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ABSTRACT

The gradual increase in atmospheric carbon dioxide (CO>) caused by the use of fossil
fuels has recently raised environmental concern. To mitigate the CO> level, novel conversion
strategies are urgently needed. Numerous biological, physical, and chemical approaches have
already been exploited for CO2 conversion. Among these, the conversion of CO> using carbonic
anhydrase (CA) is an eco-friendly approach that transform millions of CO> molecules into
bicarbonate ions (HCOz). Furthermore, HCO3  formed during CO2 conversion can be
precipitated into calcium carbonates (CaCO3), which is an essential raw material in various

industries.

Thus, a CA-producing bacterium, Corynebacterium flavescens T5 was isolated from cow
saliva. The maximum CA production was obtained by the optimizing production parameters.
The optimum production parameters were media (nutrient broth), temperature (40°C),
inoculum volume 4% (v/v), inoculum age (24 h), and agitation speed 120 rpm. The optimized
reaction parameters were reaction pH (7.0), buffer molarity (50mM), reaction time (10 min),
and temperature (35°C). All the tested organic solvents and denaturing agents inhibits the
enzyme activity. As per our knowledge, C. flavescens was reported first time for the CA

production and found to be promising candidate.

After that, the keratin particles were used to immobilize C. flavescens cells to improve
the CO> conversion efficacy. The optimum glutaraldehyde concentration, temperature, and
incubation period were found to be 0.6 % (v/v), 25 h, and 4°C. After 10 cycles, the production
of CaCOs for immobilized cells was found to be 53.46%. The FE-SEM analysis of synthesized
CaCOs showed the main form of crystal was vaterite. The FTIR analysis confirms the
functional groups, while the XRD analysis revealed the crystalline structure of CaCOs3. The

whole cell immobilization on keratin particles proved to be effective for CO, conversion.

Furthermore, the CA was purified using column chromatography with 10.4-folds
purification having molecular weight approximately 29 kDa on SDS-PAGE. Further, MALDI-
TOF-MS analysis confirmed that the purified protein showed 58% of the sequence coverage
with K. pneumoniae. The purified CA exhibited a slightly basic pH (7.5) and reaction
temperature (35°C).

To improve the physiochemical properties and stability of the enzyme, the nanoflower

of purified CA was synthesized. The flower-like morphology of carbonic anhydrase



nanoflowers (CANF) was confirmed by FE-SEM. The CANF showed 90% of immobilization
yield and a good catalytic activity. The optimal reaction temperature of CANF was 40°C,
whereas the optimal pH and reaction time were 7.5 and 10 min, respectively. The CANF has
shown improved thermostability and storage stability in comparison to free CA. The CANF
exhibited a lower K value (4.7 mM) as compared to free CA (5.1 mM), suggesting that CANF
has higher accessibility for substrate. Furthermore, the CANF retained 80% of relative activity
after nine cycles of reuse. The application of CANF for COz conversion showed higher CaCOs
production (1.71-folds) than free CA. This study proved that CANF has a promising future for
converting COz into CaCOs, thus it can utilize to mitigate the CO. level in the environment

which is one of the major concerns of the 21% century.

Keywords: CO, Carbonic anhydrase, isolation, C. flavescens, optimization, whole-cell

immobilization, purification, CANF, CaCO3



Chapter 1 Introduction

In recent years, one of the serious problems that emerge out is global warming, which
protrudes due to the rise in the level of carbon dioxide (CO2) in the atmosphere. The
repercussions of global warming are acidic oceans, deviation in crop patterns, air pollution,
and disease patterns. CO: is one of the major greenhouse gases (GHGs) emitted by
anthropogenic activities and is the main contributor to the climate change [1, 2]. From 2000 to
2014, the CO2 emission rate increased by 2.6% per year, and its yearly production is nearly 35
gigatons [3]. Indeed, daily worldwide CO> emission reduces in 2020 due to Covid -19, but the
global CO- level increases continuously. In 2020, the CO2 concentration was reported to be
411ppm, with the majority of CO> coming from transportation, industries, electricity
generation, and fossil fuel burning. By 2100, the CO> concentration could reach approximately
540-970 ppm and may lead to a high rise in the temperature [4, 5]. The mitigation of most
GHGs, like COy, has been considered an important concern to prevent the irreversible
environmental damage. Since, the industrial revolution, GHGs emissions have been growing
at an expeditious rate due to the rise in fossil fuel usage and energy demand. Moreover, by
evaluating the existing energy need it is not possible to substitute the non-renewable resources
with alternate energy [6]. To sustain the carbon cycle, plants transform the CO2 into organic
compounds, this is also affected by the use of fossil fuels [7]. The excessive burning of fossil
fuels releases the stored carbon into atmosphere, where it become GHG. The GHGs trap heat
in the atmosphere, causes global warming. Indeed, climate change has an impact on plant
growth and development, due to the variations in photosynthetic carbon assimilation [8]. In all
the sectors of the economy, worldwide CO, emissions must be diminished to mitigate the CO>
level in the atmosphere. Several researchers have been working on capturing and converting

CO: into industrial products in an economically safe manner [9, 10].

Numerous biological, physical, and chemical approaches have already been exploited
for CO2 conversion. Among these methods, the enzymatic method is recognized as a suitable
way for converting CO- into high-value products using formate dehydrogenase (FateDH) and
carbonic anhydrase (CA), due to the green nature of the biocatalyst. CA rapidly catalyze the
hydration of CO; in an eco-friendly manner, with a turnover number of approximately 10° s
[11]. Furthermore, HCOs formed during CO> conversion can be precipitated by calcium ions
into calcium carbonates (CaCO3), that might be used as raw materials in pharmaceuticals,
construction materials, and cosmetics [12, 13]. However, the CO2 conversion using chemicals

generally needs high pressure, temperature, and more reaction time, whereas CA can fix CO:
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and shows a higher reaction rate at low-pressure conditions. The main advantages of using CA
producing microorganisms to convert CO. are economic viability and higher turnover number
[14]. CA is the first recognized metalloenzyme that contains mostly zinc in its active site and
is one of the utmost catalytically effective biocatalysts [15]. CA is ubiquitous in all domains of
life, and the physiological function of CA in different organisms includes the transport of
CO2/HCOs3, respiration, photosynthesis, homeostasis, lipogenesis, and ureagenesis, etc [2, 16,
17]. Even though CA is omnipresent, CA from microbes has attracted attention due to its easy
production. CA- producing bacterial species such as Neiserria gonorrhoeae, Bacillus subtilis,
Serratia sp., Bacillus schlegelii, Citrobacter freundii, and Aeribacillus pallidus have been
explored for converting COz into CaCOs [2]. In microbes, CA is produced inside the cytoplasm
or extracellular spaces. In this context, the purification of CA from bacteria offers immense
potential for its CO, conversion application. The microbial enzyme can be purified by
fractionation, concentration, and chromatographic techniques. The molecular mass of CA
varies from species to species, but most CA purified from a microbial source is a monomeric
protein and their molecular mass generally lies in the range of 25-35 kDa [18]. The purification
of the enzyme is important, as it increases its stability and specific activity [19].

Despite being the fastest known enzyme, the poor stability, sensitivity to the
environment, high cost, and fragile nature of native CA severely limit its industrial application.
Highly stable CA that can withstand extreme pH(s), high temperature, and high salinity is
required to capture CO2 from industries. As a result, various methods such as directed
evolution, genetic engineering, and molecular modification are being used to improve CA's
stability and economic productivity. However, these approaches are costly, tedious, and time-
consuming. [20, 21]. At the same time, immobilization overcomes these drawbacks, so
expanding the possible large-scale industrial applications of CA [22, 23]. In the last decade,
various attempts have been made for enhancing the thermal and chemical stabilities of CA
using immobilization. Recently, various hybrid, organic, and inorganic matrices have been
utilized as a matrix for immobilizing CA, which not only permit its usage in harsh conditions
but also improve the recovery and efficiency to diminish the cost of industrial applications [24].
To improve the CA application, the various matrices used for immobilization include alginate,
biosilica, glass micropipettes, biochar, metal-organic framework (MOFs), and a variety of
nanoparticles [25-28]. The immobilization matrices play a vital role because the properties of
the matrices could have a strong impact on thermal stability, immobilization yield, and enzyme
activity [29]. Indeed, the development of eco-friendly and low-cost materials for CA

immobilization is still needed. Moreover, various parameters that are considered during the
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immobilization process are a selection of support material with suitable surface chemistry, pore
diameter, mechanical resistance, and evaluation of experimental conditions to optimize
enzymatic activity, immobilization yield, and stability under rigorous industrial conditions [30,
31]. The most commonly used enzyme immobilization approaches are adsorption, entrapment
(encapsulation), binding to support (carrier), and cross-linking [32]. Importantly, the
immobilized biocatalyst shows excellent reusability, improved thermal stability, low levels of
leaching, and good storage properties in comparison to the native biocatalyst [33]. Enzyme
immobilization is an efficacious method to enhance the stability, reusability, and reduce the
biocatalyst cost. Thus, enzyme immobilization has become a mandatory step for creating an

enzyme as an industrial biocatalyst.

In some cases, immobilized enzymes show a loss in activity due to alteration in the 3-
D structure, and a rise in mass-transfer limitations [34]. Recently, there have been various
methods reported for CA immobilization that do not use any preexisting solid matrix, such as
cross-linked enzyme aggregates, nanoflowers (NFs), copolymers, and sol-gels [35, 36].
Previously, NFs attracted considerable interest due to their flower-like morphology and
combination of organic and inorganic functionalities [37]. The nanoflowers exhibit excellent
stability because the inorganic part forms a protective covering for the organic part. This
hierarchical porous structure results in a high surface area, cooperative effects among metal
ions and enzymes, which boosts the catalytic activity and stability of nanoflowers [38].
However, for large-scale applications, the low mechanical stability of carrier-free immobilized
enzymes must be considered. Various methods of immobilization are available each of them
has its pros and cons. Furthermore, several pilot plants are installed for capturing and
converting COz using immobilized CA. The CO: released from the cement industry can be
captured and transformed into fine chemicals. In the previous report, for recovering the CO;
discharged from the cement plant, a CO2 capturing unit was installed in which immobilized CA
was used for converting the CO2 into CaCOs. The manufactured CaCOs was utilized as the
preliminary material for the manufacture of Portland cement [39]. But, for CO2 conversion, an
inadequate number of industrial methods using CA have been known until now. The goal of
CO- mitigation approaches is to reduce GHG emissions by up to 40 -70% and achieve neutral

emissions by the end of the 21% century.



In light of the above, the present study has been conceived with the aim, of “Molecular
characterization, purification, and immobilization of a bacterial carbonic anhydrase for
efficient CO; conversion. ” An experimental approach has been designed with the following

main objectives:

i) Screening of carbonic anhydrase-producing bacterial isolate from cow saliva.

ii) Whole-cell immobilization and CaCOQOs production using keratin particle immobilized
cells.

iii) Purification and characterization of carbonic anhydrase from the isolated strain of
Corynebacterium flavescens.

iv) Synthesis of carbonic anhydrase nanoflowers and its application for CO; conversion.



Chapter 2 Review of literature

2.1 Global warming

Global warming is the instant increase in the earth's temperature, mainly due to the
release of GHGs. The most emitted GHGs are CO2 (56%) and CH4 (17%), whereas COz is the
utmost vital gas in terms of the amount emitted and the most widely studied [40]. The upsurge
in the atmospheric CO> concentration is a severe environmental issue that the whole nation is
facing due to anthropogenic activities including fossil fuel combustion, industrialization,
transportation, and deforestation [2, 41]. International energy agencies reported that residential,
energy, transportation, and industrial sectors are responsible for 7, 20, 22, and 41% of CO>
emissions, respectively (Figure 2.1) [42]. Among these, energy power plants (41% of overall
CO; emissions) are the largest contributors of CO2 emissions, so they are the key targets for
CO:z reduction. Since the industrial era, the CO2 concentration has increased by 75% [43, 44].
Based on the latest report from the global carbon project, Japan, China, Russia, USA, and India
are the top five nations generating the most CO [45]. To save the environment from the harsh
effects of GHGs, environmentalists urge people to utilize clean energy sources. Furthermore,
to replace fossil fuels, green energy products are in huge demand. In 2015, the United Nations
Agreement emphasized the effects of CO, emission on the environment mainly referred to
fossil fuel combustion, highlighting that this emission raises the level of CO> trapped in the
troposphere and hence increases the global atmospheric temperature [46]. In the polar area, the
temperature rise would be three times more than that of other areas, which can harshly affect
the living organisms and their survival on the earth. In the past years, an abnormal variation in
the seasonal temperature in different geographical areas has been observed. It is predicted that
in 2030, the CO> concentration in the atmosphere will touch 600-1500 ppm [47]. Moreover,
due to the climate crisis, agricultural production has also been affected, resulting in food
shortages and a rise in food prices. The harmful effects of global warming are continuously
aggravated due to ozone depletion and the rise in heat waves, which directly or indirectly raise
the incidence of heat-related diseases and fatalities [48, 49]. Various marine, terrestrial, and

freshwater species are on the verge of extinction.
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Figure 2.1: COzemission from different sources [50]

Various cities around the world are responsible for GHGs emissions and energy
consumption. Therefore, to reduce GHGs, cities will be required to use less energy and utilize
renewable energy resources. Nowadays, smart cities are being developed for mitigating the
CO, footprint. Smart cities are described as the development of an urban area, that usages the
internet of things and information communication technology to provide real-time information
to efficiently manage resources. The main motive of smart cities is to improve transportation,
energy efficiency, security, waste management, and water management [51]. The idea of the
smart city includes smart mobility (promoting public transport, electric vehicles, and
carpooling as well as traffic management), smart lightening (reducing energy usage by
providing a particular amount of light at a particular time), smart buildings (optimizing air
conditioning, heating, and energy usage), smart environment (monitoring water and waste
management, urbanization, and sustainable processes), smart people (e-learning, connected
citizen and e-health), and smart governance (digital process automation, public welfare) [52].
Various smart cities, such as Singapore (36% by 2030), London (60% by 2025) Barcelona
(45% by 2030), Amsterdam (60% by 2025), host the project, to reduce CO, emissions [53].
The European countries have started a start-up program called Everimpact; they developed
software that provides various ways to calculate GHGs continuously. The emission-correct
data is the basis for making policies and taking initiatives to cut these emissions. Furthermore,
smart cities utilize sensor technology to collect and analyze information regarding crime rates,
traffic rush hours, and air quality [54]. The execution of these biosensors requires costly

infrastructure and high maintenance. Secondly, urbanization should be considered a priority to



deal with the rising slum population [55]. So, it must be ensured that no residents are excluded

from the data collection of smart cities.

In the present scenario, global warming is a threat to mankind's survival as well as
ecological and biological systems. So, there has been increased pressure for scientists to
develop a novel technology for CO2 capture and utilization. Till now, several materials,
chemicals, enzymes, and plants have been described for CO: conversion (Figure 2.2).
Nowadays, most research work is focused on how to convert CO2 into methane, calcium
carbonates, organic acids, and methanol. Additionally, utilizing CA for converting CO: into a
value-added chemical is the utmost effective biological method, as it offers an economical
approach to oppose the growing threat of a climatic catastrophe [6]. The main reason is
microbial enzymes can be cultured and produced at a large scale for industrial use in a short
period of time without any detrimental effect on the environment. However, the CO;
conversion by non-biological approaches is restricted due to environmental limitations and

high operational cost.
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2.2 Approaches for mitigating the global warming

For CO> conversion, various enzymes (e.g., CA, alcohol dehydrogenase, RubisCo,
formate dehydrogenase), materials (biochar, porphyrin, zeolites, metal-organic frameworks),
and chemicals (e.g., diethanolamine, monoethanolamine, piperazine) have been used (Figure
2.3). Furthermore, the use of a non-biological approach for mitigating CO. has been proven to
be efficient but has some drawbacks, including pollutant regeneration and high operational
costs. Nowadays, various effective methods are available for CO. capture and utilization, but
they have not been used on a large scale [40]. If the government would start investing in these
strategies, then the execution of CO> capture and conversion plants would become operational

in a short time.

