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Abstract: Naegleria fowleri, also known as the “brain-eating” amoeba, is a free-living protozoan
that resides in freshwater bodies. This pathogenic amoeba infects humans as a casual event when
swimming in contaminated water. Upon inhalation, N. fowleri invades the central nervous system
and causes primary amoebic meningoencephalitis (PAM), a rapidly progressive and often fatal
disease. Although PAM is considered rare, reducing its case fatality rate compels the search for
pathogen-specific proteins with a structure–function relationship that favors their application as
targets for discovering new or improved drugs against N. fowleri infections. Herein, we report a
computational approach to study the structural features of Nf 314 (a serine carboxypeptidase that
is a virulence-related protein in N. fowleri infections) and assess its potential as a drug target, using
bioinformatics tools and in silico molecular docking experiments. Our findings suggest that Nf 314
has a ligand binding site suitable for the structure-based design of specific inhibitors. This study
represents a further step toward postulating a reliable therapeutic target to treat PAM with drugs
specifically aimed at blocking the pathogen proliferation by inhibiting protein function.

Keywords: in silico studies; Protein Structural Analysis; serine carboxypeptidase; cathepsin A-like
protein; Naegleria fowleri

1. Introduction

Carboxypeptidases are hydrolytic enzymes that cleave the C-terminal peptide bond
of proteins and polypeptides, releasing free amino acid residues (usually one at a time).
Furthermore, this biochemical reaction is a post-translational modification that plays a
critical role in the degradation, processing, and modulation of intracellular proteins. Based
on the catalytic mechanism, a typical classification sorts them into serine, metal, and
cysteine carboxypeptidases [1–4].

Serine carboxypeptidases are protein components of vacuoles (plants and fungi) and
lysosomes (protozoa and animal cells) [5–11]. Most of those studied are involved in the
intracellular turnover of polypeptide substrates, but some also release amino acids from
extracellular proteins or peptides [1,12–15]. Interestingly, those isolated from fungi are
single polypeptides, whereas those from animal cells comprise two polypeptides linked by
disulfide bonds [1,3,7,9,16–18].

The free-living amoeba Naegleria fowleri (also known as the «brain-eating» amoeba)
feeds mainly on bacteria, resides in freshwater bodies, and tolerates climates up to
45 ◦C [19,20]. As a casual event, this pathogenic protozoan infects humans when swimming
in contaminated freshwater [21]. After entering the body via the nose, N. fowleri invades the
central nervous system and causes primary amoebic meningoencephalitis (PAM), a rapidly
progressive and often fatal condition [20–22]. The standard drug to treat this disease is the
antibiotic amphotericin B. However, the case fatality rate remains higher than 95%, even
after opportune drug therapy [23–25].

Globally, epidemiological data underestimates N. fowleri infections because of the
lack of accurate diagnostic tests and adequate surveillance programs [26]. In addition,
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efforts to develop complementary and alternative therapies are limited due to the rarity
of PAM cases [20,23,24]. Nevertheless, the need for new or improved therapeutic agents
capable of reducing the current case fatality rate remains compelling. In this regard, the
available genomic/transcriptomic/proteomic data about N. fowleri provide information
on specific biomolecules, e.g., novel virulence-associated gene products or well-known
essential proteins, which contain structural differences from their human counterparts and
that are suitable drug targets for treating PAM [27–31].

Nf 314 is a serine carboxypeptidase first identified as the polypeptide encoded by
a transcript differentially expressed in highly virulent cells of the N. fowleri LEE strain.
Furthermore, increased transcript levels correlated with the ability of these amoebae to
feed on mammalian cells. However, it appears to be required for pathogenesis but not
for increased virulence, as brain cell-fed amoebae showed limited ability to kill mice [32].
Moreover, recent genomic and transcriptomic studies confirmed overexpression in mouse-
passaged amoebic cells compared to those grown in culture [30]. Consequently, it was
feasible to assume that Nf 314 is a virulence-related protein in N. fowleri infections. Here,
we performed a biocomputational approach to study the structural features of Nf 314 and
assess its potential as a target to discover adjuvant drugs capable of blocking amoebic
infection and, thus, reducing the risk of PAM disease.

