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Plasmodium knowlesi is the most common zoonotic parasite associated with human malaria infection 
in Malaysia. Apical membrane antigen 1 (AMA1) protein in the parasite plays a critical role in parasite 
invasion into host cells. To date, there is no complete three-dimensional ectodomain structure of P. 
knowlesi AMA1 (PkAMA1) protein. The knowledge of a protein structure is important to understand 
the protein molecular functions. Three in silico servers with respective structure prediction methods 
were used in this study, i.e., SWISS-MODEL for homology modeling and Phyre2 for protein threading, 
which are template-based modeling, while I-TASSER for template-free ab initio modeling. Two query 
sequences were used in the study, i.e., native ectodomain of PkAMA1 strain H protein designated as 
PkAMA1-H and a modified PkAMA1 (mPkAMA1) protein sequence in adaptation for Pichia pastoris 
expression. The quality of each model was assessed by ProSA-web, QMEAN and SAVES v6.0 (ERRAT, 
Verify3D and Ramachandran plot) servers. Generated models were then superimposed with two models 
of Plasmodium AMA1 deposited in Protein Data Bank (PDB), i.e., PkAMA1 (4UV6.B) and Plasmodium 
vivax AMA1 (PvAMA1, 1W81) protein structures for similarity assessment, quantified by root-mean-
square deviation (RMSD) value. SWISS-MODEL, Phyre2 and I-TASSER server generated two, one and 
five models, respectively. All models are of good quality according to ProSA-web assessment. Based on 
the average values of model quality assessment and superimposition, the models that recorded highest 
values for most parameters were selected as best predicted models, i.e., model 2 for both PkAMA1-H 
and mPkAMA1 from SWISS-MODEL as well as model 1 of PkAMA1-H and model 3 of mPkAMA1 from 
I-TASSER. Template-based method is useful if known template is available, but template-free method 
is more suitable if there is no known available template. Generated models can be used as guidance 
in further protein study that requires protein structural data, i.e., protein-protein interaction study. 

Keywords: Plasmodium knowlesi; apical membrane antigen 1 (AMA1); in silico; three-dimensional (3D) 
modeling; model quality assessment.

INTRODUCTION

Malaria is a parasitic disease caused by Plasmodium parasite, which 
is transmitted by Anopheles mosquitoes. Around half of the global 
populations are still affected by malaria (WHO, 2021). Plasmodium 
knowlesi is the most common zoonotic parasite for human malaria 
infection in Malaysia due to its high incidence where it accounted 
for most of the national malaria cases (Chew et al., 2012; Goh et 
al., 2013; Lee et al., 2015; Zaw & Lin, 2019; Cooper et al., 2020). 
Its unique erythrocytic life cycle of 24 hours instead of 48 hours 
or more in other human Plasmodium species would cause high 
parasitaemia in a short time in a malaria patient and potentially 
resulting in fatal complications (Rajahram et al., 2019; Chin et al., 
2020). Thus, prompt diagnosis, treatment, and novel antimalarial 
and/or vaccine are extremely crucial.

