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Abstract 

Proteins are molecules whose functions depend on their three-dimensional structure. Even small genetic mutations 
can affect the folding of a protein, which leads to disruptions in activity and disease. A challenge in genetics and 
molecular biology is understanding how specific mutations change protein structure and function, especially because 
many disease-related variants still don’t have a clear explanation. This study focuses on proteins in the globin family, 
specifically Hemoglobin Subunit Beta (HBB), Alpha 1 (HBA1), and Gamma 2 (HBG2), exploring how different 
mutations impact structure and function. The central research question is: “How do mutation types (missense, 
nonsense, and frameshift) influence protein conformation and contribute to disease?”. Using UniProt Variant Viewer 
and SWISS-MODEL, known mutations were identified and their predicted structural outcomes were analyzed. Some 
conservative substitutions showed minimal predicted changes, while nonsense and frameshift mutations were usually 
associated with truncated or misfolded protein predictions. The findings support the use of computational structural 
modeling as a tool in disease research because it shows the relationship between structure and amino acid properties, 
location within a gene, and the type of mutation. 
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1. Introduction 
 

Proteins are essential macromolecules that perform multiple biological functions necessary for life. These 
functions are directed by their structures; They can range from simple linear chains of amino acids to more complex 
proteins. In other words, the function of a protein relies a lot on the way the protein is shaped. Proteins can be 
categorized based on their roles, such as enzymes that catalyze or accelerate biochemical reactions. Kinases is a type 
of enzyme that adds phosphate groups to proteins and other molecules, which can activate or deactivate them to do 
their job. They can be involved in cell signaling and cell growth and division. Another type of protein is transcription 
factors, which regulate the expression of genes. Transport proteins move molecules within organisms, and there are 
also structural proteins that provide cellular support (Alberts et al., 2002). The connection between protein structure 
and function highlights why it's important to understand how changes, including mutations, affect biological processes. 

There are 4 levels of structure within a protein, primary (sequence), secondary (local folding), tertiary (3D shape), 
and quaternary (multiple proteins). Even small changes at any level can change the function and shape of a protein 
severely. These changes in the sequence are called mutations, which can happen in multiple ways. There are point 
mutations, including missense mutations, where a single amino acid is substituted for another, and nonsense mutations, 
in which an early stop codon is introduced , causing the protein to be shortened and usually nonfunctional. Insertion 
and deletion mutations can shift reading frames (the way DNA or RNA is read in groups of three letters (codons) to 
make a protein, and any shift can change the entire protein sequence), leading to nonfunctional proteins. Loss-of-
function mutations usually occur because of changes in structure that disrupt protein folding, stability, or interactions 
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with other molecules, which reduces or gets rid of the protein’s activity. (Li et al., 2022). 
Nonpolar (hydrophobic) amino acids like valine and leucine repel water, while polar (hydrophilic) amino acids 

like serine and glutamine can interact with water. Charged amino acids can be acidic (negative) or basic (positive). 
Some form strong disulfide bonds. These differences in amino acids determine how proteins fold, function, and 
interact in multiple processes. Replacing two very different amino acids can affect how the protein folds, eventually 
changing the function as well. An example of a disruptive protein is proline. Proline is disruptive in protein structures 
because its shape restricts “backbone” flexibility, which breaks alpha-helices by making it hard to bend. 

The study of protein structure has evolved over the past decades, and early breakthroughs in structural biology 
came through experimental techniques such as X-ray crystallography, which allowed for the first atomic-resolution 
structures of proteins like myoglobin and hemoglobin. With advances in technology, there are resources and software 
that provide protein modeling for analyzing and predicting protein structure. Software such as AlphaFold3 and 
SwissModel (Jumper et al., 2021) uses artificial intelligence to generate high-accuracy protein structures. These tools 
help with studying how mutations affect protein conformation and function, which is necessary in contributing to drug 
discovery and much more. Modeling platforms like SWISS-MODEL predict structures by aligning a target sequence 
to experimentally determined templates. It is important to note that these are predictions and must be interpreted with 
appropriate caution; they indicate plausible structural outcomes rather than experimentally confirmed structures. 

