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ARTICLE INFO ABSTRACT
Keywords: Pyruvate kinase deficiency is a rare hereditary erythrocyte enzyme disease caused by mutations in
Mutation the pyruvate kinase liver and red blood cell gene. The clinical presentations of pyruvate kinase

Pyruvate kinase deficiency
Pyruvate kinase
Molecular dynamics simulation

deficiency are significantly heterogeneous, ranging from just mild anemia to hemolytic crisis or
even death. The proband in our study was a 2-year-old girl for severe skin and scleral icterus with
progressive aggravation. We collected the family’s data for further analysis. Whole exome
genome sequencing of the pedigree revealed a novel compound heterozygous mutation, c.1097del
(p.P366Lfs*12) and c.1493G > A (p.R498H), in the pyruvate kinase liver and red blood cell gene.
Furthermore, molecular dynamics simulations were employed to uncover differences between the
wild type and mutant pyruvate kinase liver and red blood cell proteins, focusing on structural
stability, protein flexibility, secondary structure, and overall conformation. The combined bio-
informatic tools were also utilised to assess the effects of the missense mutation on protein
function. Thereafter, wild type and mutant plasmids were constructed and transfected into 293T
cells, and Western blot assay was conducted to validate the impact of the mutations on the
expression of pyruvate kinase liver and red blood cell protein. The data presented in our study
enriches the genotype database and provides evidence for genetic counseling and molecular
diagnosis of pyruvate kinase deficiency.

1. Introduction

Pyruvate kinase deficiency (PKD) (OMIM#609712) is a rare autosomal recessive disease caused by defective functional pyruvate
kinase (PK), which is a rate-limiting enzyme in the glycolytic pathway [1]. Defective PK can negatively impact the metabolism of
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erythrocytes, resulting in decreased intracellular adenosine triphosphate production and ion pump dysfunction. This further causes a
significant loss of potassium and water from erythrocytes, leading to hemolysis [2]. The clinical manifestations of PKD include varying
degrees of anemia, yellow-stained skin and sclera, splenomegaly, and gallstones. However, both clinical manifestations and hema-
tological features of PKD lack specificity and cannot be used for PKD diagnosis [3]. Gene sequencing can provide more accurate and
intuitive evidence for the diagnosis of rare disorders. Currently, the gold standard for diagnosing PKD is either enzyme activity or
genetic sequencing [1]. Given the potential limitations of both PK enzyme activity and genetic testing, the diagnosis of PKD is made
through a combination of both tests, if available [4]. With the popularization of sequencing, a substantial number of variants have been
identified, many of which are novel. It is of utmost importance to document these. Furthermore, interpreting the pathogenicity of novel
variants presents an even greater challenge [5].

Molecular dynamics (MD) simulations use quantum and classical mechanics to simulate molecular motion numerically, clarifying
structures, properties, and explaining experimental phenomena [6]. MD simulations have become the third most used method for
microstructure and macroscopic property determination [7]. We used it to illustrate the distinctions between the proteins encoded by
the wildtype (WT) and mutant pyruvate kinase liver and red blood cell (PKLR) gene. Additionally, we validated these results by in vitro
experiments.

In summary, we reported a pedigree of congenital hemolytic anemia. The proband was ultimately diagnosed with PKD by gene
sequencing. We conducted MD simulations, bioinformatic tools and in vitro experiments to further determine the effect of the mu-
tations. We identified the novel compound heterozygous mutation, exon7 c.1097del (p.P366Lfs*12)/exon10 c.1493G > A (p.R498H),
which we believe would broaden the spectrum of mutations known to cause PKD. Our findings provide valuable insights into genetic
counseling and the interpretation of mutations.

2. Materials and methods
2.1. Study participants and clinical investigations

The participant was a 2-year-old girl admitted to the Department of Hematological Oncology, Children’s Hospital of Chongqing
Medical University for severe skin and scleral icterus with progressive aggravation. She was the second child of non-consanguineous
parents and was born in the Sichuan Province of China. We performed a detailed genealogical study on the proband and recorded the
age, gender, and medical status of the family members to prepare a genealogical map.