	 The complex Plasmodium life cycle possesses various surface 
proteins in which some of them were widely studied for vaccine 
and antimalarial drug development (Devine et al., 2016; Sirima et 
al., 2017; Blank et al., 2020; Molina-Franky et al., 2020). One of the 
well-studied surface proteins is apical membrane antigen 1 (AMA1), 
a transmembrane protein located in the merozoite stage of the 
Plasmodium parasite and conserved in Apicomplexan parasites. The 
ectodomain of AMA1 is divided into three domains, i.e., domain I 
(DI), domain II (DII) and domain III (DIII), which is defined by the 
eight pairs of cysteine-cysteine disulfide bonds (Macraild et al., 
2011). Studies have shown that merozoite without AMA1 or blocked 
AMA1 interaction would result in failed merozoite invasion into host 
erythrocyte (Srinivasan et al., 2013; Wang et al., 2014; Yang et al., 
2017), making it an important surface protein for malaria vaccine 
and treatment studies.
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	 The three-dimensional (3D) structure of AMA1 is important 
in malaria studies to further understand its molecular functions. 
Computational or in silico modeling for protein structure prediction 
served as an alternative tool for protein-protein interaction studies 
instead of the more sophisticated, expensive, and time-consuming 
3D structure determination by X-ray crystallography and nuclear 
magnetic resonance (NMR) spectroscopy (Qiu et al., 2020). 
Nowadays, various in silico protein structure prediction tools have 
been developed, either in software or web server platforms due 
to the high demand for protein-protein and/or protein-peptide 
interaction studies, such as protein docking (Chew et al., 2017).
	 Currently, there are several in silico 3D protein structure 
prediction tools available either as webserver or downloadable 
software. Generally, there were three principal methods used for 
protein structure prediction, i.e., homology modeling, protein 
threading or fold-recognition modeling, and ab initio protein 
modeling methods. Homology modeling and protein threading 
were template-based structure prediction methods, while ab initio 
protein modeling depends on algorithmic process based on physical 
principles (sequence information) rather than on previously solved 
structures as the template. The present study aims to predict 
the protein structures of native PkAMA1 for P. knowlesi strain H 
(PkAMA1-H) and a modified PkAMA1 (mPkAMA1) that was designed 
in adaptation for Pichia pastoris expression (Haron et al., 2020). The 
level of accuracy was further compared to the currently available 
Plasmodium AMA1 protein structures deposited in Protein Data Bank 
(PDB), which is experimentally determined by X-ray crystallography 
or NMR.

	 In this study, SWISS-MODEL (Waterhouse et al., 2018), Protein 
Homology/analogY Recognition Engine version 2.0 (Phyre2) (Kelley et 
al., 2015), and Iterative Threading ASSEmbly Refinement (I-TASSER) 
(Yang & Zhang, 2015) servers were used as the homology modeling, 
protein threading, and ab initio structure prediction methods, 
respectively. Homology modeling applies the rule that similar 
sequences from the same evolutionary family would adopt similar 
tertiary structures with >25% identity. In the protein threading 
method, however, the target protein was compared with known 
protein structures instead of the protein sequences, relying on the 
fact that protein structure is highly conservative in evolution and 
has a limited number of unique structural folds. In contrast, the ab 
initio method commonly did not rely on known protein structures 
but rather using an algorithmic approach in building predicted 
models (Deng et al., 2018).

MATERIALS AND METHODS

Protein sequence
The native ectodomain of AMA1 protein sequence of P. knowlesi 
strain H (GenBank accession number: XP_002259339.1) designated 
as PkAMA1-H was used for protein structure prediction. Additionally, 
an experimental modified PkAMA1 designated as mPkAMA1 with 
substitution of five N-glycosylation sites in adaptation for Pichia 
pastoris expression system (Haron et al., 2020) was also used for 
structural prediction. The two PkAMA1 proteins comprise of the 
entire ectodomain (42-487 amino acid residues), i.e., domain I (DI), 
domain II (DII) and domain III (DIII) (Figure 1).

Figure 1. NCBI blast alignment of ectodomain of Plasmodium knowlesi AMA1 for strain H (PkAMA1-H) and modified PkAMA1 (mPkAMA1) 
protein sequences. Domain I (DI, amino acid positions of 42-248), domain II (DII, amino acid positions of 249-385) and domain III (DIII, amino 
acid positions of 386-487) in yellow, cyan, and magenta, respectively.
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Protein structure prediction
The 3D protein structure of the entire ectodomain of two PkAMA1 
proteins were predicted with three structure prediction servers, 
i.e., SWISS-MODEL (https://swissmodel.expasy.org/), Phyre2 
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) 
and I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) 
servers. By default, the number of model(s) generated by each 
server depends on each server algorithm. For SWISS-MODEL 
server, the number of generated model(s) depends on the number 
of comparative structures in PDB. The SWISS-MODEL server finds 
PDB templates with BLAST from the user query sequence. Upon 
BLAST screening, two Plasmodium AMA1 protein templates from 
PDB were chosen by the server, i.e., 1W81 (Plasmodium vivax AMA1 
encompassing entire ectodomain, DI-DII-DIII) and 4UV6 (PkAMA1 
encompassing DI-DII) to generate two homology models. The Phyre2 
server generated only one top model from a 100 PDB structures hit, 
while I-TASSER server generated five models based on five highest 
C-score, which is highly dependent on the number of simulation 
decoys, computed by the I-TASSER algorithm to construct each 
I-TASSER model.

