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Abstract. — Naegleria fowleri is a deadly hu-
man pathogen that causes primary amoebic me-
ningoencephalitis (PAM). In this study, in silico
investigations of two important N. fowleri cathep-
sin B paralogs, i.e., copies of genes resulting
from a gene duplication event, were carried out
using comparative modeling and molecular dy-
namics (MD) simulations. Comparative models
of both paralogs showed significant architectur-
al similarity with their template, i.e., rat cathep-
sin B. However, in N. fowleri cathepsin B (UniProt
ID: X5D761) and putative cathepsin B (UniProt ID:
M1HE19) enzymes, eleven and fifteen residues
in the occluding loop regions were deleted, re-
spectively, suggesting that these enzymes have
a short occluding loop. Thus, it is concluded that
N. fowleri cathepsin B and putative cathepsin B
enzymes lack exopeptidase activity but possess
enhanced endopeptidase activity and an affini-
ty for macromolecular inhibitors. MD simulations
further confirmed that prosegments (macromo-
lecular inhibitors) bond more tightly with both
enzymes than with wild-type cathepsin B. Addi-
tionally, a mutation was identified at an import-
ant N-glycosylation site; this mutation is believed
to affect cathepsin B targeting inside the cell and
make cathepsin B available in the extracellular
environment. Due to this important N-glycosyla-
tion site mutation, these enzymes are secreted
in the extracellular environment via an alterna-
tive, still unknown, posttranslational processing
strategy. The present study is the first to predict
the three-dimensional folds of N. fowleri cathep-
sin B paralogous enzymes, including a detailed
description of the active site architecture and in-
formation about propeptide binding mode. This

information can contribute to the discovery of
novel and selective treatments that are effective
against N. fowleri.
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el-1; CatB-M2: Cathepsin B Model-2; PBL: Proseg-
ment-Binding Loop; ECM: Extracellular Matrix.

Introduction

Primary amoebic meningoencephalitis (PAM)
is a destructive brain disease caused by the
thermotolerant protozoa Naegleria fowleri. This
free-living amoeba is found in recreational wa-
ters, mainly ponds, lakes, rivers, hot springs, and
swimming pools. It has also been found in water
reservoirs and water storage tanks in houses'?.
Due to the high mortality rate, PAM is a serious
medical concern worldwide®. In Pakistan, Ka-
rachi is the most affected city by PAM, and by
October 2019, 146 cases have been reported.
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N. fowleri multiplies rapidly in high tempera-
tures, usually in summer. Infection occurs when
amoebae adhere to the nasal mucosa, travel along
the olfactory nerve, and cross the cribriform
plate to enter into the brain, where they cause
PAM?*¢. Certain cytolytic molecules, including
hydrolases, neuraminidases, phospholipases, and
phospholipolytic enzymes, are responsible for
the pathogenicity of N. fowleri. These mole-
cules damage the cells and nerves of the host,
often leading to death’. Current treatments for
PAM rarely ensure survival. The primary drug
of choice for treating PAM is amphotericin B;
however, this treatment requires a high dosage,
which can lead to renal toxicity®. The identifi-
cation and structural characterization of factors
that influence the pathogenicity of N. fowleri are
crucial and can support the development of more
effective therapeutic interventions.

The important role of cysteine proteinases in
protozoan pathogenesis, including tissue invasion
and the intracellular survival of several patho-
genic parasites, has been reported by many stud-
ies’!2. N. fowleri genome contains three paralogs
of cysteine cathepsin B proteases. Paralogous
genes (or paralogs) are a type of homologous
genes resulting from a gene duplication event
within the same organism and may have the
same or different function after the event. N.
fowleri cathepsin B proteases may be involved in
the proteolytic degradation of collagen, fibronec-
tin, immunoglobulins, albumin, and hemoglobin.
This suggests that these proteases play an im-
portant role in the pathogenesis of N. fowleri by
facilitating host tissue attachment, evading host
immunity, and easing nutrient uptake'. Cathep-
sin B proteases have been found in N. fowleri
lysate and excretory-secretory protein fractions,
demonstrating their crucial role in the pathogene-
sis of N. fowleri®".

