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Abstract
Human carbonic anhydrase (CA) metalloenzymes utilize a Zn2+-containing active site to catalyze
the interconversion of carbon dioxide to bicarbonate. The Zn2+ ion may be replaced with other
divalent transition metals, though the catalytic efficiency of the enzyme will be reduced. In this
work, quantum mechanical cluster models of the active site are used to map the reaction profile for
the hydration mechanism of carbon dioxide. The Lipscomb proton transfer and Lindskog rotation
mechanisms were examined for the native Zn2+-enzyme along with variants where the metal was
substituted with Cd2+, Ni2+, Fe2+, and Fe3+. The findings highlight the impact the metal
coordination geometry has on the reaction profile. The results also suggest Fe2+, which is the
functional metal for a prototypical CA of an anaerobic bacterium, might also be functional for
human CA if cultured within an anaerobic environment.

1. Introduction

Metalloenzymes have crucial roles in living organisms, ranging from facilitating cellular signal transduction
pathways to functionalizing substrates. Carbonic anhydrases [1] (CAs) are a family of metalloenzymes that
rely upon a zinc-bound active site to catalyze the reversible hydration of carbon dioxide through the reaction:

CO2 +H2O⇌HCO−
3 +H+.

Because of this functionality, CAs are found widely throughout organisms in all three biological domains
and play important roles in cellular respiration, pH and fluid homeostasis, and carbon dioxide fixation [1–3].

Although there are several different isoforms of CA, one of the most well studied is human carbonic
anhydrase II (HCAII), which is a 32 kDA monomeric α-class protein that supports a four-coordinate Zn2+

center (figure 1(A)) [4–6]. This protein is cambialistic in which the native Zn2+ may be substituted with
other divalent metal ions and the enzyme still retains some catalytic activity. In general, the metal binding
affinity of CAs follow the Irving–Williams series (defined as Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+)
with the exceptions of the native CA Zn2+ having a greater affinity than Cu2+, and Fe2+ having a smaller
affinity than Mn2+ [7, 8]. While HCAII and other α-class CAs are capable of binding to different divalent
transition metals, the activity of metal-substituted variants is significantly reduced. For example, α-class CAs
bound to Co2+, Mn2+, Fe2+, Ni2+, and Cd2+-bound show approximately 50%, 8%, 4%, 2%, and 2%
activity, respectively compared to Zn2+ [7, 9–11].

It has been reported that the enzyme carbonic anhydrase ofMethanosarcina thermophila (CAM), a
prototypical γ-class CA from an anaerobic archaeon, contains Fe2+ when synthesized in an anaerobic
environment in vivo; furthermore, the Fe2+-CAM enzyme has a catalytic efficiency greater than Zn2+-CAM
[12, 13]. Exposing the Fe2+-CAM enzyme to hydrogen peroxide or air inactivated the enzyme by oxidizing

© 2023 IOP Publishing Ltd

https://doi.org/10.1088/2516-1075/acb02c
https://crossmark.crossref.org/dialog/?doi=10.1088/2516-1075/acb02c&domain=pdf&date_stamp=2023-1-26
https://orcid.org/0000-0002-4243-6078
https://orcid.org/0000-0003-0435-2006
mailto:ndyonker@memphis.edu
http://doi.org/10.1088/2516-1075/acb02c


Electron. Struct. 5 (2023) 014002 T J Summers and N J DeYonker

Figure 1. (A) Cartoon representation of HCAII (PDB: 3D92) highlighting the location of CO2 within the active site nearby the
metal ion coordinated to three histidines and a metal-bound hydroxide. (B) Ball-and-stick model representation of the
QM-cluster model. Non-polar hydrogens are omitted for clarity. Carbons, oxygens, hydrogens, and the metal are colored green,
blue, white, and grey, respectively.