A protein family that can demonstrate the impact of structure and mutations is the globin family, which includes 
hemoglobin, myoglobin, neuroglobin, cytoglobin, erythrocruorin, and leghemoglobin (Bashford et al., 2002). These 
proteins play a role in oxygen transport and storage in many organisms. Hemoglobin (Hb), found in red blood cells, 
transports oxygen from the lungs to tissues. A mutation in the HBB gene causes sickle cell disease, where a single 
amino acid substitution results in red blood cells becoming rigid and sickle-shaped. 

Each protein in the globin family has its own role. Myoglobin, found mainly in muscle tissue, helps store oxygen 
for activity. Neuroglobin and cytoglobin, found in neural and non-neural tissues, play roles in protecting cells from 
stress (Burmester et al., 2000). Globins such as erythrocruorin in annelids and leghemoglobin in nitrogen-fixing 
plants show the roles of oxygen-binding proteins. Erythrocruorin helps oxygen transport, while leghemoglobin 
facilitates oxygen supply to the nitrogen-fixing bacteria. 

The research question of this study is “how do different types of mutation types (missense, nonsense, and 
frameshift) in globin family proteins influence the predicted protein shape, and how do these structural changes relate 
to documented disease outcome?” 
 
2. Methods 
 

Protein sequences and known variants for HBB (UniProt ID: P68871), HBA1 (P69905), and HBG2 (P69892) 
were accessed through UniProt. The UniProt Variant Viewer was used to identify missense, nonsense, and frameshift 
mutations along with their clinical significance classifications from ClinVar. While doing this, variants were selected 
to represent each mutation type, prioritizing those associated with known diseases and, for missense mutations, those 
involving amino acids with different physicochemical properties. 

SWISS-MODEL, a homology modeling server that predicts protein structures by aligning sequences to 
experimentally determined templates (Waterhouse et al., 2018), was used to model each variant. The wild-type 
sequence for each protein was submitted first to generate a reference model, and each mutant sequence was then 
submitted separately. 

Wild-type and mutant predicted structures were compared through visual inspection of the SWISS-MODEL 
outputs. The focus was on differences in overall fold, secondary structure elements, protein length, and local changes 
near the mutation site. These comparisons are qualitative and based on predicted models rather than experimentally 
determined structures. Clinical significance classifications were obtained from the UniProt Variant Viewer. 
 
3. Results 
 

Hemoglobin (HBB) was compared to different mutants, each having a different impact to the original protein 
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structure and function. To assess the structural impact of these mutations on the HBB structure, SWISS-
MODEL was used to predict protein structure. A glutamate-to-aspartate (E8D) substitution in the HBB gene was first 
modeled. After comparing the wild-type hemoglobin and the HBB_E8D variant, there were no major differences seen 
in the overall predicted structures. In the variant viewer, the clinical significance is listed as a “Variant of 
uncertain significance”. These findings show that the glutamate-to-aspartate substitution likely does not result in a 
pathological consequence (causing disease) or changed hemoglobin functionality, showing that conservative 
mutations that are chemically similar may have minimal structural impact. 

In contrast, the HBB_E27D mutation showed a slight but visible change in the predicted structure compared to 
the wild-type protein. Position 27 might relate to a more structurally significant location. The clinical significance is 
classified as “pathogenic”, and the description is listed as hemoglobinopathy. hemoglobinopathy is a disease caused 
by mutations in the hemoglobin gene, causing abnormal hemoglobin, leading to conditions like sickle cell disease or 
thalassemia. 

