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Malaria is a parasitic infection caused by protozoan parasites from the genus Plasmodium. 
Over the years, various concerns have arisen regarding the efficacy in treating malaria 
caused by Plasmodium falciparum, which was reported to be caused by mutations in one 
of the parasite’s proteins, known as the Kelch 13 (K13). This study aims to generate the 
model structures of P.falciparum K13 protein mutants and to evaluate the binding affinities 
and interactions between these proteins and artemisinin drug, which is the drug used for 
the treatment of malaria. To date, the interactions between the protein mutants and 
artemisinin drug have not been computationally elucidated. In this study, four different 
types of mutant proteins were analysed, which are V494I, L598G, S600C and N537I and the 
results were compared with the wild-type K13 protein. Homology models of these proteins 
were created using the wild-type K13 (PDB ID:4YY8), with high percentage of sequence 
identity with the mutants. Most models with -2 and 2 have good Rama-Z scores, hence it 
can be deduced that the four mutants V494I (-1.21 ± 0.42), L598G (-1.19 ± 0.41), S600C (-
0.93 ± 0.43), N537I (-1.16 ± 0.43) and the wild-type (-1.34 ± 0.45) have acceptable Rama-Z 
scores. Molecular docking between artemisinin and the generated models of K13 proteins 
revealed that all protein mutants have higher binding energy; V494I (-6.79 kcal/mol), L598G 
(-9.26 kcal/mol), S600C (-6.17 kcal/mol) and N537I (-6.96 kcal/mol), compared to the wild-
type (-9.65 kcal/mol). The results showed that all four distinct mutant proteins have less 
stable complex formation, which indicate that the mutant proteins have higher resistance 
towards artemisinin due to the higher binding energy compared to the K13 wild-type 
protein. However, all mutations have a higher number of protein-ligand hydrophobic 
interactions and protein-ligand hydrogen bonds than the wild-type protein, which requires 
further analysis to understand the binding interactions. The predicted structural 
information with regards to binding interactions between the K13 mutant proteins and 
artemisinin obtained from this study has paved the path toward understanding how 
mutants may cause parasites’ resistance towards artemisinin drugs. 
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1. Introduction 
 
Plasmodium vivax, P.falciparum, P.ovale, and P.malariae are the four protozoan parasite species 

that cause malaria and are spread by the vector Anopheles mosquitoes [1]. In 85 countries where the 
disease is endemic, 227 million cases of malaria were reported back in 2019 and an increase was 
observed, where 241 million cases were reported in 2020. Artemisinin combination therapy (ACT) 
based on artemisinin (ART) is the first-line global treatment method for malaria. These compounds 
are activated in the parasite by Fe2+-heme, which is made from hemoglobin [2,3]. The resistance of 
P. falciparum towards ART therapy has spread throughout the Greater Mekong Subregion (GMS) 
since it first appeared in Western Cambodia.  Resistance is defined as a parasite clearance half-life of 
more than 5.5 hours  [4]. Resistance to the first-line combination treatment piperaquine threatens 
efforts to control malaria in the GMS, where ART-resistant parasites have recently appeared and 
spread. Even though Malaysia has not yet reported any ART resistance cases, the ACT was shown to 
take a longer time to clear the parasites. Based on the reports from the Institute for Medical Research 
(IMR), the frequency of the P. falciparum Kelch 13 (PfK13) polymorphisms were found to be 
candidates or linked to resistance in two samples from the East Coast of Peninsular Malaysia and one 
sample from the South Coast of Peninsular Malaysia.  

One of the crucial P.falciparum proteins, K13, contains the BTB (Broad-complex, tramtrack and 
bric-à-brac) and Kelch-repeat propeller (KREP) domains. It was reported that P. falciparum is resistant 
to ART because it has mutations in the K13 (PfK13) protein. PfK13 plays a key part in the growth and 
division of asexual red blood cells, although the purpose of this protein is still unclear. It typically 
presents in E3 ubiquitin ligase complexes that aim to degrade a protein substrate by ubiquitin [5]. 
However, improper function of the K13 propeller causes permanent activation of transcriptional 
changes that "prime" the Plasmodium to resist oxidative drug damage [6]. Hence, studies on the 
function and mechanism of the K13 protein in the parasites, especially in P.falciparum is very much 
needed [7].  