2. Results and Discussion
2.1. Nf314, a Virulence-Related Serine Carboxypeptidase

According to the original entry, Nf 314 is a 54 kDa protein consisting of 482 amino
acid residues (GenBank M88397; UniProtKB P42661). However, a search in AmoebaDB
revealed a 17-residue segment missing at its N-terminus, yielding a 56 kDa polypeptide,
as encoded by a single gene in two strains of N. fowleri: FDP41_000254 (in ATCC_30894)
and NfTy_024570 (in Ty). As expected, primary structure analysis validated its secretory
nature: lysosomal localization and probable export to the extracellular space. Moreover, its
highly confident peptidase domain (1.4 × 10−145) contained the conserved catalytic triad,
i.e., Ser180, Asp416, and His476 (Supplementary Figure S1), and two structural patterns
linked to the active site: 176-LAGESYGG-183 and 466-LTFITVRGAGHMVPLVKP-483.
Further secondary (2D) structure analysis showed that it displayed an α/β-hydrolase fold
(Supplementary Figure S2) [33], typical of the S10_peptidase protein family (MEROPS
classification, https://www.ebi.ac.uk/merops/; accessed on 6 June 2022) [34].

A three-dimensional (3D) model, generated by automatic template-based prediction,
revealed further insights into the tertiary structure of the Nf 314 protein. The crystal struc-
tures of human protective protein/cathepsin A (PDB 1IVY) [35] and Sorghum bicolor hydrox-
ynitrile lyase (PDB 1GXS) [36] served as suitable templates. The best 3D model (Figure 1A)
displayed a good global quality score (0.695) and significant p-value (1.89 × 10−8), suggest-
ing native-like conformation [37]. Likewise, the Ramachandran plot showed that 90.2%
of the non-Gly/Pro residues were in the most favored regions, plus an additional 8.6%
in allowed regions; and the estimated Z-score for overall quality, −7.62, was within the
expected range for proteins of comparable size (Supplementary Figure S3). Furthermore,
it appeared that three disulfide bonds stabilized the 3D structure, since six Cys residues
had the spatial proximity required for chemical pairing (i.e., Cβ-Cβ distance ≤ 4.5 Å [38]):
Cys88↔Cys382, Cys248↔Cys261, and Cys284↔Cys348.

Two supplementary structural analyses detected neighboring disordered sequences
located within the catalytic domain of Nf 314. In particular, analysis of non-native 2D struc-
tures showed that the residue composition of the Lys296-Gln312 segment resembled those
identified in dynamically disordered sequences (Supplementary Figure S4). Furthermore,
evaluation of the 3D model quality, based on local scoring, revealed that the Leu319-Pro340
segment exhibited distances ≥4 Å between the Cα atoms in the model and their equiva-
lents in the native structure, implying low-quality modeling, due to local intrinsic disorder
(Supplementary Figure S5). Remarkably, both sequences could be portions of a putative
non-terminal propeptide region (Figure 1B).

https://www.ebi.ac.uk/merops/
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cyan) and the serine carboxypeptidase domain (S10_peptidase, green) are shown in boxes, as is the 
propeptide region (PRO, white) inside the latter. It also indicates the disulfide framework and the 
relative location of the catalytic triad. (C) Prediction of the Nf314 propeptide by sequence 
comparison with hPPCA. Pairwise alignment highlighting the Arg/Lys residues (R/K, blue font), 
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and predicted for Nf314, are indicated with black triangles (up-pointing). The disulfide bond 
opposite and adjacent to the PRO region is also delineated (magenta line). 

Figure 1. Depiction of the best 3D model for the Nf 314 proenzyme. (A) Ribbon representation, colored
according to the secondary structure: α-helix in red and β-sheet in purple. (B) Wire representation,
colored in gray, with the specific location of important features (particularly highlighted): the three
predicted disulfide bonds (yellow sticks), the catalytic triad (balls/sticks colored by the element), and
the putative non-terminal propeptide region (tubular/wire in green).

