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Abstract
α-Glucosidase is an important biocatalyst in carbohydrate metabolism  by hydrolyzing disaccharide into glucose. This enzyme 
crucially  regulates postprandial blood sugar levels. Hence, these features positioned it  as a possible target for diabetes therapy and 
highlight its relevance for therapeutic purposes. But conventional experimental techniques are not adequate for a thorough understanding 
of  the structural and dynamic characteristics of the enzyme at the atomic level and thus frequently lack the capacity to characterize those 
protein conformational changes that are required for function. Here, we performed MD simulations to  explore the structural and dynamic 
properties of α-glucosidase on an atomistic level. The analyses suggested that a delicate balance exists between rigid core regions, which 
maintain enzyme integrity, and dynamic surface regions, most notably near the  active site. It was also observed that residues within the 
core structure of enzyme were highly stable. and key molecular interactions, such as hydrogen bonds and salt bridges, were shown to play a 
vital role to maintain structural integrity. Furthermore, dynamic residues and regions have been identified necessary to bind substrates and 
inhibitors. In conclusion, the findings of the study provide valuable insights into the functional dynamics of α-glucosidase and hence they 
can help deepen our understanding of its role in metabolic diseases. In this regard, the obtained outcomes can not only enhance the basic 
understanding of α-glucosidase structure-function relationship, but they can also pave  the way for the design of new therapeutic strategies 
in diabetes and associated pathologies. 
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Introduction 

Carbohydrate metabolism is a fundamental process in living organisms. 
It is responsible for the breakdown of complex sugars into glucose, a 
primary energy source. α-glucosidase is at the heart of this process 
and a vital enzyme that catalyzes the hydrolysis of disaccharides and 
oligosaccharides into glucose units.1,2,3 α-glucosidase is predominantly 
active in the small intestine and plays a central role in regulating blood 
sugar levels after meals. This makes it indispensable for maintaining 
metabolic balance.3,4 Given its fundamental biological function, 
α-glucosidase has taken significant attention as a therapeutic target, 
particularly in the management of type 2 diabetes mellitus (a chronic 
condition affecting millions globally).4,5,6

In this context, for type 2 diabetes, α-glucosidase inhibitors have 
proven to be effective in delaying carbohydrate digestion and thereby 
they reduce the rapid rise in postprandial blood glucose levels.6,7 This 
mechanism also offers a strategic approach both to improving glycemic 
control and preventing long-term complications associated with 
diabetes.4,8 Additional to diabetes, α-glucosidase also plays a significant 
role in other metabolic and genetic disorders, such as lysosomal storage 
diseases like Pompe disease. In these cases, enzyme dysfunction leads to 
the accumulation of glycogen in tissues, and this accumulation results 
in severe physiological and neurological symptoms.9,10,11 Understanding 
the structural and functional dynamics of α-glucosidase is thus critical 
not only for developing targeted treatments for diabetes but also for 
addressing broader metabolic disorders.5,6

However, despite its medical and biochemical relevance, the 
molecular mechanism governing the structural flexibility and stability 
of α-glucosidase is still not fully understood. This is largely due to 
the limitations of conventional experimental techniques, which 
provide static structural snapshots but often fail to capture dynamic 

motions essential for enzyme function.12 In this regard, molecular 
dynamics (MD) simulations offer a powerful and complementary 
approach that enables the exploration of time-resolved, atomistic-
level conformational changes in proteins.13 By simulating realistic 
physiological environments, MD simulations can reveal how 
α-glucosidase responds to substrate binding, structural fluctuations, 
and catalytic transitions factors that are crucial for its biological 
activity.14 Thus, integrating MD into the study of α-glucosidase not 
only helps to bridge the gap between structure and function but also 
offers a rational basis for structure-based drug design.

Although the biological importance of α-glucosidase is well 
established, its structural and dynamic properties are still poorly 
understood and it remains an active area of research.1,15,16 At this 
point, experimental techniques, such as X-ray crystallography 
and nuclear magnetic resonance (NMR), etc., have provided static 
snapshots of the enzyme’s structure.17,18 However, these methods are 
often inadequate to capture the dynamic conformational changes and 
interactions that occur under various physiological conditions.17,18 
Therefore, the dynamic information in understanding enzyme 
processes such as flexibility, substrate binding, catalysis and product 
release remains a mystery.19 Traditional structural techniques such as 
X-ray crystallography and nuclear magnetic resonance (NMR) have 
significantly contributed to understanding the static structures of 
biomolecules.. In this respect, MD simulations can enable us to explore 
how enzymes such as α-glucosidase maintain structural stability and to 
reach the significant dynamic information required for their biological 
function.15,17 Moreover, these dynamic insights from MD are critical 
for understanding how the active site of the enzyme adapts to different 
substrates in the binding process and how structural fluctuations in 
the enzyme affect catalytic efficiency.19,20

In view of the literature, the present study aims to address the 
existing gap in the research regarding the structural and dynamic 
features of the α-glucosidase enzyme. To this end, this research 
employs the molecular dynamics (MD) simulation method to 
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elucidate the balance between stability and flexibility that underlies 
the biological activity of the enzyme. Furthermore, special emphasis 
is placed on the identification of regions that are critical for substrate 
recognition and inhibitor binding and therefore show significant 
structural adaptability.4,5,6,20 Because identification of these regions is 
not only fundamental for clarifying the enzyme’s function but also 
offers practical implications for drug design.6,7,8 Also, by integrating 
computational approaches with existing biochemical knowledge, 
this study can provide a deeper understanding of dynamic nature of 
α-glucosidase at the molecular level.  Hence the obtained insights can 
be contributed to the ongoing efforts in designing effective inhibitors 
for diabetes treatment and lead new viewpoints for studying other 
enzymes with similar biological roles.15,19 As a result, the findings of the 
study are expected to provide significant insights into α-glucosidase’s 
role in substrate recognition and inhibitor binding and to offer a robust 
viewpoint for the development of innovative therapeutic strategies 
targeting diabetes and other metabolic disorders.

