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Abstract: Carbonic anhydrases catalyze the reversible hydration of carbon dioxide to form 

bicarbonate, a reaction required for many functions such as carbon assimilation, pH acid–base 

homeostasis, respiration and photosynthesis via zinc-hydroxide mechanism for carbon dioxide 

hydration. In earlier studies, it was revealed that Carbonic anhydrases are inactive at pH 7.5 and 

active at pH 8.4. This steep pH dependence for its activity led us to design this work in order to 

understand its mode of action at atomic level detailing. In our microsecond simulation based 

analysis, it was revealed that the interaction between Glu106 and Thr199 plays a critically 

important role in its activity. Thr199 co-ordinated loop movement was observed to be acting as a 

lid, with ‘open’ and ‘close’ mechanism for substrate entry to the core of the catalytic site, where 

Zn-ion resides and executes its carbon dioxide hydration mechanism. On the other hand, decline 

in the total secondary structural elements percentage in the protein was observed in 

correspondence to the pH condition change. Especially, α-helices between Thr125-Gly145 and 

Val150-Lys170 residues were noticed to be losing their structural integrity responsible for 

formation of dimer and tetramers. In conclusion, our analysis showed that the interaction 

between Glu106 and Thr199 is crucial for maintaining the structural integrity of the Thr199 

corodinated loop, responsible for allowing substrate towards catalytic site. 
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Introduction:  
 

Carbonic anhydrase (CA, EC 4.2.1.1), a zinc metalloenzyme, catalyzes the reversible hydration 

of CO2 to HCO3
-
 [1]. It is involved in processes connected with acid–base homeostasis, 

photosynthesis and respiration [2]. HCAII enzyme is a functional 29-kDa monomer consisting of 

a 10-stranded, twisted beta-sheet. There are five CA families (α, β, γ, δ, and ζ). Their amino acid 

sequences have no significant similarity, that is, they are evolutionarily independent [3]. The 

active site is located at the bottom of a 15-Å cone-shaped cavity that leads to the center of the 

protein. Key features of the active site include a zinc ion coordinated tetrahedrally by 3 histidine 

residues His-94, His-96, and His-119 [4]. 
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On the other hand, the accumulation of carbon dioxide (CO2) is the main cause of global climate 

change and it is very important to develop technologies that can reduce atmospheric CO2 level 

[5]. Although several CO2 capture processes are under development [6], CA has been considered 

as an important biocatalyst due to its highest efficiency of CO2 conversion via hydration for 

CO2 capture system development [7]. The generally accepted catalytic mechanism of CA is 

described by a 3-step kinetic scheme: (i) a Zn-OH_ moiety catalyzes the inter-conversion of 

carbon dioxide to bicarbonate, leaving a H2O molecule as the fourth zinc ligand (ii) a proton 

from the zinc-bound H2O is then transferred to the His-64 imidazole ring and (iii) this proton 

then leaves His-64 for the surrounding solvent [8]. In earlier studies, it was revealed that 

Carbonic anhydrases are inactive at pH 7.5 and active at pH 8.4. This steep pH dependence for 

its activity led us to design this work in order to understand its mode of action at atomic level 

detailing. 

 

Methods: 

 

Schrodinger’s maestro visualization program v9.6 [9] was utilized to visualize the protein, 

hydrogen bonding network, to calculate length of the bonds and to render images. Crystal 

structure of Carbonic Anhydrase – II (CA-II) [PDB: 2VVB] was imported from the Protein Data 

Bank (PDB) [10]. Schrodinger’s Desmond module [11] was used for molecular dynamic 

simulation studies. OPLS 2005 force field [12] parameters have been applied to simulation 

TIP3P water models [13]. Periodic boundary conditions were used to determine the specific size 

and shape of the water box buffered at 10 Å distances and box volume was calculated as 

~300000cubic Ås of simulation box volume respectively. Before starting the analysis, we have 

made sure that all the simulations were carried out at same temperature, pressure and volume 

conditions throughout the simulated timescale. As part of the simulation quality analysis, it was 

revealed that average total energy of the simulated system remains the same as approximately -

7500kcal/mol in both cases of simulations (figure 1). 