Next, the HBB_W38* mutation, a nonsense mutation at position 38, resulted in a premature stop codon. Overall, 
the modeled structure showed loss of secondary structure elements compared to the wild-type, since the truncation 
removes regions needed for proper folding and function. The predicted outcome is consistent with the impaired oxygen 
transport capacity (Schechter et al., 2008). This variant is classified as pathogenic in the UniProt Variant Viewer. The 
variant is associated with hemoglobinopathy, beta-zero thalassemia, and beta-thalassemia according to the UniProt 
database. 

To continue, the HBB_E7V mutation, a missense mutation at position 7, resulted in the substitution of glutamic 
acid with valine. The predicted structural model showed differences compared to the wild-type, which is consistent 
with the documented association of this mutation with sickle cell disease The change from a charged, hydrophilic 
residue to a nonpolar and hydrophobic one is associated with abnormal 
hemoglobin under low-oxygen conditions. This variant is classified as 
pathogenic and is associated with sickle cell disease, chronic hemolytic 
anemia, and increased risk of stroke (Rees et al., 2010). This switch is more 
impactful because glutamic acid is negatively charged and hydrophilic, 
whereas valine is uncharged and hydrophobic. They are very different in 
terms of properties. 

Finally, the HBB:c84_85insC mutation causes a structural disruption 
due to a frameshift starting at codon 29, which introduces a premature stop 
codon shortly after. Unlike single amino acid substitutions, this insertion 
changes the entire downstream amino acid sequence, resulting in a 
shortened and nonfunctional beta-globin protein. The clinical significance 
is classified as “pathogenic,” with the condition described as beta-
thalassemia major. The predicted structural outcomes for all HBB variants 
are compared in Figure 1. 

Similar to HBB, is Hemoglobin Subunit Alpha 1 (HBA1). It is one of 
the two types of polypeptide chains that make up hemoglobin, the oxygen-
carrying protein in red blood cells. HBA1 is encoded by the HBA1 gene, 
located on chromosome 16. It binds with beta-globin (HBB) to form 
hemoglobin (HbA), which transports oxygen throughout the body. 
Mutations or deletions in HBA1 can cause alpha-thalassemia, a blood 
disorder that reduces hemoglobin production, leading to anemia. 

The HBA1_K91* mutation introduces a premature stop codon at 
position 91, resulting in a shortened protein. The loss of certain interactions 
caused by the early stop leads to wrong folding and less hemoglobin 
stability, which damages its oxygen-binding capacity. This type of 
mutation could contribute to severe structural defects and potentially result 
in an unstable or non-functional hemoglobin variant. 

 
Figure 1. Mutations in the HBB gene 
can lead to structural changes. Wild 
type hemoglobin protein (A), compared 
to several mutated versions. Some 
mutations led to no (B) or minor 
structural changes (C) while introducing 
an early stop led to significant structural 
change in the protein (D). Next, some 
mutations led to a larger structural 
change with significant impact on 
function (E). Finally, a frameshift 
mutation in the DNA sequence led to an 
early stop as well (F). Models in this 
figure were generated with SWISS-
MODEL. 
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The HBA1_G60D mutation replaces glycine with aspartic acid at 
position 60. Even though there is a substitution, no visible structural 
changes occur because the affected region does not play a major role in 
protein folding. Glycine can sometimes be replaced without significant 
disruption. This mutation/variant is pathogenic, leading to alpha-
thalassemia. It is identified as “a severely unstable hemoglobin variant 
through sequencing of amplified DNA involving the alpha 1-globin 
gene” (Dinçol et al., 1993). 

The HBA1:c.118_119insG mutation is when there is an insertion 
of a guanine nucleotide between positions 118 and 119 of the HBA1 
gene. This insertion causes a shift in the reading frame, disrupting the 
normal reading frame of the gene and leading to the production of a non-
functioning alpha-globin protein. This variant is considered pathogenic 
and is associated with alpha-thalassemia, as it harms hemoglobin 
formation and stability. 