MATERIALS AND METHODS

The three-dimensional crystal structure of the α-glucosidase enzyme 
was obtained from the Protein Data Bank (PDB) with the code 
3WY1.20 When compared with the data from the UniProt database, it 
was determined that the first three amino acids were missing in this 
structure.21 In this context, the missing amino acids were added to 
the 3WY1 PDB structure using the Discovery Studio 2024 Visualizer 
program.22 Thus, a completed 3WY1 model was obtained and was 
utilized as the starting structure for MD simulations. 

MD simulations were performed using the GROMACS software 
package.23 In the simulation, the CHARMM36 force field,24 known for 
its high compatibility with biomolecular systems,16 was used to define 
atomic interactions within the protein structure.24 Next, the enzyme 
was positioned at the center of a cubic simulation box with dimensions 
of 103.7 x 103.7 x 103.7 Å with a minimum distance of 10 Å between 
the protein atoms and the box. Afterwards, the simulation system was 
solvated using the TIP3P water model, which is the most compatible 
water model with the CHARMM36 force field.25 Accordingly, a total of 
34,096 water molecules were added to the simulation box. After that, to 
mimic physiological conditions, Na and Cl ions were added to achieve 
a concentration of 0.150 M, and also the system was neutralized using 
the “genion” module. In the event, this resulted in the addition of 
133 Na+ ions and 101 Cl− ions. Then, energy minimization using by 
steepest descent and conjugate gradient methods was performed to 
eliminate any steric clashes or inappropriate atomic orientations. Also, 
periodic boundary conditions (PBC) were applied in all directions, 
and long-range electrostatic interactions were calculated using the 
particle-mesh Ewald (PME) method.26,27

The energy minimized structure was subjected to a two-step 
equilibration simulation of 10 ns each to achieve a steady state in phase 
space. In the first step of them, the system was equilibrated under 
NVT ensemble conditions and accordingly the temperature was kept 
constant at 310 K with the v-rescale thermostat.28 In the second step, 
equilibration was performed under NPT ensemble conditions, with 
a constant pressure of 1 bar using the Parrinello–Rahman barostat at 
310 K.29 Thus, the stable temperature and pressure values during these 
equilibration phases allowed the protein to adapt structurally to the 
environmental conditions.

After equilibration stages, a 300 ns production simulation was 
performed under NPT conditions at a constant pressure of 1 bar 
and 310 K. In the equilibration and production phases, the v-rescale 
thermostat with a coupling constant of 0.1 ps and the Parrinello–
Rahman barostat with a coupling constant of 1 ps were employed. 
Also,  a 2 fs integration timestep was used for all simulations, and 
the Verlet algorithm was utilized for numerical integration.30 In 
the simulations, MD trajectories were saved every 10 ps to enable a 
detailed analysis of the α-glucosidase’s dynamic behavior, structural 
stability, and responses to environmental factors under physiological 
conditions.

RESULTS AND DISCUSSIONS

Structural Stability Analysis: RMSD and Radius of Gyration (Rg)

The present study was conducted to investigate the structural and 
dynamic properties of the α-glucosidase enzyme. To this end, a 
root mean square deviation (RMSD) analysis was first carried out 
to evaluate the conformational deviations of the protein throughout 
the simulation.  The obtained RSMD values are depicted in Figure 1a. 
The RMSD provides a quantitative measure of how the conformation 
of α-glucosidase structurally deviates from its initial (native) 
configuration throughout the molecular dynamics simulations. This 
hence allows us to gain significant inferences associated with the 
stability and conformational dynamics of the protein.

Examining the RMSD values throughout the simulation, it was 
observed that at the beginning of the simulation, the RMSD values 
increase rapidly to ≈1.6 Å in a very short time and remain stable at this 
level for the first 60 ns. This initial increase can indicate that the protein 
adapted to the simulation conditions by moving away from its native 
structure and thus, α-glucosidase moves to a new conformational 
state. In other word, it can be said that the rapid increase of RMSD 
is an indicator of the transition of the protein from its initial unstable 
configuration to a more dynamic state. Hence, this period can be 
evaluated as the protein’s initial unstable transition period. After 60 ns, 
it is observed that the RMSD values increase to around 3 Å and exhibit 

Figure 1. Time evolution of (a) RMSD and (b) Rg values for α-glucosidase during the 300-nanosecond MD simulation. 
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significant fluctuations. Here, particularly between 80 ns and 180 ns, 
sudden changes in the RMSD were seen. This situation suggests that 
the protein underwent notable conformational transitions or that 
flexible regions displayed increased movement. In other words, it 
can be said that during this time interval, the protein tries to shift its 
conformational states and seeks to achieve a full stable configuration. 
After 180 ns, at the end of the simulation, the RMSD values fluctuated 
around 3.5 Å and stabilized at a relatively more consistent level. 
These observations suggest that under the simulation conditions, 
the, α-glucosidase reached a stable conformation and maintained its 
equilibrium in this conformational state.

