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ANALYSIS OF MOLECULAR DYNAMICS (MD) SIMULATION
OF CARBONIC ANHYDRASE

SAEED TALEI* - RACHID HADJADJ? -
PETER MIZSEY?® — MICHAEL C. OWEN*

Abstract: Molecular Dynamics (MD) simulation is a computational method for analyzing the physical
movements of atoms and molecules allowed to interact for a fixed duration of time. In this study, the
thermal stability of carbonic anhydrase, which catalyzes the reaction of water and carbon dioxide, was
investigated. Our simulations were performed in a box of water at four different temperatures, 300 K,
310 K, 320 K, and 330 K. The duration of each simulation was 100 ns, and thereafter the hydrogen
bonds, Solvent Accessible Surface Area (SASA), as well as Root Mean Square Deviation (RMSD)
were analyzed. Moreover, cluster analysis was done to identify representative structures at each
temperature. The results showed that changing the temperature did not significantly impact the number
of hydrogen bonds. The SASA had more fluctuation when the temperature increased. Moreover, the
higher the temperature of the simulation was, the more clusters were obtained. The higher number of
clusters indicates higher conformational flexibility and less-stable conformers forming during the
simulation.
Keywords: Carbon anhydrase, MD simulation, RMSD, SASA, carbon dioxide

INTRODUCTION

Carbonic anhydrase is an enzyme found in red blood cells, gastric mucosa, pancreatic cells,
and renal tubules. This enzyme catalyzes the interconversion of carbon dioxide (CO2) and
carbonic acid (H.COs) [1]. This is a reaction that produces carbonic acid by capturing CO,
into water.

Carbonic Anhydrase

COr+H0 4 HiCO: €]

Carbonic anhydrase is a widespread enzyme in nature having a key role in the respiratory
process of animals by facilitating CO; transportation. Carbonic anhydrase is utilized in the
photosynthetic fixation of CO; in plants. The presence of carbonic anhydrase in plants was
confirmed by Bradfield in 1947 [2, 3]. About 86% to 95% of the total carbonic anhydrase is
found in chloroplasts [4], while the rest is completely restricted to the cytosol of mesophyll
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cells [5]. A correlation was found by Khan [6] between carbonic anhydrase activity and
photosynthetic rate suggesting that the enzyme serves as a biochemical marker for
productivity, as this helps in carbon sequestration. Carbonic anhydrase activity is kept up by
light and CO- concentration [7, 10].

Carbonic anhydrase is one of the fastest enzymes. It has the potential to catalyze over a
million CO; hydration reactions per second. According to its capability for capturing carbon
dioxide through CO; hydration reaction, however, its commercial implementation is limited
by its thermal and chemical instability. Several researchers consider it a novel bio-inspired
carbon capture and storage approach [11]. Carbonic anhydrase recently received a lot of
attention to be used as an additive for solvent-based carbon capture process, which can
improve the liquid side mass transfer coefficient [12]. As solvent-based capture absorption
and desorption are thermal processes, thereby the thermal stability of this enzyme should be
considered. In this study, the effect of temperature variation on the thermal stability and
structure of carbonic anhydrase was investigated.

1. METHODS
1.1. Molecular Dynamics Simulation

Molecular dynamic (MD) simulation was carried out using the GROMACS 2020 program
package. It is a widely used simulation used in different applications within chemistry,
biology, and physics [13].

1.1.1. Simulated System

In this work, the system contained a carbonic anhydrase that was noted as ‘1dmy’ in the
Protein Data Bank (PDB). It was simulated in a rectangular box of water with the dimensions
of 7.99 by 7.99 by 7.99 nm. Since the net electrostatic charge of carbonic anhydrase is
negative two, two Na* were added to neutralize the system. One simulation was done at four
different temperatures, 300 K, 310 K, 320 K, and 330 K. The molecular composition of the
system is shown in Table 1.

Table 1

Molecular composition of the simulated system. The composition

of the system was the same for all four temperatures

Molecule Number
Carbon Anhydrase 1
Water 15807
Na* 2

1.1.2. Force Fields and Water Models

The OPLS-AA force field was used for the simulations in this study, using the parameters
developed for this force field. The TIP3P model was used for water [14].

1.1.3. Simulation Protocol

The system was equilibrated in two phases. The first one is under an NVT (constant number of
particles, volume, and temperature) and the other is under NPT (constant number of particles,
pressure, and temperature). The duration of both equilibration steps was 100 ps. MD simu-
lations were then carried out using the Verlet algorithm under NPT conditions for 100 ns.