Model quality and similarity assessment
The quality for each protein model was analyzed with Protein 
Structure Analysis (ProSA-web) (https://prosa.services.came.sbg.
ac.at/prosa.php) (Wiederstein & Sippl, 2007), Qualitative Model 
Energy ANalysis (QMEAN) version 4.3.0 (https://swissmodel.expasy.
org/qmean/) (Benkert et al., 2011) and SAVES v6.0 (https://saves.
mbi.ucla.edu/) (Dym et al., 2012) servers. The SAVES v6.0 server 
includes ERRAT, Verify3D and Ramachandran plot analysis.
	 For model similarity assessment, the experimentally determined 
3D structure of PkAMA1 protein was retrieved from PDB (https://
www.rcsb.org/) for superimposition purpose. The PkAMA1 structure 
from PDB (ID: 4UV6) encompassed only domain I to domain II (DI-
II) (Vulliez-Le Normand et al., 2015) consisted of two chains with 
very slight differences, i.e., chain A and chain B, in which chain B 
(4UV6.B) was used in the present study for structural comparison. 
Other Plasmodium AMA1, i.e., AMA1 of P. vivax (PvAMA1, PDB ID: 
1W81) (Pizarro et al., 2005), which is the only 3D protein structure 
that encompassed entire ectodomain (DI-DII-DIII) was also retrieved 
from PDB for model similarity assessment. Superimposed complexes 
were quantified with root-mean-square deviation (RMSD) value. 
Model visualization and superimposition were performed with 
PyMOL 2.4.0 Molecular Graphics System software (Schrodinger, 
Inc.) (https://pymol.org/2/).

RESULTS

Both PkAMA1-H and mPkAMA1 shared generated models of the 
same amino acid position by all three in silico server (Table 1). 
The number of amino acids successfully predicted into a protein 
structure by SWISS-MODEL and Phyre2 depends on the size of the 
PDB protein template used. For instance, model 1 generated by 