2.2. Nf314 Contains a Non-Terminal Propeptide Region

A comparative structural analysis, using human protective protein/cathepsin A (hP-
PCA) as a template, supported the hypothesis that a putative disordered region was the
propeptide of Nf 314 (Figure 2). This theoretical approach also provided further insight
into the most probable proteolytic cleavage sites for its processing, a post-translational
modification required for enzyme maturation.
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Figure 2. Illustration of the primary structure of hPPCA (A) and Nf 314 (B). The signal peptide
(SP, cyan) and the serine carboxypeptidase domain (S10_peptidase, green) are shown in boxes, as
is the propeptide region (PRO, white) inside the latter. It also indicates the disulfide framework
and the relative location of the catalytic triad. (C) Prediction of the Nf 314 propeptide by sequence
comparison with hPPCA. Pairwise alignment highlighting the Arg/Lys residues (R/K, blue font),
usually recognized by trypsin-like proteases. The propeptide processing sites, identified for hPPCA
and predicted for Nf 314, are indicated with black triangles (up-pointing). The disulfide bond opposite
and adjacent to the PRO region is also delineated (magenta line).

The hPPCA protein consisted of 480 amino acid residues comprising a signal peptide
and a serine carboxypeptidase domain stabilized by four disulfide bonds (Figure 2A).
In vivo, it was produced as a preproenzyme and transported via the secretory pathway to
the lysosome. However, before reaching this compartment, its signal peptide was cleaved,
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and the resulting proenzyme remained inactive, due to a propeptide that blocks the catalytic
site. Once inside the lysosome, this structural lid was processed by trypsin-like proteases,
relieving inhibition and producing the mature/active hPPCA enzyme, which consisted of
two polypeptide chains (32 and 20 kDa) linked by disulfide bonds [7,35,39]. Remarkably,
a comparison of the primary structure showed that the Nf 314 protein (Figure 2B) and
hPPCA shared significant similarities, e.g., the relative location of the catalytic triad and
the propeptide region. Moreover, a local pairwise sequence alignment revealed putative
cleavage sites for trypsin-like proteases, including those potentially involved in Nf 314
propeptide processing: Lys294↓Leu295 and Arg341↓Phe342 (Figure 2C). Based on these
findings, it seemed rational to propose that the polypeptide sequence extending from
Leu295 to Arg341 was the propeptide of Nf 314, which might be the structural modulator
of protein function (blocking the catalytic site and, thus, preventing uncontrolled enzyme
activity during the inactive state [40,41]), and had to be further processed by trypsin-like
proteases to obtain the mature protein.

2.3. Mature Nf314 Exhibits a Ligand Binding Site

A computational approach comprising manual editing (i.e., propeptide removal) of
the previously generated 3D model, followed by structural stabilization using molecular
dynamics (MD) simulations, produced a consistent model for the mature Nf 314 enzyme,
as confirmed by a structural quality analysis: 93.6% of the residues scored acceptable
values (≥0.2) in the 3D/1D correlation profile. Moreover, its ligand binding site showed
significant overlap with counterparts of similar proteins whose 3D structure has been
solved, including the most probable ligand-contacting residues and the protein–ligand
interaction pocket (Figure 3).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 4 of 11 

 

 

The hPPCA protein consisted of 480 amino acid residues comprising a signal peptide 
and a serine carboxypeptidase domain stabilized by four disulfide bonds (Figure 2A). In 
vivo, it was produced as a preproenzyme and transported via the secretory pathway to 
the lysosome. However, before reaching this compartment, its signal peptide was cleaved, 
and the resulting proenzyme remained inactive, due to a propeptide that blocks the 
catalytic site. Once inside the lysosome, this structural lid was processed by trypsin-like 
proteases, relieving inhibition and producing the mature/active hPPCA enzyme, which 
consisted of two polypeptide chains (32 and 20 kDa) linked by disulfide bonds [7,35,39]. 
Remarkably, a comparison of the primary structure showed that the Nf314 protein (Figure 
2B) and hPPCA shared significant similarities, e.g., the relative location of the catalytic 
triad and the propeptide region. Moreover, a local pairwise sequence alignment revealed 
putative cleavage sites for trypsin-like proteases, including those potentially involved in 
Nf314 propeptide processing: Lys294↓Leu295 and Arg341↓Phe342 (Figure 2C). Based on 
these findings, it seemed rational to propose that the polypeptide sequence extending 
from Leu295 to Arg341 was the propeptide of Nf314, which might be the structural 
modulator of protein function (blocking the catalytic site and, thus, preventing 
uncontrolled enzyme activity during the inactive state [40,41]), and had to be further 
processed by trypsin-like proteases to obtain the mature protein. 