 
Figure 1: Energy analysis graphs of the inactive (red) at pH 7.5 and active (green) at pH 8.4 CA-II protein. 
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Results & Discussion: 

 

In order to understand the dynamics of the CA-II in its inactive and active forms, we have 

performed two different molecular dynamic simulation of 1 microsecond (1000 nanoseconds) 

each. In one simulation, we have simulated CA-II in its apo form at pH 7.5, where it was 

observed to be inactive. And in another simulation CA-II in its apo form was kept at pH 8.4, 

where it was reported to be active [14]. 

 

Analysis of CA-II dynamics during the simulated timescale: 

 

In order to understand the CA-II dynamics, we have analyzed Root mean square deviation 

(RMSD) of protein backbone, Radius of Gyration (ROG) of protein, Root mean square 

fluctuations (RMSF) of individual residues in the protein, total number of intra molecular 

hydrogen bonds found within the protein and Secondary structural elements (SSE) percentage 

with reference to the simulated timescale. Protein’s backbone RMSD of CA-II (figure 2) was 

observed to be fluctuating between 1.5 and 3.0 Å, with an average of 2.2 and 2.4Å in its inactive 

and active form respectively. Calculated RMSD observed via superimposition of CA-II protein 

backbone at first and last frames from above mentioned simulations are shown in figure 3. 
 

 

 

Figure 2: RMSD analysis graph of the inactive (red) at pH 7.5 and active (green) at pH 8.4 CA-II protein. 
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Figure 3: Superimposed view of the inactive (red) at pH 7.5 and active (green) at pH 8.4 CA-II protein sampled 

from the a,b) first frame and c,d) last frame of the simulated time scale, depicting the loss of some of the key 

secondary structural elements such as alpha-helices and beta-strands observed during the simulation.  
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Notable conformational changes in the CA-II were observed between first (figure 3a,b) 

and last frames (figure 3c,d) superimposition sampled from respective simulations of CA-II at 

pH 7.5 and at pH 8.4. Rise in RMSD difference from 2.35 to 4.02 Å are observed to be due to the 

conformational changes occurred in CA-II at pH 8.4, especially at 100
th

 ns, 200
th

 ns, 500
th

 ns and 

900
th

 ns as evident from figure 1. While, there was intermittent jumps observed in backbone 

RMSD of CA-II, However, interestingly no considerable changes were observed in total number 

of intra molecular hydrogen bonds observed during the entire simulated timescale (figure 4).  

 
Figure 4: Intra molecular hydrogen bonds analysis graphs of the inactive (red) at pH 7.5 and active (green) at pH 

8.4 CA-II protein. 

 

On the other hand, significant jump in the activity of individual residues RMSF up to 6Å 

was observed. Major fluctuations in the residues Phe20 to Pro30; Gln53; Asp72, Asp75; Lys80; 

Glu106; His107; Glu117; Thr125 to Gly145; Val150 to Lys170 and Thr199 were observed when 

simulations of CA-II at pH 7.5 and at pH 8.4 were analyzed as shown in figure 5. Among the 

observed fluctuations, significant difference was noted for residues Phe20 to Pro30 and Val150 

to Lys170. Since, it is common to observe that unattached C & N terminals of the proteins 

fluctuates high in the simulated environment, we focused on Val150 to Lys170 residues to 

investigate further based on their importance in forming CA-II dimers and tetramers. As pointed 

out with small arrows in figure 6, dramatic conformational changes have been observed for 

residues between Val150 to Lys170, especially Val150, Gly151, Lys154, Lys159 and Ser166. 

These observed changes can been seen reflected in figure 3b & d, where the alpha-helix 

involving residues between Val150 to Lys170 was observed to the losing its Secondary 

Structural Elements (SSE) thus its structural integrity (figure 3). 
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Figure 5: RMSF analysis graph of the inactive (red) at pH 7.5 and active (green) at pH 8.4 CA-II protein showing 

some of the residues involved in fluctuations and structural changes observed during simulated timescale. 