In this study, the interactions between the wild-type K13 and the mutants with ART were 
elucidated via a computational approach, in order to understand the effect of gene mutation on the 
effectiveness of antimalarial drugs. In order to study the binding interactions, comparative modelling 
of the mutant proteins was performed to generate an atomic-resolution model of a "target" protein 
from its amino acid sequence and the experimental three-dimensional structure of a related 
homologous protein. The strength of the interactions between two or more molecules, which are 
ART and mutated K13 proteins, were analyzed to predict how strong the drug binds to the target 
protein. In this case, hydrophobic interactions and hydrogen bonds indicate the presence of binding 
activities between the receptor and the ligand. Meanwhile, lower negative values of binding energy 
indicate a less stable complex that affects the functions of the compound [8]. These analyses might 
show the effects of mutation on ART efficacy. 

The first step which is crucial in developing the most popular biological models, such as 
phylogenetic reconstruction, structural homology modelling, and functional inference through 
domain profile comparisons is multiple sequence alignment (MSA) [9]. T-Coffee builds libraries based 
on externally generated alignments rather than explicitly aligning sequences. It creates a coloured 
alignment in (.html) and (.pdf) format, with each residue appearing on a background displaying the 
alignment's quality. The T-Coffee package includes an implementation of the transitive consistency 
score (TCS) evaluation and filtering mechanism. The TCS server, a web-based application, determines 
the most precise regions in any pre-computed multiple sequence alignment, irrespective of the 
aligner. The TCS server allows deviation from similarity-based filtering techniques, such as Gblocks 
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and trimAl, while maintaining additional tree-estimation data. This server minimises misalignment in 
biological analyses. The RNA alignment capacity of TCS will be increased [10].  

Meanwhile, molecular docking permits the investigation of any protein interactions, including 
protein-ligand interactions, as demonstrated by the case study of P. falciparum protein mutants 
towards the ART drug. This was performed to determine how tightly a ligand (ART) binds to a certain 
area of a protein, specifically the receptor-binding domain, also known as a coiled-coil-containing 
domain (CCC) in amino acid sequences between 212 and 314. These were the most conserved and 
contained the vast majority of K13 alleles related to ART [5]. To date, the effect of point-mutations 
in K13 protein on ART drug has not yet been established and no study has been attempted 
computationally to understand the interactions of this protein and the drug, which could be 
promising in combating ART drug resistance cases and eradicating malaria disease [11]. 
 
2. Materials and Methods  
2.1. Sequence Alignment 

 
The four protein mutants (V494I, L598G, S600C and N537I) sequences were obtained from the 

sequencing results of Azian and colleagues at IMR, Malaysia [12]. These sequences were used to find 
the matches in databases to obtain the template sequence. Subsequently, the template and the 
protein mutants’ sequences were aligned to create MSA. The T-coffee was used to import the MSA 
in fast alignment (FASTA) format. By analysing the aligned sequences, the website determined the 
TCS. By default, the server computes a Mproba pair T-Coffee pairwise library and generates filtered 
alignments in addition to its other outputs, eliminating those columns with a scaled ColumnTCS score 
(range 0–9) below 4. 

 
2.2. Modelling K13 Protein  
 

BLAST was used to identify which protein to be utilised to create the model based on the DNA 
sequences that have been converted into RNA sequences, using BioEdit software version 7.2. Based 
on BLAST results, there are two related proteins in the data bank. K13 protein from P. falciparum 
(PDB ID: 4YY8) and K13 protein from P. falciparum (with disulfide bond) (PDB ID: 4ZGC), in which both 
are identical. However, 4YY8 has the most similar BLAST findings, which indicate its suitability to be 
used as the template for modelling. To complete the model, additional atoms and loops were 
introduced and optimized during the following construction stage.  