2.3. Mature Nf314 Exhibits a Ligand Binding Site 
A computational approach comprising manual editing (i.e., propeptide removal) of 

the previously generated 3D model, followed by structural stabilization using molecular 
dynamics (MD) simulations, produced a consistent model for the mature Nf314 enzyme, 
as confirmed by a structural quality analysis: 93.6% of the residues scored acceptable 
values (≥0.2) in the 3D/1D correlation profile. Moreover, its ligand binding site showed 
significant overlap with counterparts of similar proteins whose 3D structure has been 
solved, including the most probable ligand-contacting residues and the protein–ligand 
interaction pocket (Figure 3). 

 
(A) (B) (C) 

Figure 3. Depiction of the best 3D model for the mature Nf314 enzyme. Ribbon representation, 
colored according to (A) secondary structure, α-helix in red and β-sheet in purple), or (B) 
polypeptide chains produced after putative propeptide processing, large in cyan and small in 
orange. (C) Wire representation, colored by the element, highlighting the specific location of the 
predicted ligand-binding pocket (surface colored by hydrophobicity). 

2.4. Nf314 Has Potential As a Drug Target 
Three β-amino acid derivatives, identified as hPPCA inhibitors [42], named 2a, 8a, 

and 15a (Supplementary Figure S6), functioned as the test ligands to assess the potential 
of Nf314 as a drug target. Remarkably, in silico molecular docking experiments and MD 
simulations revealed that all ligands formed stable complexes with the receptor, showing 
plausible binding energies (Table 1). Moreover, the latter values were equivalent to those 

Figure 3. Depiction of the best 3D model for the mature Nf 314 enzyme. Ribbon representation,
colored according to (A) secondary structure, α-helix in red and β-sheet in purple), or (B) polypeptide
chains produced after putative propeptide processing, large in cyan and small in orange. (C) Wire
representation, colored by the element, highlighting the specific location of the predicted ligand-
binding pocket (surface colored by hydrophobicity).

2.4. Nf314 Has Potential as a Drug Target

Three β-amino acid derivatives, identified as hPPCA inhibitors [42], named 2a, 8a,
and 15a (Supplementary Figure S6), functioned as the test ligands to assess the potential
of Nf 314 as a drug target. Remarkably, in silico molecular docking experiments and MD
simulations revealed that all ligands formed stable complexes with the receptor, showing
plausible binding energies (Table 1). Moreover, the latter values were equivalent to those
calculated for the hPPCA–ligand complexes: −8.6, −8.8, and −8.4 (in kcal/mol) for 2a, 8a,
and 15a, respectively. Therefore, it is worth noticing that this remark indirectly validated
our approach and the resulting data, as both estimations applied inputs from the same
biocomputational protocol.
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Table 1. Calculated binding energies (kcal/mol) from the three best clusters of each Nf 314-ligand
complex.

Cluster Nf314-2a Nf314-8a Nf314-15a

1 −8.0 −8.1 −8.0
2 −8.0 −8.3 −8.3
3 −7.4 −7.9 −7.1

In particular, compound 2a (also known as SAR164653 or SAR1) is regarded as the first-
line inhibitor of hPPCA because it successfully passed early phase clinical trials, showing a
favorable safety profile in healthy human subjects [43], and has potential as a heart failure
attenuating drug in post-myocardial infarction treatment [44]. Based on this information, it
seems reasonable to propose that compound 2a represents a reliable lead for Nf 314-specific
drug design. Furthermore, detailed structural analyses supported the latter suggestion.
For instance, the most stable complex showed that compound 2a posed inside the ligand-
binding pocket of Nf 314 (Figure 4A), establishing a significant number of non-covalent
interactions (Figure 4B), and remained bound to Nf 314 under solvated conditions and
unrestricted protein dynamics (Figure 4C). Moreover, it exhibited moderate binding affinity
(i.e., a free energy of −1.6 kcal/mol).
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Figure 4. Structural analyses of the Nf 314-2a complex. (A) Illustration of the best binding pose of
Nf 314 (orange surface) and compound 2a (balls/sticks colored by the element). (B) 2D represen-
tation of the Nf 314-2a non-covalent interaction network. Colors: hydrogen bonds, green dashes;
hydrophobic interactions, red dashes/arcs; carbon, black; oxygen, red; nitrogen, blue; fluorine, pink;
ligand bonds, gray; protein bonds, orange. (C) Depiction of the root mean square deviations (RMSDs)
trajectory, colored in blue, during MD simulations performed to assess the Nf 314-2a complex stability.
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Overall, the other two ligands (compounds 8a and 15a) showed valuable structural
features as well (Supplementary Figure S7), so they could be useful as support molecules
in a broad and exhaustive approach for the Nf 314-specific drug design, ensuring target
selectivity and, thus, reducing the risk of potential side effects associated with inhibition of
hPPCA and other human proteases.

