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Strong Selectional Forces Fine-Tune CpG Content in Genes Involved in Neurological Disorders as Revealed by Codon Usage Patterns
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Neurodegenerative disorders cause irreversible damage to the neurons and adversely affect the quality of life. Protein misfolding and their aggregation in specific parts of the brain, mitochondrial dysfunction, calcium load, proteolytic stress, and oxidative stress are among the causes of neurodegenerative disorders. In addition, altered metabolism has been associated with neurodegeneration as evidenced by reductions in glutamine and alanine in transient global amnesia patients, higher homocysteine-cysteine disulfide, and lower methionine decline in serum urea have been observed in Alzheimer’s disease patients. Neurodegeneration thus appears to be a culmination of altered metabolism. The study’s objective is to analyze various attributes like composition, physical properties of the protein, and factors like selectional and mutational forces, influencing codon usage preferences in a panel of genes involved directly or indirectly in metabolism and contributing to neurodegeneration. Various parameters, including gene composition, dinucleotide analysis, Relative synonymous codon usage (RSCU), Codon adaptation index (CAI), neutrality and parity plots, and different protein indices, were computed and analyzed to determine the codon usage pattern and factors affecting it. The correlation of intrinsic protein properties such as the grand average of hydropathicity index (GRAVY), isoelectric point, hydrophobicity, and acidic, basic, and neutral amino acid content has been found to influence codon usage. In genes up to 800 amino acids long, the GC3 content was highly variable, while GC12 content was relatively constant. An optimum CpG content is present in genes to maintain a high expression level as required for genes involved in metabolism. Also observed was a low codon usage bias with a higher protein expression level. Compositional parameters and nucleotides at the second position of codons played essential roles in explaining the extent of bias. Overall analysis indicated that the dominance of selection pressure and compositional constraints and mutational forces shape codon usage.
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INTRODUCTION

Neurodegenerative disorders are incurable and debilitating pathological conditions resulting in progressive degeneration and possible death of nerve cells. Such diseases pose a major threat to human health due to deterioration in the quality of life and premature mortality. Economic impacts also have been associated with long-term in-home caregiving. Many neurodegenerative disorders have shown an association with misfolding of proteins and their aggregation in specific brain regions (Soto, 2003). The most common neurodegenerative disorders associated with misfolded protein aggregation are Alzheimer’s disease (AD) and Parkinson’s disease (PD). Multiple lines of evidence have connected the link of Aβ and tau in AD and α-syn proteins in PD. However, it is still unclear whether the presence of abnormal proteins is the consequence of disease or its cause (Bourdenx et al., 2017). The presence of misfolded proteins and their aggregation might be attributed to the genetic mutations in genes related to the disease. Other shared pathologies between neurodegenerative diseases are mitochondrial dysfunction, glutamate toxicity, calcium load, proteolytic stress, and oxidative stress (Muddapu et al., 2020). The changes in disease-specific proteins are associated with enhanced oxidative stress, initiation of inflammatory processes, and neuronal damage (Ballard et al., 2011).

A comparative study of genome-wide gene expression data of 93 brain tissue samples obtained from patients with AD, PD, Huntington’s disease (HD), acute myeloid leukemia (AML), and multiple sclerosis revealed a high number of dysregulated genes is associated with each disorder. Still, no gene was shared across all conditions (Durrenberger et al., 2015). This finding indicates that no single shared mechanism is involved in neurodegenerative disorders. However, the results of Durrenberger et al. (2015) did not include an assessment of protein expression and post-translational modifications, which may result in misleading conclusions.

In neurodegenerative diseases, specific neuronal clusters have been found more likely to serve as the primary site for the spread of neuronal pathology (Fu et al., 2018). This vulnerable population exhibits specific morphological features, including long-range neuronal projections and extensive synaptic connections, making them selectively vulnerable due to the higher metabolic requirements for structural integrity maintenance (Pacelli et al., 2015). Muddapu et al. (2020) proposed that the pathological markers of neurodegenerative diseases, including protein misfolding, oxidative stress, and mitochondrial dysfunction, are the direct consequences of metabolic anomalies. For instance, insulin plays a role in cholesterol metabolism essential to myelination and the regulation of amyloid protein degrading enzymes (Wang et al., 2014). Insulin resistance causes an imbalance of glucose metabolism and results in hyperglycemia and oxidative stress, leading to inflammatory response and neuronal damage. Alerted levels of amino acid in the brain and serum of AD patients have been documented. Since glutamate and its metabolite gamma-aminobutyric acid (GABA) are excitatory and inhibitory neurotransmitters, respectively, we can speculate that the alterations in glutamate may adversely affect neural functioning (Esposito et al., 2013). Glutamine and alanine levels are also reduced in the blood of patients with transient global amnesia (Sancesario et al., 2013). Higher homocysteine-cysteine disulfide and lower methionine levels have been documented in the serum of AD patients. In the normal human brain, the activity of the enzyme ornithine transcarbamoylase is very low, thereby preventing the urea cycle (Bensemain et al., 2009). AD patients experience a 44% decline of urea in serum (González-Domínguez et al., 2015). All this evidence suggests the central role of metabolism malfunctioning in neurodegenerative disorders. After observing a potential connection between metabolic disturbances and neurodegeneration, we were tempted to study those metabolism-associated genes that contribute to neurodegeneration if malfunctioning. In case of clinical features associated with neurological consequences like cerebral edema, cerebellar ataxia, coma, seizures, stroke and intellectual disability along with hyperammonemia, protein avoidance, low plasma citrulline and hypoargininemia, commercially, the genetic diagnosis is available, and information regarding the genes those are involved may be obtained. Therefore, we used the information available through commercial sources and assessed a panel of 60 genes associated with neurodegeneration that are directly or indirectly involved in the metabolism or transport of metabolites in brain cells. These genes are associated with several neurodegeneration symptoms, including neurocognitive deficiencies, attention-deficit/hyperactivity disorder, developmental delays, seizures, learning disabilities, lethargy, somnolence, refusal to feed, vomiting, tachypnea, respiratory alkalosis, fatal neonatal encephalopathy with hypotonia, and many others.

All proteins are made up of amino acids, and 61 codons encode 20 amino acids. All amino acids are coded by two or more synonymous codons, excluding methionine and tryptophan. This usage of synonymous codons is not equal, and often, some of the synonymous codons are used preferably over others. This phenomenon is called codon usage bias (CUB), which is attributed to various factors, including overall compositional constraints (Deka and Chakraborty, 2014), selectional or mutational forces (Hershberg and Petrov, 2008), gene expression levels (Zhou et al., 2016), and the tRNA pool (Quax et al., 2015). The gene expression is affected by codon usage choice. The genes with higher expression levels exhibit a higher codon adaptation index (CAI), and the most abundant proteins have higher CAI values (Henry and Sharp, 2007).

Bioinformatics and biomedical research have permitted an expanded understanding of the pathobiology of neurodegenerative disorders. Thus far, little research has been conducted on the genes involved in neurodegeneration from the metabolism perspective. In the present study, the codon usage pattern of 60 relevant genes is studied to elucidate various forces (such as mutational, selectional, or compositional) acting upon them. In the present study, we calculated various indices, including parity and nucleotide skews, to determine the compositional disproportion. Neutrality, parity, ENc-GC3 curve and regression analysis between nucleotide compositions were carried out to reveal the impact of evolutionary forces. In addition, the CAI and relative synonymous codon usage (RSCU) were determined to evaluate the codon preferences. Various statistical methods have been employed to see the association between various molecular features. The analyses helped determine various molecular signatures, evolutionary forces acting on genes and codon usage patterns related to the genes involved in metabolism and neurodegeneration. The results of this study will provide insight into the factors affecting codon choices along with the expression level information of these genes.