! Porous materials

| Chemical solvents ! Bio-char, MOFs, Nano-

)
! : Microbial enzyme
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|

Figure 2.3: Schematic illustration of an integrated system having chemicals, porous material,

and microbial enzymes for capturing and converting CO2 [2]

2.2.1 Chemical fixation of CO;

lonic liquids, blended amine solvents, and biphasic solvents are some of the chemicals

used for CO, capture (Table 2.1). Various chemicals such as dimethylamino-propylamine
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acetate (DPA), methylcyclohexyamine (MCA), methyldiethanolamine (MDEA),
monoethanolamine (MEA), triethylenetetramine (TETA), diethylenetriamine (DETA),
dimethylcyclohexylamine (DMCA), pentamethyldiethylenetriamine (PMDETA),
diglycolamine (DGA), dibutylamine (DBA), and piperazine (PZ) are employed for capturing
the CO», but the main drawback is the high energy need for regeneration [57-59]. Nowadays,
researchers are more concerned about studying blended solvents as they need low energy,
resistant to solvent degradation, and temperature. In a recent study, MCA was blended with
DMCA to capture CO>, and the CO> absorption ability of the DMCA-MCA solvent was higher
than MCA [60]. Furthermore, to diminish the energy consumption in the regeneration of the
solvents; Wang et al., blended DETA/sulfolane to capture CO> and found that at the end of the
reaction, two liquid phases were formed and sulfolane easily separated from the reaction
mixture [61]. So, during the regeneration process, solvent loss and energy consumption are
also reduced.

Table 2.1: Various chemicals reported for the CO capture

S. Solvent CO; absorption  Regeneration Reference(s)
No capability efficacy
(mol /mol) (%)
1. DETA-Propanol 6.5 NA [62]
2. DMCA-MCA 0.9 NA [60]
3. Tetraethylenepentamine- 1.7 90.7 [63]
Methylimidazolium
4. TETA-DMCA 0.9 NA [64]
5. 1-Butyl-3-methylimidazolium 0.6° 64.0 [65]
tetrafluoroborate-sodium
glycinate
6. DBA 0.8 94.3 [66]
7. PMDETA-DETA 0.6 NA [67]
8. Dual functional ionic liquid 1.3 NA [68]
9. MEA/water 0.4 NA [69]
10. TETA-hydrobromide- 2.6° 95.0 [70]
PMDETA
11.  Trihexyl(tetradecyl)ammonium 2.1 NA [71]
lysinate
12. Tetramethylammonium 0.6 98.0 [72]
glycinate
13. TETA-lysine-ethanol-H.O 2.3 93.0 [73]
14. Piperazine/propanol/H,O 1.2 74.0 [74]
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15. AMP/Piperazine 0.8 57.0 [75]

16. DPA/ ethylenediamine 0.2° NA [76]
17. DPA/Fluorine 0.1° 94.0 [77]
18. DGA-PEG 200 0.4 94.6 [78]
19, DBA/ethanol/H.0 0.8 94.3 [66]
20. Sulfolane/DETA 1.7 NA [79]
amol/I
"glg

Moreover, ionic liquid (IL) with high polarity, low energy requirement, high thermal
stability, and low volatility has attracted the environmental engineer’s attention for capturing
the CO; [76]. Previously, it was found that the addition of hydroxyethyl-3-methylimidazolium
lysine [C2OHmim][Lys] to MDEA enhanced the CO> absorption capacity, due to the strong
affinity of CO2 with an amine [80]. Furthermore, to capture the CO> from industry, Voskian et
al., used the ethylenediamine functionalized IL, which has a CO. capture performance of 0.95
mmol CO./g IL [81]. From these studies, it can be assumed that the blending of IL with the
amino group results in enhanced CO> capture capability. However, the prime cost and high
viscosity of IL are the main obstacles to its practical usage. The chemicals utilized for CO;
capture may emit highly toxic compounds into the environment, and the degradation of these
products is more difficult. Thus, future studies should be emphasized on blending microbial

enzymes with chemicals to decrease the release of toxic compounds into the environment.

2.2.2 Materials for CO; capture

Various materials, including porous carbon, porphyrin, MOFs, and zeolites with good
absorption capacities, have been used to capture CO2 (Table 2.2). The CO> absorption on the
surface of these materials is dependent on structural configuration, surface chemistry, and pore
size. ldeal materials for CO; absorption should have fast kinetics, high reusability, high
selectivity, good thermal stability, and be cost-effective [82]. Previously, N-doped porous
carbon was created by the template-free method and the effect of various nitrogen sources such
as ethylenediamine, melamine, and hexamethylenetetramine on CO, absorption was examined
[83]. The porous carbon material having ethylenediamine as a nitrogen source exhibited the
highest nitrogen atoms, micropore volume, and CO> uptake. Indeed, MOFs having porous

crystalline structures and large surface areas have shown applicability for capturing CO..
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Recently, to improve the performance of MOFs, the doping of metal ions has been widely used.
Previously, the MOF (UTSA-16(Zn)) synthesized by replacing cobalt with zinc via microwave
irradiation showed improved stability, CO. absorption ability, and selectivity as compared to
cobalt-containing MOFs [84]. Previously, the porous zeolite-chitosan was synthesized using a
solvent exchange technique and showed a CO> capture efficiency of 1.70 mmol/g. The zeolite-
chitosan having well defined porous structure synthesized using a solvent exchange technique
showed 1.70 mmol/g CO: capture efficiency. Zeolite-chitosan has interaction sites for CO>
capture, so it could be explored for CO2 capture efficiently [85, 86]. Recently, porphyrin
emerged as an ideal material for CO> capture, having a basic pyrrole cavity and aromatic rings,
which allow good binding with CO, [87, 88]. Previously, Jiang et al., synthesized porous
tetraphenyl porphyrins (POTPPS) to attain high CO. absorption ability [89]. The POTPPs with
large surface area and nitrogen content showed 3.25 mmol/g of CO; absorption ability.
Generally, the porosity, morphology, texture, and surface area have an enormous effect on the
material CO, absorption performance. Therefore, these materials could be utilized for large-
scale CO> capture as they show higher CO> absorption ability. But the further transformation

of CO; into valuable chemicals is still required to be explored.
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Table 2.2: Various materials reported for capturing CO-

S. Material Temperature Pressure Porosity Surface CO; References
No (bar) (cm’/g) area absorption
(m*/g) ability
(mmol/g)
1. Zeolite- NA 4.60 0.06 22.53 1.70 [85]
chitosan
2. HKUST-1 25.00 1.00 0.59 1409.00 4.10 [90]
MOF
3. Porous 25.00 1.00 1.34 2264.00 3.88 [91]
carbon
4 Porous 25.00 30 2.03 4196.00 28.30 [92]
carbon
5. UTSA-16 24.85 1.00 0.50 475.38 4.71 [84]
(Zn)
6.  Hierarchically 25.00 1.00 10.00 2700.00 3.70 [93]
porous carbon
7. Porous 25.00 1.00 NA 3260.00 4.30 [94]
carbon
8. Amino- NA 1.00 0.46 587.00 328.10* [95]
functionalized
porphyrin
9. N-doped 30.00 NA NA 301.00 74.76* [83]
Hierarchically
porous carbon
10. ZIF-8 NA 0.15 0.65 1742.00 1.9* [96]
MOF
11. PCN-124 0 1.00 0.57 1372.00 9.10 [97]
12. Porous 25.00 1.00 0.62 1200.00 3.2 [98]
covalent
triazine
polymer
13. Li-LSX 60.00 1.00 0.32 660.00 4.43 [99]
Zeolite
14. CaCHA 25.00 1.00 0.35 660.00 5.90 [100]
Zeolite
*mglg

14



2.2.3 Natural ecosystem for CO; capture

In plants and algae, enzymes such as CA and Rubisco have been reported to capture
CO; [101]. Rubisco is a key enzyme for photosynthesis and converts CO> into an organic
compound, but it shows a low affinity for CO2[102]. The Pinus radiate tree and Chinese forest
were reported to sequester 300 and 41 tons of CO2 per hectare [103, 104]. Also, mangrove
forests can capture 654 tons of carbon per km? annually [105]. Coastal ecosystems, such as salt
marshes and Cymodocea nodosa, are considered good CO3 sinks [106]. During summers, the
Antarctic coastal ecosystem and the coastal ocean have a CO. fixation rate of 14 to 34
teragrams of carbon per year [107, 108]. Nowadays, a decline in world carbon storage is
reported due to the extinction of some ecosystems, resulting in global warming. The rise in
atmospheric CO> level results in an increase in photosynthesis rate, but up to some level,
thereafter excess CO2 concentration starts affecting the plant’s nutritional level [109]. For
example, in China Tiantong National Forest decreases 4.38% carbon storage reported annually
and it’s affected by climate change [110]. To enhance carbon storage, ecosystem restoration

could be a suitable option.

Furthermore, algae are widely exploited for CO: fixation because of their
biodegradability, higher CO, fixation rate, and lack of toxicity. During photosynthesis, algae
use CO; as a carbon source and transform it into organic compounds via the Calvin-Benson
pathway [111]. These compounds can be further converted into value-added compounds,
including vitamins, proteins, lipids, oils, and carbohydrates that can be utilized as preliminary
materials for biofuel production, functional foods, and animal feed. The CO; released from
industrial areas can be utilized as a source of carbon for algae production. Algal species
including Chlamydomonas reinhardtii, Nannochloropsis sp., Tetraselmis suecica,
Nannochloris sp., Scenedesmus quadricauda, and Chlorella vulgaris, have been reported for
CO; sequestration [112]. Kassim and his co-workers reported that the CO2 capture capacity of
Chlorella sp., was 95.0 mg/L/day [113]. Also, the CO; capture efficiency of Grasiella sp., at
pH 9.0 was found to be 18.9 g m? /day [114]. In ponds, microalgae are utilized to capture
gaseous CO> because they have a greater photosynthetic rate than terrestrial plants. In an open
pond, the Chlorella sp., showed 46% of CO. removal efficiency. Furthermore, temperature
variation, pond design, and algal physiology also affects the CO> fixation capacity of algae in
ponds [45, 115]. The microalga, including Chlorella vulgaris, Isochrysis
galbana, Dunaliella tertiolecta, and Thalassiosira weissflogii, can even grow using CO: as a

carbon source from the cement industry [116]. In this process, dust present in the emission
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source may hinder microalgae growth, so it should be eliminated before being inserted into a
culture. The drawbacks of using algae for CO; fixation are growth conditions, the need light
for growth, and poor usage in industrial reactions. Thus, to enhance the CO; fixation efficacy

using algae, screening and domestication could be a promising approach.

2.2.4 Enzyme mediated CO: conversion

The utilization of enzymes for mitigating the CO: is a sustainable solution due to the
regio-selectivity and stereo-specificity of enzyme-mediated CO. conversion. Various
approaches for searching potent enzymes having high CO> conversion yield include the
isolation of microbial enzymes from various habitats, enzyme immobilization, and directed
evolution. Enzyme-mediated CO; transformation into valuable products is a green approach to
alleviate climatic catastrophe. For example, dehydrogenases such as FateDH and FalDH were
reported for methanol synthesis from CO: in the presence of NADH as a coenzyme (Figure
2.4) [117]. The methanol production from CO: is advantageous because it is cheap, substitutes
for petroleum-based fuels, and is less flammable. Furthermore, the multi-enzymatic cascade is
beneficial for CO2 conversion over a single enzymatic reaction due to its high energy capacity.
For improving the activity of the biocatalytic cascade, the three dehydrogenases were
immobilized in a mesostructured cellular foam of silica [118]. Their studies showed that after
immobilization, the methanol yield was 4.5-folds higher than the free enzyme. Previously,
Jiang et al., encapsulated the three dehydrogenases in gel beads, and immobilized enzymes
showed higher methanol production approximately 12 umol. Whereas free CA showed 1 pmol
methanol production after eight cycle of reuse [119]. The CO- reduction using dehydrogenases

is NADH-dependent, but NADH is costly and increases the enzymatic reaction cost [120].
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Enzyme mediated CO; conversion

Figure 2.4: Schematic illustration for the conversion of CO, to methanol using dehydrogenase

enzyme [50]

However, CA is the utmost efficient enzyme for the transformation of CO; into valuable
products, as it does not require external cofactors [121]. The CA purified from Bacillus sp.,
was studied to produce CaCOsfrom COz. This CA has a half-life of 54.94 min at 60°C, making
it more suitable for large-scale conversion because it saves cooling costs and time [122]. Also,
CA from C. freundii resulted in 230 mg of CaCOz production per mg of protein. Moreover, Li
et al., cloned the Lactobacillus delbrueckii CA, their study showed that the recombinant CA
forms 183 mg of CaCOs at 50°C [123]. These reported studies indicate the utilization of the

microbial enzyme as a potent candidate for CO2 conversion.

2.3 Carbonic anhydrase
CA (E.C. 4.2.1.1) belongs to a class of lyases, having the ability to convert CO; into
bicarbonate ions [124]. In the presence of calcium ions, the bicarbonate ions can be converted
into CaCOs according to the equation:
CO, + H,0 - HCO3 + H*

Ca?* + HCO3; - CaCO; + H™

CaCOs formed through CO- conversion can be used for the cement making, antacids,
pigments, and others, thus removing the CO: in a safe, efficient, stable, and environment-

friendly manner [125]. In 1933, CA was initially discovered in red blood cells by Meldrum and

17



Roughton. In 1963, Blankenship first reported the existence of CA in bacteria. Considering the
importance of CA in CO- capture and conversion, Smith and Ferry started the purification and
characterization of CA in 1994 [126]. Nowadays, the CA has been purified from numerous
bacterial species like B. pumilis, E. coli, N. sicca, A. pallidus, P. fragi [2]. CA is omnipresent
and plays an important role in various physiological processes, including lipogenesis,
COq/bicarbonate transport, pH homeostasis, secretion of electrolytes, gluconeogenesis, and
photosynthesis [127].