Analysis of Molecular Dynamics Simulation of Carbonic Anhydrase 111

1.2. Analysis of MD Simulations

All simulation analyses in this work were conducted with the GROMACS 2020 program
package. The Visual Molecular Dynamics (VMD) program was used to visualize and render
the protein structures. To analyze the hydrogen bonds, the ‘gmx h-bond’ program was used.
The maximum hydrogen bond length for the simulation was 0.36 nm and the bond angle used
in the analysis was 30 degrees. The hydrogen bonds in two subsets of atoms were calculated,
Hydrogen bonds within the entire protein and the protein main-chain atoms.

The solvent-accessible surface area was simulated by the ‘gmx sasa’ program. Three
different subsets of atoms with our protein were considered, namely, the hydrophobic atoms,
which included those with charges between —0.2 and 0.2 coulombs, the hydrophilic group
with charges less than —0.2 and greater than 0.2 coulombs, and the third with all the atoms of
the protein.

The cluster analysis was done by the ‘gmx cluster’ program with the RMSD cutoff of 0.1
nm and the algorithm described by Daura et al. [15] was used.

The ‘gmx rms’ program was used for RMSD. It is typically used as a quantitative measure
of similarity between two or more protein structures reporting how well a submitted structure
matches the known, target structure.

2. RESULT AND DISCUSSION

In this section the impact of temperature on the hydrogen bonds, solvent accessible surface
area, root mean square deviation, and clustering of carbonic anhydrase was examined.
Moreover, the average value of hydrogen bonds, SASA, and RMSD was calculated. For the
hydrogen bonds and SASA, the standard error was significant, but for the last one standard
error was insignificant.

2.1. Hydrogen Bonds within the Protein

In Figure 1, the hydrogen bonds within the protein main-chain atoms and within the entire
protein are shown. According to Figure 1(a), the number of hydrogen bonds for all
temperatures fluctuated between 80 and 95 over the 100 ns trajectory. While the lowest
number of bonds was obtained at 330 K, the highest number of hydrogen bonds were
observed at 310 K and 320 K. Although at the beginning of the trajectory the number of
hydrogen bonds was the same for all temperatures (since they start at the same structure), the
figure at 330 K decreased during the 100 ns trajectory and stayed on the lowest amount
between all the temperatures.

Regarding Figure 1(b), there were also fluctuations at each temperature. The fewest
number of hydrogen bonds in the total time interval was 153, which was observed at 330 K,
while the highest number of hydrogen bonds was 180, and was observed at 310 K.

According to Figure 1, the number of hydrogen bonds in the entire protein was almost
double of those only observed within the protein backbone. This suggests that half of the
hydrogen bonds were within the protein side chain or between the side chain and backbone.
Table 2 represents the average number of hydrogen bonds for both the main chain atoms and
entire protein alike. While the former slightly decreased by increasing the temperature, in the
latter the highest value was at 310 K. Since the backbone H bonds are affected more by
temperature variation and the backbone best defines the overall folding of the protein, there
is a higher dependence on the backbone H bonds on temperature compared to the side-chain
hydrogen bonds. Generally, hydrogen bonds contribute favorably to protein stability, thus,
by increasing the number of hydrogen bonds increases the protein stability.
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Figure 1
Variation of hydrogen bonds within the protein main-chain atoms (a) and within the entire
protein and (b) over the 100 ns trajectory for each simulated temperature

Table 2
The average number of hydrogen bonds within the main chain atoms and the
entire protein at the considered temperatures in the simulation

Temperature (K)

Hydrogen bond

Hydrogen bond

within the main chain within the entire protein
atoms
300 88.9+0.1 164.9 £0.1
310 88.7 £0.1 169.9 £0.1
320 88.5+0.1 165.6 0.1
330 85.2+0.1 165.7 £0.1

2.2. Solvent Accessible Surface Area (SASA)

The SASA of proteins has always been considered a decisive factor in protein folding and
stability studies [16, 17]. It is defined as the surface characterized around a protein by a
hypothetical center of a solvent sphere with the van der Waals contact surface of the
molecule [18].