The present study aims to elucidate three-di-
mensional structures of N. fowleri cathepsins B
enzymes, delineate their active site architectures,
and observe enzyme propeptide binding modes
via in silico investigations.

Materials and Methods

Sequence Analyses and Template Search

Amino acid sequences of N. fowleri cyste-
ine proteases (UniProt ID: X5D761; UniProt ID:
MIHEI19; UniProt ID: X5D911) were obtained
from the UniProt database. For the identification

of structural homologs, PSI-BLAST was used
against Protein Data Bank (PDB). Depending on
the high percentage similarities and the low num-
ber of gaps, full-length structural homologs were
selected as templates for X5D761 and M1HE19
cysteine proteases, whereas cathepsin B-like pro-
tease (UniProt ID: X5D911) could not be aligned
well with any of the structures present in PDB.
Multiple sequence alignment was carried out
using homologous sequences from different spe-
cies using ClustalX software'® to determine the
consensus patterns in the cathepsin B cysteine
protease family. The pattern was used to optimize
the pairwise sequence alignment of target and
template.

Secondary Structure Prediction

PSIPRED program was used for secondary
structure prediction of X5D761 and MI1HEI9.
The information obtained was used to build struc-
ture-based pairwise sequence alignment between
the target and template protein sequences.

Comparative Modeling

Comparative models of both N. fowleri cathep-
sin B paralogs (UniProt ID: X5D761; UniProt ID:
MI1HE19) were built using the same template, i.e.,
the crystal structure of rat procathepsin B (PDB
ID: IMIR). All steps of homology modeling and
refinement were carried out using the program
MODELLER v9.20. Evaluation of homology
models was done using the stand-alone programs
PROCHECK" and ProSA?. Structural superpo-
sition was performed using options available in
the SUPERPOSE script file of the MODELLER?'.

Protein Modeling and Structural Analysis

Analysis of three-dimensional protein struc-
tures is a more mature field of study than se-
quence analysis. DS Visualizer and Visual Mo-
lecular Dynamics (VMD)* software programs
were used for the molecular analysis of these
enzymes.

All-Atom Molecular Dynamics Simulation

Molecular Dynamics (MD) simulations can
help shed light on protein-protein and pro-
tein-ligand interactions at the molecular level®.
In the present study, all-atom MD simulations
and reasonable analysis procedures were con-
ducted using the Amber software package, ver-
sion 18%*. Initially, two systems were prepared,
exemplified as Model-1 and Model-2. The LEaP
module was used to add hydrogen atoms to
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both systems. Counterions (Na* and CI) were
added to maintain system neutrality. All sys-
tems were solvated in a truncated octahedral
box of TIP3P water model with 10A buffer.
The Particle Mesh Ewald (PME) method® was
used to treat long-range electrostatic interac-
tions, and ff99IDPs force field was used for all
simulations?*?7. All the bonds involving hydro-
gen atoms were constrained using the SHAKE
algorithm?®. The PMEMD of CUDA version
was used to accelerate all the MD simulations®.
The steepest descent method was used to min-
imize the solvated systems for 20,000 steps,
then 400 ps heating, and 200 ps equilibration in
the NVT ensemble. The production ran under
the NPT ensemble at 298 K with a time step of
2ps in Berendsen thermostat and barostat. The
CPPTRAJ package was used to analyze the
trajectories in Amber 18. Finally, all analyses
were conducted using the CPPTRAJ module
implemented in Amber, i.e., root-mean-square
deviation (RMSD); root-mean-square fluctua-
tion (RMSF); the CA distance between the
bound peptide and CatB protein; the radius of
gyradius (Rg); hydrogen bonding population
among peptides, respectively.