3. Materials and Methods
3.1. Sequence Retrieval and Database Searching

The polypeptide sequence of Nf 314 (deduced from a virulence-related transcript in
N. fowleri LEE strain [32]) was retrieved from UniProtKB (https://www.uniprot.org/;
accessed on 14 June 2022) [45], using the accession number P42661. This sequence was
later used as a query to identify the complete sequence by BLAST search in AmoebaDB
(https://amoebadb.org/; accessed on 14 June 2022) [46,47], which contains the genomic
databases of three N. fowleri strains: ATCC_30863, ATCC_30894, and Ty.

3.2. Primary and Secondary Structure Analyses

The primary physicochemical parameters were determined using the Expasy Prot-
Param tool (https://web.expasy.org/protparam/; accessed on 15 June 2022) [48]. The
conserved, potentially functional serine carboxypeptidase domain was delimited using
the NCBI CD-Search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/; accessed on
15 June 2022) [49,50], whereas the protein architecture was defined using the database
services of InterPro (https://www.ebi.ac.uk/interpro/; accessed on 20 June 2022) [51],
Pfam (https://pfam.xfam.org/; accessed on 20 June 2022) [52], and SMART (http://smart.
embl-heidelberg.de/; accessed on 20 June 2022) [53]. Protein sorting signals and sub-
cellular localization were verified using SignalP, TargetP, and DeepLoc (https://services.
healthtech.dtu.dk/; accessed on 20 June 2022) [54–56]. The secondary structure, and
the putative disordered regions, were predicted using the PSIPRED workbench (http:
//bioinf.cs.ucl.ac.uk/psipred/; accessed on 21 June 2022) [57]. Orthologous proteins were
detected using the NCBI BLAST search engine (https://blast.ncbi.nlm.nih.gov/; accessed
on 21 June 2022) [58]. Unless otherwise specified, all multiple sequence alignments were
generated using the EBI Clustal Omega tool (https://www.ebi.ac.uk/Tools/msa/clustalo/;
accessed on 21 June 2022) [59].

3.3. Template-Based Modeling and 3D Structure Validation

A 3D model for the Nf 314 proenzyme was produced by automatic template-based
prediction using IntFOLD (https://www.reading.ac.uk/bioinf/IntFOLD/; accessed on
23 June 2022) [37]. The output of this server included estimation of model accuracy and
identification of ligand binding residues applying the ModFOLD [60] and FunFOLD [61]
methods. The PROCHECK (https://saves.mbi.ucla.edu/; accessed on 25 June 2022) [62]
and ProSA (https://prosa.services.came.sbg.ac.at/; accessed on 25 June 2022) [63] evalua-
tion tools further validated the tertiary structure.

The best representative 3D structure for the mature Nf314 enzyme was generated by
computer-aided removal of the propeptide and structural stabilization through MD simula-
tions, using the proenzyme model as a starting conformation. The computational resources
of VMD [64] and QwikMD [65] were combined to get a stable 3D structure under solvated
conditions. Two consecutive 30-ns simulations were performed at 25 ◦C on NPT systems
with explicit solvent and standard settings for minimization, annealing, and equilibrium.
Briefly, the first one refined and stabilized the newly generated free-end residues, and the
3D conformation from a cluster analysis served as a source for the second one, conducted
without any constraints. Lastly, a further cluster analysis worked to select the best 3D model,
validated by the online structural quality assessment tool VERIFY3D [66], available at SAVES
(https://saves.mbi.ucla.edu/; accessed on 26 June 2022).