2.2. Ethical approval

This study was conducted in accordance with the World Medical Association Declaration of Helsinki and the International Ethical
Guidelines for Human Biomedical Research. Genetic screening on the entire family was performed after obtaining their signed
informed consent form. The research was approved by the Medical Ethics Committee of the Children’s Hospital of Chongqing Medical
University (approval file number: 2021.456).

2.3. Genomic DNA extraction and whole exome sequencing

Genomic DNA (gDNA) was extracted from peripheral blood using centrifugal column-type blood gDNA extraction kits (Tiangen,
Beijing, China), and its concentration was evaluated using the Sim-100 ultra-micro spectrophotometer (Xunjie, Hangzhou, China). The
gDNA (2 pg) of the proband was next fragmented by sonication with a Qsonica Q800R and amplified to construct next-generation
sequencing libraries with a GenNext NGS library quantification kit (TOYOBO, Japan) and an HTP library Preparation kit (Kapa
Biosystems). Next, the [llumina Nextseq 500 sequencing platform was used to generate a high-throughput sequencing library. The
mean sequencing depth for the targeted sequencing regions was approximately 500-1000 x . The target region capture sequencing
was provided by AmCare Genomic Laboratory. The sequencing data were assessed with the adapted Illumina Sequence Control
Software and only the qualified data reads were subjected to bioinformatics analyses [8]. Relevant published articles on
mutation-related information were obtained from the PubMed database, and the pathogenicity of the variant locus was annotated by
combining the previously reported results and the classification criteria and guidelines for genetic variants (American College of
Medical Genetics and Genomics) [9]. The potential disease-related variant sites were then validated by Sanger sequencing [10]. The
analysis method was as before [11].

2.4. Homology modeling

We performed homology screening using the Protein Data Bank (PDB; PDB ID:6NN7) and used SWISS-MODEL to render the 3D
structures of WT and mutant PLKR proteins (R498H, and P366Lfs*12) [12,13]. Thereafter, we assessed the quality of the optimized
protein model using PROCHECK and prepared the corresponding Ramachandran plots [14,15].

2.5. Bioinformatic analysis of the missense mutation

An expanding array of online tools is currently under development to predict the pathogenicity of missense mutations. DynaMut
webserver was used to visualize and assess the protein stability and interactions [16]. Novopro (https://www.novopro.cn/tools/
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protein-hydrophilicity-plot.html/) was used to evaluate protein hydrophobicity [17]. PONDR (http://www.pondr.com/) was used to
predict inherently disordered regions (IDRs) [18]. To generate a prediction, the query sequences are provided as input and fed into the
individual programs as described. After waiting for a while, the prediction results will be displayed on the web page. The nucleotide
sequences and amino acid sequences can be found in the supplementary material.

2.6. MD simulations

We performed MD simulations for the WT, R498H, and P366Lfs*12 proteins using the GROMACS [19]. MD simulations were
performed under constant temperature and pressure, as well as periodic boundary conditions, using the Amber14SB all-atom force
field and transferable intermolecular potential 3 points water model [20]. The LINCS algorithm was employed to constrain all the
bonds associated with hydrogen atoms, and the time step was set to 2 fs [20]. The Particle Mesh Ewald was used to reveal electrostatic
interactions [21]. The non-bonded interaction cutoff was set to 10 A and updated every 10 steps. The V-rescale temperature coupling
method and the Parrinello-Rahman method were used to control temperature (300 K) and pressure (1 bar), respectively, during the
simulation [21]. Initially, the system energy was minimized using the steepest descent method to eliminate any close contacts between
the atoms. Subsequently, 1 ns of multistep isothermal-isovolumetric and isothermal-isobaric conditions equilibrium simulations were
performed at 300 K, respectively. Finally, the system underwent 50 ns of simulation, with the conformations saved every 10 ps. The
resulting trajectories were analyzed to observe and compare the structural differences between the WT and mutant proteins. The
root-mean-square deviation (RMSD), root-mean-square fluctuations (RMSF), radius of gyration (Rg), and solvent accessible surface
area (SASA) were computed using the GROMACS and the Origin software. Thereafter, secondary structures were calculated and
simulated, and the resulting structures were analyzed along with the global average structures of native and mutant proteins. Visual
Molecular Dynamics program was used to visualize the simulation results [22,23].

