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Mineralization catalyzed by carbonic anhydrase (CA) is one of the most promising technologies for capturing
COs. In this work, Escherichia coli BL21(DE3) was used as the host, and the N-terminus of ice nucleation protein
(INPN) was used as the carrier protein. Different fusion patterns and vectors were used to construct CA surface
display systems for a-carbonic anhydrase (HPCA) from Helicobacter pylori 26695 and a-carbonic anhydrase
(SazCA) from Sulfurihydrogenibium azorense. The surface display system in which HPCA was fused with INPN via
a flexible linker and intermediate repeat sequences showed higher whole-cell enzyme activity, while the enzyme
activity of the SazCA expression system was significantly higher than that of the HPCA expression system. The
pET22b vector with the signal peptide PelB was more suitable for the cell surface display of SazCA. Cell frac-
tionation and western-blot analysis indicated that SazCA and INPN were successfully anchored on the cell’s outer
membrane as a fusion protein. The enzyme activity of the surface display strain E-22b-Ig;S (11.43
U-mL'ODggo ") was significantly higher than that of the intracellular expression strain E-22b-S (8.355
U~mL’1OD600’1) under optimized induction conditions. Compared with free SazCA, E-22b-Ig;S had higher
thermal and pH stability. The long-term stability of SazCA was also significantly improved by surface display.
When the engineered strain and free enzyme were used for CO, mineralization, the amount of CaCO3 deposition
catalyzed by the strain E-22b-Ig;S on the surface (241 mg) was similar to that of the free SazCA and was
significantly higher than the intracellular expression strain E-22b-S (173 mg). These results demonstrate that the
SazCA surface display strain can serve as a whole-cell biocatalyst for CO, capture and mineralization.

1. Introduction useable materials is of great significance for sustainable development. It

is essential to develop a series of technologies that can reduce carbon

Carbon dioxide (CO2) is the main greenhouse gas responsible for
anthropogenic climate change [1]. Since the industrial revolution, large
amounts of CO2 emissions were generated due to the widespread use of
fossil fuels and the global spread of large-scale industrial production.
The continuous increase of CO; concentration has caused global
warming, affecting the environment and human health [2]. The Kyoto
and Paris agreements established the goals and responsibilities of all
participating countries to jointly reduce CO5 emissions in this century
and limit the increase of the average global temperature to less than 2 °C
[3,4]. Therefore, reducing CO» emissions and converting them into
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dioxide emissions and capture them from the atmosphere. A series of
technologies that can capture CO, have been developed, such as phys-
ical absorption [5-7], chemical absorption [8-10], cryogenic conden-
sation [11], and membrane-based separation [12]. Although these
methods can effectively capture CO», they also have problems such as
the generation of by-products, high energy consumption, and secondary
pollution [13,14]. The use of biological processes for carbon capture and
storage (CCS) is an eco-friendly means to reduce the concentration of
CO4 in the atmosphere and reduce CO5 emissions at the source, which
can avoid the problem of secondary pollution during CO, capture. In
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addition to biological carbon fixation by higher plants, many microor-
ganisms in nature can also capture COp, with well-known examples
including species of Xylella, Clostridium, Chlorella, and Rhodococcus [15].
It is generally believed that algae are an ideal biological platform for
CO4 conversion, but algal cultivation faces challenges related to the
careful selection of suitable species, controlling the light intensity,
controlling the cell density, and oxygen accumulation [16,17].

Biological capture of CO, proceeds through a series of catalytic re-
actions. Carbonic anhydrase (CA; EC4.2.1.1) is widely distributed in the
chloroplasts of plants and algae, where it plays a vital role in the fixation
of CO; in photosynthesis [18]. Meldrum and Roughton first isolated
carbonic anhydrase from bovine red blood cells, a metalloenzyme with
Zn>" as the active center [19]. It can efficiently catalyze the reversible
hydration reaction CO, + H20 = HCO3~ + H'. The catalytic rate of CA
is 107 times higher than the spontaneous reaction rate under the same
conditions, and it is one of the enzymes with the highest known catalytic
rates [20]. CA has been used in industrial CO5 capture due to its high
catalytic activity, and its final product, CaCOs, is very stable throughout
the geological cycle and is environmentally friendly. Therefore, the use
of CA for CO5 mineralization has become one of the most promising CO5
capture and utilization technologies [21].

The use of CA to capture COs has attracted increasing attention due
to its mild reaction conditions, lack of secondary pollution, and
simplicity [22]. However, the use of isolated CA enzyme is limited by its
high purification cost, poor stability, easy inactivation, and inability to
recycle the biocatalyst. The use of whole-cell catalysts can effectively
solve these problems, and many studies have confirmed that it is feasible
to enhance the yield and improve the properties of an enzyme by
modifying microorganisms to construct a whole-cell biocatalyst. At
present, the technology for the intracellular microbial expression of CA
is mature [23-25], but it still has significant shortcomings in practical
applications. CO and HCO3 ™ are small molecules that can enter and exit
cells freely, but the contact of intracellular CA with the substrate is still
restricted to a large extent by the cell membrane. The timely discharge
of products is also limited, thus reducing the catalytic efficiency of CA.
Jo et al. expressed carbonic anhydrase derived from Neisseria gonor-
rhoeae (ngCA) in soluble form in the periplasmic space of E. coli BL21
(DE3). Compared with cytoplasmic expression, it showed a higher
ability to hydrate CO, and accelerated calcium carbonate (CaCO3) for-
mation, but still had low activity due to the barrier effect of the outer
membrane [26]. By contrast, if the enzyme is displayed on the cell
surface, it is still protected by the cell to a certain extent, while allowing
the substrate to directly contact the enzyme without passing through the
membrane barrier, reducing the substrate and product mass transfer
resistance, which greatly improves the enzymatic activity of the
whole-cell catalyst.

In 1985, George P. Smith et al. invented cell surface display tech-
nology [27]. A specific protein or short peptide (target protein) and the
outer membrane protein (carrier protein) of the microbial cell are
anchored on the microbial cell surface in the form of a fusion protein
through genetic engineering. Escherichia coli is one of the most popular
host cells for producing recombinant proteins, and its expression plat-
form is completely mature due to the availability of detailed genetic
information, a wide-ranging genetic toolbox, and the ability to display
full-length recombinant proteins on a high-density surface [28,29]. In
2011, Fan et al. used the ice nucleoprotein INPN to display HPCA on the
surface of E. coli BL21(DE3) for the first time. The highest whole-cell
enzyme activity reached 60.9 mU-mL™'ODgoo ', and the results indi-
cated that the HPCA displayed on the surface is more stable than free
HPCA [30]. INPN has been proven suitable as a carrier protein to
maximize the surface display of target proteins and increase the activity
of displayed enzymes. In recent years, surface display systems including
E. coli, S. cerevisiae, and R. sphaeroides have been developed to capture
CO using CA enzymes from different sources [2,26,31-34]. However,
the whole-cell catalytic activity in these studies remained comparatively
low. In addition to the catalytic activity of carbonic anhydrase itself, the
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main factors affecting the whole-cell catalytic activity are the fusion
pattern of the target protein to the carrier, and the effect of different
signal peptides on the transmembrane transfer of the target protein. The
surface of E. coli was used to display a-carbonic anhydrase from Sul-
furihydrogenibium azorense (SazCA) to achieve CO, capture, which has
not been reported before.