The protein tertiary structure was analyzed using the UCSF Chimera and ChimeraX
as interactive systems for molecular graphics [67,68].
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3.4. Analysis of the Protein-Ligand Binding Site

The ligand-binding site of the mature Nf 314 enzyme was predicted using the online
computational services of FunFOLD (https://www.reading.ac.uk/bioinf/FunFOLD/; ac-
cessed on 3 July 2022) [61] and COACH (https://zhanggroup.org/COACH/; accessed on
3 July 2022) [69,70]. The output of these web tools, i.e., the most probable ligand-contacting
residues and the protein–ligand interaction pocket, were combined and filtered, and the
resulting ligand-binding site was validated using CASTp (http://sts.bioe.uic.edu/castp/;
accessed on 3 July 2022) [69]. The topography of the ligand binding surface was visualized
using UCSF Chimera.

3.5. In Silico Molecular Docking Experiments

The 3D structure of mature Nf 314 was used as a receptor for in silico molecular docking
experiments of three β-amino acid derivatives (ligands), using the AutoDock Vina [71] and
MGLTools [72] software with standard conditions for automated receptor–ligand binding
prediction. Briefly, a grid box was defined in the receptor (based on the 3D conformation
of its binding site) and used as the target for docking, assuming a rigid receptor and a
flexible ligand. Moreover, independent standard MD simulations were performed to assess
the stability of the resulting receptor–ligand complex. The three best clusters from each
simulation were analyzed using UCSF Chimera. Theoretical binding energy was estimated
using the docking software default settings. In addition, the CaFE tool was employed
to calculate the binding affinity, with molecular mechanics Poisson–Boltzmann surface
(MM/PBSA) as the end-point method [73].

4. Conclusions

The high case fatality rate of human primary amoebic meningoencephalitis (PAM),
a rapidly progressive disease caused by accidental infection with the free-living amoeba
N. fowleri, and the current limited availability of effective drugs against the pathogen, com-
pel the search for specific therapeutic targets (e.g., virulence-associated proteins) leading to
the discovery of novel, or improved, drugs with potential application in the medical treat-
ment of PAM disease. Considering the latter premises as sound arguments, we performed
a biocomputational approach to study the serine carboxypeptidase Nf 314 and evaluate
its prospects as a drug target. Our findings reveal that its ligand-binding site displays a
conformation amenable to interacting with specific molecules, e.g., it forms stable receptor–
ligand complexes with three β-amino acid derivatives that have shown pharmacological
inhibition of the human homolog. Moreover, these derivatives could be useful as lead
molecules for the rational design of structure-based Nf 314-specific inhibitors. Although
experimental studies are required to validate the protein structure and characterize its
enzyme activity, including inhibition by compound 2a, this in silico structural approach is
the first step toward recognizing this virulence-related protein as a target for the discovery
of new drugs with the potential to block N. fowleri infection and, thus, its progression to
PAM disease.
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VEuPathDB: The eukaryotic pathogen, vector and host bioinformatics resource center. Nucleic Acids Res. 2022, 50, D898–D911.
[CrossRef]

48. Duvaud, S.; Gabella, C.; Lisacek, F.; Stockinger, H.; Ioannidis, V.; Durinx, C. Expasy, the Swiss Bioinformatics Resource Portal, as
designed by its users. Nucleic Acids Res. 2021, 49, W216–W227. [CrossRef]

49. Marchler-Bauer, A.; Bryant, S.H. CD-Search: Protein domain annotations on the fly. Nucleic Acids Res. 2004, 32, W327–W331.
[CrossRef]

50. Lu, S.; Wang, J.; Chitsaz, F.; Derbyshire, M.K.; Geer, R.C.; Gonzales, N.R.; Gwadz, M.; Hurwitz, D.I.; Marchler, G.H.; Song, J.S.;
et al. CDD/SPARCLE: The conserved domain database in 2020. Nucleic Acids Res. 2020, 48, D265–D268. [CrossRef]