2.3.1 CA types and catalytic mechanism

CA has divided into five classes, namely a, B, v, 8, and { on the basis of amino acid
homology. Mostly, the metal ion in a, B, v, 6, class is zinc, however { class have cadmium as a
metal ion [17, 128]. Structural analysis showed that CA active site differs depending on the
class of CA (Table 2.3). The detailed 3-D structure of Methanosarcina thermophila CA was
shown in (Figure 2.5) using the PyMOL educational version. Generally, a-CA is present in
mammals, plants, algae, and bacteria. The structure of a-CA is composed of ten B-strands that
surround seven a-helices. The central B-sheets contain active residues of a-CA having water
molecules, and three histidines that coordinate with zinc. Mostly, the a-CA are monomeric
proteins [129, 130]. Furthermore, B-CA is present in archaea, plants, and bacteria. The structure
of B-CA is dominated by a-helices that surround four B-sheets CA, and it can exist as the
dimmer, tetramer, and octamer form. The y-CA are the most ancient CA, having cobalt as a
metal ion, and first discovered in Methanosarcina thermophila [131, 132]. Indeed, 5-CA was
reported in diatom T. weissflogii and it showed structural similarity with o and y-CA [133].
The £ -CA has been reported in cyanobacteria, and its 3-D structure showed structural similarity
with the B-CA [134].
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Table 2.3: Various types of CA and its structural composition

S. No Type Amino Metal ion  Structural Source Reference
acid composition
residues
1. a 3 His Zinc Monomer Bacteria and [130]
mammals
2. B 2 Cys, Asp, Zinc Dimer or Archaea, [135]
His tetramer plant, bacteria
3. 2 Cys, His Zinc Monomer Diatoms [133]
4. 3 His Zinc, Homotrimer  Methanogenic [131]
cobalt, and archaea
iron in
anerobic
conditions
5. C 2 Cys, His  Cadmium Monomer Diatoms and [134]
marine
cyanobacteria
[A]
Zn2*
Histidine
residue
Zn?*
Active site

Active site
region

region

Figure 2.5: The detailed 3-D structure of Methanosarcina thermophila CA belongs to y-class

a) surface structure and b) Cartoon structure of CA showing zinc and histidine in the active site

[2]

There are two main regions in the CA active site, including the hydrophilic amino acid

region (His-64, Asn-67, Tyr-7, Asn-62, Thr-199) responsible for proton movement and the
hydrophobic amino acid region (Val-121, Thr-199, Leu-198, Trp-209, Val-207) important for
trapping CO- [15, 136]. The catalytic mechanism of CA comprises of four stages. The catalytic
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triad of CA has histidine residues, water molecules tetrahedrally coordinated with a zinc ion.
In the first step, the proton releases from the catalytic triad to form zinc-hydroxide ion (Zn-OH"
); (2) The Zn-OH" nucleophilically attacks CO, to form bicarbonate; (3) The zinc-bound
bicarbonate (Zn-HCO3") resulting in the formation of tetrahedral like structure; and (4) In last
step, Zn-HCOs™ s replaced by H.O, results in completing the catalytic cycle (Figure 2.6)
[137]. Moreover, CA also catalyzes the esters hydrolysis, and these reactions occur inside the
hydrophobic pockets closer to the zinc [138].
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Figure 2.6: Mechanism of action of CA [2]

2.3.2 Potential of purified CA for CO: conversion

To meet CO> conversion requirements, this method needs CA to have high activity,
purity, stability, and the ability to tolerate high concentrations of CO». The various methods for

purification of CA investigated by researchers include gel filtration, ion exchange, affinity, and
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reverse-phase chromatography. Furthermore, protein purification is very vital as it is required
to study the enzyme structure, function, and kinetics [139]. The CA has been purified and
characterized from mammals, diatoms, bacteria, cyanobacteria, archaea, and algae. Bovine
erythrocytes CA was usually utilized for CO2 conversion studies, but due to the high cost of
isolation and purification its practical usage is restricted. Despite this, purified and recombinant
CA from bacteria has been generally used for CO2 conversion owing to its lack of external
energy requirement and rapid Kinetics [140]. The catalytic properties of CA purified from
various bacterial species have been summarized in Table 2.4. Previously, Jaya et al., purified
CA of molecular weight 21.0 kDa using affinity chromatography, which sequestered 95.4%
(v/w) of CO2 from soil [141]. Furthermore, CA purified from L. delbrueckii had a half-life of
177 h at 50°C, making it more advantageous for industrial processes [123]. Previously,
Aerobacillus pallidus CA (32.0 kDa) purified using Sepharose column chromatography, was
stable at temperatures ranging from 40-60°C [142]. Also, recombinant CA purified by affinity
chromatography was reported to produce 95.20 mg of CaCOs [143]. Furthermore, the
molecular mass of Bacillus sp., CA purified by Sephadex G-100 and affinity chromatography
was reported to be 28.0 kDa [122]. Previously, Thermovibrio ammonificans and Perse-
phonella marina CA were cloned, and the recombinant enzyme proficiently speeds up CaCO3
formation even at higher temperatures [144]. These reports revealed that CA is a promising

candidate for the conversion of COx.

Table 2.4: Various CA purified from bacterial source and their catalytic properties

S.  Source Molecular Optimum Optimum Km Vmax mg Reference
No weight pH temperature (mM) EagCOd
protein
1. Bacillus sp., 60.0 8.0 28.0 1.7°8 385.9 NA [122]
U/mg
2. Citrobacter NA 7.0 37.0 NA NA 230.0 [145]
frundii
3. Bacillus sp., 27.0 8.0 37.0 15 62.75 x 79.8 [143]
1072 uM/
min
4. Mesorhizobium 47.0 7.0 50.0 5.6 x NA 52.8 [146]
loti 102
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5. Serratia sp., 29.0 7.6 20.0 120 52X10* 315 [147]

MM /min
6. L. delbrueckii 23.8 6.0 50.0 NA NA 183.0 [123]
7. A. pallidus 32.0 8.0 37.0 NA NA 42.5 [142]
8. B. subtilis 37.0 8.3 37.0 9.0 714.2 NA [148]

umol/mg/

protein

9. B. safenis 21.0 NA 32.0 NA 0.07 NA [141]

pmol/mg/

min

10. Aliivibrio 26.0 8.0 40.0 NA NA NA [149]

salmonicida

amg/mL
b M

2.4 Modification of CA for enhanced CO; conversion

The CO2 conversion using CA is the most cost-effective, environment-friendly, and
sustainable method. Furthermore, the limitation of the CA isolated from natural sources in
applied biocatalysis is that it is not stable under industrially relevant situations such as high
temperature, the presence of non-aqueous media, and extreme pH [150]. Therefore, adapting
enzymes for reaction environments with unnatural substrates, either to redesign the existing
enzyme or design entirely a novel biocatalyst, has become both an opportunity and a challenge
for researchers in this field [151]. Fortunately, in a few years, protein engineering and enzyme
immobilization (EI) have become powerful tools to modify the enzyme in order to meet
industrial demands. Protein engineering (PE) allows producing an enzyme that exhibits desired
properties including activity, stability, selectivity, and substrate specificity. Generally, enzyme
modifications using PE can be done by directed evolution or rational design. Site-directed
mutagenesis, DNA shuffling, and error-prone PCR are most commonly used methods of PE
[152, 153]. Moreover, El allows the enzyme to be imprisoned in its phase, so allows its reuse

[154]. El and PE would be used as a parallel method for enhancing the properties of enzymes.
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2.4.1 Protein engineering of CA

The development of CA having enhanced stability is one of the main requirements for
capturing and converting CO- released from industries. Protein engineering has been utilized
to engineer the CA so that it can withstand high temperatures, high salt concentrations, and
alkaline conditions. Till now, the thermophilic CA isolated from T. ammonificans showed the
highest thermal stability. The disulfide bonds between the two cysteine residues stabilize the
3-D structure of this protein and result in enhanced thermostability. Furthermore, the
engineering of the disulfide bond of Neisseria gonorrhoeae CA results in an 8-folds increase
in thermostability [155]. Previously, using molecular dynamic stimulation, mutants of bacterial
a-CA with increased stability were created to investigate the relationship between temperature
stability and structure flexibility. According to the molecular dynamic stimulation, T.
ammonificans was the most thermostable CA and has a rigid structure and region with high
flexibility [156]. In another study, the expression of T. ammonificans CA mutants was created
using molecular dynamics (MD) simulations. One of these mutants exhibited 100% of the
activity at 90°C compared to the wild type. These outcomes proved that CA mutant can serve
as a promising biocatalyst with high thermal stability and activity for CO2 capture applications
[157]. Furthermore, Thermosulfurimonas dismutans CA (tdCA) was engineered for high-level
expression via periplasmic expression and point mutation. Then the recombinant E. coli cells
showing higher periplasmic expression were further examined for CO, hydration activities.
The periplasmic tdCA mutant showed 11.9-folds higher activity as compared to previously
reported halophilic CA constructed by engineering the ribosomal binding site [158, 159].
Moreover, the T. ammonificans CA was engineered by mutating the N-terminal region, and the
new variant showed a three-fold enhancement in half-life at temperatures >70°C and pH 10
[157]. The highly stable variants of Desulfovibrio vulgaris CA were created using directed
evolution that tolerates the alkaline amine solvent at 107°C. Eventually, this method enhanced
the 25-folds CO> absorption rate than the noncatalyzed reaction [160]. From these studies, it
can be concluded that the methods of PE could be utilized to enhance the stability and catalytic

activity of CA for several applications on a large scale.

2.4.2. Immobilized CA for CO; conversion

Enzyme immobilization is a technique used in biotechnology to adhere a biocatalyst to
an insoluble matrix. Also, the goal of immobilizing an enzyme is to enhance its qualities, such

as activity, turnover rate, and stability, in addition to allowing for its continued use [161, 162].
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Thus, enzyme immobilization is an effective technology to solve the instability issue of free
enzymes and allows their reuse (Figure 2.7). Over the last decade, numerous efforts have been
endeavoured for upgrading the thermal and chemical stability of enzymes using
immobilization. The immobilization of enzymes has been recognized as valuable, and it was
found that 20% of biocatalytic processes use an immobilized enzyme. In this protocol, the
enzyme and support material interact either by entrapment, crosslinking, covalent binding, or
absorption [163-165] (Figure 2.8). The catalytic features of a biocatalyst rely on the kind of
support/matrix used for immobilization. Moreover, various parameters that are considered
during the immobilization process include the choice of an ideal matrix having suitable surface
chemistry, pore diameter, and mechanical resistance. Still, the selection of a suitable matrix for
immobilization is the main task, as it leaves an evident effect on the chemical and physical
properties of the enzyme. The support material utilized for immobilizing the enzyme should be
biocompatible, stable, inert, cheap, and reusable. Noteworthy efforts have been made to
immobilize CA on various matrices, which could not only permit its usage in harsh conditions
but also improve the recovery and efficiency to diminish the cost of industrial applications
(Figure 2.8). For CA immobilization, mostly utilized support materials are alginate, MOF,
nanofibers, biochar, and nanoparticles (Table 2.5) [24, 166].
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Figure 2.7: Schematic representation showing enzyme immobilization on various matrices and

the advantages of the immobilized enzyme [167]

Previously, CA/MOFs were prepared and encapsulated in polyvinyl alcohol chitosan
hydrogel (PVA/CS) [168]. The prepared membrane (CA/MOFs/PVA/CS) was stable up to
65°C, and restrict the CA movement in immobilized form. The rate of CaCO3z formation was
20-folds higher using CA/MOFs/PVA/CS membrane than free CA. From this study, it was
concluded that CA/MOFs/PV A/CS membranes can be applied for CO2 capture. Previously, the
thermophilic Sulfurihydrogenibium yellowstonense CA was immobilized onto nanofibers
[169]. These studies revealed that immobilized CA has enhanced CaCOs3 vyield, i.e., 688.1 mg
as compare to free CA (315.9 mg). Furthermore, the immobilized CA was able to withstand
the presence of nitrous oxides and sulfur oxide. These outcomes indicate that immobilized CA
can be utilized in industrial applications due to its ability to tolerate the presence of toxic
compounds. Recently, CA was covalently immobilized on aerogel beads for the conversion of
COg; into CaCOs. This catalytic system showed only an 18% decline in CaCOs formation after
10 cycles of reuse [170]. Furthermore, free CA and CA immobilized on
polyethylenimine/dopamine showed 72.5 and 61.9 mg of CaCOsz formation. After

immobilization, the reusability and storage stability of CA were improved [171]. Moreover, to
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enhance the CA activity, magnetic cross-linked aggregates of CA were synthesized, and they
were able to enhance the CO2 absorption rate [172].
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Figure 2.8: Schematic illustration presenting CO2 conversion into CaCOs using immobilized
CA[2]

The immobilization approach is advantageous because of its directness and
convenience. Generally, the enzyme immobilized on the matrix showed lower activity than that
of the free enzyme. Recently, there have been various carrier-free methods reported for CA
immobilization that showed enhanced activity are cross-linked enzyme aggregates,
nanoflowers, copolymers, and sol-gels [36, 173]. The idea behind carrier-free immobilization
is to eliminate the support material and to have entirely active enzymes so that higher activity
could be achieved. Previously, an elegant method of carrier-free immobilization was reported
by Zare [174]. They developed flower-like structures composed of metal ions and proteins that
exhibited enhanced stability and catalytic activity, because of their large surface area. A variety
of metal ions, such as manganese, copper, zinc, iron, and calcium are used for the synthesis of
nanoflowers [35]. Till now, nanoflowers have attracted the interest of researchers due to their
ability to integrate the inorganic and organic parts, in addition to their rapid and eco-friendly
preparation. For instance, Duan’s group has synthesized CA-inorganic nanoflowers with good
catalytic activity and recyclability. The synthesized CA-nanoflowers showed approximately 35

g of CaCOs check protein content production after five cycles of reuse. The improved activity
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after immobilization might be due to nanoscale enzyme confinement and the high specific area
of nanoflowers [175]. The nanoflowers exhibit remarkable enzymatic activity and stability, as
well as relatively inexpensive, which greatly enhances their applicability in pharmaceutical
science and biochemistry [176, 177]. Indeed, nanoflowers are very delicate, so their industrial
applications are severely limited. Because of their nano size, it is also difficult to separate them
from a substrate [178].

These studies concluded that the CA immobilized on various matrices enhanced the
production of CaCOs. In this regard, CO2 conversion using immobilized enzymes seems to be
one of the promising low-cost methods for mitigating CO.. The industrial CO2 conversion trials
used flue gases, and the enzyme performance may have been affected by contaminants present
in these gases. These difficulties should be overcome in the future, and more exhaustive

research work is required.

Table 2.5: Immobilization of CA on various supports for CaCO3 production

S. CA Immobilization Immobilization CO, Reus CaCoOs; References
No material method concentration abilit production
(mL) y (mg
CaCOs/mg
protein)

1. Bovine Zeolite Encapsulation 20.0 12.0 34.3 [179]

imidazolate

framework

(ZIF-8)
2. Sulfurihydrogenibi Nanofibres Covalent NA 5.0 688.1° [169]

um yellowstonense binding

3. Bovine Amine- Covalent NA 10.0 128 [170]

functionalized binding

aerogel beads
4. Bovine TiO, coated NA 25.0 20.0 101.1 [180]

membrane
5. Bovine NA Nanoflowers 20.0 5.0 35.0° [175]
6. Bovine Alginate Entrapment 2.0 6.0 39.0 [26]
7. B. pumilis Nanoparticles Covalent 10.0 NA 61.0 [181]
8. B. subtilis Chitosan/alginat Entrapment 10.0 NA 480.0 [182]

e
hydrogel
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9. Bovine Geopolymers Covalent 10.0 8.0 62.5° [183]
microsphere binding
10. Bovine ZIF-8 NA NA 9.0 5.59 [184]
11. N. Hydrogel Encapsulation 5.0 6.0 5.4% [185]
gonorrhoeae
12. Bovine Polyethylimine/ Covalent 25.0 10.0 61.9° [22]
dopamine binding
13. Bovine NA Cross linked NA 30.0 145.0° [186]
enzyme
aggregates
14. B. halodurans Magnetic iron Covalent 0.5 22.0 138.0° [187]
nanoparticles
15. Bovine Liposomes Covalent 8.3 NA 9.1° [188]
16. Bovine Bimetallic NA NA 8.0 76.27% [35]
hybrid
nanoflowers
17. Bovine Polymerized NA NA 5.0 NA [28]
ionic liquid
18. Human Mesoporous Covalent 100.0 40.0 160.5° [189]
material
a mg
"9
°mg/min

2.5 CO; capture technologies in different countries

Several countries have set targets for mitigating GHGs emissions by capturing and
transforming CO into industrial products. The CO> released from industries could be captured
at a particular point using chemicals, CA, and materials. In 1999, Petronas Fertilizer built the
first pilot-scale CO, recovery plant and utilized the recovered CO, for urea manufacturing. The
protocol for urea manufacturing comprises two stages, firstly the CO; is absorbed into a
proprietary solvent (KS-1) and then reacted with ammonia to make urea. In India, Mitsubishi
Heavy Industries recovers 450 tons of CO2/day and produces urea from the recovered CO-
[190]. Furthermore, direct air capture (DAC) is a method for removing CO2 directly from the
air. In this method air passes through chemical or sorbent filter material, the CO. is absorbed
in it. Then heat is applied to liberate CO>, recovered CO: is purified and collected for further
use. In the world, Climeworks is known as the first firm to commercially capture CO2 using
the DAC method. They installed a commercial plant at Dresden that can capture 80% of CO>
and then turn it into fuel [2]. Another DAC firm is Global thermostat, which has a power plant

in California. These pilot plants use porous material covered by amines so that when air pass
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through it, then it can capture approximately 98% of pure CO». Pure CO can be used in
plastics, beverages, and synthetic fuels. The global thermostat is operating six commercial
projects, with several industries having approximately 2 Mt of CO. capturing capacity per year
[191]. Moreover, the Canadian firm Carbon Engineering, partially sponsored by Bill Gates,
uses the DAC method for capturing CO> and has a CO»-capturing capacity of 1 ton/day [192].
A detailed explanation of how various firms capture CO: and convert it into value-added
chemicals has been listed in Table 2.6. The drawbacks of the DAC method are its high cost and

a lot of energy is needed to liberate CO> from the air.