In this work, E. coli BL21(DE3) was used as the host cell for the
surface display of CA to construct a new whole-cell biocatalyst. INPN
was used as the carrier protein, and was fused to HPCA in different
patterns. Additionally, SazCA was displayed via the fusion of two sub-
repeats and linkers in the middle repeat domain of ice nucleation pro-
tein in different vectors (pET-28a, pET-22b, and pET-32a). The various
properties of the whole-cell catalyst displaying SazCA on its surface were
further studied. Western blot analysis confirmed the localization of the
fusion protein on the outer membrane of the host cell. The induction
temperature, IPTG concentration, ZnSO4 concentration, and induction
duration were optimized to improve the whole-cell catalytic activity of
the SazCA surface display strain and intracellular SazCA strain, which
were then compared to assess the value of surface display. Additionally,
we studied the effects of temperature, pH, metal ions, and long-term
catalysis on the enzyme activity of the SazCA surface display strain
and free SazCA enzyme. Finally, we used the whole-cell catalyst dis-
playing SazCA on its surface for CO, mineralization, laying the foun-
dation for the industrial application of this type of CA catalyst.

2. Materials and methods
2.1. Bacterial strains, plasmids, and culture conditions

All bacterial strains and plasmids used in this study are listed in
Table 1. The construction and storage of recombinant plasmids were
performed in E. coli DH5a (DSM6897). E. coli BL21 (DE3) (F~ ompT hsdS
(rg, mp ) gal dem(DE3)) was used as a host strain for the surface
display of carbonic anhydrase. The plasmid p2-inak harboring the par-
tial gene sequences of INPN stored in our laboratory was used as tem-
plate to amplify the N-terminal sequence of the carrier protein INP and
the intermediate repetitive sequence (GenBank: PBP57058.1, appendix
A Sequence 1). The sequences of Helicobacter pylori 26695 a-carbonic
anhydrase (HPCA) (GenBank: MZ584769, appendix A Sequence 2) and
Sulfurihydrogenibium azorense a-carbonic anhydrase (SazCA) (GenBank:
MZ584770, appendix A Sequence 3) and codon-optimized for E. coli
BL21(DE3) were synthesized by Genecreate (China). The plasmids pET-
28a (+), pET-32a (+), and pET-22b (+) containing the T7 promoter
were used for cloning and protein expression. Unless stated otherwise,
all E. coli strains were grown in Luria-Bertani (LB) broth containing 5 g/
L yeast extract, 10 g/L sodium chloride, and 10 g/L peptone, adjusted to
a pH of 7.2-7.4. The initial culture temperature for all strains was 37 °C.
Once the cultures reached the logarithmic growth phase (ODggg
0.6-0.8), IPTG was added to induce protein expression (0.2 mM final
concentration), which was continued at 25 °C for 10 h. At the same time,
ZnSO4 was added to increase CA activity (0.5 mM final concentration).

2.2. Plasmid construction

INPN was used as a carrier protein to display a-carbonic anhydrase
from Helicobacter pylori 26695 (HPCA) [35] and a-carbonic anhydrase
from Sulfurihydrogenibium azorense (SazCA) [36]. Fig. 1 shows the re-
combinant plasmids constructed in this work. INPN and HPCA were
cloned into plasmid pET-28a in three fusion patterns to construct the
HPCA surface display system, including the front two sub-repeats in the
middle repeat domain of ice nucleoprotein (Re); linker (Flexible Linker,
GGGGS); the front two sub-repeats in the middle repeat domain of ice
nucleoprotein and linker. The primers for PCR cloning are listed in
Table 2. The primers P1 and P2 were used to amplify the INPN-coding
fragment, carrying the linker; the primers P1 and P3 were used to
amplify the INPN-coding fragment and the Re-coding fragment; and the
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Table 1
Strains and plasmids used in this work.
Name Description Source
Strains
E. coli BL21 F~ ompT hsdS (r5~, mp~) gal dem(DE3) TransGen
(DE3) Biotech
E. coliDH50  F~ ¢80d lacZAM15A(lacZYA-argF)U169 endAl TransGen
recAl hsdR17 (i, my ") supE44\-thi-1 gyrA96 Biotech
relAl phoA
E-28a E. coli BL21(DE3) harboring empty vector pET-28a  This study
)
E-22b E. coli BL21(DE3) harboring empty vector pET-22b  This study
“H)
E-32a E. coli BL21(DE3) harboring empty vector pET-32a  This study
+)
E-28a-H E. coli BL21(DE3) harboring p28a-H This study
E-28a-ILH E. coli BL21(DE3) harboring p28a- Il H This study
E-28a-IgH E. coli BL21(DE3) harboring p28a- IRH This study
E-28a-Ig  H E. coli BL21(DE3) harboring p28a- Iz H This study
E-22b-H E. coli BL21(DE3) harboring p22b-H This study
E-22b-IgiH E. coli BL21(DE3) harboring p22b-Izg;H This study
E-32a-H E. coli BL21(DE3) harboring p32a-H This study
E-32a-Ix H E. coli BL21(DE3) harboring p32a-Ig; H This study
E-28a-S E. coli BL21(DE3) harboring p28a-S This study
E-28a-Ix.S E. coli BL21(DE3) harboring p28a-Iz;S This study
E-22b-S E. coli BL21(DE3) harboring p22b-S This study
E-22b-Ig; S E. coli BL21(DE3) harboring p22b-Ig;S This study
E-32a-S E. coli BL21(DE3) harboring p32a-S This study
E-32a-Ig; S E. coli BL21(DE3) harboring p32a-Ig.S This study
Plasmids
p2-inak Harboring the partial gene sequences of INPN Lab stock
pET-28a(+)  T7 promoter, parent vector for cloning and protein ~ Lab stock
expression, Kan resistance
PET-22b T7 promoter, parent vector for the construction of  Lab stock
(€D surface display fusion genes, pelB signal sequence,
Amp resistance
pET-32a(+)  T7 promoter, parent vector for the construction of ~ Lab stock
surface display fusion genes, trxA thioredoxin
sequence, Amp resistance
p28a-H HPCA inserted into pET-28a This study
p28a-ILH INPN-Linker-HPCA inserted into pET-28a This study
p28a-IgH INPN (Re)-HPCA inserted into pET-28a This study
p28a-Ix H INPN (Re)-Linker-HPCA inserted into pET-28a This study
p22b-H HPCA inserted into pET-22b fused with PelB signal ~ This study
peptide
p22b-Ix H INPN (Re)-Linker-HPCA inserted into pET-22b This study
fused with PelB signal peptide
p32a-H HPCA inserted into pET-32a fused with the This study
solubility tag TrxA
p32a-Ig H INPN (Re)-Linker-HPCA inserted into pET-32a This study
fused with the solubility tag TrxA
p28a-S SazCA inserted into pET-28a This study
p28a-Iz;S INPN (Re)-Linker-SazCA inserted into pET-28a This study
p22b-S SazCA inserted into pET-22b fused with PelB signal ~ This study
peptide
p22b-Ig; S INPN (Re)-Linker-SazCA inserted into pET-22b This study
fused with PelB signal peptide
p32a-S SazCA inserted into pET-32a fused with the This study
solubility tag TrxA
p32a-Ix;S INPN (Re)-Linker-SazCA inserted into pET-32a This study

fused with the solubility tag TrxA

primers P1 and P4 were used to amplify the INPN-coding fragment that
binds to the Re-coding fragment and linker. The p2-inak preserved in our
laboratory was used as the template, and the resulting fragments were
double-digested with Ncol/HindIIL. The primers P6 and P7 were used to
amplify the HPCA coding fragment, using p-HPCA as the template. The
amplified HPCA coding fragment was double-digested with HindIII/X-
hol. The INPN fusion protein fragments and the HPCA coding sequence
were fused using T4 DNA ligase. The different fusion fragments were
double-digested with Ncol/Xhol and inserted between the corresponding
sites of pET-28a to generate the HPCA surface display vectors p28a-I; H,
p28a-IxH, and p28a-Ig  H, respectively.