2.7. Preparation of mutant constructs

A plasmid containing full-length PKLR cDNA was purchased from Youbao Company (Changsha, China). The WT PKLR gene was
cloned into the pCDNA3.1 (+)-3XFlag-C expression vector and 5-ATGGACTACAAGGACGACGATGACAAG-3’ (encoding FLAG) was
inserted before the initiation codon. The mutant PKLR genes were obtained using the KOD-Plus Mutagenesis Kit (TOYOBO, Osaka,
Japan). The plasmid map can be found in Supplementary Fig. 1. The primer sequences can be found in Supplementary Table 1. Sanger
sequencing was used for the validation of all the expression constructs.

2.8. Cell culture and transfection

The 293T cells donated by Li Jiang, were grown in 10% fetal bovine serum/Dulbecco’s Modified Eagle Medium containing 1%
penicillin streptomycin, at 37 °C and 5% CO,. The cell density was adjusted to 5 x 10° using the Automated Cell Counter IM1200
(Countstar, Shanghai, China), and the cells were seeded in culture dishes. When the cell confluency reached 70-80%, we transfected
the cells with both WT and mutant plasmids using Lipofectamine 2000 Transfection Reagent (Invitrogen, #11668019) according to the
manufacturer’s instructions. After 48 h, the transfected cells were harvested for further analysis.

2.9. Western blot

The experiment samples were divided into 5 groups: NC, WT, P366Lfs*12, R498H, and P366Lfs*12 + R498H group. The total
protein was extracted using a total protein extraction kit (BBproExtra, China) and quantified using a bicinchoninic acid assay kit
(Biyuntian, China). The protein samples were then subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto a polyvinylidene fluoride membrane (Millipore, USA). Thereafter, the membrane was blocked using a blocking so-
lution (YWBO0501, Yoche Biotechnology, Shanghai, China) and incubated with anti-FLAG (20543-1-AP, Proteintech, Wuhan, China)
and anti-GAPDH (390035, ZEN-BIOSCIENCE, Chengdu, China) primary antibodies (1:2000), 4 °C, overnight. Subsequently, the
membrane was incubated with secondary anti-rabbit antibodies (TA373083, OriGene, Wuxi, China), at room temperature for 1.5 h.
Lastly, the images were obtained using the gel imaging systems (Gene, USA).