To elucidate the details of the observed conformational changes, we 
then performed the Radius of gyration (Rg) analysis, which enables 
an evaluation of the structural compactness and folding state of the 
protein throughout simulation. The Rg analysis measures the spatial 
distribution of a protein’s atoms around its center of mass and thus 
it allows the evaluation of its overall compactness. In this regard, 
an increase in Rg values indicates that the protein’s conformation 
has expanded, while a decrease signifies that it has contracted. The 
calculated Rg values are illustrated in Figure 1b. 

For the α-glucosidase enzyme, the native Rg value was 23.3 Å. When 
the changes in Rg values throughout the simulation were examined, it 
was observed that the Rg rapidly increase ≈ 23.8 Å and remain relatively 
stable for the first 60 ns. This early increase similar to RMSD values 
indicates that the protein adapted to the simulation conditions, and 
it shifted from its initial compact state to a more expanded structure. 
After 60 ns, it is seen in the figure that the Rg value gradually increases 
further with significant fluctuations and reaches ≈ 24.3 Å. Notably, 
fluctuations are more pronounced between 100 ns and 180 ns. During 
this time period, it can be considered that the structural stability of the 
protein was not fully established, and the protein underwent various 
conformational changes to adapt to the simulation conditions. After 
180 ns, the Rg value stabilized around 24.5 Å and this indicates that 
the protein reached equilibrium in a more expanded conformation.

Overall, the RMSD and Rg profiles followed similar trends. These 
parallel trends in RMSD and Rg values suggest that the observed 
deviations may be related to gradual structural expansion and 
conformational adjustments in α-glucosidase during the simulation. 
In summary, the RMSD and Rg analyses collectively indicate that the 
enzyme maintains overall structural stability during the simulation, 
with no significant unfolding or large-scale conformational deviations.

Residue Flexibility Assessment: RMSF and Solvent Accessi-
bility (SASA)

The performed RMSD and Rg analyses have revealed the overall 
structural changes and conformational transitions of the protein during 

the simulation. However, while these analyses provide information 
on the general movements of the protein, they are insufficient to 
evaluate the mobility of specific amino acids or regions. Therefore, to 
scrutinize the flexibility and mobility of different regions of the protein 
in greater detail, a Root Mean Square Fluctuation (RMSF) analysis was 
performed.  the calculated RMSF results are depicted in Figure 2a.

In the α-glucosidase structure, the residues Asp202 and Glu271 
are located in the catalytic active site and hence,  they play a crucial 
role in the hydrolysis of substrates.20 Since these residues are part of a 
stable region, it is expected that they exhibit low mobility in the RMSF 
analysis. According to our simulation results, Asp202 and Glu271 
show low flexibility values (Asp202 = 0.54 Å and Glu271 = 0.82 Å) 
and the results is consistent with this expectation. Considering this, it 
can be said that this low mobility indicates that these residues remain 
stable to ensure substrate binding and catalytic function. Also, Shen 
et al.20 reported that catalytic residues   within the active site of the 
α-glucosidase exhibit low flexibility to maintain stability and facilitate 
precise substrate interactions. Our simulation findings also have a 
coherence with this observation. Another important residue in active 
site for substrate binding is Thr203. According to the simulation 
results, Thr203 displayed moderate flexibility. This moderate flexibility 
may be related to its role in substrate binding.

On the other hand, the Pro218-Pro234 region is described as a 
long loop that caps the entrance of the active site in the α-glucosidase 
enzyme.20 This loop contributes to the enzyme’s disaccharide 
specificity which is sterically hindering the binding of long-chain 
substrates. As can be seen in the figure, the high RMSF values in the 
Pro218-Pro234 region of α-glucosidase indicate importance of this 
loop region in regulating access to the active site. In other words, it can 
be said that this loop provides the structural flexibility necessary for 
substrate binding and has a key role as a dynamic barrier facilitating 
substrate interactions at the active site. This observation are consistent 
with findings by Lemay-St-Denis et al..17 They reported the functional 
importance of loop flexibility in α-glucosidase enzyme adaptability 
and activity. The results presented here confirm the above-mentioned 
inferences and show that this loop undergoes several dynamic 
conformational adjustments to regulate substrate access and catalytic 
efficiency under physiological conditions.

On the other hand, the Leu227 and Gly228 residues in the middle 
of this loop are located in the center of its entry in the active site and 
thus control the entry. These residues are also located close to the 
active site, and it can therefore be considered to play an important 
role in enzyme-substrate interactions. According to simulation results 
these residues showed the highest RMSF values. This finding suggests 
that Leu227 and Gly228 residues have structural and functional 
properties that require considerable flexibility. Therefore, it can be 
said that these residues have a critical role in contributing to the 

Figure 2. Per-residue values of (a) RMSF and (b) SASA in α-glucosidase throughout the MD simulation.
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necessary conformational changes during substrate interaction. Thus, 
these residues in loop region likely play a dynamic role in facilitating 
substrate binding and conformational adaptation in the active site. 
Also, these functional role of surface residues are coherence with 
reported findings by Azam et al.,5  who highlighted the significance of 
surface flexibility in enhancing substrate accessibility.