MATERIALS AND METHODS


Data Collection

The genes analyzed for neurodegenerative disorders were obtained from the NCBI Genetic Testing Registry NGS Neurodegenerative disorders Multi-Gene Panel. For neurodegenerative symptoms with evidence of disturbed metabolism (cerebral edema, cerebellar ataxia, coma, seizures, stroke, and intellectual disability along with hyperammonemia, protein avoidance, low plasma citrulline and hypoargininemia), next-generation sequencing is recommended. Laboratory of genome diagnostics, LGD-AUMC Academic Medical Center, University of Amsterdam, offers NGS for a Multi-Gene Panel for diagnostic purposes. The gene panel offered by them was taken in the present study. A total of 183 transcripts belonging to 60 genes were studied, shown in Table 1 with the function of each gene and the number of its transcripts utilized. To be utilized in the study, a transcript/coding sequence (CDS) must be in a reading frame and contain no nucleotides other than A, T, G, or C (for example, R, Y, or B representing A/G, C/T, and C/G/T respectively). In addition, the sequences were devoid of UAA, UAG, or UGA stop codons within sequences. A total of 264096 nucleotides and 88032 codons were studied.


TABLE 1. The list of genes involved in neurodegenerative disorders with the location on the human chromosome, the disease involved, and the number of transcripts.
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Nucleobase Compositional Analysis

The nucleobase composition was calculated for all the 183 CDSs. The number of A, T, C, G nucleotides present, the % of the nucleotides, and % composition at the first, second, and third codon position (A1, T1, C1, G1, A2, T2, C2, G2, A3, T3, C3, G3) were determined. Total AT% and GC%, along with AT3% and GC3%, were calculated. Calculations of %GC at the first and second place (GC12) and GC% content at the third place were also included. The %GC at different codon positions (%GC1,%GC2, and %GC3) helps decipher the relationship between the codon usage and compositional, selectional, and mutational forces (Mazumder et al., 2014). The above calculations were performed using informatics software developed by Puigbò et al. (2008) and available at http://genomes.urv.es/CAIcal/ (Supplementary Table 1).



Dinucleotide Abundance

Sixteen dinucleotides obtained from combining four nucleotides were subjected to odds ratio analysis. The odds ratios, the results of dividing the observed frequencies by expected frequencies, were calculated and presented in Table 2. The calculations were performed using DNASTAR Lasergene Inc.1 software. The dinucleotides with an odds ratio less than 0.78 are considered underrepresented, and greater than 1.25 are considered overrepresented (Kunec and Osterrieder, 2016).


TABLE 2. Dinucleotide analysis showing odds ratio of genes.
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Relative Synonymous Codon Usage Analysis

RSCU, an index representing codon bias, is the ratio of the observed to the expected frequency of a codon coding for a particular amino acid among all synonymous codons (Deb et al., 2021). The RSCU values were obtained using informatics software developed by Puigbò et al. (2008) and available at http://genomes.urv.es/CAIcal/ (Puigbò et al., 2008). The length of the gene or amino acid composition does not affect RSCU values. Values above 1.6 and below 0.6 are considered overrepresented and underrepresented codons, respectively (Yu et al., 2021).



The Parity Rule 2 Plot Analysis

Parity analysis shows the bias between AT and GC at the 3rd codon position. AT bias (A3%/[A3% + T3%]) and GC bias (G3%/[G3% + C3%]) are plotted on the ordinate and abscissa, respectively. Under ideal conditions, as per the rule of parity, in a strand of DNA, A = T and G = C provided there is no bias among mutation and selection (Sueoka, 1995). Therefore, at the center of the plot, where the value is 0.5, the selection and mutational forces are equal (Sueoka, 1999).



Neutral Evolution Analysis

Neutrality plots are useful in quantifying mutational and other forces such as selectional forces (Khandia et al., 2019). Neutrality is derived by plotting %GC12 vs.%GC3. Here, the regression coefficient is considered the point of equilibrium between mutation and selection pressure (Sueoka, 1988). A slope value approximating 1 shows the dominance of mutational forces (Yu et al., 2021).



Codon Adaptation Index

The CAI value expresses the adaptability and expression of any gene within the organism (Munjal et al., 2020). The values of CAI range between 0 and 1. Values approaching 1 indicate the gene has higher expressivity, while CAI values near zero represent lower expressivity (Sharp and Li, 1987). The calculations were performed using informatics software developed by Puigbò et al. (2008) and available at http://genomes.urv.es/CAIcal/. The codon usage table for Homo sapiens was obtained from the codon usage database2 encompassing 93487 coding sequences belonging to 40662582 codons.



Intrinsic Codon Bias Index

The intrinsic codon bias index (ICDI) is an analogous index to the Nc value and is independent of optimal codons. The values of ICDI span between 0 and 1. A value of 1 indicates extremely high bias, while a value 0 indicates equal usage of codons. Values lower than 0.3 indicate comparatively low bias (Freire-Picos et al., 1994). The ICDI values were obtained using the formula provided by Freire-Picos et al. (1994).



Nc Determination and Plotting Nc-GC3% Curve

The Nc-GC3 curve was plotted to evaluate the role of compositional constraints. Nc values, which reveal bias in codon usage, were determined using the CodonW 1.4.4 program. The lowest and the highest Nc values are 20 and 61, respectively (Munjal et al., 2020). An Nc value of 61 results from a situation when all the codons are used equally for coding amino acids, so no bias is detected. In contrast, a value of 20 results from only one codon being used among various synonymous codons, indicating the highest bias. In general, an Nc value less than 35 indicates a higher codon preference, and greater than 50 indicates random codon usage (Wang et al., 2018).



Principal Component Analysis

In principal component analysis (PCA), a multivariate statistical approach in codon usage analysis, two major axes (axis 1 and axis 2) represent the two components contributing the most variation to the data. In the PCA, the RSCU values of each sequence were distributed into a 59-dimensional vector corresponding to the 59 synonymous codons. The stop, initiation (AUG), and tryptophan (UGG) codons were excluded.



Protein Indices

Indices related to proteins were calculated using appropriate formulas available in the literature or software programs. The hydropathicity index GRAVY, with combined features of hydrophobicity or hydrophilicity, was calculated using the formula of Kyte and Doolittle (1982). Its value ranges between –2 and +2 for most proteins, with positive values indicating more hydrophobic proteins and vice versa. The AROMA value represents the distribution of aromatic amino acids (tryptophan, tyrosine, and phenylalanine) in the protein. Variation in these indices indicates the selection pressures. The PI or isoelectric point of any protein is the pH at which a protein has no net electrical charge. Hydrophobicity values were also determined as they have a role in determining protein-protein interactions (Young et al., 1994). This notion is further strengthened because few of the most extensive hydrophobic surfaces are found within the membrane proteins (Hagemans et al., 2015). The aliphatic index measures the relative volume occupied by aliphatic side chains (alanine, valine, isoleucine, and leucine) and was calculated by the formula given by Ikai (1980). The aliphatic index is positively correlated with the thermal stability of the protein. The % acidic, basic, and neutral amino acids were also calculated. All the indices were calculated using ExpasyProtparam tool (Gasteiger et al., 2005) or Peptide 2.0 tool available at https://www.peptide2.com/.