3. Results
3.1. Clinical data and mutation analysis

The proband was the second child of non-consanguineous parents and had extremely severe skin and scleral icterus with pro-
gressive aggravation. A physical examination of the patient revealed poor nutritional status and mental distress. The proband’s body
mass index was lower than that of other children of the same age, and she also experienced easy fatigability. Her extremely severe
anemic condition was manifested by pallor, scleral jaundice, pale lips, mild cyanosis, and pale nail beds; however, her distal ex-
tremities remained warm. The abdomen was soft to palpation, and the liver and spleen were noted below the costal margin. The masses
palpated were soft and had a smooth surface. Laboratory examination of the patient’s blood sample revealed the following values red
blood cells (RBCs): 1.00 x 1012/L, hemoglobin: 21 g/L, reticulocyte percent: 13.1% (0.5-1.5%), reticulocyte count: 0.2760
(0.024-0.084 x 10712/L), white blood cells: 11.96 x 109/L, and platelets: 222 x 10%/1.. Further analysis of some biochemical
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indicators revealed abnormally high values of total bilirubin (43.4 pmol/L; 0-21 pmol/L), unconjugated bilirubin (42.2 pmol/L;
0-13.68 pmol/L), glutamate transaminase (85.3 U/L; 4-40 U/L), and lactate dehydrogenase (1255.3 U/L; 109-245 U/L); the other
residual indicators were normal. The liver and renal functions of the patient were within normal limits. Additionally, no abnormalities
were detected in the proband in the erythrocyte permeability osmotic fragility test, glucose-6-phosphate dehydrogenase activity, and
copper cyanine tests. All the members of the patient’s family were negative for the direct coombs test. Furthermore, there was no
clearly positive evidence of bacterial and viral infections. The morphology of the erythrocytes was analyzed multiple times by blood
smear test and no spherical, oval, or other aberrantly shaped erythrocytes were observed. The abdominal ultrasound revealed that the
right hepatic midclavicular line was located 4.3 cm below the costal margin, and the oblique diameter of the right hepatic lobe was
10.3 cm. The spleen was situated 2.7 cm below the left costal margin and had a diameter and thickness of approximately 7.2 and 2.3
cm, respectively. The pale and yellow discoloration of the skin and sclera, hemoglobinuria, and hepatosplenomegaly strongly suggest
hemolysis.

We found that the proband’s family had a history of hereditary hemolytic anemia, wherein the proband’s father suffered from
a-thalassemia, while the sibling suffered from a-thalassemia and PKD. However, genetic testing of the proband revealed no relevant
mutations for thalassemia. In the PKD family, the proband and both her sister and father had manifestations of anemia, while the
mother showed no abnormal clinical presentation. Previous results of examination revealed that both I-1 and II-4 carried copy number
heterozygous deletion variants of at least 4.5 kb in the 16p13.3 gene region. Thus, the father and sister were clearly diagnosed with
a-thalassemia. Gene sequencing indicated that the proband carried frameshift mutation (c.1097del) and missense mutation (c.1493G
> A) occurring in exon 7 and 10, respectively, in the PKLR gene. The proband’s sibling also carried the same compound heterozygous
mutation. The detected mutations were verified by sanger sequencing, indicating that c.1097del and c.1493G > A was inherited from
the father and mother, respectively. The genetic mutation profiles of the proband’s family were shown in Fig. 1A-B. The observed
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Fig. 1. Mutations in the PKD family (A) Pedigrees of the proband’s family based on genetic testing data and clinical presentation. (B) 1A, 1B: The
proband carries the c.1097del and c.1493G > A compound heterozygous variant. 2A, 2B: the sibling carries the same mutation as the proband. 3A,
3B: the mother is purely heterozygous for the natural c.1097del locus and c.1493G > A heterozygous variant. 4A, 4B: the father is heterozygous for
the c.1097del variant and the natural ¢.1493G > A locus. (C) Evolutionary conservation of residue 366 and 498. Amino acid (aa) positions are
denoted by the red box. PKD: Pyruvate Kinase Deficiency.
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Fig. 2. Protein model construction and evaluation. (A-C) Individual crystal structures of WT, R498H and P366Lfs*12 according to the model
template (PDB ID: 6NN7). (D-F) Ramachandran plots of WT, R498H and P366Lfs*12. The red color indicates the most favored regions, yellow
indicates additional allowed regions, and white indicates the forbidden regions. WT: wildtype.
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missense and frameshift mutant is conserved (Fig. 1C).
3.2. Homologous modeling and model quality evaluation

The protein structure with the code 6NN7 was accessible in the PDB database and was used for constructing models (Fig. 2A-C).