The a-carbonic anhydrase isolated from the extremophilic bacterium
Sulfurihydrogenibium azorense (SazCA) in the Azores hot springs has the
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highest catalytic activity in the carbonic anhydrase family reported to
date. Different vectors, including plasmid pET-28a, plasmid pET-22b
with the PelB signal peptide, and plasmid pET-32b with the thio-
redoxin solubility tag (TrxA), were used to construct different HPCA and
SazCA fusion proteins. The primers P5 and P7 were used to amplify the
HPCA coding fragment, using p-HPCA as the template. Similarly, the
primers P8 and P10 were used to amplify the SazCA coding fragment,
using p-SazCA as the template. The amplified HPCA coding fragment
and the amplified SazCA coding fragment were double-digested with
Ncol/Xhol and inserted between the corresponding sites of pET-28a,
pET-22b, and pET-32a to generate the intracellular HPCA expression
vectors p28a-H, p22b-H, and p32a-H, as well as the intracellular SazCA
expression vectors p28a-S, p22b-S, and p32a-S, respectively. The HPCA
surface display vectors p22b-IxtH and p32a-IggH were constructed
analogously to the construction of p28a-Ig H described above. To
construct a fusion protein, INPN and SazCA were connected by the
fusion of the front two sub-repeats in the middle repeat domain of ice
nucleation protein and linker, and the fusion fragment was double-
digested with Ncol/HindIIl. The primers P9 and P10 were used to
amplify the SazCA coding fragment, using p-SazCA as a template, and
the amplified SazCA coding fragment was double-digested with HindIIl/
Xhol. The INPN fusion protein fragment and the SazCA coding sequence
were fused using T4 DNA ligase. The fusion fragments were double-
digested with Ncol/Xhol, and inserted between the corresponding sites
of pET-28a, pET-22b, and pET-32a to generate the SazCA surface display
vectors p28a-Ir1.S, p22b-Ig1S, and p32a-Ig. S, respectively. All restriction
enzymes were purchased from TransGen Biotech Co., Ltd (China).
Plasmid extraction kits, PCR product purification kits, and agarose gel
recovery kits were purchased from BioMed Biotech Co., Ltd (China).

2.3. Cell culture, protein expression and characterization

First, the recombinant strains were cultured overnight in 3 mL of LB
medium at 220 rpm and 37 °C to reactivate the cryopreserved cells.
Then, 2 mL of the resulting seed culture was used to inoculate a 250 mL
Erlenmeyer flask containing 100 mL of LB medium and cultured at 37 °C
and 220 rpm. When the ODggo reached 0.6-0.8, fresh LB medium was
used to adjust the medium ODggp = 0.6 + 0.02, IPTG was added to
induce protein expression (0-1.0 mM final concentration), which was
continued at 15-37 °C for 6-60 h. At the same time, ZnSO,4 was added to
increase CA activity (0-2.0 mM final concentration). Then, the cells
were harvested by centrifugation at 7000 rpm and 4 °C for 10 min,
washed twice with deionized water, washed twice with 0.02 M Tris-HCl
buffer (pH 8.3), and resuspended in 10 mL of the same buffer. The ODggo
was measured and the cell suspensions were stored at 4 °C for enzyme
activity assay. All experiments were performed in triplicates.

2.3.1. Carbonic anhydrase enzyme activity assay

CA activity was determined using a classical electrochemical method
[37]. Briefly, a sample comprising 200 pL of the mixed whole-cell
catalyst was added to 10 mL of Tris-HCl buffer (0.02 M, pH = 8.3) on
ice. After the pH electrode reading stabilized, 5 mL of ice-cold CO4
saturated aqueous solution, and the pH change was recorded. The time
taken for 8.3 to decrease to 6.3 is recorded as t, the blank control is
combined with an equal volume of Tris-HCl buffer, and the empty
control reaction time is recorded as to. Then the CA activity is calculated
using the formula U=(ty-t)/t, which gives the Wilbur-Anderson units
(WAU), and expressed as the unit’s enzyme activity per milliliter unit
cell density (U~ml’lOD600’1). The entire test process is carried out in an
ice bath.

2.3.2. Whole-cell immunofiuorescence analysis

Immunofluorescence microscopy experiments were performed on
the recombinant strains using a previously published method [30]. After
the strains with different plasmids were induced to express the different
fusion proteins for 12 h, the cells were collected by centrifugation,
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P; RBS HPCA his tag  Stop codon
p28a-H: — -
Neol Xhol
7 RB§ INPN Ler HPCA .
p28a-H: — )~ TN
Ncol HindIll
Pyg S HPCA
p28a-IgH: ——
P‘n RBS INPN .RQ Linker HPCA
p28a-Ig; H: —— — [I[[Ez2
Ncol HindIII
Py RB\S pelB HPCA his tag  Stop codon
p22b-H:  — -
Neol Xhol
32a-H Py RB§ TrxA S-Tag HPCA
poZa-n: —

thrombin site enterokinas site

Po RBS pelB INPN _Re  Linker __ HPCA

p22b-Iy H: ——

Ncol

HindIII

Py R]{S TrxA S-Tag INPN Re Linker

p32a-Iy; H: — (I
Neol HindIIT
thrombin site enterokinas site
Py RBS SazCA his tag  Stop codon
p28a-S: -
Neol Xhol
Py RBS pelB SazCA his tag  Stop codon
p22b-S: ——@H 7
Ncol Xhol
SazCA
p32a-S:
Neol Xhol
thrombin site enterokinas site
P; RBS INPN _Re  Linker SazCA
p28a-Ij; S: —— ) ‘
Neol HindIII
P, RBS pelB INPN _ Re  Linker SazCA
p22b-Ig S: — -0
Neol HindIII
p323-IRLS; -_:,-, RBS TrxA S-Tag INPN  Re Linker

thrombin site enterokinas site

washed with PBS three times, and then suspended in PBS to an ODggp =
1.0. Aliquots comprising 1 mL of the bacterial solution were centrifuged,
and whole-cell pellet was fixed in 4% paraformaldehyde (PFA). The cells
were then smeared on a slide, left to stand for 10 min, and soaked in 5%
(w/v) BSA for 1 h to block unspecific protein binding sites. The BSA
buffer was blotted away from the slide using absorbent paper, the slide
was rinsed with PBS, and washed on a side-swing shaker three times for
5 min each. The slides were then placed in a petri dish with moist paper,

his tag  Stop codon

Xhol

his tag  Stop codon

Xhol
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Fig. 1. Structure map of the recombined plasmids
constructed in this study (Acronyms: INPN, N-
domain of ice-nucleation protein; HPCA, a-carbonic
anhydrase from Helicobacter pylori 26695; SazCA,
a-carbonic anhydrase from Sulfurihydrogenibium
l azorense; Re, the front two sub-repeats in the middle
repeat domain of ice nucleoprotein; Linker, Flexible
Linker, GGGGS; Py;, T7 promoter; RBS, ribosome-
binding site; PelB, signal peptide; TrxA, solubility
tag; The (His)6-Tag sequence was added between
the fusio n protein and the stop codon for immu-
nohistochemical detection).

his tag  Stop codon

Xhol

his tag Stop codon

his tag  Stop codon

Xhol

HPC

TN

A

his tag Stop codon

Xhol

his tag Stop codon

his tag  Stop codon

Xhol

his tag  Stop codon

Xhol

463

his tag Stop codon

and the rabbit anti-His IgG primary antibody with a dilution of 1/1000
(in 1% BSA buffer) was added dropwise onto the slide, and incubated
overnight at 4 °C. On the next day, PBS was added dropwise, the slides
were placed on a side-swing shaker, and shaken three times for 5 min
each. After removing the PBS, the mouse anti-IgG secondary antibody
(H + L) double-labeled with fluorescence and horseradish peroxidase at
a dilution of 1/200 (in 1% BSA buffer) was added dropwise onto the
slide and incubated at room temperature for 1 h. Then, PBS was added
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Table 2
Primers used for the construction of recombinant plasmids.