Sidechain modelling is essential for studying protein-ligand and protein-protein interactions at 
the active sites and contact surfaces. Most modelling methods include sidechain refinement.  UNIX 
software SCWRL (sidechain placement with rotamer library) was fast, and it uses the backbone-
dependent rotamer library to insert side chains. 

The last stage includes refinement and optimization, where it was needed for modelling, in light 
of the energy-related elements that are considered. Unfavorable bond angles, bond lengths, and 
near-atomic interactions were removed from the raw homology model to improve the model's 
validity. The energy-reduction method helps fix model flaws as for structural refinement, a molecular 
dynamics simulation may employ GROMOS, a UNIX application. Using MolProbity's Ramachandran 
Plot, the model quality was determined, where the final homology model must obey physicochemical 
principles.  
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2.3 Molecular Docking 
 

To construct the ligand preparation file, the Structure Data File (SDF) of ART was downloaded 
from the PubChem website and converted to the PDBQT (Protein Data Bank, Partial Charge (Q), & 
Atom Type (T)) format using the Open Babel software. Docking was then performed after all 
preparatory procedures had been finished, signifying that both protein and ligand libraries have been 
processed and prepared appropriately. The result is a set of files consisting of an SDF output file and 
docking posture and score files for each ligand. The following is the structure of the output, where 
the files will be analysed, the scores from the SDF files will be retrieved, and the best score received 
thus far for each file will be chosen. All necessary files consist of the protein file (the completed model 
protein mutant), the ligand file (ART) that were both in PDB format and the Autodock executable file. 
By setting the preference file to this prepared file, the protein file was then opened to facilitate 
computations and to free the binding pocket of possible water molecules that could otherwise 
disturb the pose search.  

The protein file was then prepared for docking after the PDBQT ligand file was added via the 
software interface's ligand option. Using the available possibilities, the torsion tree was determined. 
All of the ART examined in this study exhibits three torsion angles between the atomic planes. Once 
the ligand was prepared for docking, the grid for docking (receptor) was supplied, precisely as it 
would be when calculating docking using Autodock Vina. Blind docking happens when the following 
grid size (i.e., grid box dimensions) entirely covers the protein contact area. By highlighting all of the 
residues in the binding site, the modification is made simpler, and they were saved in the Grid 
Parameter File (GPF) format before executing the AutoGrid. 

The Docking Log File (DLG) format was set as the parameter file prior to executing Autodock. The 
genetic algorithm was modified based on the amount of torsion. Since the number of torsions in all 
proteins utilised in this work spans from 1 to 10, only 50 GA runs and a population of 300 were 
established. The result of the DLG file was then saved as a Lamarckian Genetic Algorithm (LGA) 
variation for flexible ligand-receptor docking that is capable of handling a large number of degrees of 
freedom. The hybrid technique for molecular complex local optimization merged a multi-deme LGA 
with a previously reported gradient-based method. 

 
3. Results and Discussion 
 3.1 Sequence Alignment Score 
 

To predict a higher quality model of the query protein by homology modelling, it is required to 
align the template sequences well with closely similar template models by using T-Coffee. Utilising 
up weight or filtering scoring positions to demonstrate the use of proper simulation and empirical 
benchmarks enables the construction of a significantly more accurate phylogenetic tree, and for the 
majority of alignment methods, TCS. After post-processing, the base, nearly identical precision is 
achieved. The MSA results are shown in Figure 1.  
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Fig. 1. The multiple sequence alignment retrieved from T-Coffee in HTML output format. Red 
indicates identical regions, whilst green and yellow indicate the less conserved regions 

 
The red colour indicates that the regions in all sequences are identical. These regions are under 

high selection pressure and are critical for the proper function and structure of the DNA. Meanwhile, 
regions in green and yellow colour are less conserved regions. This alignment gives the ideas of the 
conservation of the protein mutants and the wild-type. Below the alignment is a line containing the 
consensus value (ColumnTCS) for each column. The K13 wild-type TCS score was found to be 85, 
while 91 for the mutations V494I, L598G, S600C, and N537I, and 87 for the final consensus (the 
nucleotide or amino acid residue that occurs most frequently at each site), respectively. Here, we 
demonstrate how our index, the TCS, may also be used to detect appropriately aligned residues as 
determined by structural analysis. The next stage of homology modelling was carried out using the 
generated templates. 
 