Fe2+ to Fe3+, which then dissociates from the active site [12, 13]. These results suggest that the previous
reports of poor activity for Fe-substituted CAs may originate from sample purification in an aerobic
environment causing Fe2+ to oxidize and be replaced with trace Zn2+ contaminants present in the buffer [9,
13]. Since both α- and γ-class CAs possess similar metal-coordination sites (three histidines and a hydroxide,
figure 1(A)) [14], and since there is evidence that including Fe2+ in the reaction medium with Zn2+ can
improve α-class CA catalytic activity [15], it is warranted to re-investigate the structure, activity, and
catalytic mechanism of Fe2+-substituted α-class CAs within an anaerobic environment.

The catalytic cycle (figure 2) begins with the enzyme sequestering and orienting the CO2 into a
hydrophobic region of the active site. There are two commonly proposed CO2 hydration mechanisms for
native HCAII. Both begin with a Zn2+-bound hydroxide performing a nucleophilic attack on carbon dioxide
to form bicarbonate with two oxygens bound to the metal [16, 17]. From this intermediate, the Lipscomb
mechanism proposes that dual proton transfers occur between the bicarbonate and the nearby,
evolutionarily conserved threonine and glutamic acid residues before the bicarbonate detaches from the
metal [18, 19]. Alternatively, the Lindskog pathway proposes the bicarbonate breaks away without additional
proton transfer steps [6]. A water molecule then replaces bicarbonate, and the catalytic hydroxide is
regenerated via a proton dissociation shuttle transferring a water proton to the protein surface and
subsequent solvent [20–23]. For decades, there have been numerous theoretical studies and debates over
which CO2 hydration pathway is preferred [16, 17, 19, 24–35]. Historical differences in opinion arise in part
from the advancement of computational resources over time. Initial studies from the 1990s were limited to
minimal 18–33 atom quantum mechanical-cluster (QM-cluster) models of only the metal-coordinated
atoms and CO2 [26, 35, 36], but modeling capabilities have since grown to include simulating the
surrounding protein and water environment through both larger QM-cluster models [19, 24, 37, 38] and
hybrid quantum mechanical/molecular mechanics (QM/MM) models [27, 34, 38, 39]. Although many
QM-only and recent QM/MMmodels propose the Lindskog path to be the energetically favored mechanism,
thermodynamic differences between the two paths are frequently noted to be miniscule and that both paths
may be competitive with each other [26, 27, 35–37, 39].

Although there have been experimental and theoretical studies on the CO2 hydration mechanisms for
HCAII substituted with different transition metals (such as Co2+, Ni2+, Cu2+, and Cd2+) [27, 28, 40, 41],
there has not been further investigation on the mechanistic feasibility of Fe2+-HCAII or other α-class CAs
within an anaerobic environment. In this work, we seek to investigate the CO2 hydration mechanism of
Fe-substituted HCAII by quantum mechanically simulating both the proposed Lipscomb and Lindskog
reaction mechanisms. For improved context and comparison, reaction pathways for models with Zn2+,
Ni2+, and Cd2+ as the active site ions will also be computed. The system will be modeled with QM-cluster
models designed using information from protein residue interaction networks (RINs) [42, 43]. Through this
work, we seek to effectively obtain atomic-level insight into the HCAII active site and the impact different
metals ions have on the CO2 hydration mechanism.
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Figure 2. Scheme of the catalytic cycle of HCAII. The proposed Lipscomb and Lindskog reaction steps for carbon dioxide
hydration mechanism examined in this work (encircled) are detailed with proposed intermediate and transition state structures
(M= Zn2+, Cd2+, high-spin Fe2+, low-spin Fe3+, and high-spin Fe3+).

2. Methods

The QM-cluster models of the CA active site were constructed using the x-ray crystallographic coordinates of
a cobalt-substituted derivative of HCAII [Protein Data Bank code (PDB): 3KOI] [44]. Hydrogen atoms were
added to the structure using the program reduce [45], and correct residue protonation states were verified
against a neutron diffraction-resolved HCAII structure [46]. To identify the residues that craft the active site
microenvironment, the inter-residue topologies for three HCAII x-ray crystal structures (PDBs 3KOI, 3D92,
and 1CAH) [44, 47, 48] were mapped by using the probe software [49] to identify inter-residue contact
interactions. The computed inter-residue contact interactions were used to construct a RIN, a graph that
translates the three-dimensional protein structure into a two-dimensional network of residues (called
‘nodes’) interconnected by their contact interactions (called ‘edges’) [42, 43]. Collectively, this workflow for
model design follows a prototype of the Residue Interaction Network ResidUe Selector toolkit [50].