Statistical Analysis

Correlation, regression, and correspondence analyses were performed and plotted in PAST4 software. Basic calculations, including sums and averages, were done in Microsoft Windows Excel.




RESULTS


Compositional Analysis

The genes involved in neurodegeneration exhibited a widely variable compositional pattern. The % nucleotide composition of all four nucleotides is given in Figure 1. The %A ranged from 13.74% (IDUA) to 31.12% (DBT), %C ranged from 16.62 (DLD) to 38.98% (IDUA),%T ranged between 14.80% (IDUA) to 33.92%, and %G ranged between 19.57% (LMBRD1) and 33.91% (CBS). The nucleotide component C demonstrated the greatest range of variability (22.35%), while nucleotide G had the least (14.34%). Stem graph (Figure 1) showing the overall% of all the 4 nucleotides in different genes. Overall, %GC varied between 36.93% (LMBRD1) and 71.45% (CBS), while GC3 varied between 26.82% (LMBRD1) and 89.14% (CBS).


[image: image]

FIGURE 1. Stem graph for nucleotide composition of genes envisaged in present study.




GC Content Correlation With Protein Length

GC components (%GC12 and %GC3) were analyzed to determine their relationships with protein length. It was observed that, on average, %GC12 content was relatively constant and contributed to 40%-60% composition, while %GC3 content largely fluctuated towards both low and high values along the length of protein (Figure 2).


[image: image]

FIGURE 2. Relation of GC content GC12 and GC3 with the length of the protein. Red dots are GC12 composition and blue dots are GC3 position.




Relationship of Compositional Properties and Codon Bias

A significant positive correlation was observed between Nc and different nucleotides. C1, A2, and G3 (r = –0.197, p < 0.05, r = –0.243 p < 0.01, r = –0.198 p < 0.01 respectively) were negatively correlated with Nc, while T, T1, T2, and C2 were positively correlated (r = 0.0.165, p < 0.05, r = 0.156 p < 0.05, r = 0.237, p < 0.01, r = 0.286 p < 0.001 respectively).



Relationship Between Codon Usage Bias and Nucleotides at the Third Codon Position

Regression coefficients 0.547, 0.555, –0.515, and –0.482 were obtained for Nc-A3, Nc-T3, Nc-G3, and Nc-C3, respectively. The negative regression coefficient between Nc-G3 and Nc-C3 suggests a positive influence of C3 and G3 on CUB (Figure 3).


[image: image]

FIGURE 3. Regression analysis between the Nc and third position of codon.




Relationship Between Overall Composition and Composition at the Third Position of the Codon

Regression analysis between the overall nucleotide content (%A, %T, %C, %G) and their respective 3rd position of the codon shows the effects of compositional properties on mutational force (Figure 4). The nucleotides C and A contributed almost equally, 49.3 and 48.7%, while G contributed the least (37.6%) and toward mutational pressure.
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FIGURE 4. Regression analysis for overall nucleotide content and nucleotide content at third position.




Effects of Dinucleotide Content

The frequency of dinucleotide occurrence is of great interest since some of the dinucleotide combinations significantly deviate from the expected value. The measure of this deviation is calculated as an odds ratio (frequency observed/expected). The CpG and TpA dinucleotide combinations are commonly underrepresented dinucleotides (Venter et al., 2001). Notably, we found that 23.33% of genes displayed unbiased TpA usage with an odds ratio of more than 0.78. In fact, in the IUDA gene, TpA was overrepresented (odds ratio 1.54). Nucleotide composition is also reported to play an important role in deciding the TpA or CpG content (Munjal et al., 2020); however, we report an exception to this as, despite lower GC content, the CpG dinucleotide exhibited its presence unbiased in GCDH and MAN2B1 genes. Similarly, despite low AT content, the TpA dinucleotide was present in an unbiased manner LMBRD1, MMAA, MOCS2 genes.



Relative Synonymous Codon Usage Analysis

The RSCU value indicates the relative frequency of the codon. The codons with RSCU values above 1.6 and below 0.6 are overrepresented and underrepresented, respectively (Paul et al., 2018). Across the genes, GC ending codons had an RSCU value below 0.6 (TCG, CCG, ACG, and GCG codons are unrepresented with RSCU values below 0.6 in 81.66, 70, 68, and 72% of sequences, respectively). TA ending codons TTA, CTA, ATA, and GTA were also underrepresented with RSCU values below 0.6 in 71.67, 76.67, 71.67, and 68.33% of sequences, respectively. Among all codons, CTG and GTG had maximum RSCU values (average of 2.55 and 2.01, respectively) with the highest RSCU values of 4.73 and 3.27 for CTG and GTG, respectively. Table 3 lists the RSCU values of the genes analyzed in this study, highlighting the codons with the highest RSCUs for each amino acid.


TABLE 3. RSCU values of genes highlighting the codons with highest RSCU values.
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Analysis of Rare Codons

The codons with a frequency of occurrence below 1% were considered rare codons. Codons TTA, CTA, ATA, GTA, TCG, CCG, ACG, GCG, CGT, CGC, CGA, and TGT were rare codons (Figure 5). The codon usage is tissue-specific and in the brain, the codon usage might be different from other tissues. We adapted per million frequencies of codon bias and per million frequencies of the codon counts multiplied by the respective expression; the value would be called codonome bias hereafter in the human brain dataset from the works of Piovesan et al. (2013). A very high statistically significant positive correlation (r = 0.665, p < 0.001) between codon bias for genes envisaged and codonome bias for brain-specific genes was observed, revealing the presence of tissue and cell-specific selective pressure on gene-related to neurodegeneration with metabolic consequences in present study. Changes in the expression profile of isoacceptor tRNAs might result from adaptation and selection to changes in transcriptome codon usage (Dittmar et al., 2006). Also, tRNA-Arg-TCT enrichment is present and it is suggestive of a tissue-specific role of tRNA in translation (Torres et al., 2019).


[image: image]

FIGURE 5. Rare codons for the neurodegeneration associated gene transcripts. The “rare codon” was defined by calculating the frequency of occurrence of all codons in coding sequences (threshold selected <1% viz. less than 10 in 1,000).




The Parity Rule 2 Plot Analysis

As per the parity rule, in the absence of mutational force or selection force on a gene’s codon usage, the base content follows Chargaff’s rule: A = T and G = C. The A3%, T3%, C3%, and G3% (nucleotide content at the third position of the codon) were calculated to determine the A3/(A3 + U3) serving as AT bias and G3/(G3 + C3) serving as GC bias. When A3/(A3 + U3) is plotted against G3/(G3 + C3) on the abscissa and the ordinate, respectively, if the values are 0.5, then all the data will be located in the center (Young et al., 1994). However, the codon usage is generally governed by either of these or both the selection and mutation pressure and other forces such as compositional pressure. In the present study, the results (Figure 6) show that the average position of x = 0.449 ± 0.152 (AT bias) and y = 0.511 ± 0.054 (GC bias). Hence T is preferred over A, and G is preferred over C.
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FIGURE 6. Parity plot generated using A3/(A3 + U3) as abscissa and G3/(G3 + C3) as the ordinate. The plot exhibit the preference of T over A and G over C.




Degree of Codon Bias

The Nc value determines the degree of bias. The higher the Nc, the lower the bias. A gene with an Nc value less than 35 generally has a strong codon bias (Sheikh et al., 2020), while the gene with an Nc value of greater than 50 has a random choice of codon, indicating the least codon bias. Nc values between 35 and 50 demonstrate moderate bias (Wang et al., 2018). In the present study, the Nc value ranged between 33.9 and 59.9, indicating that the genes exhibited a wider range of codon bias. An Nc < 35 was observed for 2.17% of transcripts, representing a very high bias. Furthermore, 40.21% had moderate bias (Nc 35-50), and 56.60% of transcripts displayed low bias (Nc > 50).