Results

Based on the importance of cysteine cathepsins
to N. fowleri pathogenesis and PAM progression,
we aimed to perform protein sequence analyses
and identify three-dimensional architectures of
N. fowleri cathepsin B using standard bioinfor-
matics tools. UniProt database search provided
three N. fowleri cathepsin B protein sequences,
including cathepsin B (UniProt ID: X5D761),
putative cathepsin B (UniProt ID: M1HE19), and
cathepsin B-like protein (Uniprot ID: X5DO911).
The crystal structure of rat procathepsin B (PDB
ID: 1IMIR) was found to be a common optimal
template for both N. fowleri cathepsin B and pu-
tative cathepsin B, with sequence similarities of
54% and 51%, respectively. However, no suitable
template was found for the N. fowleri cathepsin
B-like protein (UniProt ID: X5D911) in a PDB.
Structure-based pairwise sequence alignments
of cathepsin B and putative cathepsin B, along
with their common template of rat procathepsin
B (PDB ID: IMIR), were optimized with consid-
eration of protein secondary structures and con-
servation patterns across the cathepsin B protease
family.
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Homology Modeling of N. fowleri
Cathepsin B and Putative Cathepsin B
Proteases

Homology models of N. fowleri cathepsin B
(CatB-M1) and putative cathepsin B (CatB-M2)
were constructed using optimized pairwise se-
quence alignments (Figures 1A and 1B). Both
models were found to be of good quality us-
ing different evaluation procedures. Overall, the
three-dimensional folds of N. fowleri CatB-M1
(Figures 2A and 2B) and CatB-M2 (Figures 2C
and 2D) were comparable to the crystal structure
of rat procathepsin B. Similar to the rat proca-
thepsin B fold, both the N. fowleri cathepsin B
models were found to be comprised of two dis-
tinct domains: a five-stranded beta-sheet domain
and an alpha-helical domain with three alpha-he-
lices and a small beta-sheet structure.

A proregion lacking any globular structure
tends to wrap around cathepsin B while inter-
acting with three key areas, including a proseg-
ment-binding loop (PBL), a substrate-binding
cleft, and an occluding loop crevice. The proseg-
ment and mature cathepsin B interactions were
analyzed in both N. fowleri cathepsin B models
and in the rat procathepsin B by selecting an
area of 5A around their respective prosegments
(Figure 3). The center of PBL that includes Y183
and Y188 forms a depression on the surface of
cathepsin B. This prosegment interacts with PBL
via a hairpin element that directs the B-strand and
a-helix of the proregion on the other side of PBL,
thereby positioning the W24 side chain in the
center of the depression. The side chain of W24
forms an H-bond with the carbonyl group of K189
residue of PBL. All the interactions between M.
fowleri prosegment and PBL were well conserved
in both models suggesting that the interactions
of PBL with prosegment are generally similar
in both N. fowleri cathepsin B models and in the
crystal structure the template, rat procathepsin B.
Residues of the substrate-binding cleft, includ-
ing G27, C29, G73, G74, W30, Y75, H110, F174,
V176, L181, M196, G197, G198, H199, A200, and
W221, bind with the prosegment (Figure 3). All
residues were strictly conserved in both N. fowl-
eri cathepsin B models except for H110, which is
missing due to the deletion of eleven and fifteen
residues in the occluding loop region of N. fowleri
CatB-M1 and CatB-M2, respectively (Figure 4).

Active Site Analyses
The active site triad, i.e., Cys29-His199-
Asp219, was conserved and found to be located
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Figure 1. Optimized pairwise sequence alignments of N. fowleri cathepsin B (A) and putative cathepsin B (B) with rat
procathepsin B (PDB ID: IMIR).

at the domain interface, like rat procathepsin B.
An area of 5A around the catalytic triad was
found to consist of 36 amino acid residues in
both models (Figure 5). Twenty-seven residues,
including the catalytic triad, were strictly con-
served in N. fowleri CatB-M1 compared to the
crystal structure of rat procathepsin B. Six of
these residues showed conservative substitu-
tions: 1200—V, A173—G, T175—S, R200—K,
N222—S, and F230—Y. Only three noncon-
servative substitutions were observed: G23—S,
E171—-Q, and G172—T. In CatB-M2, 28 resi-
dues, including the catalytic triad, were strictly
conserved compared to rat procathepsin B. Five
active site residues showed conservative substi-
tutions: A34—I, A173—G, R20—K, N222—S,
and F177—-Y. Only three nonconservative sub-
stitutions were observed: T175—K, E171—I, and
G172-S.

