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Abstract

Carbonic anhydrase is an important enzyme that can play a significant role in the processes of lowering
carbon dioxide concentration in the atmosphere. The aim of the work was to investigate the extracellular
carbonic anhydrase (CA) production by the bacteria Pseudomonas fragi. In the research, we focused on
the evaluation of the phase of bacterial growth correlated with carbonic anhydrase production and on the
evaluation of induction of CA production by calcium carbonate concentration in the nutrient medium.
Presented data indicated that calcium carbonate can serve as the only carbon source for Pseudomonas
fragi, inducing carbonic anhydrase secretion to culture broth. The enzyme was produced mainly in the
adaptation growth phase reaching the maximal activity at the end of this phase or at the beginning of the
growth phase. The maximal enzyme activity detected in all batches was at a similar level. The enzyme
activity was constant but lower in the exponential phase growth. Therefore, the enzyme production is not
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growth-dependent, but it is correlated with bacteria adaptation to cultivation conditions.
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1. INTRODUCTION

Global warming is one of the most important challenges for
scientists in the 21t century. Its solving is connected with
limitations in carbon dioxide production from fossil fuels and
lowering carbon dioxide concentration in the atmosphere.
One of the possible technologies is based on the dissolution of
CO; in a proper medium and its storage in a stable, chemical
form. The dissolution process can be sped up using an en-
zyme, carbonic anhydrase, that will significantly increase the
carbon dioxide dissolution rate in the capture medium. The
enzymatic method of CO, capture is advantageous because
of its high specificity and selectivity, as well as the mild reac-
tion conditions required (Liao et al., 2022). Additionally, the
immobilized enzyme can be used in continuous flow systems
(Iliuta et al., 2023; Nguyen et al., 2023; Zhang et al., 2022).

Carbonic anhydrase (EC 4.2.1.1; CA) is a metalloenzyme that
catalyzes the reversible reaction of carbon dioxide (CO3) hy-
dration into bicarbonate (HCO3) in the presence of water
(Lindskog and Coleman, 1973). The enzyme does not shift
the equilibrium but increases the reaction rate, allowing for
a quicker equilibrium reach. Carbonic anhydrase was found in
all life domains. Because of the broad existence of carbonic
anhydrase among different species, it has been found that
the enzyme has evolved at least six times independently, and
six families of carbonic anhydrase are known up to date: o,
B, v, 4, ¢ and n (Amata et al., 2011; Del Prete et al., 2014;
Lindskog, 1997; Supuran and Capasso, 2015). The a-, - or
~-CAs have been found in bacteria, a- and §-CAs in algae,
and 4-CAs in archaea (Supuran, 2016).

The technology based on the enzymatic dissolution of carbon
dioxide needs a low-cost and stable enzyme. It seems that ex-

carbonic anhydrase, Pseudomonas fragi, calcium carbonate, phase of growth

tracellular enzymes produced by bacteria should fulfil these
requirements. Bacteria usually use cheap, non-complicated
nutrients, and they need cultivation conditions that are easy
to prepare. Additionally, extracellular enzymes are easier to
separate from fermentation broth than intracellular ones, so
their production costs are lower. Carbonic anhydrase is pro-
duced by bacteria mainly as an intracellular enzyme, and
only a few bacteria produce it as an extracellular one: Pseu-
domonas fragi (Prabhu et al., 2011; Sharma and Bhat-
tacharya, 2010; Sharma et al., 2009), Bacillus cereus (Liu
et al., 2021; Pan et al., 2019; Shen et al., 2017), Bacillus sp.
(Sundaram and Thakur, 2018), Bacillus altitudinis (Nathan
and Ammini, 2019), Chromohalobacter israelensis (Han et
al., 2017), Lysinibacillus sp (Lu et al., 2019), Pseudomonas
spp. (Giri and Pant, 2019), Staphylococcus epidermidis (Han
et al., 2018), Corynebacterium flavescens (Sharma and Ku-
mar, 2021).