The hydrophilic, hydrophobic, and total SASA analysis are depicted in Figure 2 for all
temperatures. The SASA of hydrophobic and hydrophilic groups fluctuated between 50 and
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60 nm?2. Figure 2a and Figure 2b indicate the surface area of hydrophilic and hydrophobic
protein, respectively. As driving force of folding process comes from the hydrophobic effect,
the fluctuations in the surface area of hydrophobic protein compared to hydrophilic.
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Solvent Accessible Surface Area for hydrophilic group (a), hydrophabic group (b), and the
total (c) over the 100 ns trajectory for each simulated temperature
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Figure 2c demonstrates the total surface area of protein which is calculated as a sum of the
hydrophobic and hydrophilic surface area. The maximum value for total solvent accessible
surface area of protein was 120 nm? and was observed at 330 K. Table 3 represents the
average value for SASA of hydrophobic, hydrophilic, and total groups at the considered
temperature during the simulation. As is shown in the table, there was a burgeoning trend in
the values from 300 K to 320 K, followed by a decrease in 330 K, the reason for this is that
higher temperature may have facilitated the sampling of a more compact configuration. The
SASA of proteins has always been considered a decisive factor in protein folding and stability
studies [16, 17]. It is defined as the surface characterized around a protein by a hypothetical
center of a solvent sphere with the van der Waals contact surface of the molecule [18].

Table 3
The average SASA value of hydrophobic, hydrophilic, and total
groups at the considered temperatures in the simulation

Temperature Hydrophilic Hydrophobic Total
(K)
300 56.02 £ 0.01 55.83+£0.01  111.85+0.01
310 56.20 +0.01 56.36 +0.01  112.56 +0.01
320 56.81+0.01 57.08+0.01  113.89+0.01
330 56.73 £ 0.01 56.45+0.01 113.19+0.01

2.3. Clusters in protein structures

The size and number of the structural clusters formed at each temperature can indicate the
stability of the protein. Fewer clusters that contain more structures can indicate a greater
protein stability under a particular set of conditions [19]. The number of clusters that exists
for each temperature was 9, 22, 39, and 52 for the temperatures of 300 K, 310 K, 320 K, and
330 K, respectively. As the number of clusters increases by temperature increment, the
stability of protein decreases.

There is a central member in each cluster which is the cluster centroid. Since cluster number
1 is the most popular cluster in each temperature and the most representative frame, the
central member of this cluster shows the main configuration of protein. Figure 3 depicts the
configuration for each temperature.
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Table 4 shows the first population of the three largest clusters and the percent of the total
population of each cluster at each temperature. In 300 K there were 9,394 members in cluster
number 1 which is almost 94% of the total structures that exist. This number for other
temperatures was 6045, 3524, and 4238 at 310 K, 320 K, and 330 K, respectively.

Table 4
Variation in the number of members in each cluster for the first five
clusters at the considered temperatures

Number of members in each cluster (%)

Cluster

300 K 310K 320K 330K

1 9,394 (93.9) 6,045 (60.4) 3524 (35.2) 4,238 (42.3)
2 286 (2.8)  1,765(17.6) 1,722 (17.2) 996 (9.9)
3 118 (1.1) 903 (9.0) 1,147 (11.1) 871.7)

2.4. Root Mean Square Deviation (RMSD)

The RMSD of carbonic anhydrase at 300 K, 310 K, 320 K, and 330 K is shown in Figure 4.
At the starting point of the simulation, the RMSD increased to 0.11 nm for all temperatures.
Thereafter, at 300 K and 330 K, the value fluctuated and reached the same values at the end
of the interval as the beginning value. In contrast, for 310 K and 320 K, these figures had a
burgeoning trend. In addition to the RMSD calculation, the standard error was calculated for
these results. This figure for all the temperatures was around 0.0001 nm. According to Table
5 that conntains the average RMSD, the highest value was for 320 K which had the highest
value in the substantial proportion of the period.
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Figure 4
RMSD analysis for carbonic anhydrase at the four different considered temperatures

Table 5
Average amount of RMSD at the considered temperatures in MD simulation

Temperature (K) 300 310 320 330

Average RMSD (nm) 0.1250 0.1340 0.1740 0.1402
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CONCLUSION

In this report, the thermal stability of carbonic anhydrase over the 100 ns trajectory was
investigated by the MD simulation. The results of the simulation illustrated the higher
dependence on the backbone H bonds on temperature compared to the side-chain hydrogen
bond. The thermal stability of protein increased because of an increase in the hydrogen bond.
The SASA calculation demonstrated the same fluctuation for both hydrophobic and
hydrophilic groups at four different considered temperatures. Though the maximum value
for the total solvent accessible surface area of protein was observed at 330 K at 120 nm?2,
Moreover, the number of clusters increased by the temperature increment which is
represented by the lower stability in higher temperatures. Regarding RMSD calculation, there
were fluctuations at two temperatures, 320 K and 330 K, while this figure for two other
temperatures increased over the time trajectory.
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