In summary, the binding regions in the α-glucosidase enzyme 
structure are supported by the flexibility properties observed in the 
RMSF analysis. Notably, the low mobility of catalytic residues such as 
Asp202 and Glu271 indicates that these regions maintain stability to 
facilitate enzymatic reactions. Meanwhile, it can be inferred that the 
flexibility of the Pro218-Pro234 loop in the RMSF analysis supports 
the structural adjustments required for substrate recognition and 
binding and thus they play a critical role in the enzyme’s function. 
The findings of Azam et al. provide foundational insights into the 
structural stability of α-glucosidase and revealing critical regions 
of flexibility.5 Compared to their results, our analysis identifies also 
additional specific residues contributing to substrate recognition and 
conformational adaptation under physiological conditions.

The flexibility data obtained in the RMSF analysis revealed the 
dynamic nature and mobility of specific regions within the protein. To 
examine the contribution of the solvent accessibility of the protein to 
this mobility of the protein, a Solvent Accessible Surface Area (SASA) 
analysis was performed, and the obtained results are presented in 
Figure 2b. SASA analysis provides insights into the potential of amino 
acids on the protein surface to interact with the solvent.

When the SASA results were evaluated, residues Asp202 and 
Glu271, which exhibited low mobility in the RMSF analysis, were 
found to have low SASA values. This finding confirms their location 
within the α-glucosidase’s internal regions and hence they remain 
stable and inaccessible to the solvent. On the other hand, it is seen that 
Gly228 and Thr203, which are involved in substrate binding, exhibited 
high SASA and moderate-to-high RMSF values. In this context, it can 
be also said that high SASA values show that these amino acids are 
solvent-exposed and structurally positioned close to the surface. In 
this context, according to RMSF and SASA results, it can be considered 
that the related residues have an active role during substrate binding 
with their structurally dynamic characters.

Additionally, it is seen that the Pro218-Pro234 loop exhibited both 
high SASA and high RMSF values. This situation corroborates its role 
as a dynamic barrier to the active site. At this point, it is observed that 
the Leu227 and Gly228 residues with the highest mobility in the RMSF 
analysis in this loop, also exhibited significantly high SASA values. 
This suggests that they play a flexible role on the surface and interact 
dynamically both with the solvent and substrate. Shen et al. reported 
the importance of flexibility in regulating substrate accessibility and 
specificity in active site loops (long loop).20 Here, it can be said that 
our findings are consistent with this literature report, and our results 
emphasize the dynamic adaptability of the Pro218-Pro234 loop in 
facilitating substrate interactions under physiological conditions.

In conclusion, it can be inferred that the combined SASA and RMSF 
analyses provide a comprehensive understanding of the structural 
dynamics of the α-glucosidase enzyme. At this point, it can be also 
said that these findings indicate the balance between stable and flexible 
regions within the protein and it thereby emphasize their respective 
contributions to enzymatic function.

Following the RMSF and SASA analyses, the positions of key 
amino acids identified above as significant were visualized within the 
α-glucosidase enzyme structure to better understand their locations. The 
spatial distribution of these residues in the protein is depicted in Figure 3.

Secondary Structure Stability: DSSP Analysis

The results from RMSD, Rg, RMSF, and SASA analyses revealed the 
α-glucosidase’s overall structural changes, flexibility, and solvent 
accessibility during the simulation. However, to fully understand the 

dynamics of the protein structure, it is necessary to examine the stability 
of its secondary structure elements throughout the simulation. For 
this purpose, a DSSP (Dictionary of Secondary Structure of Proteins) 
analysis was performed to evaluate the preservation or alteration of 
secondary structures, such as alpha-helices (α-helixes) and beta-sheets 
(β-sheets), over time. The secondary structure transitions of each 
amino acid in the α-glucosidase enzyme during the simulations are 
shown in Figure 4.

When examining the DSSP results, it was observed that α-glucosidase  
has predominantly α-helixes and β-sheets structures. This situation 
indicates that most of the protein comprises well-ordered secondary 
structures. In other words, these organized elements suggest that the 
protein has a stable core structure. According to the figure, throughout 
the simulation, α-helixes and β-sheet regions were largely preserved 
and this demonstrates that the major secondary structure elements 
remained stable and hence, the whole structural integrity of the protein 
was maintained. In contrast, turns and coil regions were observed 
intermittently in certain areas. This proffers that these structures 
are more flexible and disordered, in other words, these regions are 
likely located on the surface or in flexible regions of the protein. It 
can be also said that occasional short-term transitions in turn and coil 
structures during the simulation suggest that these dynamic structural 
regions underwent transient conformational changes. In this regard, 
it was also observed that amino acids with high mobility observed in 
the RMSF analysis (e.g., the Pro218-Pro234 loop and Leu227) were 

Figure 3. Spatial distribution of key residues in α-glucosidase based on RMSF 
and SASA analyses.