The three x-ray crystal structures examined each have unique characteristics which ensures crucial
interactions are captured in modeling the various metal-substituted systems. The cobalt-substituted
structure PDB:3KOI has three waters coordinated to the metal to give an octahedral geometry [44]. The
PDB:3D92 structure is obtained from CO2-pressurized, cryo-cooled crystals, capturing the location of CO2

within the active site [47]. The cobalt-substituted structure PDB:1CAH has bicarbonate product complexed
to the metal [48]. The contact maps of these three proteins were analyzed to identify residues (table S1)
interacting with either the metal-coordinated waters, the three metal-coordinated histidine side chains
(His94, His96, His119), the unbound CO2 molecules (within 3D92) and the metal-bound bicarbonate
molecule (within 1CAH). A total of 15 residues were identified as having contact interactions with the
aforementioned species. Three interacting residues were excluded from the final model (Asn67 and Thr200
had very few contact interactions and Phe66 only had minor non-hydrogen bonding backbone contacts with
His94), allowing the final list of residues contained in the QM-cluster models to be Gln92, Phe93, Phe95,
Glu106, Glu117, Leu118, Val121, Val143, Leu198, Thr199, Trp209, and Asn244. Though the contact maps do
not predict the function of the identified residues, the residues have been previously identified as having
important roles in crafting the active site. Val121, Val143, Leu198 and Trp209 form the hydrophobic cavity
responsible for entrapping and orienting CO2 before the hydration reaction begins. Gln92, Glu117, and
Asn244 hydrogen bond with the three metal-coordinated histidine side chains to stabilize and orient them.
The main chains of Phe93, Phe95, and Leu118 are involved in the hydrogen bonding networks formed
among the metal-coordinated histidine main chains. Lastly, Glu106 and Thr199 form the hydrogen bonding
network involved in the Lipscomb hydrogen transfer mechanism.
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The rest of the protein was trimmed, cutting at the N–Cα or Cα–CO bonds adjacent to a residue side
chain and capping the Cα where the bond was broken with a C–H bond to satisfy valency. Residues that only
had main chain interactions (and no side chains interactions) with the active site similarly had their side
chain trimmed and capped with hydrogen (see table S2 in supporting information). A water molecule was
also included in the model positioned at the crystallographic coordinates of Wat592 of PDB entry 3D92. The
final model for the Zn-, Fe-, and Cd-composed active sites is composed of 224 atoms (figure 1(B)). An
additional metal-coordinated water is added to the Ni-substituted model to yield a 227-atom model. To
mimic the generally rigid nature of the protein backbone, a total of 17 Cα and 5 Cβ atoms were frozen to their
crystallographic coordinates (table S2 and figure S1). Ni-HCAII was modeled as a high-spin state complex, as
is observed in biomimetic complexes and other Ni2+-enzymes [51–53]. Fe-HCAII models are examined in
both low- and high-spin states, though the high-spin state is what had been observed experimentally [12].

QM-cluster model computations were conducted using the Gaussian16 software and employed density
functional theory [54]. The hybrid B3LYP exchange-correlation functional [55, 56] was used with 6–31G(d′)
basis set for N and O atoms [57], 6–31G basis set for C and H atoms [58], and LANL2DZ basis and effective
core potentials for the metals as modified by Couty and Hall [59, 60]. The models were simulated with the
inclusion of the GD3BJ dispersion correction and a conductor-like polarizable continuum model (CPCM)
environment using universal force field (UFF)-based sets of atomic radii, a non-default electrostatic scaling
factor of 1.2, and a dielectric constant of ε= 4 [61–63]. Unscaled harmonic vibrational frequency
calculations were used to confirm all stationary points as minima (no imaginary vibrational frequencies) or
transition states (one imaginary vibrational frequency).