Active site analysis of both models revealed
a similar abundance of active site residues in
the N. fowleri CatB-M1 and CatB-M2 models

Figure 2. Ribbon representation of three-dimensional models
of N. fowleri CatB-M1 (A, front view; B, back view) and
CatB-M2 (C, front view; D, back view). The proregion is shown
in red and purple in CatB-M1 and CatB-M2, respectively.

3165



M. Aurongzeb, S.A. Haq, Y. Rashid, S.H. Anmed Nagqvi, S.I. Hussain, A.U. Rehman, et al

Figure 3. Interactions of proregion in CatB-M1 (A), IMIR (B), and CatB-M2 (C) with the three key areas of the mature
cathepsin, including prosegment-binding loop (green color), substrate-binding cleft (purple color), and occluding loop crevice
(black color). The residues common among the three regions are shown in red, whereas the residues of the base part are shown

in cyan.

compared to rat procathepsin B. Here, we believe
that the overall architectures of both N. fowleri
cathepsin B models, including active sites related
to endopeptidase activity, are quite similar to that
of rat procathepsin B, suggesting a similar mech-

anism of action. The missing residues, which are
important for exopeptidase activity, especially
H110 and H111 that were missing in both models,
suggest that N. fowleri cathepsin B lacks exopep-
tidase activity.

Figure 4. Superposition of rat procathepsin B (IMIR) with CatB-M1 (A) and CatB-M2 (B) of N. fowleri. The proregions of
the template and the model are shown in c-alpha stick presentation in dark green and cyan, respectively. Cathepsin B parts
of the template and the models are depicted in c-alpha wire presentation in blue and pink, respectively. The residues of the
occluding loop of the template and model are shown in brown and blue in CatB-M1 (A), respectively, and blue and pink in

CatB-M2 (B), respectively.
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Figure 5. Analysis of the active site residues of N. fowleri cathepsin B (A) and putative cathepsin B (B) homology models
after superposition. IMIR is shown in light (A) and dark green (B), whereas CatB-M1 active site residues are shown in pink
(A) and CatB-M2 active site residues are shown in cyan. The catalytic triad (C29, H199, and N219) is shown in a ball-and-stick

presentation.

Localization of N. fowleri Cathepsin B
Proteases

Multiple sequence alignment of human, rat,
and N. fowleri cathepsin B proteases showed
strict conservation of the catalytic triad (Figure
6). Normally, it is expected that cathepsin B-con-
taining N-glycosylation site, i.e., N38 (human
cathepsin B numbering®), is transported to the
lysosome via the vesicular MPR pathway*'. How-
ever, the nonconservative substitutions N38—R
and N38—A were observed at the N-glycosyla-
tion site in N. fowleri cathepsin B and putative
cathepsin B, respectively (Figure 6). These sub-
stitutions suggest the extralysosomal distribution
of cathepsin B proteases via an unknown alter-
nate mechanism in N. fowleri. Cathepsin B prote-
ases are known to be differentially expressed and
secreted in the trophozoite stage of N. fowleri',
which suggests that they play a role in its patho-
genesis.