The Effect of Compositional Constraint in Shaping Codon Usage

The Nc-GC3 curve was plotted to elucidate further the effects of mutational, selectional, or compositional constraints on codon usage. If the codon usage was solely driven by %GC content present at the third position of the codon, then all the data points will lie on the GC3 curve. If a gene is subjected to translational selection, the data points will lie well below the expected curve (Sablok et al., 2011). In the present case, all low Nc points were well below the curve, suggesting forces other than compositional constraints like selectional forces affected codon usage (Figure 7).
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FIGURE 7. The relationship between compositional constraint and codon usage bias. ENc-GC3 curve indicates the presence of selection and mutational forces on codon bias of genes. Data points far from the standard curve indicate action of forces other than compositional constraints acting on codon usage choices.




Neutrality Analysis for Quantitation of Mutation and Selection Pressure

Although the Nc-GC3 plot can demonstrate the key factors responsible for shaping codon bias, it cannot quantitate the directional pressure and selection pressure. For the same neutrality plot is required, constructed using the %GC3 and %GC12 content of genes. The GC3 content of the genes varied from 27.7 to 89.6%, while GC1 and GC2 varied from 41.7–89% to 30.1–76.8%, respectively. The linear regression model of GC12% on GC3% indicated (GC12%) = 0.1732 (GC3%) + 39.18 with R2 = 0.315. It suggests that a 31.5% variance in GC12 is introduced by GC3. The regression coefficient is 17.25%, indicating that mutational forces contribute 17.32%, while selection and other factors contribute 82.68%. The results indicate that selection pressures are dominant over mutational forces (Figure 8).
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FIGURE 8. Neutrality plot analysis revealed 17.25% mutational forces and 82.68% selection forces acting on 60 genes related to neurodegenerative disorders.




Effect of Mutational Forces on Gene Expression

The CAI is an index for gene expressivity. The higher the CAI value, the greater the expressivity of the gene (Kumar et al., 2021). CAI and %A3, %T3, %C3, and %G3 were analyzed by regression analysis to determine the effect of mutational forces on gene expression. The results indicate that for all four nucleotides, an almost straight line is obtained as a regression curve (regression coefficients of –0.0047, –0.0045, 0.004, and 0.004 for A3, T3, C3, and G3, respectively). These results indicate that substantially fewer mutational forces were at work, and selectional forces majorly influence gene expression.



Intrinsic Codon Bias Index

An ICDI estimates codon bias where optimal codons are unknown (Rodríguez-Belmonte et al., 1996). The average ICDI value was 0.182, and vales were well correlated with Nc values. According to Freire-Picos et al. (1994), if the ICDI value is greater than 0.5, there is a high level of bias. We found generally low levels of bias. The lowest ICDI value was 0.05 for 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR) transcript variant 2, while the highest was 0.501 for solute carrier family 6 member 19 (SLC6A19). However, the average ICDI was 0.182 ± 0.008, indicating a generally low bias.



The Interrelationship Between Codon Usage Bias and Properties of Protein

Protein indices including protein length, GRAVY, AROMO, PI, hydrophobicity index, aliphatic index, instability index, and percent acidic, basic, and neutral amino acids were estimated and subjected to correlation analysis (Barbhuiya et al., 2020). The correlation analysis between the codon usage bias and various protein indices revealed that Nc was positively associated with PI (r = 0.176; p < 0.05), acidic (r = 0.216; p < 0.01), and basic (r = 0.347; p < 0.0001) protein residues. The Nc was negatively correlated with GRAVY (r = –0.173; p < 0.05), hydropathicity (r = –0.220; p < 0.01) and neutral amino acids (r = 0.146; p < 0.05). Nc and protein length did not correlate to codon usage bias.



Principal Component Analysis

The biplot arrows indicate the preferred codons from each sequence. The farthest vector (codon) has the maximum effect on PC. The eclipse enclosed the sequences with 95% confidence based on PCA on biplots (Figure 9). The dots are the PCA score of the sequences. PCBD1 and PTS genes were present outside of 95% confidence eclipse. The scree plot revealed that PC1 captured 51.56% of the variation, and PC2 captured 6.13%.
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FIGURE 9. A biplot depiction of PCA. Dots are representing the sequences, whilst arrows are showing codons. Eclipse showing a 95% confidence limit.





DISCUSSION

In the present study, the codon usage pattern was analyzed for 183 transcripts belonging to 60 genes involved in neurodegeneration with metabolic disturbances. Initial overall nucleotide composition analysis revealed a random pattern for A, T, C, and G nucleotide usage in the sequences. Variation was observed at total nucleotide composition as well as GC composition. The nucleotide component C had a maximum range of variability of 22.35%, while nucleotide G had the least (14.34%). The GC3 component showed the most variation of all positions, possibly due to the degeneracy at the third codon position.

Dinucleotide frequency significantly influences codon usage bias and can be considered a genetic signature for a species (De Amicis and Marchetti, 2000). Underrepresentation of the TpA dinucleotide has been reported in multiple studies. As TpA is more susceptible to degradation by cellular RNases, owing to its mRNA destabilizing effect, contribution to stop codons (TAA and TAG) (Khandia et al., 2019), and selectional forces that tend to keep the TpA content low. CpG dinucleotides are also predisposed to mutations by deamination of 5-methylcytosine at CpG sites resulting in C?T changes. The dinucleotide CpG is approximately 42 times more mutable than predicted from random mutation; however, the exact proportion cannot be estimated due to the variable degree of methylation of cytosine in vertebrates (Cooper and Youssoufian, 1988). For this reason, the expression constructs for protein expression for protein production and gene therapy are designed in a way to avoid CpG (Bauer et al., 2010).

Despite selection forces acting against the dinucleotide pair TpA and CpG, our study found an unbiased representation of the TpA and CpG dinucleotides in 18.33 and 23.33% of sequences, respectively. In a study related to a humanized green fluorescent protein, consideration was given to 60 CpG residues within the coding region. Expression of a detectable amount of protein was decreased with decreasing number of CpG and was independent of the promoter used. A similar experiment reported that CpG depleted mRNA was decreased fivefold in the nucleus and eightfold in the cytoplasm. A decrease in the GFP reporter expression associated with CpG depletion was more related to a decline in the copy number of mRNA than translational efficiency, and the effect was gene-independent (Bauer et al., 2010). This result indicates that intragenic CpG influences de novo transcriptional activity. Such experimental evidence implies that although CpG tends to mutate faster than other nucleotide combinations and makes the gene vulnerable to loss of function, it is still essential for optimal gene expression; hence, a fine-tuned balance is needed to achieve optimal protein expression. Apart from de novo transcription, CpG has a role in the stability of RNA transcripts, and with an increasing proportion of CpG, mRNA stability and subsequent protein expression also increase (Duan and Antezana, 2003).

It is evident that all the genes related to metabolism or metabolite transport need to be highly expressed in the cells to meet metabolism and metabolite transport demands. Despite their tendency towards mutation and loss of function, the genes tended to retain CpG at an adequate level, explaining well the unbiased usage of CpG in our study and underscoring the selectional forces that keep the CpG at a certain level to maintain high expression.