Table 2.6: List of various commercial CO» capture plants

S.  Source of Country Industry Reaction Products CO; References
No CO; mediators formed capture
emission capacity
(Tons
CO»/day
1. Power United States Dave NM Enhanced oil 6.0% [193]
generation Johnston recovery
2. Air California Global DAC Beverages 109.5 [191]
Thermostat
Air Switzerland ~ Climeworks DAC Carbonates NM [194]
Power Netherlands Hydrogen 2 NM Geological 2.0° [195]
generation magnum storage
5. Air Canada Carbon DAC Synthetic 1.0 [192]
Engineering fuels
6. Cement Canada CO; solution CA Calcium 10.0 [196]
industry Inc carbonate
7.  Coalplant  Wilsonville Codexis Inc CA, NM 63.6 [197]
MDEA
8. Coal flue United State  Akermin Inc. CA, NM 80.0° [198]
gas K2COs
0. NG-fired India Mitsubishi KS-1 Urea 450.0 [190]
flue gas Heavy
Industries
10. Coal plant Japan Toshiba Amine NM 10.0 [199]
corporation
11.  NG-fired Malaysia Mitsubishi KS-1 Urea 160.0 [190]
flue gas Heavy
Industries
12. Air Germany Climeworks NM Synthetic 80.0° [2]
diesel
“Mtpa CO;
%
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Until now, very few efforts have been made to use CA for capturing and converting
CO; at an industrial scale. For large-scale applications, CA should be able to tolerate harsh
conditions. The CO> capture plant was established by Codexis Inc. at Wilsonville, in which D.
vulgaris-engineered CA was utilized and the CO> capture rate was enhanced 25 times as
compared to the non-catalyzed reaction [197]. Furthermore, Akermin Inc. used immobilized
CA for capturing CO; at its pilot plant in the USA. The absorber column of the plant comprises
a nonvolatile alkaline solution, potassium carbonate (K>COs), and immobilized CA, and
showed 80% CO capture efficiency [198]. Moreover, CO2 Solution Inc. tested KoCO3z and CA
at Salaberry-de-Valleyfield, Canada, for capturing and turning CO: into several products of
industrial value [196]. There is still a need to explore the conversion of captured CO2 on a large

scale to protect the environment and meet energy demand.

2.6 Other applications of CA

The CA has been widely studied due to its broad physiological importance in all forms
of life. The high turnover number, relatively easy purification, and stability make it a promising
candidate to be utilized in several biomedical applications including biosensors, drug design,

and artificial lungs (Figure 2.9).

2.6.1 Artificial Lungs

Respiratory failures are current health issues that affect several thousand individuals
each year. Medical treatment for this disease includes mechanical ventilation, which can
sometimes contribute to the worsening of lung injury in the form of barotraumas[200]. The
artificial lung is a device made up of hollow fiber membranes (HFM) and responsible for
providing oxygen to the blood and removing CO: from the blood. Presently, gas exchange is
comparatively inefficient in these artificial lungs, so approximately 1-2 m? of the surface area
is required for adequate gas exchange by the membrane. In the human body, a surface area of
this size is not able to perform efficiently [201]. One way to offset these challenges involves
immobilizing CA onto the HFM, allowing “facilitated diffusion” of CO: as bicarbonate
towards the fibers and enhancing CO2 removal. The concept of immobilizing CA onto HFM
was initially described by Karr and his co-workers, and they found the rates of CO, exchange
were increased by 75%, with no leaching of CA in the device [202]. In another study,
immobilization of CA onto chitosan-coated HFM membrane was reported, which results in
enhanced CO: removal efficiency [203]. Previously, the kinetics of CA for CO, exchange in

artificial lungs was studied using immobilized CA on a fiber membrane [204]. These findings
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indicate noteworthy progress towards the development of new respiratory devices using CA
and improved CO. exchange capability.

o S a
Artificial
7’ B

Figure 2.9: Schematic representation of various applications of CA

2.6.2 Biosensor

A biosensor is a device that is useful for detecting the existence of bio-molecules.
Various enzyme-based biosensors are present in the market for checking clinically important
factors like urea, blood glucose, metal ions, uric acid, cholesterol, etc. Human CA Il (HCA 1)
was reported to have a high affinity for zinc and utilized to determine the toxic effect of zinc
on certain fish, invertebrates, and plants [205, 206]. Indeed, to enhance the affinity and
sensitivity of CA-based biosensors for detecting heavy metals, including Co?*, Cu?*, Ni?*, and
Co?*, site-directed mutagenesis can be used to create mutants of HCA 11 [207]. For detecting
the presence of Cd?* in a marine environment, CDCAL1 isolated from Thalassiosira weissflogii
has a high affinity for cadmium, and it could represent a fascinating substitute for the CA
biosensor [208]. Furthermore, Caricato et. al. [209]., demonstrated that when Mytilus
galloprovincialis was exposed to pollution, CA activity increased in the digestive gland.
Consequently, they also determined its suitability to be incorporated in multi-marker methods,

for detecting environmental pollution. Previously, the biosensor was developed by
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immobilizing CA on a combined electrode assembly for diagnosing respiratory health [210].
The characteristic features of this device were sensitivity, fast response, selectivity, portability,
and reproducibility. This biosensor offers a valuable, non-invasive diagnostic approach for
evaluating respiratory health by analyzing exhaled breath. From these studies, it can be
assumed that CA biosensors can be exploited in the future for monitoring the metal ion
presence in the environment and for the diagnosis of respiratory health.

2.6.3 Drugs Design

The CA inhibitors have been exploited clinically in the treatment of diseases because
of their presence in both eukaryotes and prokaryotes. In humans, various isoforms of CA are
present in tissues, and their inhibition leads to physiological and pharmacological responses
[211]. CA inhibitors attack the Zn?* ion in the active site of CA either by replacing the non-
protein zinc ion to form a tetrahedral intermediate or by binding to a metal coordination sphere
to form a trigonal bipyramidal sphere [212]. The most effective CA inhibitors known for
pharmaceutical properties are sulfonamides, sulthiame, coumarins, acetazolamide,
ethoxzolamide, methazolamide, etc. (Figure 2.10). Coumarins are used as agents for the
treatment of rheumatoid arthritis; brinzolamide and dorzolamide are used as antiglaucoma
agents; sulfamic acid, sulthiame, and zonisamide are commonly used as antiepileptic drugs;
acetazolamide and methazolamide exhibit inhibitory activity against bacterial growth in cell
cultures [213, 214].
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Figure 2.10: Schematic representation of various CA inhibitors and their therapeutic

applications

The inhibitors of CA may be used the synthesize antibiotics having novel mechanisms
of action, deprived of the antibiotic resistance mostly faced with the many clinically used

agents [215]. These inhibitors can perform as a potent drug target for disease.

2.7 Significance of current study

The main aim of the current study was to convert the CO; into CaCOs using a CA
from C. flavescens. Microbes are commonly utilized to produce the industrially useful
enzymes. The CA isolation from cow saliva is economical because there is a price limitation
for employing BCA in CO2 conversion applications. The enhanced CA production from C.
flavescens was achieved by the optimizing the various reaction and production parameters. The
operational stability of the CA is also very important for its economically feasible production.
Thus, the CA was purified and characterized. The purified CA was used to synthesize the NFs
with the self-assembly of CA and metal phosphate. The synthesized flowerlike nanostructures
enhance the enzyme’s operational stability, tolerance to prolonged storage, and continuous
reusability as compared to free CA. Furthermore, purified CA and CANF were used for the

conversion of CO> to yield CaCOs. The conversion of COz into CaCOs using CA is a cost-
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effective way to mitigate the COg, as the final product, CaCO3z can be further used in the various

manufacturing industries.
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Chapter 3 Materials and Methods

3.1 Chemicals

In the present study, all the chemicals of analytical grade were used from reputed
manufacturing companies such as Himedia, Sisco research laboratory (SRL), Sigma Aldrich,
Merck Life Sciences, Thermo Fischer Scientific, etc. These include nutrient broth, nutrient
agar, Muller Hinton broth, Peptone broth (g/l): NaCl 5.0, peptone 5.0, beef extract 3.0, CaCOs
6.0, glucose 1.0; and basal salt media (g/l): CaCOz 0.1, MgS04.7H20 0.5, Na2HPO4 2.0,
sucrose 5.0, FeCls.6H20 0.005, minimal salt media (g/l): MgSO4 0.2, ZnCl, 0.02, NaNOs
0.085, NazHPO4 7.8, ZnS0O4.7H20 0.05, KH2PO4 6.8, Luria broth, ethanol, Bradford reagent,
CaCOs, Bovine serum Albumin (BSA), Na;HPOs, NaH:POs, petroleum ether, phosphate
buffer saline (PBS), ultrapure water, Sephadex G-100, para-nitrophenyl acetate (p-NPA), para
nitrophenol (p-NP), copper sulfate, glutaraldehyde, magnesium chloride, isopropanol,
aluminum chloride, sodium citrate dehydrate, Tris-HCI, potassium chloride, propanediol,
ethanediol, calcium chloride, sodium chloride, ferric chloride, zinc chloride, butanol,
acetonitrile, acetone, ethylenediaminetetraacetic acid (EDTA), sodium dodecyl sulfate (SDS),
cetrimonium bromide (CTAB), dithiothreitol (DTT), phenylmethylsulfonyl, fluoride (PMSF),
ammonium-persulfate, acrylamide, protein marker, bromophenol blue (BPB), bis-acrylamide,
glycerol, Tris, glycine, N, N, N’, N’-tetramethylene-diamine (TEMED), mercaptoethanol,

methanol, Coomassie Brilliant Blue, glacial acetic acid.
3.2 Isolation and screening of CA-producing bacteria
3.2.1 Sample collection

The CA from salivary glands of humans, dogs, cattle, pigs, and sheep have been
purified previously [216]. Thus, in the current study, the six years old cow was selected for a
sample collection from Mandi district, Himachal Pradesh, India. The cow saliva was taken with

sterilized bud and stored in a sealed glass vial, at 4°C, until further use.
3.2.2 Primary screening

For isolating the CA-producing bacteria from cow saliva, 1 mL of a saliva sample was
inoculated into the nutrient broth and then diluted serially up to 10°. The 0.1 mL of the diluted
sample was spread on the agar plates containing 3mM p-NPA (Figure 3.1). The plates were
kept for 48h at 30°C. The CA-producing bacterial isolate was chosen based on colonies of

yellow color on the p-NPA agar plate [217].
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3.2.3 Secondary screening

The bacterial isolates obtained from primary screening were subjected to a CA activity
assay. A loopful culture of bacterial isolates was transferred into 50 mL of sterile seed media,
i.e., nutrient broth, and kept at 30°C for 24 h. Once the seed culture turns turbid and cell density
reached ~3x10%/ml, the production media was inoculated with 2 ml (2% v/v) of culture. The
production media was incubated at 30°C for 24 h at 120 rpm. After 24 h, the culture was
centrifuged at 8,000 rpm for 10 min. The pellet was dissolved in phosphate buffer (pH 7.0),
then sonicated for 5 min at 35% amplitude, to release the intracellular enzyme. The culture was
then centrifuged for 20 min to obtain cell lysate as supernatant and separated from cell debris.
The cell lysate was used as a crude enzyme to analyze the enzyme activity. The enzyme activity
was recorded under standard assay conditions using p-NPA as substrate as reported previously
[218], with some modification. The bacterial strain showing the highest activity was selected
for identification and further study. The bacterial strain showing the highest activity was

selected for identification and further study.

Screening of CA Optimization of Whole cell
producing bacteria  various parameter immobilization

el

p .9°
Cattle saliva

Lyophilized CaCo, Synthesis of
Powder precipitates CA nanoflower

Figure 3.1: Schematic representation of optimization, immobilization, and purification of CA

for CO; conversion into CaCOs3

36



3.2.4 Activity assay of CA

The activity assay was carried out to determine the pmol of p-nitrophenol liberated
from p-NPA per minute [218]. In an eppendorf tube, 0.825 mL of phosphate buffer (50 mM,
pH 7.0) and 0.175 mL of p-NPA (10 mM) were added and kept at 37°C for 5 min in a shaking
water bath. Then, the enzyme (0.25 mL) was added to eppendorf tube and kept at 37°C for 5
min. The reaction mixture was kept at -20°C for 2 min to stop the reaction. The absorbance of
p-nitrophenol was measured with a microplate reader at 410 nm. All the experiment was

performed in triplicate and the mean value was calculated using standard.
3.2.5 Protein estimation

The protein concentration in the sample was estimated by the Bradford method [219].
To start the reaction,100 pL of protein sample was added to Bradford reagent (900 pL) and
mixed properly. Then, absorbance was taken at 595nm and the protein concentrations of the

samples were calculated from a reference profile of BSA.

3.2.6 Staining of bacterial culture

Based on activity, the T5 isolate was selected as a potent producer of CA. The gram
staining of the T5 isolate was done under a microscope at 100 X, and biochemical

characterization was carried out using Bergey’s Manual of Systemic Bacteriology [220, 221].

3.2.7 Identification using 16S rRNA gene sequencing

For the identification of the T5 isolate, 16S rRNA gene sequencing was performed by
B. Biotech (Bioreserve Biotechnologies) Limited, Telangana, India. The phylogenetic and
comparative analysis of the nucleotide sequence was carried out using BLAST and MEGA X
[222, 223]. Then, a neighbor-tree joining method was used for making a phylogenetic tree
[224].

3.2.8 Optimization of production parameters

Optimization is essential for attaining maximum enzyme production and cutting the
overall process cost (Figure 3.2). Effect of various production parameters, including media
(Muller Hinton broth, basal salt media, Luria broth, minimal salt media, nutrient broth, and
peptone broth), temperature (20-70°C), inoculum size (2-12% v/v), agitation speed (80-180
rpm), and inoculum age (6-36 h), was studied. The activity was calculated for each parameter

by standard activity assay described in section 3.2.4 [225].
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3.2.9 Characterization of the enzyme

Furthermore, to optimize the various parameters, the reaction mixture was kept at
different temperatures (25 to 60°C), reaction time (2 to18 min), buffers (Tris-HCI buffer, citrate
buffer, and phosphate buffer, 50 mM), buffer molarity (10-70 mM, Phosphate buffer).
Subsequently, the activity was calculated for each parameter by standard activity assay
described in section 3.2.4. Moreover, to examine the effect of metal ions (Ca?*, K*, Mg?*, Na*,
Zn?*, AP*, and Fe**; 1 & 5 mM), denaturing agents (SDS, EDTA, urea, and PMSF; 5mM), and
organic solvents (ethanediol, acetonitrile, propanediol, n-butanol, ethanol, and isopropanol; 2%
v/v) on the enzyme activity, the enzyme was pre-incubated for 10 min separately with each of
the selected metal-ions, denaturing agents, and organic solvents. Then, the reaction was
performed using 25 pL of crude CA in phosphate buffer (50 mM) of pH 7.0 at 35°C,
respectively. All the experiments were carried out in three replicates and average values were

calculated with standard deviation shown in the error bar.
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Figure 3.2: Flowchart showing the research methodology for isolation and optimization of

CA-producing bacteria
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3.2.10 Conversion of CO; into CaCOs3 using crude CA

The potential of crude CA for the converting the CO; into CaCO3 was evaluated using
a three-mouthed bottle via an earlier reported method [145]. Firstly, CO»-saturated water was
made by sparging the COz gas into deionized water. To start the reaction, 2000 pL of the crude
enzyme was added to CO»-saturated water, 1 M Tris-HCI (pH 8.0), and calcium chloride (2%
w/v). The reaction was carried out for 10 min at room temperature. After 10 min, the CaCO3
precipitates were collected by centrifugation and lyophilized to get a dry powder. The dried
powder was weighed to determine the amount of CaCO3 synthesized in the enzymatic

reactions.