Figure 4. Time-resolved secondary structural elements of α-glucosidase 
throughout the MD simulation.
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located in coil or turn structures. These flexible structures play an 
important role in protein dynamics and may regulate substrate entry 
and exit at the active site. Therefore, observing Pro218-Pro234 loop 
in coil or turn regions approves its dynamic role throughout the 
simulation. Moreover, the DSSP analysis showed that the secondary 
structure elements in catalytic and binding regions remained stable. 
This finding is particularly relevant for residues such as Asp202 and 
Glu271, which exhibited low RMSF values and are expected to remain 
stable. Their presence within stable secondary structure elements may 
be essential for enzymatic function. 

In addition, by comparing the average proportions of secondary 
structures observed during the simulation with α-glucosidase’s native 
state, it is possible to assess the extent to which the protein structure 
was preserved during the simulation (Table 1).

According to Table 1, during the simulation, coil structures are for 
an average of 129.9 residues, which is corresponding 24.3% of the 
total structure, whereas in the native state, the number of residues 
in coil conformation was 123.0. This suggests a slight increase in 
coil regions during the simulation and indicates that these regions 
gained flexibility over time. For β-sheet structures, an average of 83.4 
residues (15.5%) were observed during the simulation while it was 
88.0 in the native state. This small decrease may suggest that some 
β-sheets partially transitioned to coil or turn conformations during 
the simulation. However, the β-sheets were largely preserved in 
general. On the other hand, beta-bridge (β-bridge) structures were 
represented by 12.7 residues (2.4%) during the simulation, while the 
native state had 9.0 residues. This slight increase in β-bridge structures 
during the simulation could indicate that some regions temporarily 
adopted β-bridge conformations or underwent flexible adaptation in 
these areas. Bend structures were observed with 84.4 residues (15.7%) 
during the simulation while it was 79 in the native state. This small 
increase indicates that some regions, especially on the surface of the 
protein, undergo transient structural changes and gain flexibility 
during simulation. On the other hand, turn structures were observed 
with an average of 82.8 residues (15.5%) during the simulation, 
whereas this number was 91.0 in the native state. The slight decrease 
in turn structures may indicate that certain regions underwent 
secondary structural changes. Here, it may be also inferred that some 
turn structures transitioned into more flexible coil conformations. 
Examining α-helix structures, the α-glucosidase during simulation 
has an average of 129.9 residues (24.4%) while it has 133.0 residue 
in the native state. This result shows that α-helical structures were 
largely preserved during the simulation and remained structurally 
stable. Here, the slight decrease can be attributed that the transition 
of a few α-helixes into flexible coil conformations may have allowed 
minor adaptations without affecting the α-glucosidase’s functionality. 
Examining three-helix structures in α-glucosidase, it was observed 
with 13.8 residues (2.4%) during the simulation, while the native state 
had 14.0 residues. This case indicates that three-helix structures were 
also largely preserved during the simulation. In summary, these results 
demonstrate that the general secondary structure characteristics of 
the α-glucosidase enzyme during the simulation remained largely 
consistent with its native state. Minor differences observed in surface 
and flexible regions suggest temporary adaptations occurring in these 
areas over time. However, the results indicate that these adaptations 
took place in a manner that did not compromise the overall structural 
stability of the protein.

Conformational Preferences: Ramachandran Plot Analysis

The data obtained from the DSSP analysis revealed the stability of 
the α-glucosidase’s secondary structural elements and its ability to 
maintain structural integrity throughout the simulation. Following 
these structural insights about α-glucosidase, a Ramachandran plot 
analysis was performed to examine the conformational stability and 
adaptability of the protein in detail.

The Ramachandran plot analyzes the torsion angles phi (ϕ) and 
psi (ψ) of amino acids in the protein structure and thus it allows 
us to assess whether residues occupy permissible or preferred 
conformational sites. In this way, it enables possible us to determine the 
conformational preferences of different secondary structure elements. 
in a Ramachandran plot, for α-helices, the ϕ angles are typically 
observed between -60⁰and -40⁰, while ψ angles range from -50⁰ to -30⁰. 
On the other hand, for β-sheets, the ϕ angles are generally within the 
range of -120⁰ to -90⁰ while and ψ angles are between 90⁰ and 135⁰.  
Accordingly, it can be said that these values for α-helices correspond to 
a distinct cluster in the lower-left quadrant of the plot whereas β-sheets 
ones form a prominent cluster in the upper-left quadrant of the plot. On 
the other hand, residues that deviate from these characteristic regions 
often correspond to irregular structures, such as loops or turns since 
they exhibit more diverse dihedral angles. In summary, it can be said 
that the clustering of these angles on the Ramachandran plot provides 
critical insights into the structural organization and stability of proteins 
and can be associated with DSSP findings.

In Figure 5, the ϕ and ψ angle distributions of the α-glucosidase 
enzyme’s amino acids throughout the simulation are depicted using a 
density gradient. The regions with intense red and yellow coloration 
indicate that a significant portion of the protein chain remains stable 
in organized secondary structures, such as α-helixes and β-sheets. This 
suggests that the primary secondary structural elements of the protein 
reside in their natural conformational regions and exhibit stable 
behavior throughout the simulation.

On the other hand, lower-density areas observed in blue and green 
correspond to less preferred and rarely observed conformations. Also, 
structures such as coils or turns, which allow greater conformational 
freedom, are expected to reside in these lower-density areas. In this 
respect, residues exhibiting high mobility according to the RMSF 

Table 1. Comparison of Secondary Structure Elements in Native and Simulated 
α-glucosidase Structures.