http://doi.org/10.1111/cts.12955
http://www.ncbi.nlm.nih.gov/pubmed/33650319
http://doi.org/10.1093/cid/ciaa520
http://www.ncbi.nlm.nih.gov/pubmed/32369575
http://doi.org/10.1186/1471-2164-15-496
http://doi.org/10.1038/s41598-019-52572-0
http://www.ncbi.nlm.nih.gov/pubmed/31690847
http://doi.org/10.1371/journal.pone.0241738
http://doi.org/10.1186/s12915-021-01078-1
http://www.ncbi.nlm.nih.gov/pubmed/34294116
http://doi.org/10.1128/mSphere.00637-21
http://www.ncbi.nlm.nih.gov/pubmed/34378985
http://doi.org/10.1128/iai.60.6.2418-2424.1992
http://www.ncbi.nlm.nih.gov/pubmed/1587609
http://doi.org/10.1093/protein/5.3.197
http://www.ncbi.nlm.nih.gov/pubmed/1409539
http://doi.org/10.1093/nar/gkx1134
http://www.ncbi.nlm.nih.gov/pubmed/29145643
http://doi.org/10.1016/S0969-2126(01)00260-X
http://doi.org/10.1021/bi020300o
http://doi.org/10.1093/nar/gkz322
http://doi.org/10.1093/protein/3.2.95
http://doi.org/10.1074/jbc.M113.524280
http://doi.org/10.1515/bmc.2010.025
http://doi.org/10.1080/10409238.2020.1742090
http://doi.org/10.1021/jm300663n
http://www.ncbi.nlm.nih.gov/pubmed/22861813
http://doi.org/10.1002/cpdd.201
http://www.ncbi.nlm.nih.gov/pubmed/27119579
http://doi.org/10.1186/s12967-016-0907-8
http://www.ncbi.nlm.nih.gov/pubmed/27246731
http://doi.org/10.1093/nar/gkaa1100
http://doi.org/10.1093/nar/gkq1006
http://doi.org/10.1093/nar/gkab929
http://doi.org/10.1093/nar/gkab225
http://doi.org/10.1093/nar/gkh454
http://doi.org/10.1093/nar/gkz991


Int. J. Mol. Sci. 2022, 23, 12203 10 of 10

51. Blum, M.; Chang, H.-Y.; Chuguransky, S.; Grego, T.; Kandasaamy, S.; Mitchell, A.; Nuka, G.; Paysan-Lafosse, T.; Qureshi, M.; Raj,
S.; et al. The InterPro protein families and domains database: 20 years on. Nucleic Acids Res. 2021, 49, D344–D354. [CrossRef]

52. Mistry, J.; Chuguransky, S.; Williams, L.; Qureshi, M.; Salazar, G.A.; Sonnhammer, E.L.L.; Tosatto, S.C.E.; Paladin, L.; Raj, S.;
Richardson, L.J.; et al. Pfam: The protein families database in 2021. Nucleic Acids Res. 2021, 49, D412–D419. [CrossRef] [PubMed]

53. Letunic, I.; Khedkar, S.; Bork, P. SMART: Recent updates, new developments and status in 2020. Nucleic Acids Res. 2021, 49,
D458–D460. [CrossRef] [PubMed]

54. Teufel, F.; Almagro Armenteros, J.J.; Johansen, A.R.; Gíslason, M.H.; Pihl, S.I.; Tsirigos, K.D.; Winther, O.; Brunak, S.; von Heijne,
G.; Nielsen, H. SignalP 6.0 predicts all five types of signal peptides using protein language models. Nat. Biotechnol. 2022, 40,
1023–1025. [CrossRef] [PubMed]

55. Almagro Armenteros, J.J.; Salvatore, M.; Emanuelsson, O.; Winther, O.; von Heijne, G.; Elofsson, A.; Nielsen, H. Detecting
sequence signals in targeting peptides using deep learning. Life Sci. Alliance 2019, 2, e201900429. [CrossRef]

56. Almagro Armenteros, J.J.; Sønderby, C.K.; Sønderby, S.K.; Nielsen, H.; Winther, O. DeepLoc: Prediction of protein subcellular
localization using deep learning. Bioinformatics 2017, 33, 3387–3395. [CrossRef]

57. Buchan, D.W.A.; Jones, D.T. The PSIPRED Protein Analysis Workbench: 20 years on. Nucleic Acids Res. 2019, 47, W402–W407.
[CrossRef]

58. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

59. Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.; Söding, J.; et al. Fast,
scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539.
[CrossRef]

60. McGuffin, L.J.; Aldowsari, F.M.F.; Alharbi, S.M.A.; Adiyaman, R. ModFOLD8: Accurate global and local quality estimates for 3D
protein models. Nucleic Acids Res. 2021, 49, W425–W430. [CrossRef]