Among these bacteria, Pseudomonas fragi seemed to fulfil
all requirements, and it has been chosen as the CA “pro-
ducer” in our investigations. Pseudomonas fragi is a Gram-
negative aerobic bacterium present in various environments:
soil, freshwater, marine and even the Arctic coast, growing
in a broad temperature spectrum (Franzetti and Scarpellini,
2007; Yanzhen et al., 2016). The bacterium is also present
in meat (Arnaut-Rollier et al., 1999) and in dairy products
(Pereira and Morgan, 1957; Wiedmann et al., 2000), being
responsible for their spoiling. It requires a simple nutrient
medium and a short time for growth.

The data on the purification and characterization of carbonic
anhydrase from Pseudomonas fragi has been presented by
Sharma et al. (2009). They collected the nutrient medium
after 12, 24 and 36 h of cultivation. They reported that CA
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activity was observed only in samples taken after 12 and
24 h, while in the sample taken after 36 h, no activity was
observed. Other papers focused on CA from P. fragi used
a commercially available enzyme. Literature data published
up to date do not connect the secretion of the enzyme with
any of the growth phase. Such information is crucial because
it determines which phase of growth should be given the most
attention and when the samples should be taken.

Carbonic anhydrase purified from the culture medium of
Pseudomonas fragi (Sharma et al., 2009) showed the highest
pH stability in the range from 7.0 to 8.5 (above 80% of initial
value) and thermal stability up to 45 °C (above 80% of initial
value). Based on these values, the cultivation conditions of
Pseudomonas fragi have been chosen as we wanted to keep
up high CA activity in the medium.

The aim of the work was to investigate the extracellular car-
bonic anhydrase production by the bacterium Pseudomonas
fragi. In the research, we focused on the evaluation of bac-
terial growth phase correlated with carbonic anhydrase pro-
duction and on induction of CA production by calcium car-
bonate concentration in a nutrient medium. It was reported
by Sharma et al. (2009) that calcium carbonate present in
nutrient induces CA production, but the influence of calcium
carbonate on enzyme production has not been reported.

2. MATERIALS AND METHODS

2.1. Pseudomonas fragi bacterium

Pseudomonas fragi DSM 3456 was used in experiments. The
cultivation nutrient was as follows: [g/L H2O]: 3.0 K;HPOy,,
4.0 NH,4Cl, 5.0 NaCl, 5.0 peptone, 2-10~* FeSQ,, 2-10~*
MgSO, with varying glucose and CaCOs3 concentrations de-
pending on experiments.

The same composition of nutrient medium was used for in-
oculum preparation. The bacterium has been stored in a Mi-
crobank (=70 °C). The inoculum was prepared 3—4 days be-
fore by immersing one pearl from Microbank in a probe with
10 mL of nutrient medium, cultivated at 30 °C for 12 h, then
stored in fridge conditions (5 °C-10 °C).

2.2. Cultivation method

Cultivation of the bacterium was carried out in a BioStat
B Plus bioreactor (Sartorius, Germany, total tank volume of
1500 mL) containing 1000 mL of the nutrient medium. The
cultivation process was carried out at 30 °C, pH 7.5 (stabi-
lized with NaOH and HCl), with constant mixing (250 rpm)
and constant airflow (10 L/min). It was inoculated with
10 mL of inoculum.

The pH and temperature cultivation conditions have been
chosen based on enzyme pH stability and temperature sta-
bility (Sharma et al., 2009) to keep up the high activity of CA.
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2.3. Analytical methods

2.3.1. Determination of biomass concentration

Samples of 3 mL volume were taken in 60 min intervals, and
their optical density (OD) was measured at the wavelength
of A = 560 nm with water as a blind sample (Spectropho-
tometer UV-VIS 8500, Techcomp Ltd., China). The OD of
the sterile nutrient medium was measured, and this value
was subtracted from the OD of the measured sample (nu-
trient medium contained different amounts of insoluble cal-
cium carbonate that could influence the OD measurement of
samples taken from the bioreactor during bacterial growth).
The concentration (Cpiom) of the bacterium [mg/L] was cal-
culated using the calibration curve (Chiom vs OD) prepared
with biomass of Pseudomonas fragi bacteria.