The HBA1:W15X (Frameshift due to deletion) includes the 
deletion of a nucleotide at codon 15, which also disrupts the reading 
frame. Although it does not introduce a premature stop codon, the 
resulting frameshift changes the rest of the amino acid sequence and 
leads to the production of an unstable protein. This variant is also 
classified as pathogenic and is associated with alpha-thalassemia. The 
predicted structural outcomes for all HBA1 variants are compared in 
Figure 2. 

Hemoglobin Subunit Gamma 2 (HBG2) is one of the two gamma-
globin genes expressed during fetal development and is part of the 
hemoglobin molecule known as fetal hemoglobin (HbF). HBG2 is 
encoded by the HBG2 gene, located on chromosome 11. It pairs with 
alpha-globin (HBA1 or HBA2) to form HbF (α₂γ₂), allowing efficient 
oxygen transfer from mother to fetus. After birth, HBG2 expression is 
typically silenced as beta-globin (HBB) takes over. 

As seen in Figure 3, there are no major global structural disruptions 
in the mutant compared to the wildtype. Although, in the wildtype, there 
are thin, flexible structures with red spheres (oxygen atoms) extending 
from the folds. These features were reduced or absent in the mutant 

model, suggesting a minor predicted structural adjustment near the mutation site. The V68M substitution may change 
the packing or orientation of surrounding 
residue, and can shift side chains away from 
the protein surface, affecting solvent 
interactions. The absence of these extensions 
could influence protein stability, folding 
kinetics, or functional interaction with 
partnering globin chains. This mutation is 
pathogenic. The mutation is linked to 
transient neonatal cyanosis: A temporary 
condition in newborns where the skin 
appears blue due to low oxygen levels in the 
blood (Galanello & Origa, 2010). 
 

 
Figure 2. The wild-type alpha-globin 
structure (A) is shown alongside several 
variants caused by mutations in the HBA1 
gene. A single amino acid substitution, 
such as HBA1_G60D (C), results in no 
observable structural changes. A 
substitution introducing a premature stop 
codon, as seen in HBA1_K91* (B), 
produces a shortened protein with 
significant structural loss and disrupted 
folding. The HBA1:W15X (D) mutation 
involves a frameshift caused by nucleotide 
deletion, leading to altered downstream 
sequence. Another frameshift mutation also 
disrupts the reading frame and leads to 
early stop and functional loss (E). Each of 
these pathogenic mutations is associated 
with alpha-thalassemia. Models in this 
figure were generated with SWISS-
MODEL. 

 
Figure 3: Panel A shows the wild-type (WT) HBG2 structure, while Panel 
B displays the HBG2_V68M mutant, in which valine (V) at position 68 
is replaced with methionine (M). Comparable structure is displayed. 
Models generated with SWISS-MODEL. 
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The mutation here causes a change in 
the side chain in the 64th position, His64 is 
replaced by leucine, a hydrophobic, non-
polar amino acid. The side chain is shorter, 
lacks polarity, and is unable to form 
hydrogen bonds with oxygen. As seen in 
Figure 4, the predicted model shows the 
absence of a red sphere near the heme group 
in the mutation, suggesting a loss of heme-
oxygen stabilization. This predicted 
change is consistent with reduced oxygen-
binding affinity. 
 

Another mutation used was 
HBG2:c.180_181insC, which is a single-
nucleotide insertion at position 180. This 
insertion causes a frameshift mutation and 
changes the rest of the positions after 181, 
and the reading frame. As shown in Figure 
5, the wild-type (WT) HBG2 protein 
shows a well-organized folding pattern 
with multiple alpha-helices packed together. 
However, the frameshift mutation caused by 
the insertion leads to a different structure. 
The mutant protein shows a loss of organized 
helices and an overall unraveling of the 
protein shape. This change likely harms the 
ability of HBG2 to maintain its role in oxygen transport during fetal development. 
 