Synthetic and Systems Biotechnology 7 (2022) 460-473

Primers’ Sequence (5°—3') Restriction site
P1: NcoIl-INPN-F CATGCCATGGGCATGACCCTGGATAAAGCACTGG Ncol
P2: H-lin-INPN-R CCCAAGCTTCGAACCGCCACCGCCGGTCTGCAAATTCTGCGGCG HindIIl
P3: H-INPN(Re)-R CCCAAGCTTAATTAGATCACTGTGGTTGC HindIII
P4: H-lin-INPN(Re)-R CCCAAGCTTGCTGCCACCACCACCAATC HindIII
P5: Ncol-HPCA-F CATGCCATGGAAAATACCAAATGGGATTATAAGAATAAAG Ncol
P6: H-HPCA-F CCCAAGCTTATGGAGAACACCAAGTGGG HindIII
P7: Xh-HPCA-R CCGCTCGAGATTAGTGGTGGTGGTGGTGGTGGCGGGTCTCAGCTGAGC Xhol
P8: Ncol-SazCA-F CATGCCATGGGCGTGGCCGAGGTCCACCACTGGTC Ncol
P9: H-SazCA-F CCCAAGCTTATGGCCGAGGTCCACCACTGGTC HindIII
P10: Xh-SazCA-R CCGCTCGAGTCAGTGGTGGTGGTGGTGGTGGTTGCTTTCCAGGATGTAGC Xhol

2 Restriction sites are shown in underline.

dropwise to the slide and shaken for 5 min. After repeating three times,
the buffer was removed from the slide using absorbent paper, after
which DAPI staining solution was added dropwise and incubated at
room temperature for 15 min to counter-stain the nuclei. Finally, the
cells were observed under a E200 fluorescence microscope (Nikon,
China).

2.3.3. Measurement of outer membrane integrity

For outer membrane integrity analysis, the cells were collected by
centrifugation, washed with PBS (pH = 7.4) three times, and then
diluted with PBS containing 2 mM EDTA to an ODggo = 1.0 in a 96-well
plate. The change of the absorbance at 595 nm due to cell lysis was
analyzed in a microplate reader, and recorded every 30 min for 6 h.

2.4. Detection of carbonic anhydrase cell surface localization

2.4.1. Cell fractionation

To determine whether the fusion protein was successfully anchored
on the outer cell membrane, cell fractionation was performed for sub-
sequent protein detection. An ultrasonicator (JY92-IIN, Scientz, China)
was used to lyse the whole-cell catalyst at a power setting of 35%, and
the total working time was 15 min (on for 4 s, pause for 4 s). The lysate
was centrifuged 8000 rpm and 4 °C for 10 min to remove cell debris. The
cleared lysate was transferred to a Beckman ultracentrifuge tube, and
centrifuged at 40,000 rpm for 1 h. The resulting supernatant contained
the cytoplasmic fraction, and the pellet contained the membrane frac-
tion. The pellet was resuspended in PBS containing 0.01 mM MgCl, and
2% TritonX-100, incubated at room temperature for 30 min, and then
centrifuged at 40,000 rpm for 1 h. The resulting supernatant was the
inner membrane fraction, and the pellet was the outer membrane frac-
tion. Each fraction was analyzed by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and western blotting as described below.

2.4.2. SDS-PAGE

Samples comprising 20 pL of each fraction were combined with 5 pL
of 5 x SDS buffer, mixed well, boiled in a water bath for 4 min, cooled to
room temperature, centrifuged at 5000 rpm for 1 min, and the super-
natant used as saple for SDS-PAGE analysis with 1 x MOPS electro-
phoresis buffer. After electrophoresis, ExBlue protein ultrafast staining
solution was used to stain the gel. After staining, the staining solution
was recovered, and the protein gel was observed under white light using
a gel imager.

2.4.3. Western blot analysis

After SDS-PAGE, the protein bands were transferred to a poly-
vinylidene fluoride (PVDF) membrane using Bio-Rad wet transfer
equipment. The blotted PVDF membrane was blocked with 5% skimmed
milk for 1 h, and incubated overnight at 4 °C with the primary rabbit
anti-His IgG antibody at a dilution of 1/1000. Then, the membrane was
incubated for 1 h at room temperature with the rabbit anti-IgG sec-
ondary antibody conjugated with horseradish peroxidase (HRP) at a
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dilution of 1/200. After washing the membrane three times with TBST
solution, it was developed using the chemiluminescence (ECL) detection
kit.

2.5. Kinetic analysis and effective diffusivity coefficient calculation

The kinetic parameters and effective diffusion coefficient assay were
based on the procedure described by Tan et al. [38]. The assay was based
on monitoring pH variable time caused by the catalyzed conversion of
different concentrations of CO5 to bicarbonate. All of the data were
fitted with the Michaelis-Menten model for calculation.

2.6. CO, mineralization

To compare the efficacy of the SazCA surface display strain E-22b-
IrLS, intracellular expression strain E-22b-S, and free SazCA in CO,
mineralization, 1 mg of carbonic anhydrase or whole-cell catalyst was
added to 8 mL of 0.02 M Tris-HCI buffer pH 8.3, followed by 50 mL of
ice-cold COq-saturated aqueous solution. After 5 min of reaction, the
cells were removed by centrifugation. Then 25 mL of CaCl; solution was
added to the liquid, and the reaction was maintained at the required
temperature for 10 min. The water-based filter membrane was dried in a
vacuum drying oven for 24 h and the weight recorded as W;. The CaCO3
precipitate was removed by vacuum filtration and the filter paper with
the precipitate was placed in the vacuum drying oven for 36 h. The
weigh after drying was recorded as Ws. The actual mass of mineralized
CaCOj3 was then calculated using the formula W=Wy-Wj.

3. Results
3.1. Construction of CA surface display vectors

To determine the optimal fusion pattern between INPN and CA, the
pET28a plasmid was used to construct the HPCA surface display vectors
p28a-I H, p28a-IgH, and p28-Iz; H, respectively, and the intracellular
HPCA expression vector p28a-H as control (Fig. 1). The whole-cell
enzyme activity of the HPCA engineered strains is shown in Fig. 2a.
The whole-cell enzyme activity of the intracellular expression strain E-
28a-H was 0.934 U-mL 'ODggo . Among the different fusion modes
between INPN and HPCA, both the HPCA surface display strains E-28a-
IgH and E-28a-Ig H, with the front two sub-repeats in the middle repeat
domain of ice nucleoprotein added to the fusion protein, showed higher
whole-cell enzyme activity than E-28-I H. The strain E-28-Ig;H, which
has an intermediate repeat sequence and linker (flexible linker, GGGGS)
between INPN and HPCA, showed the highest whole-cell enzyme ac-
tivity. To further improve the whole-cell enzyme activity of HPCA sur-
face display strains, the cassette with the optimal fusion pattern was
used to replace the pET22b plasmid with the signal peptide pelB and the
pET32a plasmid with the solubility tag TrxA to construct the HPCA
surface display systems. The results of whole-cell enzyme activity
determination for all HPCA engineered strains are shown in Fig. 2b.
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However, the whole-cell enzyme activity of the resulting HPCA display
strains was not significantly improved, and the HPCA surface display
strain E-22b-Ig H exhibited the highest whole-cell enzyme activity of
0.652 Ume_lODsoo_l. Although this was an improvement compared
with the previous HPCA surface display system, the enzyme activity was
still lower than that of the intracellular HPCA expression strain. Car-
bonic anhydrases from different sources appear to have different
maximal whole-cell enzyme activity. In addition, the modification of the
carrier structure and fusion pattern may also lead to unfavorable folding
of HPCA, while the compatibility of HPCA with the surface display host
cannot be ignored.