Secondary 
Structure

Average Residue 
Count

Percentage 
(%)

Residue Count in 
Native Structure

Coil 129.9(4.8) 24.3 123.0

β-Sheet 83.4(4.0) 15.5 88.0

β-Bridge 12.7(2.1) 2.4 9.0

Bend 84.2(6.3) 15.7 79.0

Turn 82.8(7.2) 15.5 91.0

α-Helix 129.9(5.3) 24.4 133.0

3-Helix 13.8(5.7) 2.4 14.0

Figure 5. Ramachandran plot showing the backbone dihedral angle distribution 
of α-glucosidase during the MD simulation.
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results (e.g., the Pro218-Pro234 loop) are expected to be located 
in these regions. When evaluated together with DSSP and other 
structural analyses, we can say that the Ramachandran plot analysis 
provides supportive insights into the conformational adaptability and 
stability of the protein throughout the simulation.

Residue-Residue Interaction Map: Contact Map Analysis

While the Ramachandran plot analysis demonstrated that the protein 
remained in allowed conformational regions and maintained its 
stability, the contact map (tertiary structure) analysis can enable a 
more detailed structural understanding to examine interactions 
between residues in the protein’s three-dimensional structure. 
The tertiary structure provides significant insights into the three-
dimensional organization of the α-glucosidase’s secondary structural 
elements, i.e. the manner in which these structural elements are 
connected to form a stable configuration. In this context, the contact 
map analysis can allow us to evaluate pairs of residues that are in close 
contact within the α-glucosidase’s three-dimensional arrangement 
and enable understanding of how structural stability is maintained.

The contact map shown in Figure 6 illustrates the probabilities 
of residue-residue interactions (P%) in the α-glucosidase’s three-
dimensional structure during the simulation. According to the 
contact map analysis, residues with high contact probabilities (red 
areas) are located in the core region of the protein and it can be said 
that these form tightly packed structures that ensure stability. These 
areas, as observed in the previous DSSP and Ramachandran plot 
analyses, predominantly consist of organized secondary structures 
such as α-helixes and β-sheets. On the other hand, it is observed 
those regions with low contact probabilities, (blue and green 
areas) correspond to flexible regions on the α-glucosidase’s surface. 
These flexible regions were previously identified in the RMSF and 
SASA analyses as structures exhibiting high mobility and solvent 
accessibility. For example, regions such as Pro218-Pro234 loop, 
characterized by high mobility, were observed to have low contact 
density in the contact map. This indicates that flexible surface regions 
provide the dynamic structure necessary for substrates or ligands to 
bind and access the active site.

In conclusion, the contact map analysis clearly highlights the 
balance between stable core regions and flexible surface regions in 
the α-glucosidase’s 3D structure.  Therefore, it can be inferred that 
this three-dimensional organization enables the protein to maintain 
both structural integrity and functional flexibility.

Dominant Motions and Energy Landscapes: PCA and FEL 
Analyses

After obtaining insights into the structural balance from the 
contact map analysis, we then performed Principal Component 
Analysis (PCA) analysis. Here we aimed using by PCA to determine 
the α-glucosidase’s most dynamic moving directions during the 
simulation and to investigate large-scale structural changes.  It is 
well established that PCA utilizes the principal components (PC1 
and PC2) that explain the greatest variance to identify the dominant 
motion motifs of the protein throughout the simulation.

In this regard, the evaluation of PCA, RMSD, and RMSF 
analyses together can enable understanding of the nature of the 
conformational changes in the protein throughout the simulation. 
We observed that according to the previous RMSD analysis, the 
protein moved away from its reference structure and adapted to the 
simulation conditions, and in this context, we concluded that the 
enzyme stabilized around two main conformations. Furthermore, 
using RMSF, we obtained a plethora of insights into the regions of 
the protein that exhibited increased flexibility, thereby identifying 
residues that demonstrated elevated mobility throughout the 
simulation. At this point, the free energy landscape (FEL) obtained 
through PCA can further support these observations and detail 

the protein’s two most favored conformational states during the 
simulation and the transitions between them. The energy minima 
observed in the FEL plots correspond to conformational states 
characterized by greater stability and compactness. In contrast, 
regions with higher energy correspond to more flexible or extended 
conformations of the enzyme. This relationship underscores the 
complementary role of FEL analysis in interpreting the structural 
dynamics of α-glucosidase.

The calculated PCA landscape was displayed in Figure 7. 
According to the figure, it is observed that there are two primary 
energy basins along the PC1 and PC2 axes. Here, it can be said that 
the smaller energy basin on the left corresponds to an alternative 
conformational state of the protein since it is at low free energy levels. 
This conformation can be considered as an intermediate structure 
that observed during the α-glucosidase’s stabilization process, as 
suggested by the RMSD analysis. 

On the other hand, for the broader energy basin on the right, 
it can be stated that it corresponds with the glucosidase’s main 
conformational state. According to the RMSD analysis, we previously 
concluded that the protein reached equilibrium around this primary 
conformational state during the later stages of the simulation and 
remained largely stable. Also, it can be, herein said that this broad 

Figure 6. Contact map representing the residue–residue interaction probabili-
ties in α-glucosidase during the md simulation.