 
Figure 6: Front view (left) and side view (right) of the residues between 150-170 amino acid numbers which are 

involved in some of the high fluctuations observed during simulated timescale. Small arrows indicate the key 

movements observed for the residues. Above panels indicate first frame of the simulation and below panels indicate 

last frame of the simulated time scale. 
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Analysis of the gatekeeper residues Glu106 and Thr199: 

 

Keeping in view of the importance of Glu106 and Thr199 as gatekeeper residues reported in 

earlier studies, we have analyzed the conformational changes in the protein around these 

residues. As observed in RMSF plot (figure 5), Thr199 have shown a major fluctuations from its 

position, which was thought to be triggered the other conformation changes observed in CA-II 

(figure 3), including the loss of SSE percentage around 150-170 residues. To further understand, 

what exactly happening around these gatekeeper residues, we have analyzed the distance 

between Zn ion, Glu106 & Thr199. As shown in figure 7, distinct difference between the active 

and inactive forms of CA-II residual positions has been noted. 

 
Figure 7: Represents the distances between Zn, Glu106 & Thr199 residues from the randomly sampled snapshot 

from the simulated timescale of MD simulations. a) in red color ribbons and loops represents the snapshot from 

simulation of CA-II at pH 7.5 (inactive) and b) in green color ribbons and loops represents the snapshot from 

simulation of CA-II at pH 8.4 (active) c) Depicts the calculated distance between Zn ion and Glu106 residue d) 

Depicts the calculated distance between Glu106 and Thr199 residues e) Depicts the calculated distance between Zn 

ion and Thr199 residue. Red color graphs represent the simulation of CA-II at pH 7.5 (inactive) and Green color 

graphs represent the CA-II at pH 8.4 (active). 

 

When the distance between the Zn ion & Glu106 (figure 7c), Zn ion & Thr199 (figure 7d) and 

Glu106 & Thr199 (figure 7e) was analyzed, it was revealed that the residual position in case of 

inactive form for these gatekeeper residues were quite rigid and stabilized in nature compared to 

its active form. As evident from the figure 7d,e; a sudden flip of Thr199 residue at around 200ns 

of simulated timescale has resulted in sudden rise in the distance with Glu106 and Zn ion. This 

event of Thr199 sudden flip is what believed to be the key incident which causes the entry / 

restriction of the substrate at the catalytically active site coordinated by Zn ion via converting the 

β-sheet to loop, thus providing the space required for the substrate entry. From our simulation 

analysis, it was visualized that the loop which co-ordinates the Thr199 residue acts as a lid in the 

substrate entry path as shown in figure 8. Some of the randomly sampled simulation snapshots 
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depicting the conformational changes in the “lid-like acting loop” in active and inactive forms of 

CA-II are shown in figures 9 & 10. 

 
Figure 8: Superimposed view of the inactive (red) at pH 7.5 and active (green) at pH 8.4 CA-II protein sampled 

from the last frame of the simulated time scale, depicting key gatekeeper residues Glu106, Thr199 fluctuations along 

with the loss of beta-strands in its inactive state (red) to loops in active state (green) observed during the simulation.  
 

 
Figure 9: Random snapshots from the simulation of CA-II at pH 8.4 (active state) depicting the loop movement (see 

small arrows) coordinated by Thr199 residue responsible for its activity. 
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Figure 10: Random snapshots from the simulation of CA-II at pH 7.5 (inactive state) depicting the loop movement 

coordinated by Thr199 residue responsible for its activity. 

 

Conclusion: 
 

In this present study, we have employed long time scale microsecond level all atomic molecular 

dynamic simulation to understand the dynamics of CA-II in its active and inactive forms. From 

our analysis it was hypothesized that sudden flip of the Thr199 residue triggers a series of 

conformational changes in the CA-II including loss of some critically important secondary 

structural elements, especially with loop coordinated by Thr199 and alpha-helix formed by 

Val150 to Lys170 residues responsible for substrate entry and dimers / tetramers formation 
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respectively. The present knowledge will be of high value when designing strategies on design / 

discovery novel CA-II activators or inhibitors. 
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