In this study, SazCA was displayed on the surface of E. coli BL21(DE3)
for the first time. As shown in Fig. 1, the plasmids pET-28a without a tag,
pET-22b with the pelB signal peptide, and pET-32a with the TrxA sol-
ubility tag were used to construct the SazCA surface display vectors
p28a-IgS, p22b-Ix; S, and p32a-Ig.S, respectively, as well as the intra-
cellular SazCA expression vectors p28a-S, p22b-S, and p32a-S as con-
trols. INPN and SazCA were fused for surface display via two front-end
sub-repeats in the middle repeat domain of ice nucleation protein and a
linker. The results of whole-cell enzyme activity determination for all
SazCA engineered strains are shown in Fig. 2b. The intracellular
expression strain E-22b-S and the surface display strain E-22b-Ig;S
constructed using the pET22b plasmid with the PelB signal peptide
showed the highest whole-cell enzyme activity, which was similar to the
HPCA surface display strains described above. The whole-cell enzyme
activity of E-22b-Ig S (9.402 U-mL~'0Dggo 1) was significantly higher
than that of E-22b-S (6.073 U-mL’10D600’1). In addition, CA from
different sources can significantly improve the whole-cell activity of
surface display strains. Compared with the strains expressing HPCA, the
whole-cell activity of the strains expressing SazCA was dramatically
increased, and the surface display strains showed an even more signif-
icant improvement (Fig. 2b). Therefore, as the CA with the highest
catalytic activity reported to date, SazCA can greatly improve the whole-
cell catalytic activity of surface display strains.

3.2. Detection of the cell surface localization and protein expression of
SazCA

The expression of the target protein in the surface display and
intracellular expression strains was analyzed by whole-cell immuno-
fluorescence microscopy. The results are shown in Fig. S1. The fluo-
rescence of the surface display strain was clearly visible after induction,
and the amount of fluorescence was more robust than that of the
intracellular expression strain. The cell fluorescence of the strain E-28a-
Ir1S with CA displayed on the surface was weaker than that of E-22b-Ig; S
and E-32a-Iz;S. To further assess the cell integrity of different engi-
neered bacteria, E. coli BL21(DE3) was used as a control. The results are
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shown in Fig. S2. After EDTA treatment, the absorbance values of E-32a-
S and E-32a-Iz;S were lower than that of E. coli BL21(DE3), while the
other engineered strains did not show significant differences compared
to the control. Therefore, the expression and surface display of SazCA in
the engineered strains E-32a-S and E-32a-Ig;S had a particularly nega-
tive effect on the host strain. According to the whole-cell enzyme ac-
tivity, whole-cell fluorescence microscopy, and cell integrity analysis,
the surface display strain E-22b-Ig;S and intracellular expression strain
E-22b-S with pET-22b with the pelB signal peptide exhibited the best
performance.

To determine whether the carrier protein INPN and SazCA were
successfully fused and anchored to the cell’s outer membrane, cell
fractionation was performed, followed by western blot analysis. After
cell fractionation of E-22b-Ig;S, the cytoplasm, inner cell membrane,
and outer cell membrane were analyzed by western blot (WB) analysis.
The results are shown in Fig. 3a. The WB results revealed apparent bands
larger than 50 kDa in the outer membrane fraction, which was consistent
with the size of the INPN-SazCA fusion protein (52.59 kDa), indicating
that the fusion protein was successfully expressed on the surface of the
strain E-22b-Ig;S. To obtain free SazCA, E-22b-S was subjected to pro-
tein purification, and the purified protein was analyzed by SDS-PAGE.
As shown in Fig. 3b, the protein bands were located between 22 and
30 kDa, which was consistent with the theoretical size of SazCA of 27
kDa. There were almost no other contaminating protein bands. The
concentration of purified protein was 0.6 mg/mL according to spectro-
photometric analysis.

3.3. SazCA enzyme activity of whole-cell catalysts produced under
different induction conditions

The primary purpose of the constructed genetically engineered
strains was to obtain a large amount of the target protein. Due to dif-
ferences between the expressed gene constructs, the optimal conditions
for protein expression are different, even in the same host strain. As can
be seen based on the growth curves of recombinant and wild-type bac-
teria (Fig. S3), the surface display of CA did not adversely affect the
growth of the engineered strain E-22b-I;S. However, the addition of
inducer IPTG and ZnSO4 may have exerted pressure on strains other
than E-22b-Ig;S. Therefore, we optimized the induction conditions (in-
duction temperature, IPTG concentration, ZnSO4 concentration, and
induction duration) of the SazCA surface display strain E-22b-Ig; S and
intracellular expression strain E-22b-S to compare their whole-cell cat-
alytic activity under their respective optimal expression conditions.
Before inducing protein expression, the strain was cultured at 37 °C to
the logarithmic phase. Although 37 °C is the optimal growth tempera-
ture for E. coli, heterologous protein expression is commonly carried out
at a lower temperatures because low temperature helps the protein fold
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correctly and effectively [30]. Therefore, the strains E-22b-S and highest whole-cell enzyme activity when induced at 25 °C, and the
E-22b-Ix S were induced to express the heterologous protein at 15 °C, difference was statistically significant. However, the protein expression
20 °C, 25 °C, 30 °C, and 37 °C respectively, and the results of whole-cell was reduced at 15 and 20 °C (Fig. S4), so the whole-cell enzyme activity
enzyme activity are shown in Fig. 4a. E-22b-S and E-22b-Ig;S had the was lower. When induced at 30 and 37 °C, it could be a considerable
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protein misfolding [39], resulting in the inactivity of the expressed
protein.

Since carbonic anhydrase is a metalloenzyme with Zn%* as the active
center [19], during the induction of the engineered strains E-22b-S and
E-22b-Ig; S, ZnSO,4 was added at final concentrations of 0 mM, 0.5 mM,
1.0 mM, 1.5 mM, and 2.0 mM. The results of whole-cell enzyme activity
are shown in Fig. 4b. E-22b-S and E-22b-Ig; S showed a similar change
trend of enzyme activity. Without additional Zn?>* beyond what is
available in the LB medium, there was limited protein expression. When
0.5 mM Zn%" was added to the medium, the enzyme activities of E-22b-S
and E-22b-Ig;S were significantly increased to 6.538 and 9.101
U-mL 'ODggo ), respectively. However, when more than 0.5 mM Zn%*
was added, the whole-cell enzyme activity of E-22b-S and E-22b-Ix; S
strains rapidly decreased. The SDS-PAGE analysis (Fig. S5) indicated
that there was nearly no protein expression at the higher Zn?* concen-
trations. As a well-known active agent [40], Zn?* contributes to the
large-scale expression of proteins in engineered bacteria. A small
amount of Zn?>' from outside sources can help improve the strain’s
whole-cell CA activity. However, when the concentration of exoge-
nously added Zn%" is too high, it may have a strong negative effect on
the host strain’s growth and protein synthesis.