4. Discussion 
 

The results of this study suggest that the predicted severity of a structural disruption varies with mutation type. 
Conservative missense substitutions, such as HBB E8D, showed little predicted structural changes. On the other 
hand, non-conservative substitutions like HBB E7V were associated with larger differences. Nonsense mutations 
resulted in shortened proteins, and frameshift usually had the most dramatic disruptions. Some pathogenic variants, 
like HBA1 G60D, showed no visible structural differences. This suggests that pathogenicity may involve mechanisms 
not captured by static structural models alone. 

The mutations analyzed are associated with well-characterized clinical conditions. These predicted structural 
outcomes are generally consistent with the clinical significance classifications in variant databases and with the known 
disease associations of these mutations. The mutations that were studied are some of the most prevalent genetic 
disorders worldwide, such as sickle cell disease and thalassemia. It is important to know that the structural comparisons 
in this study are qualitative and are based on predicted models. Future studies could strengthen these observations by 
using quantitative comparison metrics, such as root-mean-square deviation (RMSD). 
 
5. Diseases Caused by Hemoglobin Mutations 
 

Mutations in hemoglobin genes not only alter the protein structure, but also have consequences that result in 
specific diseases, which impact many people around the world. These conditions, known as hemoglobinopathies, are 
some of the most studied genetic disorders. 

One of the most well known hemoglobin disorders is sickle cell disease (SCD), primarily caused by the HBB 

 
Figure 4: Close-up comparison of the distal heme pocket in HBG2 wild- 
type and H64L mutant. Models generated with SWISS-MODEL. 

 
Figure 5: Close-up comparison of wildtype HBG2 and the HBG2 
c.180_182insC frameshift mutant. The left shows alpha-helical 
structures which are lost in the mutant. Models generated with SWISS-
MODEL. 
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E7V mutation, stated earlier, where a glutamic acid is substituted with valine at position 7. This chemically important 
change transforms the hydrophilic surface of hemoglobin into a hydrophobic one, which causes abnormal clustering 
of hemoglobin molecules when in low oxygen conditions. The sickle-shaped red blood cells are rigid, which leads to 
blockages in blood vessels, pain, increased risk of stroke, and organ damage. Globally, over 300,000 infants are born 
with SCD per year, with the highest percentage in Sub-Saharan Africa, India, and parts of the Middle East. 

Another group of diseases caused by mutations in HBB and HBA1 genes is thalassemia, an inherited blood 
disorder where the body produces an abnormal form or insufficient amount of hemoglobin, the protein in red blood 
cells that carries oxygen. This leads to anemia as red blood cells are destroyed, resulting in symptoms like tiredness, 
weakness, and shortness of breath. Nonsense mutations and frameshift mutations modeled earlier lead to incomplete 
or unstable hemoglobin proteins. There are two types of thalassemia, alpha thalassemia which affects the production 
of the alpha part of hemoglobin, and beta thalassemia which affects the production of the beta part of hemoglobin. In 
beta-thalassemia major, these mutations result in severe anemia, which requires blood transfusions and/or bone 
marrow transplants. The World Health Organization estimates that 5% of the global population carries a gene for 
thalassemia. 

Alpha-globin gene mutations, including HBA1_K91 and HBA1_G60D, can result in alpha-thalassemia. The 
disease severity depends on the number of gene copies affected. Severe forms, like Hemoglobin Bart’s Hydrops Fetalis, 
are often fatal in utero. Milder forms can cause anemia, jaundice, and enlarged spleen. 

Mutations in fetal hemoglobin genes, such as HBG2_V68M or HBG2_H64L, are rare but can affect oxygen 
binding and lead to neonatal (relating to newborn children) conditions like cyanosis, a temporary bluish discoloration 
of the skin due to low oxygen levels. Even though these are generally less severe, these mutations can complicate 
neonatal health, especially if combined with other hemoglobin variants. 
 