3. Results and discussion

3.1. Proposed mechanism for Zn2+-HCAII
The relative Gibbs free energies for stationary points along both Lipscomb and Lindskog reaction pathways
(figure 2) were computed using the designed HCAII QM-cluster models with a Zn2+ centered first
coordination sphere. The resulting free energy profile for the proposed mechanisms are shown in figure 3.
The results indicate that at the point where the mechanisms deviate (INT1), the barrier to immediately break
the Zn–O bond and form the product following the Lindskog mechanism requires 9.3 kcal mol−1 (TS5)
whereas a dual hydrogen transfer following the Lipscomb mechanism is barrierless (TS2) and forms an
intermediate (INT2) more stable than INT1 by 4.5 kcal mol−1. However, continuing along the Lipscomb
path then requires overcoming a 15.1 kcal mol−1 barrier (TS3) to break the metal-bicarbonate Zn–O bond, a
more energetically costly feat compared to the Lindskog path. The dual proton transfer forming INT2 is
readily reversible, though, given the low activation free energy to return to INT1. This reversibility may
permit the reaction to still follow the less energetically costly Lindskog mechanism even if the proton transfer
occurred. Nonetheless, since the Lipscomb and Lindskog rate determining steps are feasible channels, and
since both pathways are energetically more stable than the starting reactants, both paths are expected to
occur at physiological conditions.

In comparing these QM-cluster model results to other free energy profiles in the literature, the
thermodynamics of our computed mechanisms have characteristics attributable to the absence of extensive
water networks within the active model (e.g. within QM/MM or QM-cluster models with additional water
molecule networks) [24, 27]. For example, the TS1 activation energy (∆∆G= 1.6 kcal mol−1) is lower than
the∼7 kcal mol−1 activation energy reported for water-packed models, as the hydroxide and CO2 substrate
do not have to break through a ‘wall’ of waters to bind. The calculated value is instead comparable to the
∼1 kcal mol−1 activation energy reported in QM-cluster models with fewer waters [19, 39]. The issue of how
to properly ensure water networks are identified and modeled appropriately for solvent-exposed active sites
remains a complicated topic, compounded by the mobility of waters and their typically poor resolution in
x-ray crystal structures. Efforts to design QM-cluster models of solvent-accessible active sites that better
account for the presence of waters through solvated MM or molecular dynamics (MD) simulations are
underway by our lab. Apart from water network differences, the results reported here are comparable to
those from reported ‘larger’ QM-cluster models, providing good evidence to support the rigor of this
enzyme model building approach. Results with Zn2+ in the active site will serve as a reference of comparison
against the other metal-substituted HCAII models.

3.2. Proposed mechanism for Ni2+-HCAII
The Ni2+-substituted metallovariant of HCAII was reported as having poor enzymatic activity compared to
the activity of Zn2+-coordinated HCAII. Unlike the native structure, an additional water molecule is
observed to coordinate to Ni2+, forming a square pyramidal starting geometry. This difference in metal and
coordination alters the predicted Lipscomb- and Lindskog-like mechanisms (figure 4) and subsequent
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Figure 3. Free energy profile for the Lipscomb and Lindskog reaction mechanisms for the native Zn2+-bound HCAII.

Figure 4. Proposed mechanism for carbon dioxide hydration by HCAII (M= high-spin Ni2+, and low-spin Fe2+).

reaction energy profiles (figure 5). There is a remarkable change in activation energy for the initial
nucleophilic attack of the hydroxide to the carbon dioxide, increasing from 1.6 kcal mol−1 for Zn2+-HCAII
to 11.2 kcal mol−1 (TS6). This substantial increase in activation energy suggests the square pyramidal
coordination geometry is not as conducive toward reaction initiation as the tetrahedral geometry. After
reaction initiation, the Lipscomb-like path is computed to be preferred (∆∆G= 7.3 kcal mol−1) though
there is only a 0.8 kcal mol−1 difference between the two mechanisms. Lastly, it is noted that the transition
state and intermediate structures are not as stabilized relative to the reactants, and the hydration of CO2

mechanism is less exergonic within the Ni2+-active site compared to the Zn2+ equivalent.
Previous experiments have highlighted the impact that changing metal-coordination geometry has on