3.2 Homology Modelling of Kelch 13 Protein Structures  
 

One of the metrics for evaluating model quality that was added to MODELLER is Discrete 
Optimised Protein Energy (DOPE). DOPE is a statistical potential that depends on the atomic distance 
inferred from a sample of native protein structures [13,14]. The best protein model based on the 
discrete optimized protein energy (DOPE) score obtained by MODELLER software is shown in Figure 
2 from the finalized protein model. To determine whether the protein model can be used for docking 
studies, the accuracy of the model was verified using the Molprobity website. A web tool for 
structural validation called MolProbity offers a wide range of trustworthy model quality assessments 
for proteins and nucleic acids at both the global and local scales [15]. The Ramachandran plot 
acquired from the Molprobity was used to determine whether the protein model can be used for 
future research, including docking and other tests. In order to determine whether the protein itself 
can be used, the error must be identified, or the protein must be remodelled. The structural changes 
of the mutations and the wild-type do not impart significance. It is expected, as mutating a single 
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amino acid in PfK13 does not give significant changes in the structure. However, the effects of these 
mutations are rather subtle [16]. Identifying the locations of the amino acids denoted by the black 
dots on the plot graph is one of the most important pieces of information from the Ramachandran 
plot. It is noteworthy to note that good Rama-Z scores are between -2.0 and 2.0 [17]. Based on the 
results presented in Table 1, it can be concluded that all four mutants and the wild-type have 
excellent Rama-Z scores. 

 
 
 

 

 
Fig. 2. a) The 3D protein model of the wild-type K13, b) The 3D protein model of V494I mutant, c) The 3D 
protein model of L598G mutant, d) The 3D protein model of S600C mutant, and e) The 3D protein model of 
N537I mutant. The alpha-helix is shown in red, β-sheet (yellow), and loop (green). The differences in these 
structures are circled at the CCC domain sites 
 

Table 1 
Rama distribution Z-score based on protein geometry result achieved from Molprobity website 

No Protein mutant Rama distribution Z-score 
1 Wild-type -1.34 ± 0.45 
2 V494I -1.21 ± 0.42 
3 L598G -1.19 ± 0.41 
4 S600C  -0.93 ± 0.43 
5 N537I -1.16 ± 0.43 

 
For a more comprehensive examination of the Ramachandran plot graph, four factors were 

considered: the general case, isoleucine and valine plots, pre-proline plots, and glycine plots. In this 
study, there are no mutant cases that deviate from the norm, as depicted in Figure 3. 

 
 
 

 
 
 

a) b) c) 

d) e) 



Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 28, Issue 3 (2022) 272-286 

278 
 

 
 

         

     
Fig. 3. General cases of Ramachandran plot of a) the K13 wild-type protein model, b) the K13 protein model 
of V494I mutant, c) the K13 protein model of L598G mutant, d) the K13 protein model of S600C mutant, and 
e) the K13 protein model of N537I mutant 
 

The preferred or fully allowed region is denoted by light blue lines, whereas the permitted, or 
outer limit, region is denoted by a dark blue line, which could be used to label plot regions containing 
key secondary structures. The results indicate that the K13 protein wild-type model has 97.79% of 
available amino acids in the preferred region, whereas the V494I, L598G, S600C, and N537I protein 
mutants contain 97.01 %, 97.71%, 97.76%, and 97.05% of amino acids in the preferred region, 
respectively. As a result of these observations, it is possible to conclude that they are compatible with 
the Rama-Z scores, as they have high Rama Z-scores and a greater proportion of amino acids in the 
preferred region. This confirms the validity of the model’s structure since high percentage indicates 
the model’s high level of quality [1].  
 