SWISS-MODEL and the only model generated by Phyre2 were based 
on PDB template of PvAMA1 (1W81) that encompass DI-II-III, while 
model 2 from SWISS-MODEL was based on PkAMA1 (4UV6) template 
that encompass DI-II. Meanwhile, as I-TASSER generates model using 
ab initio method, the whole ectodomain size was predicted into a 
whole ectodomain protein structure. 
	 The quality of generated models by the three structure 
prediction servers was evaluated by ProSA-web, QMEAN and SAVES 
v6.0 servers (Table 2). The ProSA z-score was calculated by ProSA-
web while the QMEAN4 score was calculated by QMEAN server. 
The ERRAT, Verify3D, overall G-factor and percentage of residues in 
allowed region were calculated by the SAVES v6.0 server, in which 
the latter two parameters were obtained from Ramachandran plot. 
	 In ProSA-web server, the z-score value was displayed in a plot 
that contains the z-scores of all experimentally determined proteins 
(X-ray crystallography and NMR spectroscopy) in PDB. The model 
z-score obtained within the range of the scores typically found for 
native proteins of similar size indicates good model quality while a 
score outside the range indicates erroneous structure (Wiederstein 
& Sippl, 2007). According to the ProSA-web plot graph, the z-scores 
for PDB protein structures with 300-500 residues were in the range of 
-1 to -13. All generated models of PkAMA1-H and mPkAMA1 were in 
the z-score range of experimentally-determined protein structures, 
indicating good model quality (Figure 2). In QMEAN server, the 
score is an estimate of the ‘degree of nativeness’ and indicates 
the generated model comparable quality with experimentally 
determined structures. The resulting score is a QMEAN4 value in 
which higher score indicates better quality model (Benkert et al., 
2011). In the current study, models generated by SWISS-MODEL 
server recorded higher QMEAN4 scores for both PkAMA1-H and 
mPkAMA1, followed by Phyre2 model and I-TASSER models. SWISS-
MODEL model 2 for both PkAMA1-H and mPkAMA1 recorded the 
highest QMEAN4 score among other generated models. 
	 Model 1 of PkAMA1-H and model 3 of mPkAMA1 predicted 
by I-TASSER server were the only acceptable models according 
to ERRAT parameter as ERRAT value of 95% or higher indicates 
good high-resolution model (Tran et al., 2015). Verify3D value of 
>80% indicates good model quality (Singh et al., 2019), signifying 
all generated models were of good model quality according to 
Verify3D parameter except for model 5 of PkAMA1-H and models 
4 and 5 of mPkAMA1 predicted by I-TASSER with values of < 80%. 
For Ramachandran plot assessment, the overall G-factor of > -0.5 
indicates a good model quality (Tran et al., 2015). All models were 
shown as good quality models except for I-TASSER model 4 and 5 
of PkAMA1-H and I-TASSER model 5 of mPkAMA1. All models were 
acceptable based on the Ramachandran map as a value of over 90% 
in the allowed region indicates good model quality (Singh et al., 
2019). Based on the average quality assessments, all models were 
of good quality models except for model 4 and 5 of I-TASSER server 
for both PkAMA1-H and mPkAMA1. When taken ERRAT parameter 
into consideration, only I-TASSER model 1 of PkAMA1-H and I-TASSER 
model 3 of mPkAMA1 were the only models of good quality.
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Figure 2. Graph of Protein Data Bank (PDB) protein structures (blue), PkAMA1-H (red) and mPkAMA1 (green) protein structures with z-scores 
computed by ProSA-web server. PDB structures determined by X-ray crystallography and nuclear magnetic resonance (NMR) were shown 
in light blue and dark blue, respectively. Models generated by SWISS-MODEL, Phyre2 and I-TASSER server were shown in circle, square and 
triangle, respectively, with respective model number. Abbreviations, S= SWISS-MODEL, Ph= Phyre2, and I= I-TASSER.
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	 The degree of similarity between the generated model 
with published PDB AMA1 protein structure was quantified by 
superimposition in the PyMOL software (Table 3). Low RMSD value 
indicates the closest similarity between the two superimposed 
protein structures. In comparison with PDB PkAMA1 (4UV6.B) 
structure, both model 2 from SWISS-MODEL server which utilized 
template-based method recorded the lowest RMSD values for 
both PkAMA1-H and mPkAMA1 as model 2 consisted of partial 
ectodomain (DI-II) similar to PDB PkAMA1 (4UV6.B) model (Table 
1). When compared with PDB PvAMA1 (1W81) structure, both 
models from Phyre2 server as well as model 1 from SWISS-MODEL 
server recorded the lowest RMSD values for both PkAMA1-H and 
mPkAMA1 as all three PkAMA1 predicted models were based on 
PvAMA1 (1W81), which is the only complete PDB structure of AMA1 
ectodomain (DI-II-III) (Table 1 and Table 3). As I-TASSER uses ab initio 
method in generating protein structure, it is expected to record 
higher RMSD value than both template-based SWISS-MODEL and 
Phyre2 servers. The generated I-TASSER models also encompass full-
length PkAMA1 ectodomain (Table 1). Therefore, the RMSD values 
by I-TASSER were also taken into account despite the high RMSD 
values as compared to the other two servers. For I-TASSER server, 
model 2 of PkAMA1-H and model 3 of mPkAMA1 shared lowest 
RMSD among other I-TASSER models when superimposed with PDB 
PkAMA1 (4UV6.B). Meanwhile, model 2 of PkAMA1-H and model 1 
of mPkAMA1 shared the lowest RMSD value among other I-TASSER 
models when compared with PDB PvAMA1 (1W81).
	 From the overall quality assessment values by ProSA-web, 
QMEAN, SAVES v6.0 server and RMSD value by superimposition, 
both SWISS-MODEL model 2 of PkAMA1-H and mPkAMA1 were 
selected as the best models which are generated by homology 
modeling as the representative for template-based method. As the 
I-TASSER models have the most complete amino acids sequence in 
their ectodomain structures, the best model was also selected from 
I-TASSER as the representative for template-free method, in which 
model 1 for PkAMA1-H and model 3 for mPkAMA1 (Figure 3).