CO2-hydration efficiency. X-ray crystal structures reveal hexacoordinate geometries for Ni2+-HCAII, which
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Figure 5. Free energy profiles for the Lipscomb and Lindskog reaction mechanisms for high-spin Ni2+-bound HCAII.

will have to have one of their waters displaced for the reaction to commence [40, 41]. The non-tetrahedral
geometry leads to steric hindrance between the CO2 and the metal-bound waters as CO2 enters the active site
pocket, distorting the final orientation of CO2 within the Ni2+-HCAII cavity [40]. Although our
water-sparse QM-cluster model is not designed to accurately capture the magnitude of steric effects, the
QM-cluster model can validate a steric explanation by both the heightened energy barrier for the initial
nucleophilic attack on CO2 (TS6) and the enzyme-substrate complex being computed to be less stable within
the Ni2+-model than the separate enzyme and substrate species (E+ S), a feature not observed with the
Zn2+ model. Analysis of x-ray crystal structures and biomimetic catalysts also point toward reduced
dissociation of bicarbonate from the metal as a factor for the poor activity of Ni2+-HCAII [40, 64]. That step
of the catalytic cycle was not modeled in this work but should be investigated in future studies.

3.3. Proposed mechanism for Cd2+-HCAII
While Cd2+ and Zn2+ are in the same periodic group, Cd2+-HCAII has a catalytic activity of only∼2% to
that of Zn2+-HCAII. The energy profile for the CO2 hydration reaction (figure 6) was computed using the
tetrahedral metal starting geometry, and intermediates and transition state structures similar to those for
Zn2+-HCAII were identified. The energy profile indicates the reaction is slightly more favorable
thermodynamically and kinetically when catalyzed by Cd2+ than Zn2+-HCAII. The Lindskog pathway is the
energetically favored pathway with a relative activation free energy of 7.5 kcal mol−1 (TS5). Notably, the
energy to break the Cd–O bond of the Lindskog path is 1.8 kcal mol−1 lower than the equivalent Zn–O bond
breakage for the native enzyme. The monodentate carbonate intermediate present for the Zn2+-HCAII
Lipscomb path (INT3) is also absent from the Cd2+-HCAII mechanism, as the proton transfer (TS4 with
∆∆G= 0.6 kcal mol−1 in Zn2+-HCAII) immediately proceeds to form the bicarbonate product.

Comparing the energy profile computed here to the profile reported by Toscano et al [28] using a
58-atom model, both profiles identify the reaction catalyzed by Cd2+-HCAII as being more
thermodynamically favorable than the Zn2+-catalyzed reaction. However, while our model also suggests
Cd2+-HCAII to be slightly more kinetically favorable, the Toscano and coworkers model describes a
kinetically unfavored reaction pathway characterized by highly stabilized intermediates separated by energy
barriers of 35–70 kcal mol−1. This discrepancy between the theoretical models is likely due to differences in
QM-cluster model design, demonstrating that a more comprehensive treatment of the active site
environment will qualitatively change proposed mechanisms of Cd2+-HCAII [28] and other enzymes
[65–68].

Given the similarity between Zn2+ and Cd2+ energy profiles, the findings suggest the experimental
observation of poor catalytic activity for Cd2+-HCAII is due to hindrance of other steps of the catalytic
mechanism; specifically the regeneration of the metal-bound hydroxide step that occurs before CO2

hydration may be impacted. In HCAII, after the bicarbonate product dissociates from the metal and is
replaced with water (figure 2), the metal-bound water is deprotonated to a hydroxide by a histidine-directed
water shuttle that drives the proton from within the protein pocket into the bulk solvent [69–73]. Given that
Cd2+ is a soft Lewis acid compared to the borderline hard-soft Zn2+, it may be that the Cd2+-bound water is
less reactive toward deprotonation to the harder hydroxide ligand than Zn2+-bound water [74]. As a result,
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Figure 6. Free energy profiles for the Lipscomb (solid) and Lindskog (dashed) reaction mechanisms for Cd2+-bound HCAII.