3.3 Docking Analysis 
 

Molecular docking is a computer program used to determine how a compound binds to its target 
ligand. It is very useful in predicting the biological potency and binding affinity of small molecules 
[18]. In this study, a systematic computational approach was conducted to study the binding action 
of ART with PfK13 protein, which aids in understanding the molecular basis of ART resistance towards 
V494I, L598G, S600C, and N537I mutations using Autodock Vina. Here, site-specific docking was 
carried out with the ART molecule acting as the ligand and the best quality of the generated protein 
models serving as the receptor. The CCC domain was used as the grid box's centre, with the grid 
points' x,y, and z coordinates set to 40,40,40 and their spacing set to 0.375.  

The binding energy between the mutant protein and the ligand drug is shown in Table 2, where 
the binding energy between the mutant protein and the ligand drug revealed that the mutant 
structures showed lower binding energy compared to the wild-type K13 protein.  

 

a) b) 

c) d) e) 
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Table 2 
Docking results between K13 proteins and ART obtained from 
Autodock Vina software 

No. Protein mutant Binding Energy (kcal/mol) 
1 Wild-type -9.65 
2 V494I -6.79 
3 L598G -9.26 
4 S600C -6.17 
5 N537I -6.96 

 
Table 2 shows that all the protein mutants indicate lower interaction stability between the 

protein and the drug. Binding energy per ligand atom to protein was used to determine ligand 
efficiency [12]. The better the ligand matches the receptor, the more stable the complex and the 
more negative the energy [8]. Non-covalent intermolecular interactions such as hydrogen bonding, 
electrostatic interactions, hydrophobic forces, and van der Waals forces between the two molecules 
affect binding affinity [19]. Hence, the docking interactions and bonding formations will be discussed 
further in the following section.   
 
3.4 Binding Analysis between K13 Protein Mutants and ART  
 

The balance of several energetic contributions, including hydrogen bonds, van der Waals forces, 
electrostatic forces, and the hydrophobic effect, determines how ligands and receptors attach to one 
another [20]. Figure 4 shows the location of the binding site for ART on the wild-type K13 protein. 
The hydrophobic interactions between the wild-type with ART is shown in Table 3, followed by 
hydrogen bond interactions in Table 4. 

 

 
Fig. 4. Molecular interactions between ART and the wild-type K13 protein 

 
 

LEU 255 residue is the most preferred hydrophobic interaction in the docking analysis of the wild-
type protein, as shown in Table 3. Consequently, the CCC domain amino acids located at 212–341 
should be the focal point of the findings in the V49VI, L598G, S600C and N537I protein mutants. The 
hydrogen bond that can form with ART is via CYS 243 residue as shown in Table 4. In order to change 
the binding affinity and drug efficacy, the ligands must be stabilised at the target site by hydrogen 
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bonding and hydrophobic interactions [21]. Hence, these interactions in the wild-type functioned as 
the control to compare the interactions that occur in all four mutations with ART. 
 

Table 3 
Hydrophobic interaction between the wild-type K13 protein and ART 

Index Residue AA Distance(Å) Ligand Atom Protein atom 
1 255A LEU 3.25 2689 2503 

 
Table 4 
Hydrogen bond interaction between the wild-type K13 protein and ART 

Residue AA Distance 
H-A (Å) 

Distance 
D-A (Å) 

Donor 
Angle 

Protein 
Donor 

Side 
chain 

Donor 
Atom 

Acceptor 
Atom 

1 243A CYS 2.79 3.14 100.34 ✓ X 2375 
[N3] 

2675 [O2] 

 
Meanwhile, Figures 5,6,7 and 8 show the location of the binding site for ART on the protein 

mutants. Subsequently, Tables 5,7,9 and 11 show the hydrophobic interactions between the protein 
mutants with ART. Meanwhile, the hydrogen bonds between the protein mutants with ART are 
shown in Tables 6,8,10 and 12. 
   