A BRCA1 or BRCA2 mutant chicken DT40 cell line model for spontaneous mutation exhibited an 11 times higher likelihood of NCG to NTG mutation relative to the mean mutation rate (Zámborszky et al., 2017). In our study, we found strikingly high RSCU for CTG (RSCU > 1.6; highest 4.73) and GTG (RSCU > 1.6; highest 3.28) codons in some genes with over-representation of CTG and GTG in 78.33 and 68.33% of genes, respectively. This finding correlated well with the transition of CpG dinucleotide to TpG. It is further strengthened by the fact that the predecessors of CTG and GTG (codons CCG and GCG) were over exhibited only in 3.26 and 4.34% of coding sequences but underrepresented for both CCG and GCG in 85.86 and 80.97% of genes. Thus, underrepresentation can be attributed to the conversion of CCG and GCG to CTG and GTG, culminating in CTG and GTG overrepresentation.

Several factors affect the biased codon choices, including genetic drift, mutation pressure, natural selection, composition, secondary protein motifs, protein’s physical properties, transcriptional factors, and external environment, tRNA abundance etc. (Ikemura, 1981). However, natural selection, mutation pressure with genetic drift (Chen et al., 2014; LaBella et al., 2019), and compositional constraints (Jia et al., 2015) are major factors. In addition, various analyses like parity, neutrality, ENc-GC3 analysis, and abundance of specific codons and dinucleotides suggest the presence of selection as a significant force and mutation force. Investigation of the role of compositional properties on codon bias revealed that three out of four nucleotides at the second position of the codon significantly impact the bias (A2, C2, and T2). The A2 nucleotides negatively correlated with Nc, while C2 and T2 were positively correlated. This result could be explained by Saier (2019) work, who explained that the second nucleotide position is the most important in determining the nature of the genetic code. Overall based on our analyses, it can be inferred that selection, mutation and composition are the forces that might be responsible for shaping codon usage. In living organisms, the GC content ranges from approximately 20% GC to 80% GC. Upon plotting the GC content variation at three codon positions against overall GC content, there appeared a positive correlation between GC content in a codon with a total GC content of the genome; however, the steepness of the slope differed with a rank of third, first, and second codon positions (Muto and Osawa, 1987). Since the mutations are random, the advantageous one will be selected. The constraints affecting the mutation are highest on codon position two, while least on codon position three. This observation can be attributed to the fact that the second position of the codon specifies the type of amino acid, while the first one specifies a specific amino acid. The third position is redundant since several bases specify an amino acid. How position two of the codon specifies the type of amino acid can be understood by the example of when T, A, and C are present at the second position: all resulting amino acids are hydrophobic, hydrophilic, and semipolar. The only exception is G; when it is present at the second position, similar to C at the second position, it results in semipolar amino acids with two exceptions (arginine, a strongly hydrophilic amino acid, and UGA, a stop codon).

A regression analysis between the Nc with the nucleotide content present at the third position of the codon revealed a positive association with %A3 and %T3 and a negative correlation with %C3 and %G3. The %T3 had the highest regression coefficient and a positive correlation. Parity plot analysis revealed that T was preferred over A, and G is preferred over C. The disproportionate usage of these nucleotides suggests the natural selection of codon usage bias of genes (Uddin and Chakraborty, 2016) linked to neurodegeneration. Neutrality analysis indicates the dominance of selection and other forces, such as compositional, in shaping codon usage. Mutational force only contributed 17.32 and 31.5% variance in GC12 was attributed to GC3. Similar to Nc, ICDI is also a parameter to evaluate the codon usage bias, and its value ranges between 0 and 1. Higher ICDI values (toward 1) indicate the highest codon usage bias. In the present study, the average ICDI value was 0.182 ± 0.008, indicating a generally low bias.

Nc analysis revealed a relatively low bias in codon usage. This finding was coupled with the fact that these genes were highly expressed with high CAI values. The CAI value quantifies the synonymous codon usage bias for a DNA or RNA sequence (and the codon usage similarities between the gene and a reference set). High CAI suggests a very high selectional force on a gene to selectively use a codon contributing to high-level protein expression (Sharp and Li, 1987; Puigbò et al., 2007). The genes with higher CAI values tend to utilize more optimal codons. The CAI value varied between 0.885 and 0.71. In E. coli, the highest CAI (0.84) has been reported for the rplL gene encoding ribosomal protein L7/12, one of the most abundant proteins present in the species (DiRienzo and Inouye, 1979). In the present study, all the genes had high CAI values, indicating higher expression of genes and the importance of these genes in physiological functions. Upon regression the CAI values to the nucleotide composition present at the third position of the codon, a very low regression coefficient indicated that mutational forces were not affected by the gene expression and expression was driven mainly by selectional forces.



CONCLUSION

The present study explored the codon usage pattern and various forces applied on 183 transcripts of 60 genes involved in neurodegeneration associated with metabolic ailments. Analyses revealed a random pattern of the overall composition of the four standard nucleotides, and nucleotide C had a maximum range of variability of 22.35% in terms of total nucleotide components. Across the protein length, up to 800 amino acids, with increasing length, GC12 remained constant while GC3 fluctuated widely. The overall codon usage bias was low with higher Nc values and low ICDI. An investigation into the effects of compositional parameters on codon usage bias revealed that the second position of a codon is critical, as determined by a significant correlation of A2, C2, and T2 with Nc (p > 0.001). The genes were highly expressed, evidenced by their very high CAI values. This higher expression shows their involvement in critical physiological processes. Other parameters such as neutrality analysis, parity plot, and Nc-GC3 curve indicated the dominance of selection pressure along with the presence of compositional and mutational constraints. The transcripts exhibited under-representation of dinucleotides TpA and CpG due to selectional pressure. However, unbiased representation (odds ratio > 0.78) of TpA and CpG dinucleotides was observed in 18.33 and 23.33% of genes. These dinucleotides are important as part of regulatory elements (TATA box, stop codons, polyadenylation signal) in the thermodynamic stability of mRNA and missense mutations. The unbiased representation of these dinucleotides suggests selectional forces finely tune the CpG content level to obtain the optimum rate of protein expression for the high demand of these metabolism and metabolite transfer-related genes. The loss of this fine-tuning leads to neurological ailments. Notably, we observed very high RSCU values for CTG and GTG codons resulting from the transition of C to T. This observation indicates the mutational forces move forward to eliminate the CpG and selection pressure in the reverse direction to maintain high protein expression and this critical balance fine tune the CpG content in genes associated with neurodegeneration.
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hyporammonaemiaof vaiobo Gegroo tha s ffequonty soveo 6nough 1o bo o
thatening o to couso decth.

Aysulataso A doicency (iso known as metachvomati leukodystophy or MLD)is
‘charsctrizod by charactozod by tho damago of tho myoln shoath esutiog
progrossive motor and cognitive mpmment as cirical morostatons.

Tho savero noonstal-onsetfom s characteizod by hyperammndmia
(Nourocogito doficiences, attention-dufcTyparactity disordr, dovelopmantal
ooy sozures, and loaring Gsabity) with tho st fow days aftr bith that con
morfost as incoasing thargy somnolonco,rfueal o foed, voming,tachypoed,
‘nd espiatory akaloss. Absenc of oot ads 1o worsenng Iothgy:
<0zures, coma, and aven doath

Lateronsetform s assocatod wath ntene headiaches, bind spots (scotomas),
protiams with balanco and musco coordnaton (staxd), and thary:
‘Accumuation of ucino, sclouind, and vain and tho byproducts s 1% 0 ho
ervous system and lead 0 sizurs, dovsopmertal oy, and he othr heath
protiams assodatod wih mapl synp urne disegso.