Ramachandran plots were used to assess the sensitivity and specificity of the forecasted structure and visualize the dihedral angles y
and ¢ of the aa residues. Ramachandran plot analysis (Fig. 2D-F) revealed that 93.8%, 93.8%, and 92.8% of the aa residues of the WT,
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Fig. 3. Bioinformatic analysis of ¢.1493G > A (p.R498H). (A-B) Three-dimension structure of the PKLR protein. Residue 498 is marked in blue and
the R498H is marked in red. (C-D) Predictive interactions of the WT and R498H protein. Residues in the WT and R498H are coloured light green and
shown as sticks. The respective chemical interactions are labelled as dotted lines and coloured as follows: hydrogen bonds—red; weak hydrogen
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according to type, namely nitrogen (blue), oxygen (red), and sulphur (yellow). (E) Hydrophobicity analysis indicates heightened hydrophobicity in
the R498H. (F) Protein disorder prediction indicates a decrease the residues located in IDRs. PKLR: pyruvate kinase liver and red blood cell; WT:
wildtype; IDRs: inherently disordered regions.
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Fig. 4. The RMSD, RMSF, Rg, and SASA values of the WT, R498H, and P366Lfs*12 proteins. (A) The RMSD values of the WT, R498H, and
P366Lfs*12 models were found to be 0.216 + 0.032, 0.262 + 0.039, and 0.713 + 0.094 nm, respectively; (B) the Rg values of the WT, R498H, and
P366Lfs*12 models were determined as 2.456 + 0.008, 2.501 + 0.019, and 2.113 + 0.051 nm, respectively; (C) the R498H mutation increased the
overall flexibility of the mutant protein, compared to the WT, with the highest increase in flexibility a E304, G305, and V39. The P366Lfs*12
mutant, with deleted C-terminal structural domain, showed a small margin of overall structural flexibility in the overlapping region before the
deletion, specifically in the S144-L146 region; (D) the SASA values of the WT, R498H, and P366Lfs*12 models were 239.540 + 3.423, 248.179 +
3.029, and 169.338 + 6.173 nm?, respectively. RMSD: root-mean-square deviation; RMSF: root-mean-square fluctuations; Rg: radius of gyration;
SASA: solvent accessible surface area; WT: wild type.
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R498H, and P366Lfs*12 proteins, respectively, were located in the favored regions, and none of the models had aa residues located in
the forbidden regions. Therefore, the models were all reasonably consistent with the rules of stereochemistry.

3.3. Bioinformatic analysis of c.1493G > A (p.R498H)

DynaMut was employed to visualize the structure of the PKLR protein. The missense mutation, R498H, resulted in aa residue
change from arginine to histidine (Fig. 3A and B). Compared to the WT, some interactions (hydrophobic, amideamide, and ionic
bonds) were observed to decrease in the R498H (Fig. 3C and D). Furthermore, R498H was more hydrophobic, with a score of 0.7
(Fig. 3E). The R498H variant results in a decrease the residues located in IDRs (Fig. 3F).
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ponents ofP366Lfs*12 proteins. WT: wild type.
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3.4. Results of MD simulations

3.4.1. MD simulation parameters

RMSD is an essential parameter for evaluating protein stability. It reflects the deviation of the target conformation from the initial
structure, thus a smaller RMSD value indicates a higher similarity between the target conformation and the initial structure [24]. The
system stabilized at approximately 10 ns. The RMSD values of the WT, R498H, and P366Lfs*12 models were found to be 0.216 +
0.032, 0.262 + 0.039, and 0.713 + 0.094 nm, respectively (Fig. 4A). The increased RMSD values of the two mutant proteins compared
to that of the WT protein, suggest that the corresponding gene mutations affect the stability of the protein. In particular, the c.1097del
frameshift mutation, resulting in C-terminal truncation of the structural domain, had a more severe effect on protein stability.
Furthermore, the mutant systems had a higher RMSD range. Therefore, the mutant systems showed larger RMSD values and greater
fluctuations.

The Rg value is used to analyze the compactness of a protein structure, which may affect its ligand-binding property [25]. A higher
Rg value indicates lower compactness of the system (Fig. 4 B). The Rg values of the WT, R498H, and P366Lfs*12 models were
determined as 2.456 + 0.008, 2.501 + 0.019, and 2.113 + 0.051 nm, respectively. These results suggest that the R498H mutation
decreased the compactness of the protein, indicating that it might be accompanied by local structural unwinding. Compared with the
WT, the P366Lfs*12 mutation, causing a large C-terminal truncation, led to an increase in the compactness of protein.