At the end of each experiment, the total amount of
biomass grown was measured. The culture medium contain-
ing biomass was transferred into dry centrifuge tubs with
known mass and centrifuged for one hour at 4000 rpm (Cen-
trifuge MPW-351e, MPW Med. Instruments, Poland). The
supernatants were discarded, and the remaining biomass was
dried at 60 °C for 12 hours and weighed. The total amount
of bacteria was calculated by knowing the mass of dry cen-
trifuge tubs and the mass of the centrifuge tubs with dry
biomass.

2.3.2. Carbonic anhydrase activity determination

The Wilbur-Anderson assay (Wilbur and Anderson, 1948),
with modifications proposed by Sharma et al. (2009) has
been used for carbonic anhydrase activity determination.
Briefly: 6 mL of 20 mM Tris buffer (pH 8.3, 4 °C) was added
into a 10 mL beaker. The sample was kept in a water-ice
bath and gently mixed. Next, 200 pL of crude enzyme so-
lution taken from the bioreactor was added. The assay was
initiated by the addition of 4 mL of ice-cold CO,-saturated
water. The time necessary for pH to drop from 8.3 to 6.3
was measured using a pH-meter (pH-Meter HI 4521, Hanna
Instruments, USA with pH electrode LE438, Mettler Toledo,
USA) which recorded pH changes in 5-second intervals. The
same procedure but without the enzyme addition was ap-
plied as the control of the reaction. The time necessary for
pH to drop from 8.3 to 6.3 with (t) and without (&) en-
zyme presence was measured. Carbonic anhydrase activity
(CAsctivity: U/mL) has been calculated according to the equa-
tion:

to—t

CAactivity = m

(1)
where: t — reaction time for experiment with crude enzyme
solution, [min]; t, — reaction time without enzyme solu-
tion, [min]; 0.2 — the volume of the crude enzyme solu-
tion [mL].
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2.3.3. Specific growth rate of biomass

The cultures were performed as batch cultures, so the balance
of biomass can be presented as follows:

dX
T ()
where: X — biomass concentration, [mg/L]; p — specific

growth rate, [1/h]; tep — time of exponential growth
phase, [h].

After integration with the conditions X = Xy for tep, = 0
and X = X for tep = texp, EQ. (2) is transformed to:

INX =InXo+ i texp (3)

Plotting the experimental data as In X vs te, a linear rela-
tionship is obtained, where tan o equals p value.

3. RESULTS

Extracellular carbonic anhydrase produced by Pseudomonas
fragi can be used in environmental protection for lowering
carbon dioxide concentration in the atmosphere. The data
published up to date do not show which growth phase of CA
bacterial production is correlated with. Additionally, it has
been shown in the literature that CaCOj3 induces the pro-
duction of CA, but the influence of calcium carbonate con-
centration was not shown. In our investigations, we wanted
to fulfil these gaps.

3.1. Glucose/calcium carbonate utilisation and
carbonic anhydrase production

Glucose is reported as a nutrient component utilized by bac-
teria as a carbon and energy source. It was used in the culti-
vation of Pseudomonas fragi together with calcium carbon-
ate (Sharma et al., 2009). It has been shown that calcium
carbonate is necessary for carbonic anhydrase production.
However, it has not been shown whether both components,
glucose and calcium carbonate, must be present in the nu-
trient medium. That is why we compared the culture where
glucose or calcium carbonate was the only carbon/energy
source, Fig. 1.