The T7-lac promoter was used to express the heterologous proteins in
strains E-22b-S and E-22b-Ix;S following induction with IPTG. The
concentration of the inducer IPTG is a significant factor affecting protein
expression [41]. In theory, the expression level of the protein should be
proportional to the IPTG concentration. However, IPTG also has po-
tential toxicity to the host bacteria, and when the IPTG concentration is
too high, the protein expression rate is too high, which will harm the
transmembrane positioning of the protein being expressed, causing the
protein to misfold and aggregate. In this case, the protein is more likely
to form inclusion bodies, and at the same time, it will inhibit the growth
of host cells [26]. The IPTG induction concentration of strains E-22b-S
and E-22b-Ig;S was optimized, and the effects of inducer concentration
on whole-cell enzyme activity are shown in Fig. 4c. In the absence of
IPTG induction, neither strain E-22b-S nor E-22b-Ig S showed detectable
enzyme activity, and there was no prominent protein band in the
SDS-PAGE gels. E-22b-Ig;S had the highest enzymatic activity when
induced with 0.4 mM IPTG, and the enzyme activity was similar with 0.2
and 0.6 mM IPTG. When the IPTG concentration was increased to 0.8
mM and 1.0 mM, the enzyme activity significantly decreased. At IPTG
concentrations between 0.2 and 1.0 mM, there was no significant dif-
ference in the protein expression level of E-22b-Ig; S (Fig. S6), indicating
that at 0.6-1.0 mM IPTG, part of the protein may form inclusion bodies,
resulting in a decrease of the whole-cell enzyme activity in spite of
similar protein levels. The intracellular expression strain E-22b-S
showed a similar change trend to that of E-22b-Ig;S.

To study the effect of induction time on the protein expression level,
the engineered strains E-22b-S and E-22b-Ig;S were cultured at 37 °C to
the logarithmic phase under the same conditions, and the induction time
was setto 6 h, 12 h, 24 h, 36 h, 48 h, and 60 h. The results of whole-cell
enzyme activity and protein expression are shown in Fig. 4d and Fig. S7.
The intracellular expression strain E-22b-S showed the highest whole-
cell enzyme activity and the highest protein expression after induction
for 12 h. The surface display strain E-22b-Ig;S showed the highest
whole-cell enzyme activity and the highest protein expression after 24 h
of induction. These results revealed that the protein expression time also
significantly impacted the final protein concentration and enzyme ac-
tivity. If the induction time was too short, the engineered bacteria did
not reach the plateau, and the total amount of cells did not reach the
highest value, so that the induced protein expression was also reduced.
However, if the induction time is too long, it will cause a part of the
expressed protein to be degraded. Therefore, the engineered strains E-
22b-S and E-22b-Ig;S were collected at 12 and 24 h after induction to
prepare a whole-cell catalyst, respectively. Surface display strains
require a longer induction time than intracellular expression strains
because the transmembrane expression and localization of proteins are
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generally slower than intracellular expression.

In summary, the optimal induction temperature for E-22b-Ig; S and E-
22b-S was 25 °C, the optimal IPTG concentration was 0.4 mM, the
optimal Zn?* concentration was 0.5 mM, and the optimal induction time
was 24 and 12 h, respectively. Under their respective optimal induction
conditions, the enzyme activity of the surface display strain E-22b-Ig;S
(11.43 U-mL'ODggo 1) was significantly higher than that of the intra-
cellular expression strain E-22b-S (8.355 U-mL™'0ODgpo™Y). It was
further confirmed that carbonic anhydrase was displayed on the cell
surface by genetic engineering to construct a new type of whole-cell
biocatalyst that retains the enzyme’s metabolic potential in the cell. It
allows the substrate to directly contact the enzyme without passing
through the membrane barrier, reducing the mass transfer resistance of
the substrate and improving the catalyst’s whole-cell enzyme activity.

3.4. Analysis of thermal stability

The thermal stability of enzymes is one of the most critical factors in
industrial applications, so we studied the stability of E-22b-S, E-22b-
Ir1S, and free SazCA at 25, 50 and 70 °C. As shown in Fig. 5a, the relative
residual enzyme activities of E-22b-S, E-22b-Iz;S, and free SazCA
remained almost constant at 25 °C, reaching 90.59, 95.05, and 83.23%
of the initial enzyme activity after 12 h, respectively. By contrast, the
enzyme activity of free SazCA decreased significantly faster with the
extension of incubation time at 50 and 70 °C. After 12 h of incubation at
50 °C, the remaining relative enzyme activities of E-22b-S and E-22b-
IrLS were relatively close to 72%, while that of free SazCA dropped to
43.75% (Fig. 5b). After 12 h of incubation at 70 °C, the remaining
enzyme activity of E-22b-Ig;S was close to 40%, while that of E-22b-S
and free SazCA decreased to 29.11 and 15.12%, respectively (Fig. 5¢). At
present, CO, capture is mainly performed in post-combustion systems.
As the CO5 concentration in the flue gas of the post-combustion system is
higher, it is more conducive to carbon capture and storage. However, the
flue temperature is too high (about 140 °C), and the maximum tem-
perature of CO; captured after cooling, and combustion is about 60 °C
[42]. Therefore, the enzymes used for carbon capture must be thermo-
stable. The crystal structures of the two carbonic anhydrases involved in
this study have been determined and analyzed [35,36]. SazCA has an
excellent heat resistance and can retain the hydration activity of carbon
dioxide at high temperatures [36,43]. Furthermore, when SazCA is
anchored on the surface of the outer membrane, the phospholipid
environment of the membrane can protect the enzyme from thermal
inactivation to a certain extent [44]. At the same time, the increase in
hydrophobic amino acids caused by INPN will also increase the thermal
stability of the fusion protein [45]. Therefore, the surface display of
SazCA significantly improves its thermal stability and is expected to play
an essential role in industrial applications. However, after increasing the
temperature above the optimum value, the denaturation of E. coli pro-
teins and the precipitation of cells will inevitably begin. The cell mem-
brane structure will be destroyed, leading to the destruction of
membrane integrity [46], which will affect the target display enzyme
connected to the outer membrane.

3.5. Analysis of pH stability and long-term stability

The pH stability is also critical in CO, biomineralization because a
large amount of CO; is absorbed in water, and the pH of the minerali-
zation system will change due to the enzymatic reaction. From the
perspective of the enzyme itself, the main effect of pH is on the enzyme’s
active region, which is composed of ionized groups. Proper ionization is
needed to maintain the active conformation, facilitating substrate
binding and catalysis [38]. To compare the effect of pH on the stability
of E-22b-S, E-22b-Iy;S, and free SazCA, samples were incubated at 4 °C
for 24 h in buffers with different pH values (citric acid-sodium citrate
buffer at pH 4.0-6.0, Tris-HCI buffer at pH 7.0-9.0, and glycine-NaOH
buffer at pH 10.0-12.0). The enzyme activity was measured in
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Fig. 5. The thermal stability of E-22b-S, E-22b-Iy;S, and free SazCA at different temperatures. Samples of E-22b-S, E-22b-Ix; S, and free SazCA were incubated in a
water bath at 25, 50, and 70 °C for 0, 1, 2, 3, 4, 6, and 12 h. CO, was used as the substrate to measure the enzyme activity of different samples, and the enzyme
activity at 0 h was defined as 100% calculate the residual enzyme activity of different samples at different temperatures. All data represent the averages of three

independent measurements.