Accumation of eucino, sslocine, and vaino and tho byproducts i oxic o tho
norvous systom and lead o sizurs, Gaveopmertal sy, an ho oth heath
protiams assocatod wih mapl synp urne disacso

‘Characterized by invokement of the ye, keltal ystem, vascular system and CNS

Piimary cosaaye Q10 CoQ10) dfciancyis usualy associted with mtystem
imoNemant, inchucing nevroiogc marvostatons sch s fatal oonatal
‘encophaopity with hypotoia: alato-cnsotofcowy progyecsiv mutpla-sysom
atrophy-iko phonaitypo raurodegenaration ith aonomic akeo and vrkous
‘combinations ofparknsonism and carobelarotaxi, and pyramidal dystnction); and
ystoni, spastiy,sezurs, and italoctual disablty:

Doscioncy s usualy ascocated with muiystom ivhement, including nouciogc:
manfostatons such a fota nooratal cnceptdopity wih ypotona; alato-cnset
‘slonly progressivo mupi-ystam trophyfko phenotypo (eurodegeneraton vith
autonomic faro and vrios combinations of parkinsonam and corbalb faxa.
‘and pyramidal dystunction: and ystonia, pasticty.sezees, and mteloctal
doabity.

Primary coonzyme Q10 (CoQ10) decency s usuaty associted wih mutiystem
imvoNement, inchding neurclogc manfestatons such as atal neonatal
‘encophalopahy wih hypotora; a late-onset oy progrossivo muto-systom
atophy-Bko phonotype freurodogenaraton with autonomic alkro and vorious
‘combinations ofparksonism and carobotar ataxi, and pyramidal dyshctin); and
ystoni, spastiy, sazurs, and italactual disablty

Ao, sovoro e of rea cyco meabolm typicaly charactaizod by athar a
naonatalonsat o sover hyporummonomia that ccurs fow days afor bith and
maifsts wih lothargy, vomitng, hypatheria, sezuos, coma and death or o
prosontaton ot tho nowbom pariod at any ago wih (somatimes) midor
‘Symptoms of hypecammonarmia
‘Cordbrotondinous xanthomatoss T i i storage dsease characteized by

santhomatasis Crolstanol ifatio-onsot b, chidhood-onset catarac, adolescent. 0 young adf-cncet

storagn dsease)

Moo syup urno dsease

Defcincy of
womasc Lamino-ocid

Mapl srup urna Gsease

nbern e of creatg

bom aros of creatno
Gutaric ocdur, ypa 1

Doparesponsivo dystoria
(Segana syndrome)

Sanfippo syndromo

syrthotasn dofcency.

Senfippo syndromo

LoschMypan syndrcmo

Muoopoysacchardoss
Typol

Torn

sovlent-CoA

CobalaminF dorder

Mathyimaloric acidemia
with homocystinsa

Vtaria 812 responsivo
mathyemaloic acderia
bpociA

‘Vtari B12.osponsive
mathyimalic acderia
tpocis

Homocystiuia ot
MTHFR defciency

tendon xanthamas, and acA-anset proggussio neurlogi dysfncion (doment,
peychiaticdistubances, pyramidal andior orebelar 5gns, dysiona, atypcal
parkinsorism, parohoral poeopathy, and sezues).

Bavated concentratons of xanched:chain arind aids BCARS: e, UG,
‘andvaine) nd alcscleucne, a5 wel 2 a goneralzed dstebanc of amino 009
‘concantraon atis, ro presentn iood and tho maplo syup odor canbe dotected

Autosomalrocessive born e n eurotrnsaitr matabalsm that eads (o
‘cembined sartoni nd catacholaming dofciency

‘Charactorzod by an overapping continum tha anges fom eay-cnsot Peuriogic:
marsestations o okt nsat e chemont and,arcy a myopathc presontaton.

‘GAMT dofcioncy i charactze by Symptoms ranging fom mid neloctua dsabity
‘e spoech el 1 saver oloctun Gsabiy,seizees, movament scrdr, axd
oo dsordie

Inttoctua Gabity and szures, behavior discdor tht can incudo autstc behanirs
and satatiaton

Rt in acuto bistoal stfatal ey and subsecuont complox movurars dsoxdes.
incroased ik o rondl dsaaso

Typicy charactorzod by sgns ofparknscrim that may bo rltvely subte. Such
‘igna may nchdo sowness of movemant (crodykinosa).romors, stfness and
sistanca to movement gy, balance &culios, and posta stabity.

Aram autosomalrecesive ysosoml storage disease aflectng the matabolism of
mucopolysaccharidos. Sgns and symploms inchudo behaioral changes, oep.
‘dorders, mental developmental delas, nd sozures

Defidency leads o compictions of metabalc acidoss, s62uxe, ad
yperammonomia tha canresu i long fen neurclogial sequebe and.
dowlopmenta dsabity

Sgr and symptoms incldo behariora changs, lop 6<orders, montsl
‘deveopmenta dlays, and seizres

LoschNyhan dsease (LND)at the most severd en with motor dysuncion
esemblng severs orebral patsy, elactual sabilty, an sl-frious behavior
‘Short tature: macrocephaly withor wibout communicating yckocephas:
macrogossia; hoarse voics; conductve and senscrineuca heaing oss:
hopatospianomogay: dysostoss muipex;spina tanosi; and curpal tumel
odbceme.

Neuobogial complcations my ncude damage 1o newrons. Painand impsired motor
fnction @bty o stortand control musclo movemant) ey rosut from comprossed
heves o v roots i the spnal o i the poripheral nevous sytom.

A ram ausosomal csorce, s characteed by abnomolties i the metabiolem of
Joucin. The gendic defciency of VD resus inan accumuton of soilerc i,
‘whichstoic 1o the contral nerous system and leads to sovalcc acdamia

‘Cogrtiveand neuxcogicalimpoimant

Osvslopmental el eyo cafects, neurological probems, and bood sbromaties.

Dovslopmental doay i ealy chidhood, seiaos, hypotoni, darhea vomitng.
metabolc acidoss, hypoghcumia, ketass, abocxmal Uiy Gompound, e
acidami, and ypertcptic cadomycpathy.

I the neonata peiod the Gease can present with ethargy voriing. hypotoni,
ypotharia, rospatory ditrss, sovero ketoacidoss, hypecammonerta,
noutroponia, nd trombocytopsa and can asult a dooth within tho st four wooks:
of . I the fanta/non-B12:16sponsive phenotype, nants are nomal a bith, bt
ovelop lthargy vomiing, dhyckaton, faluo toteive, hepatomogay. hypotona, and
oncephalcpathy it o woskto manthe of a9o. Majo secondary compicaions
of mothyemalonc ackdarmi nchd: nteloctalimpaiment ariob); tubuontorstial
ophiiswith pogressive enal ks “matabol stoke”

Mojo sacondiry compcatons of methymalorc acdoniainchudes ntellectual
impeiemant bl tubwontastil neptet with progressive renl fakur;
“metabose stk (acuto and iveni basal gengta ney)causing a Gsabing
movwmont decxdorwith choreouthatosi, ystona, nd poraquadpress:
ponceatis; ronth faur: unctonlimmuno mpaiment: and optic e acphy.
I Adslesconts and ok, may resent neuropeyChit ymptoms, progressie.
‘cogpive docne, tromboambolc complicatons, sndio sub-acuto combned
dogenacationof tho spind cor,

Infans may prosent with poo foeding and low growth, eudlogc abnormaly. and,
aroy homalyte uemic syrckome (US),

A phanotypes aro characeized by paods o ltivo heath and ettt
metabosc decompensation. Majorsecondary compicatons of mathyimalonic
‘aciduri nchuds intllectual mpaimen(aisl) ubulomtersitol s vith
progessiorona fakr; motabol soka”(scute and chronic basal gangia )
covsinga dsabing

Molbdanum oofactordeiciency . rar conditon characteized by brin dysfuncton
(encapholopathy). atsophy o b tissue, microcuphaly

R autosomalrecassivo matabelc dscdor characorzod by neonsalcnsotof
inyactbio soaure, opsthotonus, and 63 dysmorphism assocatod with
Iypouricamia and sested iy suftolovels

A genosc mutaton that may e fo Hgh v of homocystine i the bood and low
Jovels of oot and oher vtains. Leadsto gression, amity, bipolar iscrdr, navo
pancte.