Presented data showed that glucose promoted bacterial
biomass formation, but no carbonic anhydrase activity was
observed. Calcium carbonate present in the culture medium
as the only carbon source promoted bacterial biomass and
carbonic anhydrase formation. It was interesting to notice
that glucose in the culture medium was unnecessary for bac-
terial growth. P. fragi is reported in the literature as a het-
erotroph, so it is possible that peptone served as the nitrogen
and carbon source. Such observation was not reported in the
literature to date and needs further investigation. The adap-
tation growth phase was longer in the culture with glucose
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Figure 1. Changes in biomass concentration (e) and activity
of extracellular CA (o) in time in a culture with
glucose (a) or calcium carbonate (b) as the only
carbon source.

than in the culture with CaCO3 (30 h and 2 h, respectively).
Biomass concentration was nearly twice larger in the culture
containing glucose, but no enzyme was secreted to the cul-
ture medium. In the culture where calcium carbonate was
used as the carbon source, carbonic anhydrase was secreted
nearly just after inoculation (in the adaptation phase) with
the maximum at 3 hour of cultivation, but the activity of
the enzyme lowered starting from the 5t hour it was con-
stant till 11 hour. Presented data indicated that calcium
carbonate is crucial for extracellular CA production by Pseu-
domonas fragi. This observation is in agreement with data
presented by Sharma et al. (2009), but contrary to them,
we have shown that glucose is not necessary for bacterial
growth.

Based on these preliminary investigations, we decided not
to add glucose to the culture medium and to use calcium
carbonate as the only carbon source. The influence of the
concentration of calcium carbonate in a nutrient medium on
carbonic anhydrase production by Pseudomonas fragi was
investigated.
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3.2. Influence of calcium carbonate concentration
on CA production

All cultures performed in this step were carried out with cal-
cium carbonate (0.050-0.500 g/L) as the only carbon source
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(no glucose was added to the nutrient medium), Fig. 2. It
must be noticed that calcium carbonate has limited solubil-
ity in water with equilibrium at 0.014 g/L (20 °C) (Green
and Perry, 1950). It means that in all cultures, the concen-
tration of CaCOj3 exceeded the solubility, and some salt re-
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Figure 2. Changes in biomass concentration (e) and activity of extracellular CA (o) in time in cultures with different calcium

carbonate concentrations.
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mained insoluble. The effect of insoluble calcium carbonate
on biomass concentration analysis has been taken into ac-
count (see 2.3.1).

The biomass growth and activity of extracellular carbonic an-
hydrase were observed in all cultures. With increasing con-
centration of CaCOg3, the increase in final biomass concentra-
tion was observed: from 130 mg/L to 407 mg/L. Addition-
ally, with increasing CaCO3 concentration, a reduction in the
length of the adaptation phase of growth was observed. Af-
ter 28 hours of cultivation, bacteria reached the stationary
growth phase independently of CaCO3 concentration. Sur-
prisingly, the specific growth rate for the exponential phase
of growth (calculated based on biomass balance, p. 2.3.3)
was similar independently of CaCOj3 concentration, Table 1.

Table 1. Specific growth rate at the exponential growth rate

CaCOs v R?
g/L 1/h -
0.050 0.553 0.997
0.100 0.502 0.961
0.175 0.511 0.998
0.250 0.503 0.992
0.500 0.478 0.996

R? — correlation coefficient

Carbonic anhydrase was secreted to the nutrient just after
inoculation independently of CaCOj3 concentration. Its activ-
ity grew during the adaptation phase of growth, reaching the
maximum value after 3-5 h after inoculation. It was inter-
esting to notice that the time when the enzyme reached the
maximum activity depended on the concentration of CaCOs:
it was shorter for the higher salt concentration. Maximum
activity was nearly the same in all cultures (2.5-3.0 U/mL)
independent of salt concentration and of the final activity
(1 U/mL) of the extracellular enzyme. The decrease in en-
zyme activity started when bacteria were in the accelerated
growth phase and reached the constant value when bacteria
were at the beginning of the exponential growth phase.