Figure 7. Free energy landscape based on principal component analysis 
revealing dominant motions of α-glucosidase during the md simulation.
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energy basin indicates that while the protein is stable in this state, 
it also exhibits a certain degree of flexibility, allowing transitions to 
various sub-conformational states. These sub-conformations can be 
associated with the high-mobility regions identified in the RMSF 
analysis. For example, regions such as the Pro218-Pro234 loop, 
which displayed high flexibility in the RMSF analysis, transition 
between different sub-conformations within the broad energy 
basin, thereby enhancing the functional flexibility of the protein. We 
previously mentioned that these flexible regions are likely critical for 
accommodating substrate binding or other functional changes.

In summary, it can be inferred that the free energy landscape 
obtained from PCA is consistent with RMSD and RMSF data 
and accordingly, this indicates that the protein adopted two main 
conformational states during the simulation. Here, this comprehensive 
PCA output reveals that the α-glucosidase preserves the structural 
integrity necessary for its biological function while it also possesses 
sufficient mobility to respond to environmental stimuli.

The PCA analysis helped uncover the dominant motion directions 
of the protein and the energy basins surrounding these directions 
and this provide understanding the α-glucosidase’s large-scale 
conformational changes. In addition to these analyses, another Free 
Energy Landscape (FEL) analysis was performed to further examine 
the α-glucosidase’s three-dimensional structural changes and identify 
other stable states within the energy landscape. In this analysis, the Rg 
and End-to-End Distance (Re-e) were used as reaction coordinates. 
Here, with the selection of Rg and Re-e, we aimed at assessing the 
compactness of α-glucosidase and its macroscopic movements, such 
as opening and closing of the structure by measuring the distance 
between its two ends.

Accordingly, the free energy surfaces in Figure 8 shows the 
α-glucosidase’s most referred conformational states and the energy 
differences between them along the Rg and Re-e axes. 

According to the FEL analysis, two main energy basins were 
observed as the α-glucosidase’s preferred states during the simulation. 
The smaller energy basin on the left represents a more compact 
conformation, while the broader energy basin on the right represents 
a more extended conformation. Here, it can be said that these two 
energy basins indicate that the α-glucosidase transitions between 
compact and extended conformational states during the simulation. 
Here, it can be stated that these conformational clusters also offer 
different stability. Examining the low-energy compact structure on 
the left, it can be said that the α-glucosidase adopts a more folded 
state. In this regard, it is assumed that this compact structure is an 
indicator to maintaining stability and the resistance of environmental 
changes of protein.

On the other hand, the broader energy basin on the right 
represents corresponds to the -glucosidase’s dominant and extended 
conformational state. Here, the blue and green-colored areas within 
this basin corresponds to the presence of more stable substructures in 
this dominant conformation and take place value range of Rg ≈23.0-
25.5 and Re-e ≈ 29.6-36.0. This situation suggests that, even in its 
extended state, the α-glucosidase retains certain stable conformations 
and transitions between different substructures. Thus, it can be 
stated that α-glucosidase also maintains flexibility throughout the 
simulation. The presence of these stable substructures within the 
extended conformation demonstrates that the α-glucosidase can both 
adapt its structure and preserve its functional integrity. In summary, 
these findings indicate the ability of the α-glucosidase to balance 
structural stability and flexibility. Therefore, it can be inferred that this 
ability enables it to function effectively in response to environmental 
stimuli or functional needs.

Overall, the results of these FEL analysis demonstrate that the 
protein exhibited a preference for two primary conformational states 
during the simulation, with energy barriers separating these states. 
The transitions between these states enhance the α-glucosidase’s 
functional flexibility, enabling it to adapt structurally in response 
to environmental stimuli. The two stable states observed in the FEL 
analysis are consistent with the results of the PCA, RMSD, and RMSF 
analyses. In this context, it can be concluded that α-glucosidase 
possesses both a stable structure and the necessary flexibility to fulfil 
its biological function, and that these findings indicate the structural 
diversity and functional mobility required for this purpose

Molecular Interaction Forces: Hydrogen Bond and Salt Bridge 
Analyses

After examining the conformational dynamics and structural 
flexibility of the α-glucosidase via PCA and free energy surface 
analyses, hydrogen bond and salt bridge analyses were performed to 
evaluate the specific molecular interactions that ensure the structural 
integrity and stability of the α-glucosidase. As it is well established, 
these interactions are critical for the folding, stabilization, and 
adaptation of the protein to environmental factors.

In this regard, in the hydrogen bond analysis, the numerical 
changes and percentage distributions of hydrogen bonds formed 
between main chain-main chain (M-M), side chain-side chain (S-S), 
and main chain-side chain (M-S) throughout the simulation were 
computed and the obtained data are displayed Figure 9. 

Accordingly, when examining the distribution of hydrogen bonds 
during the simulation, the largest contribution was observed to come 
from M-M bonds, which account for 52% of the total hydrogen 
bonds. It is well known that these bonds are mainly responsible for 
maintaining the structural stability of the protein and stabilizing the 
connections between secondary structures (especially α-helixes and 
β-sheets). On the other hand, S-S bonds contributed 19% and as is 
known, these bonds support stabilization by mediating interactions 
between side chains on the protein surface. Additionally, we observe 
that M-S bonds are for 29% and these bonds are known to contribute 
to protein folding and bridging different structural elements. 
Hence, these bond interactions enhance the stability of the three-
dimensional structure.

