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Figure S1: (a) Catalytic activity of CO2 hydration compared between metal-free CA Bn86287,
all2909 and metal dependent bovine carbonic anhydrase. (b) Bipolar nature of the enzyme active
site for all2909 (PDB id: 7C5V).

Note that Wilbur-Anderson unit (WAU) is specifically used to measure to the activity of carbonic

anhydrase enzyme. It is defined as given below:
WAU = (to/t) — 1

Where, to and t refer to the time taken in the absence and presence of the enzyme, respectively.
Higher WAU values directly indicate high activity of the enzyme carbonic anhydrase (CA),
reflecting a high turnover number (kcat) and high efficiency.

S.1. Adaptive Molecular Dynamics Simulation Methodology:

To ensure the efficient catalysis in metal free CA enzyme, the exact entrapment zone of tiny CO:
substrate is important. To explore the feasible route for CO2 movement, we employed adaptive
steered molecular dynamics (ASMD) simulations. For doing so, following the equilibration phase,
a pulling force was employed in a predetermined direction and conducted 20 iterative simulations
of ASMD. This force was generated by connecting a spring between the center of mass,
represented by the ‘C’ atom of CO2, and a designated ‘OG’ atom of Ser586, which were present
at the distance of ~3 A. For doing so we have used a pulling spring force constant (f5) 10
kcal/mol/A? with a speed of 1 A/ns for 320 ns to facilitate the movement of the CO2 molecule from
the hydrophilic zone to the hydrophobic zone. We conducted adaptive steering in 16 stages,

progressing along the reaction coordinate from 3 A to 19 A up to 320 ns. The process continued
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until the substrate CO2 was completely outside of the hydrophilic zone. Finally, we calculated the
potential mean force (PMF), from entire 320 ns of simulation which characterizes the free energy
change along a reaction coordinate during different intermediate stages of a CO: transition using

the Jarzynski’s equation.
(exp(-pW)) = exp(-BAG)

In the above equation, () denotes the ensemble average, B=(ks T)"! (ks is Boltzmann constant and
T is temperature; here 300K), W is the work done on the system during a non-equilibrium process,

and AG is the difference in free energy between two equilibrium states of the system.
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Figure S2: Displaying the outcomes of the MD simulation with HCO3™ (BCT) in the hydrophilic
zone. Figures a and b reveal that there is no transfer of the HCO3~ group from the hydrophilic to
the hydrophobic region. Instead, it moves away from the hydrophobic cavity after 40 ns of
simulation. Figures ¢ and d illustrate the RMSD pattern of the enzyme simulation and the
movement of the BCT molecule as it moves away.
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S.2. Water Assisted CO; Hydration:
As noted in the prior section, the availability of water in the hydrophobic zone is a clearly

observable occurrence. Previous research has shown that water facilitates CO2 hydration, showing

that it is a water-mediated process. To check the feasibility of CO2 conversion to bicarbonate, we

first performed DFT-only calculations with CO2 and two water molecules in the gas phase.
Calculation shows a TS barrier of just 21.6 kcal/mol and in a concerted way to form the carbonic

acid (H2CO3) as a product. Calculation shows the CO2 gets hydrated to in a concerted manner to

form H2COs (carbonic acid) as a product with a TS barrier of just 21.6 kcal/mol (cf. Figure S1).
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Figure S3: (a) Ball and stick representation of the species involved in the concerted conversion of

carbon dioxide into carbonic acid. (b) Gas-phase energy profile diagram for the interconversion of
carbon dioxide (RC) into carbonic acid (PC) calculated at the B3LYP/def2-SVP level of theory.