3.3 Whole-cell immobilization on keratin particles

Immobilized cells impart special stability to bacteria against environmental changes,
including salts, self-destruction, pH, solvents, and temperature [226]. The viability and activity
of immobilized cells can be preserved for a longer period. For whole-cell immobilization, C.
flavescens was cultured overnight in nutrient broth at 40°C under continuous shaking at 120
rpm. When the absorbance (Absoo) of the cell culture reached between 0.7-1.20, the cells were
harvested by centrifugation at 8000 rpm at 4°C [227]. Afterward, the pellet was collected and
kept at 4°C, till further usage.

3.3.1 Preparation of keratin particles

The feathers of the chicken were procured from the chicken processing unit at Solan,
Himachal Pradesh, India. Wet feathers were wiped and dried for 72 h at 40°C in an oven, after
that chicken feathers were immersed in petroleum ether for degreasing. CTAB was used to
remove microbial contamination from the chicken feathers after they were cleaned with
distilled water. The feathers were chopped into small slices and dehydrated under sunlight. The
chicken feathers were chemically hydrolyzed under alkaline circumstances, as reported earlier
[228]. The synthesized keratin particles were used for the immobilization of cells. The scanning

electron microscope (SEM) was used to examine the surface morphology of keratin particles.

3.3.2 Whole-cell immobilization protocol

One gram of keratin particles was functionalized by glutaraldehyde (0.2% v/v) for cell
immobilization. After functionalization, the keratin particles were kept at 25°C for 2 h and
rinsed using phosphate buffer. This method inserts two glutaraldehyde molecules per amino

group in the matrices. Afterward, the C. flavescens cells at a concentration of 0.5 g cell pellet

39



per gram of matrix were immobilized and kept at 4°C for 30 h. Afterward, the cell
immobilization yield was calculated using the previously reported method [229].

3.3.3 Optimization of immobilization parameters

The optimization of various parameters was done to get the maximum viability and
activity of immobilized cells [227]. The optimization of immobilized cells was performed at
different temperatures (4-55°C), glutaraldehyde concentrations (0.2-1.4%), and incubation
times (5 to 35 h).

3.3.4 Reusability of immobilized cells

The reusability of immobilized cells for the transformation of CO, into CaCO3 was
estimated for 10 cycles [175]. The immobilized cells were washed with distilled water after
each cycle and utilized for the next cycle.

3.3.5 CaCOs; instrumental analysis

The morphology of CaCOs was investigated by field emission scanning electron
microscopy (FE-SEM) using the JSM7401F (JEOL). The CaCOs composition was determined
using XRD in the 400-4,000 cm™ range. Chemical bonds present in CaCO3 were studied by

FTIR spectra (model Varian 7000 FTIR). CaCOsprocured from Himedia was used as a control.

3.4. Enzyme purification
The crude CA was purified by acetone precipitation and size exclusion chromatography

(Sephadex G-100).
3.4.1 Protein precipitation

The crude enzyme was precipitated with 50% (v/v) acetone in stirring conditions at 4°C
[142]. After overnight incubation, the precipitated protein was separated by centrifugation at
8,000 rpm for 15 min. The separated protein was dissolved in a minimum volume of phosphate
buffer (pH 7.0). The obtained precipitates and supernatant were analyzed for protein

concentration and enzyme activity.
3.4.2 Size exclusion chromatography

A pre-swollen Sephadex G-100 column (Sigma Chemical Co., U.S.A) was equilibrated
with 50 mM phosphate buffer (pH 7.0). The protein sample was loaded onto the column and
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elution was done with the same buffer at a flow rate of 1.0 mL/min. The fractions were checked
for protein content and assayed for activity. The fractions showing adequate enzyme activity
were pooled [230]. At each step of purification, the yield and folds of CA were evaluated.

Purified CA was store at -20°C, for subsequent use.

3.4.3 Molecular mass [Mr] determination of purified C. flavescens using SDS-PAGE

The SDS-PAGE (12%) was performed to determine the purity and molecular mass of
the purified enzyme. The electrophoresis was done using a method given by Laemmli [231].

3.4.3.1 SDS-PAGE stock solutions
l. Tris-HCI (1.0 mM, pH 6.8)
. Tris-HCI (2.0 M, pH 8.8)
1. 50.0 % (v/v) Glycerol
IV.  10.0 % (w/v) SDS
V. 1.0% (w/v) BPB

VI.  2-Mercaptoethanol

3.4.3.2 SDS-PAGE working solutions
All the SDS-PAGE working solutions were kept at 4°C.
Solution I

Acrylamide (29.2 g) and bis-acrylamide (0.8 g) were added to 100 mL of distilled water

and stirred continuously.
Solution II

Tris-HCI (75 mL, 2M, pH 8.8), 4 mL SDS (10%) was added to 21 mL of distilled water

and stirred to dissolve it completely.
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Solution III

50 mL of 1M Tris-HCI (pH 6.8) and 4 mL SDS (10%) were added to 46 mL H»O. The
prepared solution was stored at 4°C for further use.

Ammonium persulfate (10%, w/v)
1.0 g of ammonium persulphate was added to 10 mL of double-distilled water.

Electrophoresis buffer

Tris-base (3.0 g), SDS (1.0 g), and glycine (14.4 g) were dissolved in 1000mL of
distilled water. The pH of the buffer was adjusted to 8.3.

5x Sample buffer

Sample buffer (10.0 mL) was prepared by dissolving 2.0mL of SDS (10%, w/v), 0.5
mL of 2-mercaptoethanol, 0.6 mL of 1 M Tris-HCI (pH 6.8), 1 mL of bromophenol blue, 5 mL
of glycerol (50%, v/v) to 0.9 mL of distilled water.

3.4.3.3 SDS-PAGE Preparation

The glass plates (8 cm X 8 cm) of the gel electrophoresis system (Bio-Rad Mini Gel)
were cleaned with 95% ethanol and air dried. To make separating gel, separating (12%) gel
mixture was added to the glass plates and then over-layered with distilled water. The
acrylamide mixture was allowed to polymerize for 30-35 min. After polymerization of the gel,
the overlay was removed by tilting the glass plates followed by their inversion on the tissue
paper. The separating gel was then covered with 1 mL of the stacking (4%) gel mixture, and a
comb was carefully inserted. The complete polymerization of the upper (staking) gel was

achieved in 30 min. The composition of SDS-PAGE was as follows (Table 3.1).

Table 3.1: Composition of SDS PAGE

Reagents Stacking gel Separating gel
4%) (12%)

Solution | 670 uL 4000 pL

Solution 11 - 2500 pL

Solution 111 1000 puL -

Distilled water 2300 puL 3500 uL
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10 % APS
TEMED

30.00 uL
5.00 pL

50.00 pL
5.00 pL

3.4.3.4 SDS-protein molecular weight markers

The molecular mass of protein was determined using a commercial marker (Bio-Rad)

ranging from 10.0 to 250.0 kDa.

3.4.3.5 Sample loading dye preparation and electrophoresis

The sample loading buffer and purified protein were blended in 4: 1 and heated at 100°C
for 5-10 min. Then, 40 pL of protein sample was loaded into each well and electrophoresis was
run at a constant voltage (100 mA). When the dye reached about 1.0 cm away from the anodic
end, the power was switched off. The gel was carefully removed from the glass plates and

subjected to staining with Coomassie Brilliant Blue to visualize the bands of proteins.

3.4.3.6 Gel Staining

The destain and staining solution of polyacrylamide gel were as follow (Table 3.2 and

Table 3.3).

Table 3.2: Reagents for staining of polyacrylamide gel

Staining solution (1 L)

Coomassie Brilliant Blue 1.0g
R-250

Methanol 450.0 mL
H20 450.0 mL
Glacial acetic acid 100.0 mL

Table 3.3: Destain for polyacrylamide gel

Destain solution (1 L)

Methanol 100.0 mL
H.O 800.0 mL
Glacial acetic acid 100.0 mL
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After electrophoresis, the gel was shifted to a staining box having Coomassie containing
50 mL of Brilliant Blue Stain for 2 h of agitation. The stain solution was decanted, and the gel
was washed gently with distilled water. The gel was transferred into the destain solution (about
50 mL) under vigorous shaking. The gel was extensively destained to obtain distinctly resolved
protein bands.

3.4.4 MALDI-TOF-MS of purified C. flavescens CA

The SDS band of purified CA was subjected to digestion processed with trypsin and
kept for 16 h at 37 °C. The digested peptides were reconstituted in trifluoroacetic acid (0.1%).
This mixture was added to cyano-4-hydroxycinnamic and loaded onto a MALDI plate for
further evaluation [232]. The obtained peptides were analyzed by MALDI-TOF-MS
(BrukerDaltonics) and their spectra were elucidated using BrukarBioTools. The cladogram was

created using a CLC workbench to examine the relatedness of an organism.
3.4.5 Bioinformatics study of purified CA

A BLAST search in NCBI (www.ncbi.nlm.nih.gov) was performed to confirm the
homologous sequence of the known structure for the template protein, i.e., C. flavescens CA.
The CA purified from C. flavescens showed the highest sequence identity (48%) with T.
ammonificans (PDB: 4C3T) CA. For homology modelling, T. ammonificans CA was chosen
as a template. Subsequently, the Clustal Omega program was used to align the sequences
between the template and C. flavescens CA [232]. Ten model structures of C. flavescens CA
were created using the Build Homology Models tool in the DS software. Based on the lowest
discrete optimized protein energy (DOPE) score and probability density function energy value,
a final model was chosen [233]. A final model was improved by the CHARMmM forcefield in
DS through energy minimization. Furthermore, the binding site residues of side chains were
refined by the Side-Chain Refinement Protocol of DS, which improves the selected amino acids
chain confirmation by the ChiRotor algorithm. The stereochemical features of the model
structure were validated using the Protein Structure Analysis (ProSA) and PROCHECK
programs [234, 235].

3.5 Synthesis of carbonic anhydrase nanoflower (CANF)

To enhance the stability and activity of an enzyme, nanoflowers were synthesized using

copper ions as the inorganic and purified CA as an organic part [236]. For the CANF synthesis,
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purified CA was added to PBS (pH 7.5, 10mM) and CuSO4 (1.0 mM) and kept at 4°C for 24
h, under constant shaking. After 24 h of incubation, the blue precipitated protein was collected
by centrifugation at 10,000 rpm and washed three times with deionized water. The CANF were
dried and kept at 4°C till further usage. Additionally, the effect of protein (0.1-0.5 mg/mL) and
CuSO4 concentration (0.5-3.0 mM) was investigated on the CANF formation (Figure 3.3).

. Carbonic N W
Cus0; anhydrase N - Nanoflower

Figure 3.3: Schematic representation for the synthesis of CANF

3.5.1 Characterization of synthesized CANF and free CA

Effect of various reaction parameters, including reaction temperature (25-60°C),
reaction pH (4-9.5), reaction time (2-18 min), denaturing agents (urea, SDS, EDTA, and
PMSF), storage stability, and thermostability, was studied. All the experiments were carried
out in three replicates and average values were calculated with standard deviation shown in the
error bar.

3.5.1.1 Effect of reaction temperature

The optimum temperature of free CA and CANF was measured at various temperatures
ranging from 25-60°C. The CANF and free CA activity were determined separately for each
of the specified temperatures. The reaction was performed separately by using 25 pL of CANF
and free CA in phosphate buffer (50 mM) of pH 7.0 for 10 min.

3.5.1.2 Effect of reaction pH

The optimum pH of CANF and free CA was measured by incubating them in different

buffer systems having pH ranging from 4.0-9.5 at optimum temperature. The reaction was
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performed separately by using 25 uL of free CA and CANF at 35 and 45°C, respectively, for
10 min.
3.5.1.3 Effect of reaction time

To study the reaction time effect, enzyme activity was assayed at a selected reaction
time (2-18 min). The reaction was performed separately using 25 uL of CANF and free CA in
phosphate buffer of pH 7.5 at 35 and 45°C, respectively, for 10 min.

3.5.2.4 Effect of denaturing agents

The effect of denaturing agents (urea, SDS, EDTA, and PMSF) on the CA activity was
determined. Each of the chosen denaturing agents was pre-incubated with the biocatalyst for
10 min before the activity was assessed. The control without any treatment was considered
100%.

3.5.2.5 Temperature stability

The thermostability of enzyme is vital for its practical applications. Thus, the thermal
stability of CANF and free CA was determined by incubating them at 50°C, and the residual
activity was calculated after each 2 h by the same method as described above. The activity

calculated before incubating the enzyme was taken as 100% of activity in all the cases.

3.5.2.6 Storage stability
The enzyme sample was stored at 4°C and the enzyme activity was studied after a

regular interval of 5 days by withdrawing the samples over the incubation of 20 days.

3.5.2.7 Reusability

The reusability of CANF was evaluated using p-NPA as a substrate for ten cycles under
standard assay conditions. After completion of each cycle, the CANF was separated by
centrifugation and washed with deionized water, then used again in the next reaction. The

initial activity of CANF was considered as 100%.

3.5.2.8 Kinetic study

The kinetic parameters such as Vmax, Keat, and Km, of free enzyme and CANF, were
calculated by the Lineweaver-Burk plot between 1-20 mM p-NPA concentrations using

standard assay conditions [237]. The Km, Vmax, Kcat, and specificity constant was determined
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values by the Lineweaver-Burk plot (Equation 1). The reaction was performed using the assay
method.

11 1
V  Vmax [Slkm

Equation 1

3.6 Instrumental study of CANF
3.6.1 FE-SEM analysis

The FE-SEM was used to determine the morphology of CANF (FE-SEM, JSM7401).
The elemental components of CANF were determined by dot mapping.

3.6.2 FTIR analysis

The FTIR spectra were used to observe the presence of functional moieties and
chemical bonds in the CANF. The FTIR spectra were observed in the wavelength ranging 400-
4000 cm? range using FTIR spectroscopy (FTIR, NEXUS 870).

3.7 Conversion of CO; into CaCQO3 using CANF and free enzyme
The potential of CANF and free CA for the conversion of CO; into CaCO3z was further

evaluated by the same method as described above.
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Chapter 4 Results and Discussions

The carboxylating enzymes are receiving much attention these days, because of their
role for the conversion of CO> into fine chemicals. CA is found in all forms of life, but CA
isolated from microbes is more attractive owing to their easy production. In the present study,
the first objective is to isolate CA-producing bacterial strains and optimize various
physiological parameters for maximum CA production.

4.1 Isolation and screening of CA-producing bacteria

The cow saliva was used to isolate the CA-producing bacteria. The cow saliva was
diluted serially up to 10°. The diluted sample was spread on the agar plates containing 3mM
p-NPA. The plates were kept for 48h at 30°C. The bacterial isolates were screened based on
the formation of yellow-color colonies. The 10 bacterial isolates were selected from primary
screening and cultivated in nutrient broth (Figure 4.1A-D). Furthermore, secondary screening
was done using an activity assay described in section 3.2.4., which showed that the T5 isolate
was the most potent CA-producing bacterium and selected for further work (Figure 4.1E). In
mammalian saliva, CA plays an important role to maintain the saliva pH. Indeed, the isolation
of CA-producing bacteria from cow saliva is rapid and economic. Previously, Microcoleus
cathonoplastes was isolated from a soda lake produce a potent CA, and Bacillus safensis

isolated from a water sample was reported to show the presence of CA [141, 238]. In addition,

CA was also produced by Psychrobacter sp., isolated from frozen soil having an alkaline pH
[239].

1004 B Activity (U/mL)

Activity (U/mL)

T1T2T3T4T5T6 T7 T8 T9T10
Bacterial isolates

Figure 4.1: A-D) Isolation of CA producing bacterial isolates from cow saliva using (p-NPA).