 
Fig. 5. Molecular interactions between ART and V494I protein mutant 

 
Based on the results in Table 5, V494I protein mutant did not bind with the same residue as the 

wild-type, but it has at least five hydrophobic interactions, while it has only a hydrogen bond 
interaction with 255A residue, as shown in Table 6. 
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Table 5 
Hydrophobic interactions between V494I and ART  

Index Residue AA Distance(Å) Ligand Atom Protein atom 
1 254A GLN 2.96 2687 2489 
2 255A LEU 3.84 2681 2500 
3 260A LEU 3.28 2687 2538 
4 260A LEU 3.56 2681 2540 
5 262A PRO 3.96 2684 2556 

 
Table 6 
Hydrogen bond between V494I and ART 

Residue AA Distance 
H-A (Å) 

Distance 
D-A (Å) 

Donor 
Angle 

Protein 
Donor 

Side 
chain 

Donor 
Atom 

Acceptor 
Atom 

1 255A LEU 3.50 3.94 108.05 ✓ X 2498 
[N3] 

2671 [O3] 

 
Meanwhile, Figure 6 shows the location of the binding site for ART on L598G protein mutant and 

Table 7 shows the hydrophobic interactions between L598G protein with ART and the hydrogen 
bonds between L598G protein with ART are shown in Table 8. 

 

 
Fig. 6. Molecular interactions between ART and L598G protein mutant 

 
Table 7 
Hydrophobic interactions between L598G and ART 

Index Residue AA Distance(Å) Ligand Atom Protein atom 
1 255A LEU 3.54 2669 2482 
2 255A LEU 3.65 2658 2485 
3 255A LEU 3.48 2663 2484 
4 260A LEU 3.96 2668 2520 
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Table 8 
Hydrogen bonds between L598G and ART 
Residue AA Distance 

H-A (Å) 
Distance 
D-A (Å) 

Donor 
Angle 

Protein 
Donor 

Side 
chain 

Donor 
Atom 

Acceptor 
Atom 

1 256A GLY 3.51 4.06 115.64 ✓ X 2489 
[N3] 

2651 [O2] 

2 258A SER 3.04 3.68 125.44 ✓ ✓ 2504 
[O3] 

2654 [O2] 

 
The L598G protein mutant, unlike the V494I protein mutant, has the same hydrophobic 

interaction between ART ligand with the wild-type protein, but it has three interactions with residue 
LEU 255 that differ in distance, ligand atom, and protein atom, as shown in Table 8. 

 

 
Fig. 7. Molecular interactions between ART and S600C protein mutant 

 
Meanwhile, in Figure 7, the location of the binding site for the ART on the S600C protein was 

observed. Table 9 shows the hydrophobic interactions between S600C protein with ART, while the 
hydrogen bonds between S600C protein with ART are shown in Table 10. 

 
Table 9 
Hydrophobic interactions between S600C and ART 
Index Residue AA Distance(Å) Ligand Atom Protein atom 
1 260A 

 
LEU 3.38 2683 2539 

2 262A PRO 3.47 2680 2557  
 

Table 10 
Hydrogen bonds between S600C and ART 

Residue AA Distance 
H-A (Å) 

Distance 
D-A (Å) 

Donor 
Angle 

Protein 
Donor 

Side 
chain 

Donor 
Atom 

Acceptor 
Atom 

1 215A GLU 2.20 2.87 127.68 ✓ ✓ 2127 
[O3] 

2676 
[O2] 

2 236A ASN 2.89 3.63 146.07 ✓ ✓ 2315 
[O3] 

2676 
[O2] 

3 263A ARG 2.20 3.05 170.96 ✓ X 2561 
[Nam] 

2688 
[O3] 
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Based on the results from Table 9, the S600C protein mutant did not bind with the same residue 
as the wild-type, but it has at least two hydrophobic interactions, and it has three hydrogen bonds, 
as shown in Table 10.  