Note that energies were further corrected by dispersion correction and zero-point energy
correction. The energies are reported in kcal/mol. (¢) Concerted mechanism of CO2 hydration via

two water molecules.
By employing two water molecules during the process of CO:2 hydration, we successfully

generated H2CO3, also known as carbonic acid. This formation, occurring in the gas phase,
prompted us to hypothesize the existence of a proton acceptor residue within the hydrophobic zone

of the CA enzyme. This residue is expected to play a crucial role in the formation of bicarbonate
(H2CO3 — H' = HCOs") by accepting one of the protons involved in the CO2 hydration reaction in

enzymatic environment.
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Figure S4. Proposed (a) stepwise and (b) concerted pathways wherein Glutamic acid residue acts

as a proton acceptor.
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Figure S5: Occupation possibility of different residues calculated near to 5A of CO2 molecule,
over the trajectory.
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Figure S6: Radial distribution plot for amino acid residues present within 5 A from CO2 molecule.

S.3. Proton Acceptor Residues
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Figure S7. Optimized RC geometry for the proposed pathway for CO2 hydration; through (a)
Histidine (b) Glutamic acid. (c) Distance plot depicts the evolution of positional gap between
His584, Glu498 with COs..
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S.3.a. His584 as a Proton Acceptor Residue:

It is believed that all known metal containing CA enzymes uses histidine residue in their proton
shuttle machinery and therefore, we first investigate the role of histidine in the metal independent
CA enzyme. A thorough investigation of the MD trajectories reveals that the His584 is located in
the hydrophilic zone, which is 8.1 A away from the COz and sterically hindered by bulky residues.
The detailed description can be seen in Figure S5b. In such case, it is almost impossible to abstract
a proton by His584 residue from a water molecule that is present nearby CO2 and therefore, we
reject the hypothesis of bicarbonate formation in a concerted way. Thereafter, we attempt to test
the stepwise pathway as shown in Figure S6. In this case, two water molecules simultaneously
react with the CO2 molecule, which generates the carbonic acid at a cost of 12.7 kcal/mol energy.
Since carbonic acid is an acid molecule, it has a natural tendency to donate its proton to the
surroundings. Then, the proton from the carbonic acid is received by the nearby water molecule
(W2) and attains the stability by interacting with the adjacent hydroxyl group of the tyrosine
residue. Thereafter, the Tyr474 residue relays this additional proton of the water molecule to the
nearby His584 residue. Although we obtain a feasible process in our QM/MM derived potential
energy surface, the energy cost for the second step of the reaction is very high (>32.9 kcal/mol).
Thus, we believe that there must be an alternating low energetic reaction pathway for the efficient

catalysis of hydration CO2 molecule.
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Figure S8. Reaction scheme for CO2 hydration observed when His acted as a base.

S.3.b. Glu498 as a Proton Acceptor Residue:
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Since the traditional proton acceptor, histidine residue requires very high energy to complete the
catalytic cycle of the metal independent CA enzyme, we concentrate on the Glu498 as a proton
acceptor. As can been seen in Figure S5b, Glu498 residue organizes a water channel connecting
to the substrate CO2 molecule, however the distance between them is very large, which is ~13 A

(cf. S5¢).
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Figure S9. QM/MM explored COz hydration with proton acceptor residue Glu498. We have tested
both (a) stepwise and (b) concerted pathways wherein Glutamic acid residue acts as a proton
acceptor. However, due to a larger distance between substrate CO2 and Glu498 (~13.8 A) the
process was not feasible.

Albeit the long distance between the reactive molecules, we have carried out the QM/MM
potential energy surface scanning to achieve the product, bicarbonate molecule according to
Grotthuss mechanism. Unfortunately, we cannot generate a stable product on the potential energy
surface with the help of Glu498 residue. Hence, we reject the idea of Glu498 residue, acting as a
proton acceptor residue and further proceeded for the only possibility where Tyr46 acts as a base.

(Section 3.7)
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Figure S10: Radial distribution function calculated between residue Tyr476 and water molecules.

Figure S11: QM/MM optimized geometries involved in the conversion of CO2 into bicarbonate

for all2909. All Energies are in kcal/mol and calculated at B3LYP-D3/def2-TZVP/ZPE level of
theory.
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