All-Atom Molecular Dynamics Simulation

The three-dimensional folds of N. fowleri
CatB-M1 and CatB-M2, comparable to the crys-
tal structure of rat procathepsin B, were MD

simulated in an explicit water environment for
100ns. The deviation of backbone atoms was
examined using RMSD to ensure the stability
of the simulation process. CatB-M1 showed a
gradual increase starting 1A into the MD simu-
lation time, whereas CatB-M2 initially increased
drastically in deviation reaching 3.9A at 18ns,
and then showed a consistent behavior and os-
cillated till 100ns. A smaller RMSD curve indi-
cates high stability and vice versa (Figure 7A).
When comparing IMIR-M1 with IMIR-M2, the
RMSD results revealed the inconsistent behavior
of the M1 complex throughout MD simulation,
whereas the IM1R-M2 showed a consistent be-
havior that favors the stability and reliability
of the complex. RMSF were analyzed to deter-
mine the flexibility of individual residues in the
CatB-M1 and CatB-M2 systems. This analysis
showed that the CatB-M1 complex exhibited lo-
cal fluctuations, especially in residues 100-200,
with residue fluctuations of up to 2.5A, 2.9A,
and 4.3 A (Figure 7B). These residue fluctuations
were reduced in the CatB-M2 complex, clear-
ly indicating the stability and tightness of the
prosegment in this complex. The RMS analysis
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Figure 6. Multiple sequence alignment of human, rat, N. fowleri cathepsin B (X5D761), and putative cathepsin B (M1HE19)
proteases. The prosegment residues are shown in red, showing the important glycosylation site. The occluding loop region is

shown in a red box, whereas the catalytic triad is shown in blue.

indicates that the prosegments in both models
exhibit consistent, steady binding, particularly
marked in the CatB-M2 complex, based on the
RMSD/F results.

The alpha carbon distance between the pep-
tide and mature enzyme in both models was also
analyzed and compared. The alpha carbon dis-
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tance for the CatB-M2 complex remains steady,
i.e., around 1.5A. This steadiness indicates that
the propeptide in CatB-M2 binds tightly and
possesses a higher affinity for binding than the
CatB-M1 complex (Figure 7C). A hydrogen pop-
ulation analysis further revealed that the pro-
peptide showed a high affinity to bind CatB-M1
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Figure 7. All-atom MD simulation studies of N. fowleri cathepsin B (X5D761) and putative cathepsin B (M1HE19) proteases.

enzyme and consistent behavior throughout the
MD simulation. In contrast, the CatB-M2 ex-
hibited dramatic behaviors, including high HB
interactions between the enzyme and the pro-
peptide during the 1-10ns and 40-70ns MD
simulations (Figure 7D). The consequences of
the backbone fluctuations and deviations in both
CatB-M1 and CatB-M2 indicated the need for
further exploration of the compactness of the
overall conformation. We also analyzed the ra-
dius of gyration (Rg), which indicated that the
CatB-M2 was initially more compact than the
CatB-M1 for 60ns to 100ns, and the compact-
ness of CatB-M2 decreased. The compactness of
the CatB-M1 increased and decreased through-
out the MD simulations (Figure 7E). The analy-
sis revealed that the CatB-M2 complex showed

consistent behaviors in overall conformation,
probably due to the tight binding of the propep-
tide to the enzyme.

Discussion

N. fowleri is the only etiological agent of PAM
in human beings. Although some information
about the genome sequence and important patho-
genic molecules of N. fowleri is available, there
is still no selective potential treatment for PAM*2.
N. fowleri invades the CNS via nasal mucosa
by crossing the cribriform plate, where it causes
the characteristic meningoencephalitis. Cytolytic
molecules are responsible for the pathogenicity
of N. fowleri; these molecules are known to cause
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nerve and cell destruction in the host, often re-
sulting in death’. Cysteine proteases, especially
cysteine cathepsins secreted by N. fowleri, can
destroy host tissues and host immunity'. In addi-
tion to their primary function of cellular protein
degradation and catabolism, cysteine cathepsins
are involved in numerous important physiologi-
cal processes, including ECM turnover, immune
invasion, digestion, and parasite invasion and
escape, and certain pathologies, such as rheu-
matoid arthritis, atherosclerosis, leishmaniasis,
amebiasis, and malaria®**. Since it is a lyso-
somal enzyme, cathepsin B is normally believed
to be transported to the lysosomes via man-
nose-6-phosphate receptor pathway*’. However,
this distribution of cathepsin B shifts towards the
cell periphery in tumor cells suggesting the ex-
tracellular secretion of cathepsin B proteases®®-°,