Presented data showed that the concentration of calcium car-
bonate influenced biomass formation but had limited influ-
ence on carbonic anhydrase secretion by Pseudomonas fragi.

4. DISCUSSION AND CONCLUSION

Carbonic anhydrase is an important enzyme that can play
a significant role in limiting global CO, concentration. Im-
plemented in carbon capture technology, it can contribute to
the reduction of greenhouse gases’ atmospheric concentra-
tion. The enzyme plays an important role in living cells as it
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is responsible for carbon dioxide management. Nearly all or-
ganisms produce carbonic anhydrase, but it seems reasonable
to find a good “producer” in the world of microorganisms. It
seems that Pseudomonas fragi can be regarded as one of
them. The bacterium is widely present in the environment
and can grow in a wide temperature range.

Presented data indicated that calcium carbonate can serve
as the only carbon source for Pseudomonas fragi, addition-
ally inducing the secretion of carbonic anhydrase to culture
broth. The enzyme was produced mainly in the adaptation
growth phase reaching the maximum activity at the end of
this phase or at the beginning of the acceleration growth
phase. The maximum enzyme activity detected in all batches
was at a similar level. The enzyme activity was constant but
lower in the exponential phase growth. Therefore, enzyme
production is not growth-dependent, but it is correlated with
bacterial adaptation to cultivation conditions. The reason for
the inactivation of the part of the enzyme is unknown and
difficult to explain. Such observation was not reported in the
literature to date.

One must remember that calcium carbonate has limited sol-
ubility in water, which is relatively low (14 mg/L). Therefore,
only part of the added salt was dissolved and present in an
ionic form of Ca?t and CO3~/HCO3 while a large part of
the salt was in the solid form. Thus, the calcium carbonate
concentration in the culture medium was constant and equal
to the equilibrium concentration. According to the Monod
equation (Monod, 1949) the bacteria’s specific growth rate
depends on the concentration of the limiting substrate. In
our investigations, we observed that the specific growth rate
was independent of the concentration of calcium carbonate.
This suggests that the specific growth rate is correlated with
soluble carbonate ions and not with total carbonate added.
This conclusion is in agreement with observations presented
by Sharma et al. (2009) and experimentally shown by Zhang
et al. (2011) in the study with Bacillus mucilaginosus. There-
fore, carbonic anhydrase is probably extracellularly produced
by the bacteria to accelerate the solubility of the CaCO3 and
to reach the equilibrium concentration faster. The faster dis-
solution allows for faster replenishment of carbonates taken
up by bacteria, but only to the level of equilibrium concen-
tration. This faster dissolution of CaCOj3 resulted in a larger
amount of biomass obtained with increasing concentration of
calcium carbonate. As there was a break in analysis between
the 11t and 28t hour of cultivation, we cannot judge the
length of the exponential growth phase, but the influence of
CaCO3 cannot be excluded.

The carbon source was added to the culture medium as
CaCOs. In such cases, it is difficult to judge which ion (Ca?*
or CO37) is responsible for the induction of carbonic anhy-
drase production. CO3 ™~ ion can be used as the carbon source,
and CA may accelerate the dissolution of the salt. Therefore,
the presence of carbonate ions induces the production of the
enzyme. Additionally, carbonic anhydrase is a metal-protein
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enzyme with a metal cation in the active center. Usually,
Zn%t jons were reported as the metal present in the activity
center, but it is possible that Ca?* ions in carbonic anhydrase
from Pseudomonas fragi could play the same role.
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SYMBOLS

CA carbonic anhydrase

CA,ctive  activity of carbonic anhydrase, U/mL

CAs carbonic anhydrases

Chiom biomass concentration, mg/L

oD optical density

R? correlation coefficient

t reaction time for experiment with crude enzyme solution,
min,

to reaction time without enzyme solution, min

texp time of exponential growth phase, h

U enzyme activity

X biomass concentration, mg/L

u specific growth rate, 1/h
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