E) Selection of bacterial isolate based on CA activity assay
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4.2 Morphological characteristics and strain identification

The T5 isolate was found to be gram-positive and rod-shaped (Figure 4.2A). The

biochemical analysis showed nitrate reduction, glucose, Voges-Proskauer, and sucrose

positive. Further, the identification of isolated strain was performed using 16s rRNA

sequencing. The DNA was extracted from the T5 isolate and analyzed by agarose gel

electrophoresis (Figure 4.2B). After 16s rRNA gene sequencing using nucleotide homology

and phylogenetic analysis, the T5 isolate was recognized as Corynebacterium flavescens.

Subsequently, a phylogenetic tree was designed via the neighbor tree joining method, showing

99.4% sequence homology with C. flavescens HBUMO07012 (Figure 4.2C). The strain's gene

accession number was MN982752, and it was deposited in NCBI.

B)

Lane 1

2

98

Corynebacterium vitarumen 16S rRNA gene (X84680)
Corynebacterium aurimucosum strain DSM 1560 (MN175936)
Corynebacterium flavescens strain HBUM07012 (MF662438)
Corynebacterium flavescens strain T5(MN982752)***
Corynebacterium flavescens strain CIP (NR119136)

%0

{ Corynebacterium flavescens strain EGY-SCE2 (KJ524467)

Corynebacterium flavescens strain EHFS1 S12Hc (EU071589)

94

Corynebacterium flavescens strain DQ141 (KU147438)

Figure 4.2: A) Gram staining of T5 isolate at 100X; B) Agarose gel electrophoresis image
[Lane 1: T5 isolate PCR product, and Lane 2: DNA markers] C) Phylogenetic tree of T5 isolate

identified as Corynebacterium flavescens
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4.3 Optimization of production parameters

To raise the production of CA by C. flavescens, the various process parameters were
optimized.
4.3.1 Selection of culture medium
Among the six media i.e., Muller Hinton broth, basal salt media, Luria broth, minimal
salt media, nutrient broth, and peptone broth tested for CA production, the nutrient broth was
found to be the best media with a maximum activity of 84.9 U/mL (Figure 4.3). However, the
lowest activity (38.6 U/mL) was detected in the Muller-Hinton broth. Therefore, the nutrient
broth was selected for CA production in further studies. Previously, Ramanan et al., also
reported the same medium for Nocardiopsis lucentensis CA production [240]. In another study,
peptone broth was selected as the suitable media for CA production from the Pseudomonas
fragi [225].
100

80- !
| v~ \}

—@— Activity (U/mL)

B
o
1

Activity (U/mL)
l-.-i/

N
o
1

o o & d Ko
. ,o(o x“‘o b‘o\“ «\06 % &)
(3 5 ] \4 \¥ N\
\’\)(\ “‘(\e“ 9\0’(\ 2 90\ A 53\ “\“\0
W PR G @5 e
Media

Figure 4.3: Effect of various media on CA production by C. flavescens

4.3.2 Optimum temperature and agitation rate

The incubation temperature is an important factor because it affects the metabolic
activity of microbes and their enzymes [241]. The effect of temperature on the production of
CA was determined by incubating the production media at various temperatures ranging from
20 to 70°C for 24 h at 120 rpm. The maximum production (85.5 U/mL) of CA was recorded
at 40°C (Figure 4.4). Then, CA activity starts declining with a further rise in temperature.
Approximately 50% of CA activity was lost at 70°C. Similarly, Jaya et al., reported the
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optimum production of B. safenis CA at 40°C [141]. Previously, the optimal temperature for
C. freundii CA production was reported at 37°C [145]. However, Methanobacterium
thermoautotrophicum exhibited optimum activity at 75°C [242]. Whereas, Bacillus
mucilaginosus showed higher CA production at 32°C [243]. Therefore, from these outcomes,
it can be concluded that temperature optima for CA production varies among the different

genera and species.
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Figure 4.4: Effect of temperature on CA production by C. flavescens was performed using

nutrient broth as production media

Agitation plays a key role in enzyme production as it ensures the proper nutrient and
air distribution, which affects bacterial growth and product yield. Also, the production of
enzymes is reported to be higher under constant shaking in contrast to static conditions. Thus,
the role of agitation speed on the enzyme production was also examined, and it was observed
that CA activity reached 86.5 U/mL at 120 rpm (Figure 4.5). The decline in activity was
detected at higher agitation speed due to the reduction in the viability of microbial cells. Almost
40% of activity was lost at 180 rpm. Furthermore, the deactivation effect has also been
attributed to the shearing forces generated due to mixing and the entrapment of air bubbles in
the medium [244]. Bose et al., have optimized 150 rpm to culture A. pallidus for CA production
[245]. Previously, CA from Bacillus mucilaginosus showed maximum CA production at 200
rpm [243].
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Figure 4.5: Effect of agitation rate on CA production by C. flavescens was performed using

nutrient broth as production media at 40°C

4.3.3 Inoculum volume and inoculum age

The optimization of inoculum volume and age is a very vital parameter as it affects the
final product cost and production rate. The seed culture was prepared in nutrient broth (50 mL)
by adding a loopful culture of C. flavescens and kept at 40°C for 24 h. For CA production,
inoculum volume was varied from 2 to 12% v/v for 100 mL of production medium. The
inoculated production media was kept at 40°C for 24 h at 120 rpm. The results exhibited that a
rise in the production of CA was noticed with 4% v/v inoculum volume (Figure 4.6). However,
a further rise in inoculum volume above 4% v/v led to a decrease in CA activity. Earlier reports
depicted that an inoculum size of 1.5% was best suited for A. pallidus CA production [245].
Generally, the higher inoculum volume enhances bacterial growth up to some level, and
afterward, the growth starts declining due to the depletion of nutrients. When an inoculum size
is low, the bacterial cells are lesser in the medium and thus take more time to divide [246]. So,
the inoculation of an optimal number of cells in the media plays an essential role in CA
production. The age and quantity of the inoculum have a significant effect on the growth and

metabolic rate of bacteria.
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Figure 4.6: Effect of inoculum volume on CA production by C. flavescens was performed

using nutrient broth as production media, 40°C temperature, and 120 rpm agitation rate

To study the effect of inoculum age, the nutrient broth was inoculated with 4% (v/v)
seed cultures of varying ages (6, 12, 18, 24, 30, 36 h) and incubated at 40°C. The highest CA
production was observed when 24 h old culture was used (Figure 4.7). With a further increase
in inoculum age, a decline in enzyme productivity was observed that might be due to the
accumulation of secondary and tertiary metabolites [247]. The lowest activity (49.2 U/mL) was
observed when 36 h old culture was used. Thus, the study concluded that the 24 h old culture
is more active than that of the aged inoculum, Thus, the C. flavescens produced maximum CA

during the early phase of growth, and afterward, it starts declining.
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Figure 4.7: Effect of inoculum age on CA production by C. flavescens was performed using

nutrient broth as production media, 2% v/v inoculum size, 40°C temperature, and 120 rpm

agitation rate
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4.4 Characterization of the enzyme

Various physical parameters, such as, cultivation temperature, agitation rate, and
aeration are essential for promoting, stimulating, enhancing, and optimizing enzyme
production. However, the optimization of various reaction parameters is important to improve
the activity of crude enzyme mixtures. Thus, reaction conditions of crude CA isolated from C.
flavescens were optimized to determine the most favorable reaction conditions, including
buffer pH, buffer molarity, reaction temperature, reaction time, and the presence of denaturing

agents, metal ions, and organic solvents, etc.

4.4.1 Buffer pH and buffer molarity

pH is an important reaction parameter because the ionization state of amino acids
present in the active site of enzymes is pH-dependent. At optimum pH, enzymes are mostly
active; when the reaction pH rises, the charged amino acids of the enzyme become
deprotonated, and their ionic potential changes [248]. The different buffers of varying pH were
individually assayed to examine the CA activity. In the present study, the CA is active at neutral
pH (Figure 4.8), but when the pH is increased the CA activity starts decreasing due to changes
in the ionization of catalytically important amino acids. This result coincided with the findings
of T. ammonificans CA in which a phosphate buffer of pH 7.0 was used for the activity assay
[157]. Previously, Helicobacter pylori CA exhibited maximum activity in an acidic condition
[249]. Furthermore, Li et al., have used the phosphate buffer (pH 6.0) for activity assay [123].
The CA purified from Mytilus galloprovincialis showed optimal activity in a Tris-sulfate buffer
having a pH 7.6 [250]. At high or low pH, the active sites of enzyme lose their affinity towards

the substrate which results in the decline of enzyme activity too.
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Figure 4.8: Effect of buffer pH on CA activity was performed at 37°C for 10 min
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Furthermore, the different concentrations (20-70 mM) of phosphate buffer were utilized
to select the optimal molarity of the buffer. The activity was found to be the highest when a
phosphate buffer of 50 mM concentration was used (Figure 4.9). The enzyme activity starts
decreasing when the ionic strength of the buffer is increased, which may be because the
enzyme-substrate complex becomes unstable at higher buffer molarities [251]. However, Jun
et al., have used Tris-SO4 buffer (50 mM) for the activity assay [149]. Previously, 1.0 M of
Tris-SO4 buffer was optimized for CA purified from sheep [252]. Moreover, Jo et al, while
carrying out their work on CA production from recombinant T. ammonificans and P. marina,
found 50 mM of potassium phosphate buffer optimal for the activity assay [144]. In one of the
previous study, 1 M of glycine/NaOH buffer was optimized for CA purified from fish muscle
[253].
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Figure 4.9: Effect of different buffer molarity on CA activity was performed in phosphate
buffer of pH 7.0 at 37°C for 10 min
4.4.2 Reaction time and temperature

The optimum reaction time for CA activity was evaluated by keeping the reaction
mixture at various time intervals (2-18 min). The maximal activity of 88.3 U/mL was recorded
when the reaction mixture was incubated for 10 min (Figure 4.10). After 10 min, due to the
denaturation of protein, the activity starts decreasing. Previous results showed that 5 min is an

optimal time for activity assay [250].
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Figure 4.10: Effect of reaction time on CA activity was performed in phosphate buffer (50mM)

of pH 7.0 at 37°C

The enzymatic reaction was carried out at different temperatures (25-60°C), to find out
the optimum reaction temperature (Figure 4.11). A temperature of 35°C was found to be
optimum for CA activity from crude cell lysate. Afterward, enzyme activity starts decreasing
due to the disruption of intermolecular interaction (dipole-dipole interaction and hydrogen
bonding) and hydrophobic interactions within the protein structure. When these forces are
altered, protein secondary and 3-D structures also change [254]. The results of the present
finding, coincided with the work of Sundaram and Thakur, as they also found 35°C
temperature suitable for activity assay [122]. While CA from Methanosarcina thermophila was
reported to exhibit maximum activity at 75°C [242]. The optimal temperature for CA from
Trachurus trachurus, Mesorhizobium loti, and Bacillus sp., were reported to be 30, 40, and
37°C, respectively [143, 146, 253]. Moreover, the optimal temperature for Bacillus sp., CA,
was reported to be 60°C [122]. These outcomes showed the ability of CA to play a diverse role

in the microorganisms existing in an extreme environment.
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Figure 4.11: Effect of temperature on CA activity was performed in phosphate buffer (50
mM) of pH 7.0 for 10 min

4.4.3 Metal ions affecting CA activity

Metal ions form complex with proteins that either maintain or disrupt the three-
dimensional structure and confirmation. The activity of crude CA was determined in the
presence of 1 and 5 mM concentrations of metal ions. The untreated enzyme was used as
control and defined as 100% relative activity. These metal ions of different concentrations were
added to the reaction mixture, and the CA activity was evaluated in each case. The metal ions
Zn?* and Fe3* showed an increase in CA activity. These outcomes suggested that the CA from
C. flavescens is a metalloprotein (Table 4.1). On the other hand, Na?*, Mg?*, APF* and K*
strongly inhibit the CA activity. The interaction of metal ions with carboxylic acid and the
amine group of proteins can either promote or inhibit enzyme activity. However, various metal
ions denature the enzyme by attaching to its sulfhydryl group, which leads to a decline in
enzyme activity [255]. Previously CA purified from Dicentrarchus labrax was inhibited in the
presence of Zn?*, Co?*, and AP* [256]. The inhibition of activity might be due to the formation
of metal complexes in the enzyme active site, thus preventing the catalytic reaction. In contrast,

P. fragi CA activity was improved in the presence of Na*, Zn?*, and Fe3* [225].
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Table 4.1: Effect of various metal ions

Metal ion Concentration Relative Activity (%)
NaCl 1 87.4
5 82.1
Kl 1 66.7
5 70.6
MgCl» 1 544
5 48.8
ZnCl; 1 103.7
5 106.0
CaCl, 1 100.4
5 99.3
FeCls 1 101.6
5 103.7
AlCls 1 44 4
5 374

4.4.4 Organic solvents and denaturing agents

Most of the time, the organic solvents denature the CA by disrupting the hydrogen
bond, which is required for maintaining the functional group of the enzyme. To examine the
effect of selected organic solvents (2% v/v) on the CA activity, the crude CA was pre-incubated
for 10 min at 35°C with selected organic solvents. It was observed that all the tested organic
solvents decreased the CA activity (Figure 4.12). Previously, ethanol was found to inhibit the
activity of CA purified from human erythrocytes [257]. The solvent might have distorted the
active site of the enzyme, hence preventing the substrate to enter the active site of the enzyme
[258].
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Figure 4.12: Effect of different solvents on CA activity was performed in phosphate buffer
(50mM) of pH 7.0 at 35°C for 10 min

Furthermore, to study the effect of SDS, EDTA, urea, and PMSF, on CA activity, these
were preincubated separately at 5 mM concentration with the crude CA at 35°C for 10 min,
respectively. All the chelating agents had a severe inhibitory effect on CA activity (Figure
4.13). Among them, EDTA and SDS strongly inhibited the CA activity. Previously, the CA
activity of B. subtilis was completely inhibited by EDTA [148]. Also, EDTA had shown an
inhibitory effect on the CA obtained from P. fragi [225]. Generally, detergents disrupt the 3-
D structure of the enzyme, which results in protein denaturation [259]. The binding of SDS
with CA may result in the formation of unfavorable electrostatic interactions that induced the
unfolding of CA, and thus a decline in CA activity was observed [260].
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Figure 4.13: Effect of denaturing agents on CA activity was performed in phosphate buffer
(50mM) of pH 7.0 at 35°C for 10 min

4.4.5 Conversion of CO; into CaCO3 using crude CA

The biomimetic conversion of CO> using crude CA is an economic and eco-friendly
approach. The control reaction was conducted using BSA, which showed no precipitation. The
crude CA exhibited higher CO> conversion i.e., 45.0 mg CaCOs/mg protein, as compared to
the partially purified B. pumilus CA (33.0 mg CaCOaz/mg protein) [261]. The control reaction
was carried out using BSA, which showed no precipitation. Thus, C. flavescens CA represents

a promising candidate for the conversion of CO».

4.5 Immobilization of C. flavescens cells on keratin particles

Whole-cell immobilization reduces the expensive and laborious steps needed for
enzyme purification. Previously, whole cells of Chlorella and Geobacillus
thermoglucosidasius also exhibited the production of CaCOsz [262, 263]. Thus, the
immobilization of whole cells of C. flavescens was performed covalently on keratin particles
to enhance the whole cells' stability and CO2 conversion efficacy. The keratin particles
morphology was analyzed by SEM (Figure 4.14A). The diameter of keratin particles was
approximately 0.5 um. The SEM images revealed that the small pores were present on the
keratin particles, and these pores were enough to immobilize the whole cells of C. flavescens.
The SEM image of C. flavescens cells immobilized onto keratin particles was shown in (Fig.

4.14B). The image showed that C. flavescens cells were uniformly bound with keratin particles.