Tris-HCI at pH 8.3, and the maximal enzyme activity was defined as
100%. As shown in Fig. 6a, the relative enzyme activities of E-22b-S,
E-22b-Ix;S, and free SazCA increased first and then decreased with
increasing pH. Both showed the highest enzyme activity after incubation
under alkaline conditions of pH = 9.0. At this pH, there was no signif-
icant difference in stability between the whole-cell biocatalyst and the
free enzyme. Under acidic and strongly alkaline conditions, the surface
display strain E-22b-Ig;S exhibits higher pH stability than E-22b-S and
free SazCA. The process of CO, biomineralization is pH-dependent, and
the solubility of carbonate increases at acidic pH [47]. However, car-
bonate precipitation must be carried out under alkaline conditions.
Therefore, the increased pH stability of SazCA after surface display
makes it more competitive for industrial applications. To compare the
long-term stability of E-22b-S, E-22b-Ig; S and free SazCA, samples were
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incubated at 25 °C in the presence of CO; as a substrate for 0-10 d. As
shown in Fig. 6b, the remaining enzyme activity of E-22b-Ig.S after ten
days about 75% of the initial value, while the E-22b-S and free SazCA
retained only 43.9 and 36.3% of the initial activity. The results therefore
showed that the enzyme’s long-term storage stability was significantly
improved by anchoring it to the bacterial membrane.

3.6. Influence of metal ions on the stability of carbonic anhydrase

The active site of SazCA has a specific hydrophobic pocket respon-
sible for the binding of COy [48] which also participates in proton
shuttling between the hydroxyl molecule bound to the metal ion and its
surrounding environment [49]. To compare the effects of fourteen metal
ions on the SazCA surface display strain E-22b-Ig;S and free SazCA, we
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Fig. 6. (a) The pH stability of E-22b-S, E-22b-Ig; S, and free SazCA. E-22b-S, E-22b-Ig; S cells, and free SazCA enzyme were incubated at 4 °C for 24 h in buffers with
different pH (citric acid-sodium citrate buffer at pH 4.0-6.0, Tris-HCI buffer at pH 7.0-9.0, and glycine-NaOH buffer at pH 10.0-12.0). The enzyme activity was
measured in Tris-HCl at pH 8.3, and the maximal enzyme activity was defined at 100%. The data represent the means of three independent measurements. (b) The
long-term stability of E-22b-Ix;S and Free SazCA. Samples of E-22b-Ix; S and free SazCA were incubated at 25 °C with CO, as the substrate. At the indicated time-
points (0, 2, 4, 6, and 10 d) samples were taken to determine the residual enzyme activity. The enzyme activity measured at 0 d was defined as 100% and calculate
the residual enzyme activity over time. The data represent the averages of three independent experiments.
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added fourteen metal ions with a final concentration of 1.0 mM to the
enzymatic reaction system, after which CO, was used as the substrate to
measure the enzyme activity. The enzyme activity was measured at 0 °C
in Tris-HCI buffer at pH 8.3. The enzyme activity without added metal
ions was defined as 100%. As shown in Table 3, K™, Na*, Ca®*, Fe®", and
Mg?t did not significantly affect the activity of E-22b-Ig S and free
SazCA, which remained above 80% in all cases. Fe®* significantly
increased the activity of E-22b-IyiS and free SazCA, while Mg?*
increased the enzymatic activity of E-22b-Ig; S without having an effect
on free SazCA. By contrast, Li*, Mn?", cu®", Ni%*, As®", Hg?*, Pb2*,
Cd?*, and Zn?* inhibited the enzyme activity of E-22b-IgS and free
SazCA to various extents. This was especially true for Cu*", Cd**, and
Zn%*, which exhibited significant inhibitory effects. Studies have
confirmed that mercury and lead ions, which are found in flue gases, are
effective enzyme inhibitors [50]. Carbonic anhydrase is a metal-
loenzyme with Zn?* in its active center. The addition of 0.5 mM ZnSO4
during the process of inducing protein expression improved the
expression of SazCA. Therefore, we further explored the effect of Zn?*
on enzyme activity. The final concentration of Zn?" in the enzymatic
reaction system was set to 0 mM, 0.5 mM, 1.0 mM, 1.5 mM, 2.0 mM after
which the enzyme activity E-22b-Ig;S and free SazCA was measured as
shown in Table 3. When the concentration of Zn®* was set to 0.5 mM,
the inhibitory effect on enzyme activity was weak, but at 1.0 mM Zn2*,
the inhibitory effect was noticeable. When the concentration of Zn*"
was increased to 1.5 and 2.0 mM, the enzyme was completely inhibited.
An early study found that although CA is a zinc-dependent enzyme, its
tightly bound form of Zn?* accounts for only 0.3% (equivalent to 0.046
mM) [51]. However, if other transition metals (Mn?", Co?*, Cu®>", and
Zn?%) or higher concentrations were added to the system, they could
form complexes and reduce enzyme activity.

3.7. Kinetic analysis of whole-cell biocatalyst

Studying the kinetic parameters of whole-cell biocatalysts is critical
for their evaluation and biocatalysis applications. According to the
method used by Tan et al. [38], by drawing the Michaelis-Menten ki-
netic curve of the whole-cell biocatalyst and crude enzyme (Fig. S8a),
the steady-state assumption is used to fit the linear relationship used to
determine the effective diffusion coefficient (De) (Fig. S8b). The effec-
tive diffusion coefficient of the whole-cell biocatalyst E-22b-S was
calculated to be 1.22 pm?/s, which confirmed that the cell membrane
has a diffusion barrier comparing the free diffusion coefficient of carbon
dioxide in the water of 1940 pm?/s. The use of surface display systems to

Table 3
Effect of metal ions on the enzymatic activity of free SazCA and the E-22b-Ig;S
whole-cell biocatalyst.

Metal ions Concentration Relative enzyme activity %
(mM)

Free SazCA E—22b-Iz; S
control 1.0 100 + 1.70 100 + 2.02
K" 1.0 99.99 + 3.45 88.13 + 2.51
Na® 1.0 80.20 + 4.23 80.28 + 2.89
Ca®* 1.0 84.28 + 2.30 84.12 + 4.42
Mgt 1.0 85.78 + 1.08 119.27 + 1.79
Fe3* 1.0 131.41 + 6.32 159.11 + 7.24
Lit 1.0 13.74 + 4.57 26.84 + 3.53
Mn?* 1.0 42.49 + 3.42 74.22 + 2.22
Cu** 1.0 5.29 + 0.30 7.78 + 1.30
NiZt 1.0 6.29 + 2.79 18.23 + 1.59
As®T 1.0 6.56 + 3.42 13.29 + 2.34
Hg?t 1.0 18.82 + 2.08 17.00 + 1.82
pb>t 1.0 71.24 + 3.01 37.60 + 2.75
cd** 1.0 3.74 + 2.23 10.28 + 1.39
Zn* 0.5 75 + 2.32 78 + 3.77
Zn** 1.0 4.60 + 1.22 5.15 + 0.98
Zn%* 1.5 0.32 +0.04 0.51 +0.03
Zn** 2.0 0 + 0.02 040.11
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construct a new type of whole-cell biocatalyst is a promising method to
eliminate the cell membrane barrier. As mentioned above, the enzyme
activity of the whole-cell biocatalyst E-22b-Ig; S was improved compared
with that of E-22b-S. According to the Michaelis-Menten kinetic curve
(Fig. S8a), the kinetic parameters of the whole-cell catalyst and crude
enzyme were further determined. On the one hand, the k.q/K, reflect-
ing the catalytic efficiency demonstrated that the whole-cell biocatalyst
E-22b-Ix; S (4.55 x 10* 1/M-s) was higher than that of E-22b-S (3.45 x
10* 1/M:-s) (Table S1). On the other hand, the K;;, of E-22b-Ig;S is lower
than E-22-S (Table S1), indicating that the surface display system im-
proves the affinity of the enzyme and the substrate. Therefore, it can be
inferred that applying the surface display system is feasible to eliminate
the cell membrane barrier and improve catalytic efficiency. In pro-
spective work aiming at improving the surface display efficiency of the
whole-cell biocatalyst, the catalytic performance can be further
enhanced.