The RMSF value of each C a atom, relative to its average position, provides insights into the fluctuation and flexibility of the aa
residue (Fig. 4C). The R498H mutation increased the overall flexibility of the mutant protein, compared to the WT, with the highest
increase in flexibility a E304, G305, and V39. Comparative structural analysis revealed that the aa residues with large fluctuations in
flexibility were all close to the R498H site. This demonstrates that mutations in this site could affect protein flexibility, which could
further affect protein function and stability in the physiological environment, ultimately causing diseases. Interestingly, the
P366Lfs*12 mutant, with deleted C-terminal structural domain, showed a small margin of overall structural flexibility in the over-
lapping region before the deletion, specifically in the S144-L146 region. These results indicate that the mutation-induced changes in
protein flexibility have a large impact on the biological functions of the protein.

The SASA is the area of a protein that is directly accessible to the surrounding solvents. In general, the active site of enzyme located
in the hydrophobic cavity of the protein and the substrate has stronger interactions with the catalytic groups of the active site present
in a non-polar environment. The SASA values of the WT, R498H, and P366Lfs*12 models were 239.540 + 3.423, 248.179 + 3.029, and
169.338 + 6.173 nmz, respectively (Fig. 4D).

PLKR:WT - PLKR:P366Lfs*12 - PLKR:R498H

Fig. 6. Superimposed structures of the WT, P366Lfs*12, and R498H proteins during the most stable period (40-50 ns) of the MD simulations. (A)
Structural comparisons of the N316-E375 and N316-R375 regions in the WT and P366Lfs*12 protein. (B) Structural comparison of the D451-G536
regions in the WT and R498H protein. WT: wild type; MD simulations: molecular dynamics simulations.
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3.4.2. Analysis of protein secondary structure

The secondary structures of the proteins include a-helix, f-sheet, turn, and coil. A higher percentage of a-helix indicates increased
stability of the overall domain structure [26]. In this study, we calculated the changes in secondary structural elements of the WT and
mutant proteins, using simulations (Fig. 5). We found that, compared to the WT (Fig. 5A), R498H showed a 1.12% reduction in the
a-helix elements, which were mainly converted to turns (Fig. 5B). Moreover, the number and proportion of a-helix elements decreased
significantly in the P366Lfs*12 (Fig. 5C), which may seriously affect its biological function. In summary, these mutations lead to
weakened protein structure stability, which may further affect its binding and activity.

3.4.3. Structural superposition of the global average structures

The effect of dimer deletion on the total structure was observed by a comparative analysis of the average structure during the most
stable period (40-50 ns) of the simulation (Fig. 6). The differences between the overall structures of the WT and R498H were mostly
insignificant; however, a segment of the loop next to the R498H mutation loci was significantly structurally displaced after the mu-
tation, moving closer to the R498H (Fig. 6B). In contrast, there was a distinct segment of structural domain variation between the WT
and P366Lfs*12 (Fig. 6A). The c.1097del mutation caused premature termination of the mutant protein at residue at 366, such that the
WT and P366Lfs*12 sequences were PVVCATQMLE and LLSVPHRCWR, respectively. This change in the P366L{s*12 sequence led to a
change in the secondary structure of the PLKR protein from f-sheet to coil, which could affect its biological function.

3.5. P366Lfs*12 and R498H variants lead to loss of function of PKLR gene

We determined the pathogenicity of PKLR mutations by overexpressing the WT and mutant proteins in 293T cells. Western blot
analyses revealed that the mutant proteins showed reduced expression compared to the WT and that truncated proteins were not
expressed (Fig. 7A and B). The original images of WB stain were given in Supplementary Figs. 2-3.