DISCUSSION

In the current study, one webserver was chosen for each 
prediction method, i.e., SWISS-MODEL for homology modeling, 
Phyre2 for protein threading and I-TASSER for ab initio methods. 
Homology modeling or comparative modeling of protein used 
experimentally determined protein structures deposited in PDB by 
X-ray crystallography or NMR spectroscopy to construct the target 
protein based on the amino acid sequences similarity. SWISS-MODEL 
was the first fully automated homology modeling server and has 
been used for 25 years. The server ranked among the top servers 
in Continuous Automated Model Evaluation (CAMEO), a blind 
prediction assessment based on sequences from PDB and is one 

of the most used structure prediction servers globally (Kuhlman & 
Bradley, 2019). Protein threading is a protein fold-based method 
that used both experimentally protein sequences and structures 
as the protein template. Protein threading also makes a prediction 
based on the structure information. Critical Assessment of Protein 
Structure Prediction (CASP) is under the management of Protein 
Structure Prediction Center (https://predictioncenter.org/index.
cgi) that conducts experiments to measure the protein structure 
modeling methods which takes place every two years since 1994. 
The Phyre2 server is a successor of Phyre server and ranked tenth 
out of 45 groups in the CASP and the major priority of Phyre2 is 
the ease of use, especially to researchers without computational 
knowledge background (Kelley et al., 2015). Ab initio method refers 
to the uses of an algorithmic process to predict tertiary structure 
from the amino acid primary sequence. I-TASSER was built based on 
iterative fragment assembly simulations and has ranked number one 
in Protein Structure Prediction Center from CASP8 (2008) to CASP14 
(2020) with exception of CASP9 (2010) that ranked in number two. 
All three in silico servers are user-friendly, where the user only need 
to submit the target protein sequence in FASTA format.
	 In terms of model quality assessment, the ProSA-web used the 
potential of mean force (PMF) to locate the region in the generated 
protein structure of any improper or unsuitable geometries. In 
ProSA-web, the energy of deposited protein structures was shown 
in the z-score. Comparing the z-score of generated models with 
PDB deposited protein structures provides a method to determine 
the viability of the generated model (Wiederstein & Sippl, 2007). 
Meanwhile, the QMEAN server estimates the generated model 
quality by comparing its structural features to experimental 
structures of similar size deposited in PDB (Benkert et al., 2011). 
The QMEAN server is the top ranking in the CASP13 evaluation for 
the estimation of model accuracy (EMA) methods performances 
(Cheng et al., 2019; Chen & Siu, 2020). ERRAT determines six 
nonbonded distance-related interactions, i.e., carbon-carbon (CC), 
nitrogen-nitrogen (NN), oxygen-oxygen (OO) carbon-oxygen (CO), 
carbon-nitrogen (CN), and nitrogen-oxygen (NO) atoms that occur 
in all protein structures. It classifies the distance of the atoms in 
a proposed structure with statistical analysis. The average and 
standard deviation of each atom’s distance based on known protein 
structures of various fold classification are used to determine the 
generated model quality. The Verify3D analysis scores generated 
protein 3D structure by constructing probability tables. The table 
assesses the probability of each amino acid residue that would 
be located in the 3D protein structure. A higher score indicates 
higher viability of the generated protein model. The geometry 
factors (G-factors) determine the “normality” of each residue’s 
stereochemical properties based on the analysis of 163 non-
homologous protein structures that were determined by X-ray 
crystallography (Esposito et al., 2006).
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Figure 3. Plasmodium AMA1 3D protein structures from Protein Data Bank and the best predicted models of PkAMA1-H and mPkAMA1 
protein structures. (A) PDB PkAMA1 (ID: 4UV6.B), (B) SWISS-MODEL model 2 of PkAMA1-H, (C) SWISS-MODEL model 2 of mPkAMA1, (D) PDB 
PvAMA1 (ID: 1W81), (E) I-TASSER model 1 of PkAMA1-H, and (F) I-TASSER model 3 of mPkAMA1. Domain I (DI), domain II (DII) and domain III 
(DIII) were shown in yellow, cyan, and magenta, respectively, while green for c-myc tail in PDB PkAMA1 (4UV6.B) structure. The first and last 
protein residues were labeled accordingly. Asterisk symbol signifies unmodeled loops i.e., Ser212-Ala217 and Gly328-Ser332 in PDB PkAMA1 
structure (A) while Met171-Asp174, Pro205-Val218, Pro295-Asn334, and Lys401-Asp412 for PDB PvAMA1 structure (D).