‘Adelesconts and 09uts, may have neuropsyChialic ypLoms, P 650 COPNG.
ocina, thromboombol complcation, and/a subacuAo combined dogeneration o
thospial oxd.

ELowatod oncs of homocysisna resls eurodegancrative dscrders, ecument
pragnancy loss, neeal tubo defects

Araro autosomalrecessiv lyscsoml torago Giseaso ith signs and symptoms of
el changes, seep dsordars, mertal developmentaldelays, and seizures.

Pationtswith tho cassica phanotypo prosent progressiv ncurcogical Gseaso i ato
infincy 1o adolescence, with clmsy gat,ataso, schoo faur, behavir problers and
a charactorstic supranusear dowmard gaze paalysis
Patints withth cossical phanotypo prosent progrossivo neurclogical dseaso n ato
infincy 1o adolescence, ith sy gat, ataxo, schoo e, behavir probles and
charactestic sgranucar donmard gaza parays

Onitine carbamay! ransforaso A rar, gonatic dsordr o oa cyclo matabism and ammonia

ddiconcy

Toxshydrobioptedn dofciency

Propionic acidemia

Propions acdomia

Cosnzymo Q10 detioncy

Cosnzymo Q10 doficioncy,

prmary 1

detcioncy

Pyroval phosptete esporsive

‘otoucation. oo nscrbomco 0TC)
ofency nouropeychogcalcomplcatons ncuk deveopmentl doiy
Joaming disabits, maloctual disabiy atonion-dofcthyparctity
Gaorde (ADHO), and oxocutv cion dfts
Aocerdty of o merous yse; B andlrspinl cord sve:
Noeoioge abromaiics: Neuroiogealabnomalty

Growth mpoiemant, intalactul dsabity, sezures, basalgongla osions

ntho most severo cases, tho condtion bocoras appcet iy and
‘causes sovro bain dyskinction combinad with musco weaknoss.
oncaphacmyopatty)and the fakxoof ot body systoms:

Dofncyis usalyassoctodwih motiystemimolemen, nckidng
ourolog mondesaions suchas kol neonsal ncophalpoty v
ypotori: alae-cnsat dowyprogasiv muliio-system atophy ko
Bhonotpo pusadogencraton wihaanamc s an vrous
Combrtions of parkisorm nd caabolar o, and pyromcl
tuncion; and dston, spastty,sozures, and olectul dabiy.
Arao muno ssaso characazed by peog 0sso TRy
oo o tocurn and opperiunisicfocscs, autommunty and
maignancy 0 welos eecloge mantetatons

PNPOD 5 an autoscmal rocossivo o arr o matabcism rosting

soimms Viamin 86 dofconcy that masosts 5 neonatal-cnsetof oo s0uros
and subsocuent encephalopathy.

BHa-dofciont 6 pyruvoyttatahyckoptern synthass (PTPS) dociency s cno of tho couses

hyperphenyiiainemia A of masgant yperpheyaannema due to terayckobioptrn dofcency
Not any doos tatrahyckabioporn dafcency cauzo hyporpharybarinoma,
21 0o fesponsiofor dfocto noutotransmision of monoomines
‘because of matunctoring rosine and typlophan hydoxyases.

Ohydopterdnoroductaso  An utascml recessivo condiion charoctarized by BHiA-defocient

detcency Iyparphonylaninenia, degheion of dopamine and secotnin, and
progpessie cognito and motordefits.

Santippo syndroma Aram autosomal recossive lysosomal storage doase withsymptoms of

GLUTI dofgency synckamo 1

bohaviral changes, soep sordors, mantal dovelopmental ddays
s phonotypo s charocteizod by nfanto-onsot s6zuxes, deayod
ueologic dovdepment acqued microcaphal, and compiex movoment
eorders.

Araro matabolc dsordo balongn to the pevtral aminoacuea, manly
‘charoctezod by sin photosenitity, oculr and nixxopsychalr fedtees,
60010 abnormal ol and gasrcintstinal ranspeotof nevtal amind o
sty (SRO). which ranges fom sigifcant mator and cognitive dofcls.
o cnly mirmal fadings. Giica aturos nchado motor and spooch oy,
porkinsorian signs, taloctual dsabiy, poychiatic sndor behavioal
abnomaitos

No.of transcript Motabolic function (f any)
stodiod
1 Encodes a ansporer proteinlocaized o the persisoml
momxano and paricpoto i tho matabelam of vey ong-chan ftty
ocd
4 Partcipato i biosynhosis of purnes

2 ‘Godos for enzymo a-aminoadiic somiskdoydo (« ARSA)
Gyckogenase tha broakdorn ysinoin tho bain
2 Roloin sngi stranded DNA reaic

3 Amanganose-contaring erzym catalyzig the fnal stapin the e
el for dsposalof 1o amoria by comerting argiino 1
Lomitin andurea

6 Responsbiofor codng tho enzymo anulataso A thathelp in
processing sulaticss a subgroup of sphingolpics

4 nvoived n Aorino, aspartato and Gutamato metabofem, e cyco
motabotem and metabosem of aming o

2 ‘Codes or argiinosuscinoto synthase 1 enzymo. I paricipates n tho
wmacyde

2 Encodos for pha-keto aGd dayciogenase involved i breakdonn
ofeucine, isoleucie, and olno

3 Encodos or spha-keto a6d doydiogenasa involved i breacdann
ofoucina, sooucho, and valne

s ‘Codes orcystthionine beta-synhase which convers homocysteine
‘and sain o cpatrionine

2 Rocuiod i tho biosythasc pahway of COQ (ubiuinond). T
‘onzymo catayans tho promation ofp-hydroxybenzoto it an
ab.rans poypreey roup.