4. Discussion

PKD is an autosomal recessive congenital disorder that was first reported in 1961 [27]. The incidence of PKD is variable in different
regions and ethnic groups [28]. PK activity assay and genetic testing are important for the diagnosis of PKD [29,30]. In our study, we
identified the novel compound heterozygous loss-of-function PKLR mutation (c.1097del: p. P366Lfs*12 and c.1493G > A: p. R498H),
which was responsible for PKD. We further investigated the molecular mechanisms of mutant proteins by using advanced computa-
tional methods to predict their structural perturbations and functional implications. These results were then corroborated by exper-
imental data.

The human PKLR gene, located on chromosome 1q21, consists of 12 exons spanning 9.5 kb. Mutations in the PKLR gene leading to a
total loss or severe reduction of the enzyme activity can lead to hemolysis [31]. Clinical symptoms arise when an individual inherits
homozygous or heterozygous mutations of the PKLR gene from both parents [32]. Thus far, over 300 PKLR gene mutations have been
reported globally and the majority of these are point mutations, followed by insertion—deletion mutations [33]. Approximately 70% of
the PKLR mutations are compound heterozygous mutations, among which one is a missense mutation, while the other is a frameshift or
nonsense mutation. c.1529G > A and c.1456C > T are the most common missense mutations. Patients with the ¢.1529G > A mutation
are mainly distributed in the United States (42%) and central and northern Europe (41%), while patients with the c.1456C > T
mutation are mainly distributed in southern Europe (Spain: 32%, Portugal: 35%, and Italy: 29%). In addition, patients with the
¢.1468C > T mutation are primarily distributed in Asia [34].

PK (200-240 KDa) is an allosteric enzyme that catalyzes the conversion of phosphoenolpyruvate and adenosine diphosphate to
pyruvate and adenosine triphosphate, respectively, in the glycolytic pathway [33]. It is highly conserved protein consisting of 4
subunits/domains: A, B, C, and Nter domain. The conformational space possesses mirror symmetric geometry [35]. In general, a highly
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Fig. 7. Western blot analysis of the WT and mutant proteins. (A) Protein bands of western blotting. The asterisks indicate non-specific or protein
degradation products. (B) Quantification of protein bands. *P < 0.05 and, ****P < 0.0001. Western blot assay was repeated for three times. WT:

wild type.
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elaborate functional unit is dependent upon the molecular structure of the protein. Aa mutations may significantly alter the confor-
mation of the PKLR protein. Different mutations have different effects on the PK conformational transition mechanism, leading to
significant differences in clinical manifestations among PKD patients. MD simulations act as a computational “microscope”, which are
valuable for exploring the effects of mutation on protein structure [36]. For instance, MD simulations on WT and mutant ND4L-ND6
subunits revealed that the mutations limit the passage of water molecules leading to type 2 diabetes mellitus and cataracts [37].
Additionally, MD simulations on a mutation in the arylsulfatase A protein altered its structural and functional behavior, ultimately led
to metachromatic leukodystrophy [38]. Identifying the effects of mutations on protein structure is critical for exploring disease
pathogenesis at the molecular level.

The missense mutation, R498H, resulted in residue change from arginine to histidine and occurred in the core hydrophobic region
of the A domain, which is involved in the formation of the highly conserved active site. It is speculated that R498H may lead to
functional alteration. Our in-depth study found that R498H is more hydrophobic and results in a decrease in the residues located in
IDRs. In addition, R498H decreased intermolecular forces. Moreover, mutations affect the IDRs and its abundant multivalent weak
interactions, which can induce liquid-liquid phase separation, resulting in the formation of liquid condensate phases [39]. The above
predicted results all suggest that R498H works through loss-of-function mechanisms. The frameshift mutation, P366Lfs*12, resulted in
early termination of the translation product of the PKLR gene and occurred in the structural subunit of the C domain, which plays a
crucial role in stabilizing tetramerization and variant regulation. MD simulations showed the differences in the stability, compactness,
and flexibility of the overall protein structures of the WT and mutant proteins. The results revealed that the global secondary structure
was significantly altered by these mutations. Furthermore, in vivo experiments revealed that the expression of P366Lfs*12 and R498H
variants was significantly lower than that of the WT, suggesting that the mutant proteins may be subject to nonsense-mediated decay.
The functional effect trends with protein expression level [40]. Since, protein expression level is associated with its function, we
hypothesized that these mutations may affect the catalytic activity of PK. Changes in the aa sequence and physiochemical properties of
the protein lead to variations in the crystal conformation of the enzyme as well as in the spatial conformation of the active site, ul-
timately leading to hemolysis [41]. The compound heterozygous mutation, identified in this study, can provide new evidence for
genetic diagnoses of PKD.