Furthermore, For the observed small fluctuations in the number of 
hydrogen bonds over time, it can be said that conformational changes 
occasionally occur in the flexible regions of the protein and this 
situation lead the reorganization of hydrogen bonds.

After hydrogen bond analyses, we carried out salt bridges analyses. 
Salt bridge interactions are a combination of hydrogen bond and 
electrostatic interactions established by between oppositely charged 
residues and therefore, they are significant to maintain the folded 
state and three-dimensional stability of proteins. In this context, the 
salt bridges in α-glucosidase were analyzed based on their average 

Figure 8. Free energy landscape of α-glucosidase based on Rg and Re-e as 
reaction coordinates.



Research Article	 Topuz, Demir, Alıcı	 114
	 S. Afr. J. Chem., 2025, 79, 107–116
	 https://journals.co.za/content/journal/chem/

distances during the MD simulation and compared to their native 
structure ones. The salt bridge data are listed in Table 2.

At the table, interactions with distances shorter than 4 Å were 
classified as direct salt bridges, while those in the range of 4.3–7.0 Å 
were categorized as indirect salt bridges.26, 27 When residue pairs that 
formed direct salt bridges were examined throughout the simulation, 
it was understood that they can have a critical role in maintaining 
protein stability, particularly in core regions of α-glucosidase.  For 
instance, Glu271-Arg200 and Asp155-Arg117 for the native structure 
are indirect salt bridge interactions with distances of 4.87 Å and 5.96 
Å while they shift into direct salt bridge interaction class with average 
distances of 4.15 Å and 4.05 Å, respectively. These transitions indicate 
the stabilization of the α-glucosidase enzyme’s core structure, which is 
essential to preserve its functionality under dynamic conditions.

On the other hand, surface regions of the α-glucosidase displayed 
greater flexibility. At this point, some native salt bridges, such as 
Asp197-His91 and Glu486-His459, shifted from direct to indirect 
interaction class amongst the simulation and their interaction 
distances increased to 6.48 Å and 6.37 Å, respectively. Hence, this 
transformation can be associated with an increase in surface flexibility.

Moreover, we observed that new salt bridges, such as Asp100-
Arg200 and Asp243-His240, were established during the simulation. 
Here, these interactions, absent in the native structure, are average 
distances of 4.40 Å and 6.00 Å, respectively and it can be said that 
they attributed the α-glucosidase’s capacity to develop alternative 
stabilization mechanisms in response to dynamic conditions. On the 
other hand, we see that certain native salt bridges, including Asp155-
Arg157 and Asp289-Lys254, were either weakened or completely 

vanished during the simulation. This behavior can be related with the 
structural adaptability of the protein, particularly in its surface regions.

Overall, the formations of new salt bridges and the weakening of 
some indicates the α-glucosidase’s ability to reorganize its interactions 
in response to environmental stimuli. Also, these findings, consistent 
with RMSF, SASA, and PCA analyses, demonstrate that α-glucosidase 
combines structural stability and flexibility to fulfil its biological 
functions effectively.

CONCLUSION

This study provides a detailed examination of the structural stability 
and dynamic flexibility of the α-glucosidase enzyme using molecular 
dynamics (MD) simulations. The MD results identified the enzyme’s 
stable core structure and flexible surface regions around the active site, 
which are essential for substrate binding and catalytic activity. Also, 
structural analyses such as RMSD, Rg, RMSF, and SASA demonstrate 
that the enzyme exhibits a flexible structural feature responsive to 
environmental conditions. Here, we observed that the flexible regions 
on the enzyme’s surface can facilitate disaccharide binding and thus 
they can both enhance substrate specificity and support structural 
changes during substrate binding. On the other hand, it is seen that the 
stable core region preserves the enzyme’s overall structural integrity 
and thereby can provide a supportive platform for catalytic activity. 
This balance along these structural dynamic features underscores the 
α-glucosidase’s ability to perform biological functions with a stable yet 
adaptable architecture.

These findings suggest significant insights for developing 
α-glucosidase inhibitors. According to MD data, the structural 
properties of flexible regions overlapping with inhibitor-binding sites, 
can provide crucial information for designing effective inhibitors for 
diabetes treatment. Moreover, the detailed structural data obtained 
through MD simulations can contribute to the atomic-level analysis 
of complex biomolecules like α-glucosidase and guide to future 
biomolecular research and drug development efforts.

In conclusion, this study enhances our understanding of the 
structure-function relationship of the α-glucosidase enzyme and shed 
light on the balance between flexibility and stability required for its 
biological functionality. Simulation-based structural analyses can 
not only advance our understanding of biological functions but also 
provide significant information for discovering new therapeutic targets. 
Compared to previous MD studies on α-glucosidase in the literature, 
the present work stands out by identifying previously uncharacterized 
flexible loop regions around the active site through extended (300 ns) 
simulations. These insights reveal the enzyme’s dynamic adaptability 
under near-physiological conditions and highlight new allosteric 
pockets that may serve as alternative drug-binding sites. Such detailed 
conformational knowledge represents a significant step forward in 
structure-based drug design, with potential to improve the specificity 
and efficacy of future α-glucosidase inhibitors.
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