dynamics within PfA-M1 that are important
to ligand binding. The study of the dynamics in PfA-M17 indicate that the trimer
communications are important for both substrate guidance and the catalytic mechanism,
and that the hexamer is important to stabilize the catalytic machinery.
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