Currently, PKD is an incurable disorder. PKD patients are primarily treated to reduce symptom presentation, and RBC transfusion is
used to improve their general state. Additionally, resection of the enlarged spleen, in PKD patients, is conducted by clinicians after
deliberation of its pros and cons. Allogeneic hematopoietic stem cell transplantation has shown excellent treatment efficacy in patients
with severe PKD [42]. Some PKD studies revealed that lentiviral vectors, carrying hPGK-coRPK-targeting hematopoietic stem cells
(HSCs), effectively cured PKD in mouse models without causing genotoxicity [43]. In addition, new drugs developments have brought
new hopes for patients with PKD. Therapeutic options for PKD are rapidly expanding. Modification of PK may be a future strategy for
PKD treatment. Mitapivat (AG-348, Agios Pharmaceuticals) is an oral small molecule that allosterically activates erythrocyte PK [44].
Mitapivat can increase WT and variant PKR enzyme activity and have the advantages of high safety and favorable tolerability [45].
Studies have revealed that the majority of patients harboring at least one missense variant, whereas those with two non-missense
mutations (a thomozygous or compound heterozygous state) exhibited minimal or absent responses [46]. Also, animal models
demonstrate the effectiveness of gene therapy for PK deficiency [47]. For instance, Fananas-Baquero et al. restored normal adenosine
triphosphate levels in PKD-HSCs-derived erythrocytes by using clustered regularly interspaced short palindromic repeats and re-
combinant adeno-associated vector, and this gene-editing strategy may serve as a lifelong therapy to correct the function of PK in RBCs
of PKD patients [48]. Although these results are promising, the long-term efficacy and safety of gene therapy need to be further
validated by large-scale studies [49]. Furthermore, vectors used in gene therapy pose additional challenges. For instance, viral vectors
have safety concerns, while non-viral vectors have low delivery efficiency [50]. Therefore, research and development of novel vectors
are crucial for gene therapy. H.N. Abdelhamid et al. developed carbonized chitosan-encapsulated hierarchical porous zeolitic imi-
dazolate frameworks, which greatly improved gene delivery [51]. The gene therapy clinical trials of PKD are currently undergoing
[52]. Therefore, continuous developments in precision medicine and gene therapy are essential for PKD treatment.

In this study, the proband’s sister had a-thalassemia and PKD, and genetic testing revealed that her father carried the a-thalassemia
gene, while her mother carried a heterozygous pathogenic variant of PKD, which is linked to a higher risk of hereditary disease. The
clinically relevant interaction between a-thalassemia predisposition and PKD may be a possible research direction in the future.
Notably, genetic counseling has significantly reduced the incidence of congenital diseases [53]. However, less than 10% of clinicians
provide important information to patients suspected of having genetic disorders [54]. Therefore, preconception counseling should be
actively offered to all the parents of patients with rare diseases, to avoid further cases.

5. Conclusions

Genetic testing is important for the diagnosis of diseases. MD simulations are used to validate and demonstrate the effect of
deleterious mutations on the protein’s structure. Genetic counseling and proper engagement between the patients and clinicians can
facilitate in early detection of hereditary diseases, thus reducing the morbidity and mortality associated with these diseases. With the
emergence of new drugs and therapies, we believe that a feasible cure for PKD will be available in the future.
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