Subsequently, Figure 8 indicates the location of the binding site for the ART on the N537I protein 
mutant. Table 11 tabulates the hydrophobic interactions between N537I protein with ART and the 
hydrogen bonds between N537I protein with ART are shown in Table 12. 
 

 
Fig. 8. Molecular interactions between ART and N537I protein mutant 

 
Table 11 
Hydrophobic interactions between N537I and ART 

Index Residue AA Distance(Å) Ligand Atom Protein atom 
1 270A ILE 3.32 2679 2641 
2 270A ILE 3.03 2686 2639 
3 270A ILE 3.68 2691 2640 
4 272A ASN 3.43 2679 2654 

 
Table 12 
Hydrogen bond between N537I and ART 

Residue AA Distance 
H-A (Å) 

Distance 
D-A (Å) 

Donor 
Angle 

Protein 
Donor 

Side 
chain 

Donor 
Atom 

Acceptor 
Atom 

1 270A ILE 2.40 3.26 175.85 ✓ X 2637 
[Nam] 

2692 
[O3] 

 
The results from Table 11 show the N537I protein mutant did not bind with the same residue as 

the wild-type, but it has at least four hydrophobic interactions and only one hydrogen bond, as shown 
in Table 12.  

The hydrophobic factor affects the energetic preference of non-polar molecular surfaces to 
interact with other non-polar molecular surfaces, displacing water molecules from the interacting 
surfaces. The hydrophobic effect is contributed to by both enthalpic and entropic effects. 
Hydrophobic interactions are alluring, short-range interactions that significantly contribute to ligand-
receptor binding affinities. They contribute to specificity in the same manner as hydrogen bonding 
interactions, but in a manner that is less constrained geometrically [22].  
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It was reported that hydrophobic interactions predominate and make a significant contribution, 
whereas hydrogen bonding and polar interactions aid in the correct orientation of a compound (or 
functional group) for maximum interaction [23]. Meanwhile, the energetics of the protein-ligand 
hydrogen bonds cannot be determined from a single snapshot or the total number of bonds since 
other factors, such as the makeup of the binding site residues, may have an impact on this scaling 
relationship [24]. Additionally, mixed strong-weak hydrogen bond pairings explained why 
indiscriminately increasing receptor-ligand hydrogen bonds are weakly connected with experimental 
binding affinity and reduce ligand-binding affinity due to bulk water interference [25]. 

Even though the function of the K13 protein is still unknown, but there are studies on the 
mechanism of this protein which revealed that this protein is potentially involved in the unfolded 
protein response (UPR) pathway, protein folding, protein binding, translation and oxidative stress 
responses [26]. Besides that, one study indicates that an up-regulated UPR may be a major mediator 
of ART resistance in P. falciparum and is caused by single K13 propeller mutation [27]. However, the 
mechanism might be hard to deduce in the in silico study since the mutation is a point mutation, 
hence structure change is not significantly distinctive compared to the wild-type. Hence, the 
predictions obtained from this study have to be further confirmed in experimental analysis such as 
Isothermal Titration Calorimetry (ITC) to prove the binding energy.    
 
4. Conclusions 
 

Although K13 is believed to bind substrate proteins, its functional or interaction sites and the 
structural changes associated with mutations that lead to ART resistance are still unclear. Aligning 
the protein sequences of the mutant and wild-type organisms revealed that they are 91% identical, 
with minor differences in certain regions. The Modeller software generated a 3D model of the protein 
structure that was suitable for docking based on the proportion of the region with the highest 
preference. Based on the docking tests, we can conclude that all the V494I, L598G, N537I and S600C 
protein mutants formed complexes with less stability compared to the wild-type K13 protein, due to 
a decrease in the negative value of binding energy. As a result, the mutations might have reduced 
the efficacy of ART. However, the number of hydrophobic and hydrogen bonds formed between 
these four mutants and ART are higher compared to the wild-type, indicating stronger interactions 
that require future experimental determination to assess the effectiveness of ART against the K13 
protein mutants.  
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