Cathepsin B proteases are known to be differ-
entially expressed and secreted in the trophozoite
stage of N. fowleri, which suggests that they play
a significant role in its pathogenesis. N. fowl-
eri cathepsin B enzymes play a pivotal role in
the progression of PAM*. Therefore, the present
study involved in silico protein sequence analyses
and sought to determine the three-dimensional
structures of N. fowleri cathepsin B and putative
cathepsin B proteases. Detailed analyses revealed
that the overall folds of N. fowleri cathepsin B
and putative cathepsin B are quite similar to
that of rat procathepsin B, suggesting a similar
mechanism of action. Three segments of mature
cathepsin B, a part of an occluding loop (108-
122), a part of the PBL, and a loop (221-226) at
the base, interact together to form a crevice. The
latter two regions were conserved in both models.
However, some residues of the occluding loop
involved in forming the crevice were not found in
both models. Notably, the H110 and H111 residues
(human cathepsin B numbering®’) are crucial
parts of the occluding loop and are responsible
for the exopeptidase activity in higher eukary-
otes. The cathepsin B protease of Giardia lacks
the occluding loop, suggesting that the loop was
either deleted or inserted later during the course
of evolution®.

Accordingly, eleven and fifteen residues are
deleted in the occluding loop regions of N. fowleri
cathepsin B and putative cathepsin B, respective-
ly. These deletions, along with the missing H110
and HI111 residues, suggest that the occluding
loop is short for cathepsin B and even shorter in
putative cathepsin B (Figure 4). Deletion of the
occluding loop eliminates exopeptidase activity
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but increases endopeptidase activity. It also in-
creases the ability of macromolecular inhibitors
to bind to the active site*. MD simulation studies
confirmed tight binding of the prosegment, its
natural inhibitor, with both mature cathepsin B
models. This suggests that the prosegment plays
a protective role against uncontrolled proteolytic
degradation within the pathogen. Additionally,
nonconservative substitutions at important N-gly-
cosylation sites in N. fowleri cathepsin B and
putative cathepsin B suggest their extracellular
secretion and role in tissue damage to the host.
This article is the first to present the tertiary ar-
chitectures of N. fowleri cathepsin B proteases,
along with information about their active sites
and the mechanics of cathepsin B propeptide.
We believe that this information will support the
development of novel lead compounds against the
deadly protozoa and could lead to more effective
treatments for PAM.

Conclusions

Cysteine proteinases, such as cathepsin B, play
a vital role in protozoan pathogenesis, including
tissue invasion and intracellular pathogenic sur-
vival. In silico studies of two paralogous N. fowl-
eri cathepsin B enzymes showed a large deletion
of eleven and fifteen residues, respectively, com-
pared with rat cathepsin B (the template), in their
occluding loop regions, suggesting little or no ex-
opeptidase activity but increased endopeptidase
activity and increased affinity between the active
site and the inhibitory propeptide. MD simula-
tion studies of N. fowleri cathepsin B enzymes
confirmed the tight binding of prosegments with
their active sites. Additionally, mutation of typ-
ical N-glycosylation site indicates extracellular
secretion of N. fowleri cathepsin B enzymes
via an alternative yet unknown posttranslational
processing strategy. Here, we suggest that both
of these N. fowleri cathepsin B enzymes have
high endopeptidase activity. When these highly
active cathepsin B enzymes are inside the cell,
they are kept inactive via tight binding of their
propeptides. Once outside the cell, the enzymes
achieve their fully active form by cleaving off
their propeptide segments and become disastrous
for the host tissue.
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