the predominant form of the enzyme in solution would be the water-bound Cd2+-HCAII rather than the
catalytically active hydroxide-bound Cd2+-HCAII. There is experimental evidence that Cd2+-bound human
CA B isozyme becomes active at pHs higher than physiological pH, and the activity profile corresponds to
the deprotonation of a Cd2+-bound water molecule [75]. Furthermore, Cd2+ successfully serves as the
catalytic metal for the ζ-class CA of diatoms [76]. In the ζ-class CA, Cd2+ is coordinated to only one
histidine (an intermediate hard-soft base) and two (soft base) cysteines instead of the three histidines present
in α-class HCAII. Theoretical models have noted that swapping histidine with cysteine affects the charges
and polarizability of both metal and ligand [77]. Additional modeling to more closely investigate how the
metal and its coordinating residues affect the water deprotonation shuttle mechanism is beyond the abilities
of this QM-cluster model and outside the scope of this current work.

3.4. Proposed mechanism for Fe2+ and Fe 3+-HCAII
Low enzymatic activity was reported for Fe2+-HCAII, though it is believed that this poor activity may be
attributed to the aerobic environment oxidizing Fe2+ to Fe3+, and the Fe3+ ion subsequently dissociating
from the active site [12]. To investigate the potential CO2 hydration mechanism for Fe2+-HCAII within an
anaerobic environment, the Fe2+-HCAII QM-cluster model was simulated at both low and high-spin
configurations. A study on the γ-class CAM enzyme in an anaerobic environment reported a high-spin state
for the Fe2+ coordination center [12]. Given both α-class and γ-class CA active sites utilize a three histidine
metal coordination, the Fe2+ is expected to likewise be in a high spin state within HCAII. Structures for the
low-spin Fe2+-HCAII were computed using the model with the additional metal-bound water as the metal
ion adopted a square pyramidal starting geometry. The resulting Lipscomb- and Lindksog-like mechanisms
(figures 4 and S2) and free energy profile (figure S3) are similar to the Ni2+-HCAII pathways with several
additional stationary points identified corresponding to intermediary ligand translation (figure S2(A)) and
unbound water reorienting hydrogen bonds within in the active site (figure S2(B)). The Lindskog-like
mechanism is the energetically favored pathway, and the reaction is slightly more thermodynamically
favorable with low-spin Fe2+ compared to Ni2+. However, as the reaction begins from the square pyramidal
geometry, the low-spin Fe2+-HCAII reaction faces a substantial activation energy barrier required for
reaction initiation (∆∆G= 13.7 kcal mol−1, figure S3) compared to reactant metal ions beginning from a
tetrahedral geometry.

Unlike in the low-spin model, the high-spin Fe2+-HCAII metal adopted a tetrahedral starting geometry
and is more stable than the low-spin model by 4.2 kcal mol−1 (table S3), in agreement with experimental
observation [12]. The proposed mechanisms (figure 2) and free energy profile (figure 7) follow a similar
reaction path to the native Zn2+-HCAII pathway. The intermediates are shown to be more
thermodynamically stable, and the reaction is slightly more thermodynamically favorable than the
Zn2+-catalyzed pathway by 1.7 kcal mol−1. High spin Fe2+-HCAII also has a reduced activation energy
required for the Lipscomb pathway (TS3;∆∆GZn = 15.1 kcal mol−1,∆∆GFe = 11.7 kcal mol−1), and a
slightly increased activation energy required for the Lindskog pathway (TS5;∆∆GZn = 9.3 kcal mol−1,
∆∆GFe = 10.6 kcal mol−1). Both metal active sites kinetically favor the Lindskog pathway over the Lipscomb
pathway, although the difference is reduced for high spin Fe2+-HCAII, making the two pathways more
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Figure 7. Free energy profiles for the Lipscomb and Lindskog reaction mechanisms for high-spin Fe2+ and Fe3+-bound HCAII.

competitive. Based upon these results, the hydration of CO2 is predicted to be thermodynamically and
kinetically feasible for high spin Fe2+-HCAII.