A)

Figure 4.14: SEM images showing the morphology of A) keratin particles, B) C. flavescens

cells immobilized onto keratin particles
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4.6 Optimization of parameters affecting whole-cell immobilization
4.6.1 Glutaraldehyde concentration

Glutaraldehyde has been reported as the most reliable cross-linker in previous studies.
The glutaraldehyde was used to introduce aldehyde moieties into the matrix. To attain efficient
bio-catalysis, the optimization of various immobilization parameters is required. Among the
various glutaraldehyde concentrations (0.2-1.4% v/v) used, 0.6% v/v was found to be optimal
for whole-cell immobilization (Figure 4.15). At higher glutaraldehyde concentrations, the
immobilization yield decreased. A very high glutaraldehyde concentration led to spatial
hindrance between cell aggregates due to the formation of several cross-linking points on the
keratin particles [264]. Whereas, a low concentration of glutaraldehyde results in insufficient
cross-linking and low immobilization yield. At low concentrations, both aldehyde groups of
glutaraldehyde may get cross-linked with amino groups of keratin particles, leaving a few free
aldehyde groups accessible for interaction with the cells. In contrast, E.coli cells entrapped in
chitosan have shown a 5.0% glutaraldehyde concentration optimal for immobilization [265].
Moreover, Zhang and his co-workers used 0.1% glutaraldehyde for immobilization of

recombinant whole-cell having isomerase onto alginate beads [266].
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Figure 4.15: Effect of glutaraldehyde concentration on CI yield was determined for 30 h at
4°C
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4.6.2. Incubation temperature

Initially, with a rise in temperature from 4 to 55°C, the CI yield decreased from 72.5 to
46.0% (Figure 4.16). Thus, the optimal temperature for cell immobilization was 4°C. These
outcomes exhibited that a low temperature is more advantageous for cell immobilization than
a higher temperature. Previously, 4°C temperature was reported optimal for the immobilization
of methanotrophs on coconut coir [267]. Indeed, the Bacillus circulans cells immobilized on a
palm curtain showed 40°C temperature optimal for immobilization [268].
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Figure 4.16: Effect of temperature on Cl yield was determined using 0.6% (v/v) glutaraldehyde

concertation for 30 h
4.6.3 Incubation time

In fact, the CI yield of immobilized cells was evaluated for 5 to 35 h of incubation. In
the current study, the CI yield was enhanced with an increase in the time of incubation up to
25 h (Figure 4.17). After 35 h of incubation, the ClI yield decreased slightly. After prolonged
exposure to the reaction system, the cells begin to degrade, resulting in a loss of Cl yield [218].
Previously, an incubation period of 24 h was reported as optimal for the immobilization of
Methylocella tundrae cells on chitosan [227]. Furthermore, 48 h of incubation time was found
optimal for the immobilization of Bacillus sp., cells on sodium alginate [269]. Moreover, the
Bacillus circulans cells entrapped in alginate beads showed maximum relative activity at 36 h
of incubation [270].
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4.6.4 Reusability

The reusability of immobilized cells is an important parameter to be widely used in the
industrial sector. Immobilized C. flavescens cells show noteworthy differences in their catalytic
activity after repetitive use. The amount of calcium carbonate formed by the immobilized cells
in the first cycle of reuse was 86.71 mg. After 10 consecutive cycles, the CaCO3 production by
immobilized cells was 14.1 mg. A decrease in CaCO3 production was observed with an
increasing number of cycles (Figure 4.18). The decrease in CaCO3 production is because of the
leaching of cells, and the loss of immobilized cells during washing after each cycle of reuse
[229]. These outcomes recommend that the immobilization of C. flavescens cells is an effective
method for CO2 conversion. Moreover, the CaCO3s formed after each cycle will also provide a
valuable chemical that can be utilized in the manufacture of antacids, chemicals, white paints,

calcium supplements, and other construction materials [271].
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Figure 4.18: Reusability of immobilized cells
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4.6.5 Instrumental analysis of CaCO3
4.6.5.1 FE-SEM analysis of CaCO3

The CaCOs was further characterized by SEM, XRD, and FTIR. The results of SEM
micrographs exhibited that CaCO3z is mainly comprised of the vaterite form, although a few
calcites were also observed (Figure 4.19A-B). Furthermore, it was reported that CaCO3 exists
in calcite and vaterite forms in the presence of CA [123]. The different crystal forms of CaCO3
are vaterite (spherical), aragonite (needle-like), and calcite (rhombic). Moreover, the EDX
experiment confirmed that the formed precipitates were CaCO3z (Figure 4.19C-F). The resulting

images showed that CaCOs precipitates consisted of C, O, and Ca respectively.
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Figure 4.19: FE-SEM images of CaCOz A) Morphology of CaCO3 B-F) Elemental images of

CaCOs showing the existence of D) oxygen E) carbon and, F) calcium
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4.6.5.2 FTIR analysis of CaCO3

In addition, FTIR analysis provided the chemical structure of CaCOs. As shown in
(Figure 4.20), the test sample shows peaks at 712, 874, 1465, and 1420 cm?, and the control

sample also showed peaks at nearly the same wavenumber that confirm the formation of
CaCOsa.
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Figure 4.20: FTIR analysis of control and synthesized CaCOj3 in the 500-2500 cm* region
4.6.5.3 XRD analysis of CaCO3

Moreover, the crystallographic structures of the CaCO3 were analyzed by XRD (Figure
4.21). The diffraction peaks at 25.46 and 29.48 correspond to vaterite and calcite, respectively.
Previously, the diffraction peaks at 29, 43, 47, and 57 corresponded to the calcite form of

CaCOs, whereas the peaks for the vaterite form appeared at 25, 27, 33, and 50 [272].

140 25.46

1204

=

(=3

o
1

(=3
o
1

60

Intensity (%)

2948
40

20 I
0+

0 20 30 40 5 60 70 80
2 theta (9)

Figure 4.21: XRD analysis of CaCOs
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4.7 CA purification
4.7.1 Purification and molecular weight determination

The crude CA having an activity 91.9 U/mL was concentrated using acetone
precipitation. The precipitates having 1.4-fold purification were loaded on Sephadex G-100 to
separate the proteins on the basis of size. The fractions having higher activity and protein
content were pooled and used for further studies. This chromatographic step showed 10.7%
yield of CA (Table 4.2). The Sephadex G100-column purified fractions were further examined
using denaturing SDS-PAGE (12%). Furthermore, the SDS-PAGE analysis revealed the single
band of purified enzyme (29.0 kDa) (Figure 4.22A-B). The single band of protein on SDS-
PAGE indicated that the enzyme may be a monomeric protein. Previously, an extracellular P.
fragi CA purified using affinity chromatography showed a molecular weight of 31.0 kDa and
4.5-folds purification [225]. In another study, CA purified from bovine erythrocytes by
Sephadex G-150 chromatography exhibited a molecular weight of 29.8 kDa [273].
Furthermore, the CA isolated from camel liver resulted in a 45.2% vyield by affinity
chromatography [139]. Indeed, bacterial CA possesses a molecular weight of 28.0 kDa in
Bacillus sp., 25.0 kDa in N. gonorrhoeae, 23.0 kDa in Helicobacter pylori, 29.0 kDa in N.
sicca [2, 122, 143].

Table 4.2: Summary of protein purification

Purification Volume Activity Protein Specific  Fold purification Recovery
step (mL) (U) (mg) activity (%)
(U/mg)

Crude 250.0 22975.0 483.7 47.4 1.0 100.0

Aectone 30.0 2838.0 42.0 67.5 1.4 12.3

precipitation

(%o)

Sephadex G- 15.0 2462.4 4.98 494.4 10.4 10.7

100
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Figure 4.22: A) Molecular weight determination of C. flavescens CA on 12 % SDS-PAGE,
Lane M: protein marker, lane C: crude CA, lane A: precipitated protein; lane F1-F6: purified
CA using Sephadex G-100 B) Calibration curve for calculating the molecular mass of protein

4.7.2 MALDI-TOF-MS of purified CA

The protein band was cut from the gel surface and analyzed using MALDI-TOF-MS.
The Mascot search analysis of the peptide fragments acquired from MALDI-TOF-MS confirms
that the purified protein was CA, which had a high score (95) and a sequence from a CA related
to K. pneumoniae that covered 58% of the sequence coverage. (Figure 4.23A). A higher score
in MASCOT indicates that more peptides were recognized from an actual protein [274].
Therefore, the results attained from MALDI-TOF-MS analysis in the present study confirmed
that the purified protein of C. flavescens was CA. The nominal mass of CA from K. pneumoniae
was 27.24 kDa. The CA molecular mass predicted by SDS-PAGE and MALDI-TOF-MS was
roughly similar. The molecular mass of CA varies depending on the source of isolation and CA
having the same molecular weight has also been reported from different sources. Furthermore,
the Multiple Sequence Alignment results were used to create a Cladogram that authenticated
the relatedness of purified CA with K. pneumoniae CA (Figure 4.23B).
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Figure 4.23: A) MALDI TOF-MS analysis of tryptic digested peptides fragments of purified
CA B) Cladogram of purified CA with related protein(s)

4.7.3 Modelling and validation of CA structure

The main goal of homology modelling is to create the 3-D structure of a protein from
experimentally known structures of related homologs as templates. To verify the homologs
sequence of known structure for template protein i.e., C. flavescens CA, a BLAST search was
performed in NCBI (www.ncbi.nlm.nih.gov). A blast search revealed that T. ammonificans
(PDB: 4C3T) CA exhibits 48% of sequence identity with C. flavescens CA. Thus, C. flavescens
CA structure was built using T. ammonificans CA as template (Figure 4.24a-b). The homology
model of CA were generated by MODELLER using the Build Homology Models protocol
applied in DS software. The best model showed a DOPE score of -23400.61 and PDF energy
of 1278.53. Homology modelling-based protein structure prediction of protein structure is a
quicker strategy of structural analysis as compared to X-ray diffraction or NMR. In comparison
to NMR or XRD, homology modelling-based protein structure prediction is a faster method of

structural investigation.

To validate the CA model Ramachandran plot was constructed representing that 12%
of residue was in the additionally allowed region, 88% in the allowed region, and no residue
was present in the disallowed region (Figure 4.24c). The Z-score of protein was -6.18 predicted

by the ProSA program (Figure 4.24d). This score is within the range usually reported for

68



numerous native proteins of similar size. Thus, these findings show C. flavescens CA structure

has good stereochemical characteristics.
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Figure 4.24: Homology modelling of C. flavescens CA a) Sequence alignment of CA from C.
flavescens aligned with T. ammonificans CA sequence. Red boxes represent histidines that
coordinate the zinc ion and conserved binding site amino acids. Yellow boxes indicate the
residues that bind CO.. A red dotted circle with an asterisk denotes mutation in the CO- binding
area; b) Homology model (cyan) superimposed with T. ammonificans (orange) CA structure;
¢) Ramachandran plot showed that 88.8% of structure residues occur in allowed regions, d)

The Z-score of protein was -6.18 predicted by the ProSA program.

The structural and sequence analysis of T. ammonificans and C. flavescens shows the
hydrophilic region is conserved, which is responsible for the binding of the Zn?* ion binding.
Most of the COz binding residues present in hydrophobic regions including Vall42, Thr197,
Val205, Val132, and Leul96 are also conserved. Additionally, in the hydrophilic region metal
coordinating residues such as His130, His111, His111, Thr197, and Thr198 are conserved
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(Figure 4.25). Moreover, the C. flavescens CA Arg207 is replaced with T. ammonificans CA
Trp208, thus the local region of C. flavescens CA shows slightly hydrophilic content.
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Figure 4.25: The overall structure of homology modelled of C. flavescens CA.

4.8 Synthesis of CANF

The outline for CANF synthesis is shown in Figure 4.26. The first step in the synthesis
of hybrid nanoflowers (NFs) involves the formation of primary crystals, in which the phosphate
group of the buffer binds electrostatically to the metal ions. Then, primary nanoplates were
produced due to the formation of coordination bonds between the metal ions and amine groups
found in the protein backbone. The formed nanoplates look like flower petals and begin to

aggregate together, forming a flower-like shape [275, 276].
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Figure 4.26: Schematic representation of various steps involves in NFs synthesis

The enzyme is the major component during hybrid NFs synthesis, and enzyme
concentration plays an important role in the nucleation, growth, and activity of NFs. In
addition, the enzyme serves as a "glue” to keep the metal phosphate crystals intact [275]. The
purified enzyme having activity 494.4 U/mg was utilized for NFs synthesis. Thus, the protein
concentration was varied, and the maximum residual activity was observed at 0.2 mg/mL of
protein. Also, the highest immobilization yield (90%) was observed at 0.2 mg/mL of protein
concentration. As the concentration of protein increased from 0.2 to 0.5 mg/mL, the residual
activity started decreasing from 100 to 61% (Figure 4.27). Previously, the optimized protein
concentration for the synthesis of xylanase hybrid NFs was found to be 0.25 mg/mL [277]. At
lower protein concentrations, the higher residual activity of CANF was observed which might

be due to the high surface area and favourable confirmation of the immobilized enzyme.
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Figure 4.27: Effect of protein concentration on CANF synthesis

The various amino acid residues present in the protein structure provide different
affinities for various metals. During the synthesis of NFs, metal ions are widely employed as a
precursor for the nucleation of metal phosphate crystals and inorganic-organic coordination.
Various enzymes, including trypsin, catalase, and lactoperoxidase, were used to synthesize
copper-based NFs [276, 278]. Therefore, CuSO4 concentration was varied and CANF exhibited
maximal relative activity (100%) while using a 2.0 mM CuSOa concentration. Indeed, the
synthesis of CANF using CuSO4 (3.0 mM) showed a decline in the activity (77.8 %) (Figure
4.28). Previously, 0.8 mM was the optimum CuSO4 concentration to synthesize the uniform
urease hybrid NFs [279]. Coordination bond among the metal ion and enzyme functional group
strengthens the structural stiffness during nanoflowers formation, limiting the extent of
conformational changes and prevents the enzyme denaturation in extreme reaction conditions
[280, 281].
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Figure 4.28: The effect of varied CuSO4 concentration on CANF synthesis

4.8.2 Characterization of CANF and free CA
4.8.2.1 Temperature

Enzymes are often temperature and pH sensitive, and they become inactive when
exposed outside of their ideal range. This is due to changes in enzyme structure at various pH
and temperatures. Thus, the enzyme activity of CANF and free CA was measured at different
temperatures (25-60°C) (Figure 4.29). The CANF showed maximum residual activity at 40°C,
whereas the free enzyme exhibited maximal activity at 35°C. The free enzyme showed a
relative activity of 93.37% after 35°C. The loss in CA activity at higher temperatures might be
attributed to a significant change in the enzyme structure that could have limited the availability
of the active sites for the substrate molecule. However, the CANF showed higher activity at
40°C, because of strong cross-linking within the nanoflowers, which prevents the CA from
denaturation [282]. The CANF showed a 1.0-fold higher RA than the free CA at 40°C.
Generally, the optimal enzyme activity is shifted to higher temperatures in immobilized
conditions. NFs have a greater temperature optimum than their free counterparts because
enzyme molecules in NFs are encapsulated inside the nano-porous structures, and prevent the
thermolabile amino acids from being exposed to heat directly. In contrast, at higher temperature
the free CA is exposed directly to heat shock, which causes the denaturation or a drop-in
activity. Similarly, the optimal temperature for lipase NFs and free lipase was found to be 40
and 30°C, respectively [283]. In contrast, CANF and free CA exhibited the optimal temperature
of 56°C [35]. The increased CANF activity could be due to the nanoflower's high surface area

or the cooperative action of the encapsulated CA, which overcomes the mass transfer barrier.
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CA showed variable activity profiles at various temperature ranges after immobilization by
entrapment, encapsulation, and covalent binding method on bioinspired silica, silk hydrogel,

and FesO4 magnetic microspheres, respectively [185, 284].