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	 The RMSD is the most basic quantification for deviation 
measurement between two superimposed protein structures 
(Kufareva & Abagyan, 2012). As a rule of thumb, using RMSD for 
the quantification of superimposition complexes is a good measure 
for predicted model that is close to native model (x <3Å) (Chothia & 
Lesk, 1986). Generally, a RMSD value of 1.5ֵÅ to 2Å indicates detailed 
atomic accuracy meanwhile RMSD of around 4Å to 6Å indicates 
models with only correct backbone orientation. RMSD value of more 
than 6Å is regarded as very poor accuracy models (Shin et al., 2017). 
In current study, predicted models were close to the native AMA1 
structures from PDB, which is appropriate to use the basic RMSD 
measurement and does not need a more complex quantification, 
i.e., S-score and Global Distance Score (GDT), which is more accurate 
but only needed when the superimposed complexes have significant 
difference in their structures (x >3Å) (Kufareva & Abagyan, 2012). 
	 A single amino acid variation could change protein structure 
significantly (Schaefer & Rost, 2012). Despite only five amino 
acids differences between the native PkAMA1-H and the modified 
mPkAMA1, the values obtained from model quality assessments and 
superimposition were vary, except for models by Phyre2 tool which 
were consistent for both PkAMA1-H and mPkAMA1. The Phyre2 tool 
algorithm seems to be less sensitive to any amino acids substitution 
in the protein sequence, as opposed to SWISS-MODEL and I-TASSER 
algorithms, which are more sensitive to amino acids substitution 
as seen in the varying values obtained between PkAMA1-H and 
mPkAMA1. Based on the findings, amino acids substitution has 
greatly impacted the model construction by SWISS-MODEL and 
I-TASSER algorithm, which subsequently impacted the qualities of 
models. 
	 In terms of predicted model similarity with experimentally 
determined structures, homology modeling is the most accurate 
method to construct a protein model when there is known 
modeling template, however ab initio is preferable when known 
template is not available. Both template-based SWISS-MODEL 
and Phyre2 tools showed impressive values in superimposition, 
but did not offer additional information on PkAMA1 structure, 
in contrast to the template-free I-TASSER which provides full-
length PkAMA1 structure. The DIII structure of PkAMA1 has yet 
to be determined experimentally, thus relying on the DIII of the 
closely-related PvAMA1 structure as model construction template. 
The accuracy of the predicted DIII of PkAMA1 will remain vague 
unless determined experimentally. The PvAMA1 (1W81) is the only 
available experimentally determined 3D Plasmodium AMA1 model 
that encompassed the entire ectodomain (DI-II-III) to date. Apart 
from that, the significance of PvAMA1 (1W81) as template model 
for superimposition study was due to close phylogenetic relationship 
between P. vivax and P. knowlesi amongst the Plasmodium species. 
The phylogenetic tree of the P. knowlesi strain H showed a close 
relationship with the PvAMA1 gene (bootstrap value: 100%) in which 
these two Plasmodium species contain high levels of identical amino 
acid alignment (Herman et al., 2018). In silico PkAMA1 epitope 
prediction also indicated that PkAMA1 and PvAMA1 shared high 
sequence similarity and it is expected to obtain epitopes that shared 
significant consensus sequence (Azazi et al., 2021). 
	 The protein structure prediction can be useful in the study of 
protein-protein interaction, i.e., ligand binding site determination, 
which otherwise is laborious when studied experimentally. More in 
silico prediction tools with diversified algorithms representing each 
prediction method, i.e., homology modeling, protein threading and 
ab initio methods can be utilized to obtain extensive data on the 
effect of each prediction method on the constructed model quality. 
The inclusive of more in silico tools in a protein structure prediction 
study will also be beneficial to elucidate the effect of amino acids 
substitution on the resulting constructed model.

CONCLUSION

Based on the overall values of model quality and similarity 
assessment, the best predicted models were chosen from SWISS-
MODEL model 2 for both PkAMA1-H and mPkAMA1 as template-
based method representatives while I-TASSER model 1 of PkAMA1-H 
as well as model 3 of mPkAMA1 as best template-free method 
representatives. These generated models can be used as guidance 
in further protein studies that require protein structural data, i.e., 
protein-protein interaction study.
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