The models were also used to simulate the CO2 hydration mechanism for both low and high-spin
Fe3+-HCAII. The metal in both spin configurations is arranged in a tetrahedral geometry, and, as seen in
experiment [12], the high-spin state is more stable (table S3). The reaction mechanism (figure 2) and free
energy profiles (figures S4) for the low-spin Fe3+-HCAII mirrored the high-spin Fe2+-HCAII with the
exception of the very thermostable Lipscomb intermediate INT2. This increases the effective activation free
energy for the Lipscomb reaction pathway to 21.1 kcal mol−1; the Lindskog pathway thus remains kinetically
favored with a∆∆G= 11.5 kcal mol−1. For the high-spin Fe3+-HCAII model, the reaction path
thermodynamics are comparable to both the native Zn2+ and high-spin Fe2+-HCAII catalyzed pathways,
though the intermediates are less thermodynamically stable and the reaction is slightly less favorable than
both. The activation energy for the Lipscomb pathway is notably smaller than that for the Lindskog pathway
by 1.6 kcal mol−1, making it both the thermodynamically and kinetically favored path. These results support
the feasibility of Fe3+-HCAII to catalyze the CO2 hydration reaction. However, this feasibility assumes the
starting metal-bound hydroxide structure is readily formed, and experiments report poor metal binding
affinity for Fe3+ to HCAII [12, 78].

4. Conclusions

In this work, the feasibility for multiple transition metal-substituted HCAII enzymes to catalyze CO2

hydration were investigated using QM-cluster models designed from RINs. Two reaction mechanisms were
considered, the Lipscomb path involving a dual proton transfer between the bicarbonate and nearby Thr and
Glu residues and the Lindskog path involving a bicarbonate metal-oxygen bond breakage and rotation. The
free energy profile for the native Zn2+-HCAII was first computed, and the results agreed with several
previous theoretical studies finding that while both Lipscomb and Lindskog reaction paths are feasible, the
Lindskog path is more energetically favored. When the Zn2+ ion was substituted with Ni2+, an additional
water binds to the metal that leads to a square pyramidal starting geometry rather than a tetrahedral
geometry. This change in the coordination chemistry substantially increases the activation energy required
for the hydroxide to bind to CO2 and initiate the reaction. The proposed mechanisms for Ni2+ substitutions
are also less thermodynamically favored compared to the Zn2+-catalyzed reactions. The CO2 hydration
mechanism catalyzed by Cd2+-HCAII is shown to be comparable to Zn2+ even though experiments report
generally poor catalytic activity. This discrepancy may arise from Cd2+-HCAII not readily deprotonating the
metal-bound water to form the starting metal-bound hydroxide, which is the step in the catalytic cycle
previous to those modeled in this work.

Lastly, the mechanisms for both Fe2+- and Fe3+-HCAII in low and high spin states were examined. The
high spin state Fe2+ is expected to be the predominant catalytic form, and the reaction pathways computed
are thermodynamically more favored than Zn2+-HCAII along with being kinetically comparable. These
results suggest that, in an anaerobic environment where the Fe2+ is not able to be oxidized to Fe3+, the
hydration of CO2 by Fe2+-HCAII is theoretically feasible. The scope of these findings are notably limited to
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the modeled CO2 hydration steps of the catalytic cycle, as other steps in the catalytic cycle (e.g. regeneration
of the metal-hydroxide or dissociation of the product) may still inhibit or reduce the drive of the reaction.
Nevertheless, these results give hope toward the likelihood of synthesizing an active, anaerobic Fe2+-HCAII.
When the Fe2+ is oxidized to Fe3+, QM-cluster models suggest CO2 hydration is still kinetically fast, but the
poor experimental binding affinity of HCAII to Fe3+ will lead to dissociation of the metal and loss of
catalytic activity.

Collectively, these QM-cluster models provide atomic-level insight into the changing CO2 hydration
reaction profiles for different HCAII metallovariants. Further investigations into metallovariant proton
shuttle and bicarbonate dissociation pathways will improve the knowledge of the overall enzymatic function
and help bioengineer enhanced CAs and guide the development of covalent inhibitors to CA.
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