100 i @ Free CA
. ~3 ~—#— CANF
< <<i\\
S 80-
> ¢
2 60; N
&’ |
o 404 \I
2 |
3 20-
14 |

0

20 25 30 35 40 45 50 55 60 65
Temperature (°C)

Figure 4.29: Activity profile of purified CA and CANF at different temperatures was
performed in phosphate buffer (50 mM) of pH 7.0 for 10 min

4.8.2.2 Reaction pH

The effect of reaction pH on the CANF and free CA activity was also examined (Figure
4.30). The CANF and free CA exhibited similar pH optima; the highest relative activity was
observed at pH 7.5. The free CA retained nearly 68% of activity at pH 5.5 and 49% at pH 9.5.
Whereas, the CANF showed the relative activities of 80.20 and 65.17% at pH 5.0 and 9.5,
respectively. The enzyme activity starts decreasing as the buffer pH was altered from the
optimal value. Any change in pH optima may lead to the breaking of an ionic bond that
destabilizes the enzyme’s tertiary structure, and the enzyme begins to lose its shape and active
sites. In addition, a change in pH not only alters the shape of the enzyme's active site, but it
may alter the charge present on the substrate, making it impossible for the substrate to bind to
the active site or prevents catalysis. At optimal pH, the enzyme maintains a perfect
conformation and ionization state, which promotes optimal catalysis [285]. In the present study,
pH optima for CANF and free CA are identical; that might be due to there is negligible changes
in the microenvironment around the active site of CANF. In a previous study, the optimal pH
of free and CA immobilized on aerogel beads were 8.0 and 8.5 [286]. Indeed, the optimal pH
of free and Zn3(POa)2/lipase hybrid NFs was 7.6 [287]. Furthermore, Chang et al., reported that
immobilized CA and free CA showed higher activity at 8.0 and 7.5 [183]. Overall, these results
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showed that CANF is very efficient, retaining higher stability and activity than a purified

enzyme.

- Free CA
100 - «—@— CANF
X 80+
2
2 60-
O i
<
o 404
= )
< 20-
x .
0 1 L L} L %
4 5 7 8 9 10

Figure 4.30: Activity profile of CANF and free CA at different pH was performed at 35 and
40°C for 10 min

Table 4.3: Various immobilized and free CA and their catalytic properties

S.no Enzyme Enzyme Optimum Optimu Km Vmax Reference
source state temperature m (mM) pmol/min/mg)
(O pH
1.  C.flavescens Free 35 7.5 51 166.6 2 Present study
Immobilized 40 7.5 4.7 185.1
2. Bovine Free 25 75 7.6 1.6° [183]
erythrocyte  Immobilized 30 8.0 21.5 5.0
3. E. coli Free 37 8.2 18.2 416.6° [182]
Immobilized 37 8.2 19.1 434.7
4, Azadirachta Free 30 8.0 0.8 0.11 [288]
indica Immobilized 40 9.0 1.0 0.08
5. B. pumilis Free 25 7.0 1.2 1.12 [26]
Immobilized 35 7.0 4.5 1.01
6. Bovine Free 25 8.0 11.7 - [170]
erythrocyte  Immobilized 30 8.5 11.5 -
dumol/ml/min
bmM/min
‘umol/min
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4.8.2.3 Reaction time

The effect of reaction time on the CANF and free CA was also studied by measuring
enzyme activity at various time intervals (2-18 min). The CANF and free CA showed that 10
min of reaction time is optimum for enzyme activity assay (Figure 4.31). Furthermore, the
CANF and free CA exhibited residual activity of approximately 98 and 81% after 10 min of
incubation. With the subsequent increase in reaction time, enzyme activity declined due to
product inhibition and enzyme denaturation. Previously, the best reaction time for CA bound
to the magnetic microspheres and free CA was 3 min [289]. Indeed, the CA immobilized on
the polyester and free CA were reported to have a 5 min reaction time optimum for activity
assay [218].
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Figure 4.31: Activity profile of CANF and free CA at different reaction times was performed
in phosphate buffer of pH 7.5 at 35 and 40°C

4.8.2.4 Denaturing agent

Inhibitors of enzymes have been employed to study the mechanistic and structural
features of the enzymes. Thus, the effect of various denaturing agents on the CANF and free
CA activity was studied (Figure 4.32). All denaturing agents showed an inhibitory effect on
the CANF and free CA. In the presence of SDS, the CANF, and free CA exhibited relative
activity of 25 and 16%, respectively. Whereas, the CANF and free CA exhibited relative
activities of 18 and 14%, in the presence of EDTA as compared to the control. Thus, EDTA
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and SDS were found to be the most effective inhibitors of the enzyme. The inhibition of enzyme
activity in the presence of denaturing agents such as SDS could be attributed to the unfavorable
electrostatic interactions that result in the unfolding of CA and hence its inactivation [290].
Furthermore, SDS breaks the ionic bonds, hydrophobic interactions, and hydrogen bonds, thus
leading to enzyme inactivation [291]. Previously, CA purified from P. fragi exhibited an
inhibitory effect in the presence of EDTA [225]. Furthermore, the activity of CA from A.
pallidus was inhibited in the presence of EDTA and PMSF [142]. Indeed, the CA-immobilized
ZIF-8 composite retained 93% of activity in the presence of SDS whereas free CA exhibited

only 8% of relative activity [184].
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Figure 4.32: Activity of CANF and free CA in the presence of the denaturing agent was
performed in phosphate buffer of pH 7.5 at 35 and 40°C

4.8.2.5 Thermo-stability

The stabilization of enzymes at high temperature is required for its practical
applications [292]. Thus, the stability of CANF and free CA was also studied by incubating
them at 50°C for 8 h. The thermal stability experiment showed that the CANF perform well as
compared to the free enzyme at 50°C (Figure 4.33). For example, CANF still retained 51% of
activity at 50°C after 4 h, while free CA lost 66% of activity under the similar conditions. The
half-life was of CA and CANF was approximately 2.5 h and 4 h at 50°C. We expect that C.
flavescens CA immobilization could further raise the thermal stability at elevated temperatures.
In summary, the increase in temperature causes a sudden decline in the thermo-stability of free

enzyme, but the CANF has shown relatively moderate thermal stability so far. Previously,
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calcium-based CANF retained 45% of its activity at 80°C [175]. Indeed, BCA encapsulated in
ZIF-8 showed a decline in 14% of its activity at 55°C, whereas the free CA lost 45% of activity
[179]. The studies showed that the introduction of metal ions may slightly change the
conformation of enzyme that results in enhanced stability at elevated temperature [276]. The
higher thermostability of CANF is due to the presence of CA molecules inside the nano-porous

structures, which results in increased enzyme rigidity.
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Figure 4.33: Thermal stability of purified CA and CANF at 50°C for 8 hr

4.8.2.6 Storage-stability

The storage-stability profile of CANF and free CA at 4°C (Figure 4.34). The CANF
and free CA exhibited a relative activity of 74.0 and 7.4% at 4°C after 20 days of incubation,
respectively. The findings revealed that low temperatures (4°C) were favourable for long time
preservation of enzymes. CA storage stability and adaptability to environmental fluctuations
were improved after immobilization. The CANF showed enhanced storage stability attributed
to the efficient entrapment of the CA in the NFs, which restricts its leakage [218]. In a previous
study, the immobilized CA on modified magnetic particles preserved a residual activity of 80%
after 40 days [293]. Indeed, NADH oxidase NFs showed 72.6% relative activity after 30 days,
whereas free oxidase lost complete activity [294]. Moreover, CA immobilized on a flat sheet
membrane retains 82.3% of activity, while free CA loses 38% activity after 40 days of
incubation [295].
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Figure 4.34: Storage stability of CANF and free CA at 4°C was measured for 20 days of

incubation
4.8.2.7 Reusability

The reusability of CANF is an essential parameter to be widely used in the industry in
terms of CA cost. Thus, the reusability of CANF was examined. Although CANF activity
reduced significantly as the number of cycles increased, they still retained more than 80% of
residual activity until 9 cycles (Figure 4.35). These results suggest that the CA were tightly
entrapped in NFS after eight cycles of reuse, thus exhibiting excellent reusability. The
reusability of CANF was better than that of bimetallic CANF, as they exhibited 13% of residual
activity after being used for 8 cycles [35]. Subsequently, the reusability of CANF was much
enhanced in comparison to lactoperoxidase NFs, having 15% relative activity after 6 cycles
[296]. Moreover, the CA encapsulated in bioinspired silica maintained 87% of activity after 4
cycles of reuse [297]. The loss of CA activity after successive cycles of reuse might be related
to the leaching of the enzyme and the destruction of the immobilized enzyme during washing

and centrifugation [298].
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Figure 4.35: Stability of CANF during repeated cycles
4.8.2.8 Kinetic study of free CA and CANF

The kinetics of CANF and free CA were analyzed at different substrate concentrations
of p-NPA via the Lineweaver-Burk plot [299]. The Vmax and K, for free CA were 5.1 mM and
166.6 umol/mL/min, respectively, compared with 4.7 mM and 185.1 umol/mL/min for CANF,
respectively (Table 4.4). The CANF showed a lower Ky value as compared to free CA,
indicating that CANF has higher accessibility for substrate, which could be attributed to the
fact that a larger surface area provided by NFs or the enzyme might have reorganized itself to
give a better shape. The 3-D structure of CA is important to retain its activity and during CANF
synthesis the minor change in active site results in the increased availability of active sites to
the substrate molecules [300]. Moreover, the decline in Vmax during immobilization is possibly
due to the interaction of CA with the functional groups on the matrices. Earlier, the Kmn of
calcium-based CANF and free CA was reported to be 19.23 and 30.56 uM, respectively [175].
Furthermore, the CA immobilized on the magnetic nanoparticles exhibited a significant rise in
Km value (from 0.48 mM to 1.02 mM) and a decrease in Vmax vValue (from 1.53 to 0.098 umol
min"tmL™?) [301]. The Kspec and Kca for free CA were observed to be 15.6 Ms?, and 80.5 s
respectively, compared with 18.9 M™s? and 89.5 s for CANF. Previously, the Kc for CA
immobilized on aerogel beads and free CA was reported to be 3.18 and 6.97 s, respectively
[286]. The kinetic durability of the biocatalyst might be enhanced by increasing the rigidity of
flexible regions found in the active site of the biocatalyst. The active site is important in enzyme

catalysis for keeping the right conformation and for engineering the enzyme's durability [302].
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Developments in structural biology and bioinformatics aid in analyzing the flexibility of active
site residues and identifying the important mutation sites for protein stabilization.

Table 4.4: Kinetic parameters of CANF and free CA

Carbonic anhydrase Vmax Km Keat Kspec
(pmol /mL/min) (mM) (sec’) (mMs1)

Free 166.6 51 80.5 15.6

CANF 185.1 4.7 89.5 18.9

4.8.3 Instrumental analysis of CANF

The FE-SEM images confirmed the CANF synthesis. The FE-SEM image showed that
CANF had a flower-like morphology (Figure 4.36A-B). To determine the elemental
configuration of CANF, the elemental mapping was conducted, as shown in Figure 4.36(C-1).
The resulting images revealed that CANF composed of N, C, P, O, and Cu, etc. The elemental

Cu originated from Cu?* of Cus(PO4), and nitrogen derived from amino acid residues of CA.
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Figure 4.36: A, B) FE-SEM pictures of CANF C) area chosen for mapping D-1) Elemental
mapping showing E) oxygen F) potassium G) nitrogen H) oxygen 1) copper

In addition, FTIR analysis provided the chemical structure of CANF. As shown in
Figure 4.37, the peaks at 1650-1680 cm™ & 1020-1220 cm are assigned to the protein stretches
C=0, NH, and the peptide bond. The peak at 1037, 670, and 1300 cm™ corresponds to P-O
stretches, thus showing the presence of a phosphate group [37]. In a prior study, vibrational

frequencies around 1300 cm™ were due to the presence of phosphate groups [303].
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Figure 4.37: FTIR pattern of CANF, CusPOy in the 500-3000 cm™* region

4.9 Conversion of CO; into CaCO; using CANF and free CA

The ability of CANF and free CA to catalyze the conversion of CO, was determined.
The results indicated that the CaCO3 formation using CANF and free CA was 94.65 and 65.05
mg CaCQOg, respectively, under experimental conditions (Figure 4.38). CANF exhibited a 1.45-
fold more yield than purified CA. The conversion of CO to CaCOz was due to the involvement
of CA, which catalyzes the HCO3™ formation. The CO; experiment was carried out in alkaline
circumstances. The CO- hydration enhanced the acidity, which inhibits the formation of CaCO3
precipitates, if not buffered. Remarkably, the CANF showed higher CO2 conversion efficacy
than that of immobilized CA on the mesoporous aluminosilicate (10.73 mg) and CA
nanoflower (76.27 mg) [175, 261].
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Figure 4.38: Conversion of CO> into CaCO3 using free CA and CANF

These findings indicate that CANF has a higher CO2 conversion capability than purified
CA. CaCOs is also used in the building industry as a key element of marble and cement. And

it can be also utilized as fertilizer for stabilizing the soil pH and providing calcium to plants
[304].
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Chapter 5 Summary

Summary:

The cost of the commercial CA purified from blood and bovine serum is approximately
$3,000 g-1, thus to isolate CA from microbial flora of cow saliva is comparatively

economic.

The CA production was improved by the optimization of different production

parameters.

The optimum production parameters were media (nutrient broth), temperature (40°C),
inoculum size (4% v/v), inoculum age (24 h), and agitation speed 120 rpm. The
optimized reaction parameters were reaction pH (7.0), buffer molarity (50mM),
reaction time (10 min), and temperature (35°C). All the tested organic solvents and

denaturing agent inhibits the enzyme activity.

Also, the keratin particles were used to immobilize the C. flavescens cells and the

immobilized cells were utilized for the CO, conversion.

Various parameters for cell immobilization were also optimized. The optimum
glutaraldehyde concentration, optimum temperature, and incubation period were found
to be 0.6 % (v/v), 25 h, and 4°C respectively.

After 10 cycles, the production of CaCOs for immobilized cells was found to be 53.46
%.

The FE-SEM analysis of synthesized CaCOz showed the vaterite form of the crystal.
The FTIR analysis confirms the functional groups, while the XRD analysis revealed

the crystalline structure of CaCOs.

The whole cells immobilization on to keratin particles proved to be effective for CO>

conversion.

Additionally, the CA was purified using column chromatography and exhibited a
molecular mass of 29.00 kDa in SDS-PAGE. Furthermore, MALDI-TOF-MS analysis

confirmed that the purified protein of C. flavescens was CA.

The homology model of C. flavescens CA was made to predict the CA structure

showing the active site region.
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Then, purified CA was used to synthesize the NFs with the self-assembly of CA and
metal phosphate. The production of insoluble protein inorganic hybrid structures at the

nanoscale is very beneficial for catalyzing catalytic biotransformation.

The flower-like structure of CANF was confirmed by FE-SEM. The CANF showed

90% of immobilization yield and good catalytic activity.

The optimal reaction temperature of free CA and CANF was 35 and 40°C, whereas the

optimal pH and reaction time was 7.5 and 10 min.

The CANF exhibited a lower Km value (4.7 mM) as compared to free CA (5.1 mM),
suggesting that CANF has higher accessibility for a substrate.

CANF still retained 51% of activity at 50°C after 4 h, while free CA lost 66% of activity
under similar conditions. The stability of CANF was improved remarkably.
Furthermore, the CANF showed good reusability retained 80% of activity after 9 reuse
cycle.

The CANF exhibited 1.71-folds higher CaCO3 production than free CA.

This study proved that CANF has a promising future for converting CO; into CaCOs.

Future prospective

Advanced protein engineering techniques such as directed evolution can be utilized to

construct the CA mutants with improved stability for industrial usage.

In future studies, techniques for the utilization of NFs and new immobilized forms of
enzymes at an industrial scale need to be explored for their effective use in CO;

conversions.

Overall, this work can be further explored to reduce the CO; level in the environment

and mitigate climate change which is one of the major concerns of the 21% century.
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