' Rocurod i th biosynthte pathway of CoQ (sbiquinond). This
‘sazymo catayans tho pronyltion ofp hyckonybanzostovith an
atrans poypreny grovp

' Rocured i the biosyhet pthway of Co (sbiquinond). This
‘enzyme catayzes the prenyton ofp hydaxybenzoste vith an
atuans poyoryi group

4 Encodos or carbomoyt phosphato synthetasol.  converts
‘ammonium ito carbamy phosghato, and plays an tcate oo
‘argining metabaiem and pyriidne metabolsm

1 Encodes fo sterl27-hyckoxyase. t bosks down chlosterctoforn
bl i cald chenodacrychac o, Maintans nommalcholstecl
ovel intho body:

1 Encodes fora part of ranchedchain ket acid dohyckogenase
(BCKD) enyme comple.  hlps inth broakdown of the banched.
amino acds eucns scleusine, and valno

7 Encodes foraromatic amino acd decarboase (ADC) enzymo. 1t
‘converts L-dopa and &-ydkaryipiophan o dopamino and sertonin

. Encodos foran enzyme calld diyceaipoaida dehyckogensse.
InvoNec n metabolism ofeucis,isceucine, and volne

2 This enzyme particpates in e, srne and troonino metabalem
and argnng and prains matabiolsn.

2 Encodes forargninegycne amidnctanslarase Paicate
‘ymthess of ghono, rgiine. and mathonine.

2 Encodes for ghtary-CoA detydiogensse.
ok i the metabotsm oftyptophan, sine and hyckonysine

4 Encodes for GTP cycohycroase 1. Invoived i the production of a
malecu calld telraycobioptan, it process phenylanine o
tyrosne

1 Atfocttho Motabolim of mucopelysascharides. Soms ooted
pathays Gycosarminogycan metacls other reted pathway

s Encodss for Holocarborylsse syrthetase. Relted o bor eror of
bt metaboiam.

4 This gene encodes a ysosomal cetyansterass, which s 000 o
‘seversl enymes noked in th ysosomal degradation of heparn
o

' Encodos for hyporarttins phosphorbosyfiansieras 1. Raro dsorder
of purios motabotem

2 (Codes for hronate 2-sutatass responstiofor breakdonn of rgo
‘sugar moleaies gcasaminoghcans

3 Encodos forapha-L iduronidase which's an enzyme nvobved i ho
matatioism of gycosaminoglycans (GAGS).

7 Encodos forIsouseryl-CoA deyckogensse,  mitochondrial matrix
‘onzymo that catazes th thidstop i loucind catabes.

4 Encodes for LVBR1 domain contaiing 1. involved i transport and
matabessm of cobalamin

2 Encocing fordpha.mamosdasa. Nonnctonsl LYBD! protain
prevonts th rloase of viamin B12 rom ysosomes. Utimately
‘ocrease 1 the production of mettionine and accumuaion of
homocysteno

1 Encodesfor malony CoA decarbonyase nvlved n tho metabelis of
fatty acds sythests and s impostantin muscle and brin matabolsm

2 Encodos for productinveied i oot protains, as (pid) and
‘hoostoct and ansport ofvtami B12

1 Motabossm of cblaninassocated B

2 Encodod erzyme helps i converting vtamin 812 nto
‘adenoscdbalanin (AdoCo) of methycobelamin,

1 Encodas for protein e n comertng viamia B12 o
‘acknosyicbalamin (AJCb) o mathycobalamin (MeCH)

1 Encodes for Methyl mary! GoA mutase, responsibe or a patular
tap i ho broakdown of several proten buiding bocks (amino accs),
epocifcalysceucino, meionine, throorno, and vaioo. Tho anzymo.
aiso el break down certan ypes of fats figs) and choested.
Ameng ts rltod patways oo Amino Acd metabolem and Cavbon
matobolem

7 Encodes fo protein mohod i  tho ormation (Sosynthesi) ofa
molecu calld moybdknum colocor

2 Encodesformalybdopter syihaso nvotved n formation
iosynthess) of amasocul cated mabdenum cofocor

2 ‘Akoy enzyme nvolved i the matabolam of bt and break down of
homocysiene.

3 Encodesformathionind synhasa imohod in comvertg amino acd
homocstons to methonno

s Encodos formeticrine syithase redctase. Inoled n comrsion of
Pomocystenato methonine.

1 Encodes forN-acotyalphaglucosamindose i i o stop-iso
breabdorun o rgo molculas atod ghycosaminogleans

1 Encodes for  proten present n momxanes fysosomes and
‘endosores, nvcived n movement of chclsterl and ather ypes of
fats (i) within calls and acros ol membranes.

3 Encodes for proten prosont n mombranes o soscmos and
‘endosomes, ncived 2 movermentof chelsterland athes types of
fots () with calls and across oo mambranes.

1 Urea cyci maabeotsm and ammonia dtoxfcaton

3 ‘Codos foranaymo pian- ipha-cavbinoiamino debyceataso nvolved
i rocycing f totrahcotioptorn Totahycobicptor heps in
converting phenylanis o another aming a0, rosn

" ‘Codes for pegicny-CoR caxboryasa st alpha that Heps
progionato metabolem

2 Encodos foran nzym pecpiony oA carboxylse. Hops
braakdonn o isooucing, mothicrno, trocnie, and olno.

3 ot i CoQ biosyihosis

' Matabotam of counzymeQ

1 Eccodos for oo nucoosido phosghoryase, PP catayzes the
rovesiblo caavag of nosino t hyposarithing and guanosion o
guanno

' Encodesfor pyrdoarin 5 phasphate axidase. It s imohed nthe.
motabosem of tarin 85,

' Encodesfo &-pruvoyteahydroptarn synthase. ndrecty invoed in
processing o seveal amino acds

2 Encodos for Quinoncd diydroptaridng reductaso (QOPR) catayses
ho rogancration o tatraydkabioptcn (BH4.a cofacorfor
monoamine synhess, phenylalnios hykoason and it oxido
prodeon

3 Motabolsm o mucopaysaccharide. Gheosamnoghcan metabolsm
Lysosome

' Encodesfor  proten caled proten caled tho Gucoss tansporer
peoteinypo 1 (GLUTH). the brai s nvoed i the movemment of
‘ghcose across the blood brain bartr.Prtoct and maintai noukons

1 ‘Codes for protein cald systam B) neutral aino oG ransporter
(BOATA), BOAT1 transpors tho il amino 0cds

' ‘Codos for epapter roductaso orzyme. Partcipates ity
processing amino acds
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Gene name

ABCD1
ADSL
ALDH7A1
APTX
ARG1
ARSA
ASL
Ass1
BCKDHA
BCKDHB
CcBS
coQz2
COQ8A
CoQ9
CPS1
CYP27A1
DBT

GCDH1
GNs
HCLS
HGSNAT
HPRT1
Ds

IDUA

MDD
LMBRD1
MAN2B1
MLYCD
MMAA
MmBB
MMACHC
MMADHC
MMUT
Mocs1
Mocs2
MTHFR
MR
MTRR
NAGLU
NPC1

SLC2A1
SLC6AT9
SPR

Dinucleotide odds ratio

AA

0.429
0.924
1.340
1.458
1.580
0.259
0.559
1.099
0.563
1117
0.667
0.894
0.659
0.653
1.363
0.652
1735
0.980
1508
0.485
1.188
0.553
1.084
1110
0.982
0.872
1.463
0.807
0.314
0.717
1531
0.622
0.778
1.605
0.936
0.525
1.564
1.655
0.687
1.654
0.784
1.342
1.359
0.380
0.859
1.499
1.549
1.147
1.408
0.888
1.377
1.188
0.957
0.897
1721
0.943
0.467
0.476
0.395
0.795

AC

0.744
0913
0.729
0.796
1125
0.883
0.921
0.866
0.958
0.659
0.888
0.847
0.791
0.904
0.845
0.853
0.807
0.807
0.691
1.001
0.958
0.824
0.635
1.042
0.926
0.733
0.756
0.905
1.027
0.701
0.755
1.060
0.756
0917
0.851
1.039
0.845
0.746
0.697
0.462
0.941
0.818
0.894
0.760
0.938
0.708
0.857
1.107
0.730
0.805
0.865
0.707
0.976
0.856
0.732
0721
1151
0.660
0.950
0.795

AG

1.087
1.260
1.329
1.420
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