61. Roche, D.B.; Buenavista, M.T.; McGuffin, L.J. The FunFOLD2 server for the prediction of protein–ligand interactions. Nucleic
Acids Res. 2013, 41, W303–W307. [CrossRef]

62. Laskowski, R.A.; MacArthur, M.W.; Moss, D.S.; Thornton, J.M. PROCHECK: A program to check the stereochemical quality of
protein structures. J. Appl. Crystallogr. 1993, 26, 283–291. [CrossRef]

63. Wiederstein, M.; Sippl, M.J. ProSA-web: Interactive web service for the recognition of errors in three-dimensional structures of
proteins. Nucleic Acids Res. 2007, 35, W407–W410. [CrossRef] [PubMed]

64. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef]
65. Ribeiro, J.V.; Bernardi, R.C.; Rudack, T.; Stone, J.E.; Phillips, J.C.; Freddolino, P.L.; Schulten, K. QwikMD—Integrative molecular

dynamics toolkit for novices and experts. Sci. Rep. 2016, 6, 26536. [CrossRef] [PubMed]
66. Eisenberg, D.; Lüthy, R.; Bowie, J.U. VERIFY3D: Assessment of protein models with three-dimensional profiles. In Methods in

Enzymology; Elsevier: Amsterdam, The Netherlands, 1997; Volume 277, pp. 396–404, ISBN 978-0-12-182178-4.
67. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-

tion system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef] [PubMed]
68. Goddard, T.D.; Huang, C.C.; Meng, E.C.; Pettersen, E.F.; Couch, G.S.; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX: Meeting modern

challenges in visualization and analysis: UCSF ChimeraX Visualization System. Protein Sci. 2018, 27, 14–25. [CrossRef]
69. Yang, J.; Roy, A.; Zhang, Y. Protein–ligand binding site recognition using complementary binding-specific substructure comparison

and sequence profile alignment. Bioinformatics 2013, 29, 2588–2595. [CrossRef]
70. Yang, J.; Roy, A.; Zhang, Y. BioLiP: A semi-manually curated database for biologically relevant ligand–protein interactions. Nucleic

Acids Res. 2012, 41, D1096–D1103. [CrossRef]
71. Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient

optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef]
72. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:

Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [CrossRef]
73. Liu, H.; Hou, T. CaFE: A tool for binding affinity prediction using end-point free energy methods. Bioinformatics 2016, 32,

2216–2218. [CrossRef]

http://doi.org/10.1093/nar/gkaa977
http://doi.org/10.1093/nar/gkaa913
http://www.ncbi.nlm.nih.gov/pubmed/33125078
http://doi.org/10.1093/nar/gkaa937
http://www.ncbi.nlm.nih.gov/pubmed/33104802
http://doi.org/10.1038/s41587-021-01156-3
http://www.ncbi.nlm.nih.gov/pubmed/34980915
http://doi.org/10.26508/lsa.201900429
http://doi.org/10.1093/bioinformatics/btx431
http://doi.org/10.1093/nar/gkz297
http://doi.org/10.1016/S0022-2836(05)80360-2
http://doi.org/10.1038/msb.2011.75
http://doi.org/10.1093/nar/gkab321
http://doi.org/10.1093/nar/gkt498
http://doi.org/10.1107/S0021889892009944
http://doi.org/10.1093/nar/gkm290
http://www.ncbi.nlm.nih.gov/pubmed/17517781
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1038/srep26536
http://www.ncbi.nlm.nih.gov/pubmed/27216779
http://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://doi.org/10.1002/pro.3235
http://doi.org/10.1093/bioinformatics/btt447
http://doi.org/10.1093/nar/gks966
http://doi.org/10.1002/jcc.21334
http://doi.org/10.1002/jcc.21256
http://doi.org/10.1093/bioinformatics/btw215

	Introduction 
	Results and Discussion 
	Nf314, a Virulence-Related Serine Carboxypeptidase 
	Nf314 Contains a Non-Terminal Propeptide Region 
	Mature Nf314 Exhibits a Ligand Binding Site 
	Nf314 Has Potential as a Drug Target 

	Materials and Methods 
	Sequence Retrieval and Database Searching 
	Primary and Secondary Structure Analyses 
	Template-Based Modeling and 3D Structure Validation 
	Analysis of the Protein-Ligand Binding Site 
	In Silico Molecular Docking Experiments 

	Conclusions 
	References