6. Connecting Protein Mutations to Population Genetics and Epidemiology 
 

The mathematical tools in the previous section are important parts of epidemiology and population genomics. 
These tools are used in Genome-Wide Association Studies (GWAS) and also in variant frequency analyses to 
understand how often disease-causing mutations appear in different populations. 

For example, the E7V mutation in the HBB gene is most frequent in populations where malaria is historically 
common, like Sub-Saharan Africa, parts of India, and Brazil. According to the CDC and Karger Medical Genetics 
reports, the carrier frequency in Sub-Saharan African populations can be greater than 20-30%, compared to less than 
1% in regions where malaria is not consistently present, like Northern Europe and East Asia. This uneven distribution 
happens because of an evolutionary process where people who carry one copy of the sickle cell gene (heterozygotes) 
are protected from malaria, but don’t get sickle cell disease. The CDC reports that over 300,000 infants are born per 
year with sickle cell disease. 

Statistical modeling connects the study of mutations to patterns of disease prevalence. By analyzing genomic data, 
researchers can estimate how often mutations appear in different populations. For example, GWAS and national health 
registries track the global spread of the sickle cell trait and sickle cell disease across different ethnic groups. 

To present more context on hemoglobin gene 
variants, variants from Ejaz et al. (2023) were examined. 
Among 28 variants across hemoglobin-related genes 
(HBB, HBA1, HBA2, HBE1, HBG1, and HBG2), 57.1% 
were classified as benign, 10.7% as likely benign, 21.4% 
as of uncertain significance, and 10.7% as pathogenic 
(Figure 6). This distribution illustrates that the majority of 
hemoglobin gene variants are not associated with disease, 
while a clinically important subset is pathogenic. It also 
shows the large proportion whose impact remains 
uncertain, which supports the need for structural studies 
like those in this investigation. 

 
Figure 6. Distribution of clinical significance 
classifications among 28 hemoglobin gene variants from 
Ejaz et al. (2023). 
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The individual variants and their classifications are listed below (Ejaz et al., 2023). 
 

Pathogenic 
 
HBB: c.92+5G>C 
HBB: c.47G>A(W16*) 
HBB: c.27-28insG(S10fs) 
 
Uncertain Significance 
 
HBB: c.*61T>G 
HBE1: c.92+5G>A 
HBE1: c.37A>T(T13S) 
HBG1: c.315+59G>T 
HBG2: c.315+115A>T 
HBG2: c.315+24A>C 
 
Likely Benign 
 
HBB: c.9T>C(H3H) 
HBB: c.386C>A(A129D) 
HBB: c.375A>C(P125P) 

Benign 
 
HBA1: c.-24C>G 
HBA2: c.*107A>G 
HBA2: c.*136A>G 
HBB: c.-24C>G 
HBB: c.315+74T>G 
HBB: c.315+16G>C 
HBB: c.316-185C>T 
HBE1: c.316-85insGTTT 
HBG1: c.316-82T>G 
HBG1: c.*2dupC 
HBG1: c.*5A>T 
HBG1: c.*6delC 
HBG1: c.*55delA 
HBG1: c.316-89G>T 
HBG2: c.93-58C>T 
HBG2: c.54_55insA 

 
7. Conclusion 
 

This study investigated how different mutation types (missense, nonsense, and frameshift) in globin family 
proteins influence predicted protein conformation and connect to the documented disease outcomes. With online 
structural models of variants using SWISS-MODEL, the results suggest that predicted structural disruption relies on 
the mutation type and chemical properties of the amino acids involved. Conservative missense substitutions often had 
minimal predicted changes, while non-conservative ones, nonsense mutations, and frameshift mutations were 
associated with more severe outcomes. These predicted outcomes were consistent with clinical significance 
classifications in the variant databases. The findings support the use of computational structural modeling as a tool for 
understanding the effects of mutations on protein structure, though experimental testing is still needed. 
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