3.8. CO; mineralization

The surface display strain E-22b-Ig; S, free SazCA, and intracellular
expression strain E-22b-S were tested in the actual CO2 capture and
mineralization process. The same mineralization system with the E-22b
strain containing the empty plasmid pET22b was included as a negative
control. The whole-cell biocatalyst and purified free SazCA were re-
ported to effectively promote CO, hydration and convert COy into
CaCOgs in the presence of use Cat [52,53]. For a quick assessment, we
compared the turbidity of E-22b-Ig;S, free SazCA, E-22b-S, and E—22b
systems after adding CaCl, (Fig. S9). As expected, the mineralization
system of the control group was clear and transparent, without apparent
CaCOg3 precipitation. By contrast, the systems with E-22b-Ig;S, free
SazCA, and E-22b-S quickly formed precipitates, whereby the mineral-
ization system with E-22b-Ig; S and free SazCA was more turbid than that
with E-22b-S. The system was maintained at 25 °C and reacted for 10
min. The amount of CaCO3 produced by the different mineralization
systems was directly weighed following suction filtration and drying
(Fig. 7). Under the same conditions, the order of the amount of CaCO3
produced by different mineralization systems was free SazCA (255 mg)>
E-22b-Ig; S (241 mg)>E-22b-S (173 mg)>E-22b (88 mg). The amount of
CaCOj3 produced by the surface display strain E-22b-Ig S was signifi-
cantly higher than that of the intracellular expression strain E-22b-S,
indicating that SazCA was anchored on the cell’s outer membrane.
Neither the enzyme substrates nor enzymatic reaction products need to
pass through the membrane barrier to directly contact the enzyme,
reducing the mass transfer resistance of substrates and products and
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Fig. 7. CaCOj3 deposition in different mineralization systems.



Y. Zhu et al.

increasing the whole-cell catalyst’s enzyme activity, thus increasing the
rate of CaCOs3 deposition.

4. Discussion

Reducing the emission of CO5 into the atmosphere and converting it
into useable materials is of great significance for sustainable develop-
ment. As shown in Table 4, there have been few previous studies on the
surface display of carbonic anhydrase. In the studies that have been
reported, the whole-cell catalytic activity of the engineered surface
display strains was not significant. At present, eight types of carbonic
anhydrases that evolved independently have been reported, classified as
a-, p-, y-, 8-, -, -, 6-, and 1-CA [54]. Among them, the more common and
more researched are the first two classes. To our knowledge, we
demonstrated for the first time the display of a-carbonic anhydrase from
Sulfurihydrogenibium azorense (SazCA) on the surface of E. coli cells to
construct whole-cell biocatalysts. SazCA is different from y-CA previ-
ously found in thermophilic bacteria, and it belongs to the a-CA class. In
comparison with CA from S. yellowstonense YO3AOP1 (SspCA), Heli-
cobacter pylori (hpaCA), the highly active human CA (hCA II), the human
isoenzyme I (hCA I), and the bovine CA (bCA II), SazCA showed excel-
lent stability and the highest catalytic efficiency of any CA reported to
date [55]. We proved that surface display of SazCA on the surface of
E. coli cells resulted in a significantly more powerful whole-cell biocat-
alyst than the surface display of HPCA. (Fig. 2). Considering the speci-
ficity of the CO, capture environment, as a highly efficient and
thermostable biocatalyst, SazCA seems to be the best choice for CO5
capture and mineralization.

INP is a secreted surface protein found in species of Pseudomonas,
Xanthomonas, and Erwinia [56]. The expression system based on INP can
achieve a higher surface display efficiency than the traditional pro-
karyotic surface display system based on Lpp-OmpA [57]. Fan et al.
showed that the target protein displayed using INPN as a vector has the
highest expression on a single cell, and the unit cell has the highest
enzyme activity [30], which laid the foundation for our study. The
successful construction of recombinant fusion proteins requires both a
component protein and a connecting sequence. Selecting or rationally
designing the protein fusion mode between the carrier protein and the
target protein can greatly improve the folding stability of the fusion
protein [15], promote protein expression, and enhance the biological
activity of the displayed protein [12,58]. This study used the two
front-end sub-repeats in the middle repeat domain of ice nucleoprotein
and a flexible linker to connect INPN and CA, resulting in a fusion
protein for cell surface display that maintains a distance between the
carrier protein and the target protein (Fig. S10). The whole-cell catalytic
activity of the surface display strain can be improved using this fusion
pattern (Fig. 2). The intermediate repeat of ice nucleation protein (INP)
is a highly versatile region, which can be used as an expandable linker to
display target proteins at different distances from the cell surface [56,
59]. This allows large fusion proteins to be displayed on the surface
without interference from the surface of prokaryotic cells. The INP is the

Table 4
Comparison of the activities of the whole-cell CA systems.
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most stable and effective carrier for heterologous proteins, and it can be
used to express cargoes of up to 60 kDa [60].

The fusion protein displayed on the cell surface is also fused with the
PelB signal peptide encoded by the pET22b vector and the TrxA solu-
bility tag encoded by the pET32a vector, respectively. In this study, the
surface display system using the pET22b vector with the PelB signal
peptide showed higher whole-cell enzyme activity (Fig. 2). Some
auxiliary signal peptides such as PelB can be fused with the target pro-
tein to increase protein expression. However, the fusion of the solubility
tag TrxA has not reported in previous studies to contribute to the effi-
cient expression and correct folding of foreign proteins [61]. The
expression of the fusion signal peptide PelB can be used to secrete the
fusion protein into the extracellular space via the classical Sec pathway,
which is beneficial for the formation of disulfide bonds while also
avoiding hydrolysis by cytoplasmic proteases and the extension of
N-terminal methionine [62]. Although the TrxA solubility tag can pro-
mote the correct folding of heterologous proteins [61,63], the whole-cell
enzyme activity of strains expressing SazCA fused with TrxA was lower.
One possible reason is that the surface area of a single cell is constant,
and the smaller the protein displayed on the surface, the more can be
displayed on the surface of each unit cell [26]. CA’s catalytic activity in
the whole cell was related to the displayed CA content and the steric
hindrance of CA. However, the substrate of CA is CO,, so that the steric
hindrance can be disregarded. Thus, the whole-cell activity of the CA
surface display strain was only related to the amount of CA displayed per
cell. The higher the CA expression on a single cell’s surface, the higher
the overall enzyme activity of the biocatalyst. We can infer different
fusion proteins have other effects on the target protein. Chaperones and
folding enzymes should be selectively co-expressed according to the
characteristics of the foreign protein. The fusion protein design should
be optimized to display SazCA on the surface in future studies.

When using the SazCA cell surface display strain E-22b-Ig;S as a
whole-cell biocatalyst in the CO2 mineralization reaction, the amount of
CaCOj3 produced by the E-22b-Ig; S system was slightly lower than that of
the free SazCA (Fig. 7). The SazCA content in the same amount of whole-
cell biocatalyst is theoretically lower than the same amount of free
SazCA. We speculate that the more stable enzyme activity of SazCA on
the cell surface results in E-22b-Ig;S and free SazCA exhibiting similar
catalytic CO, hydration efficiency. Of course, whether it is E-22b-I; S or
free SazCA, its active site is easier to contact with the substrate, so the
catalytic efficiency is higher than that of E-22b-S. However, the thermal
stability, pH stability, and long-term stability of free SazCA was signif-
icantly lower than that of SazCA displayed on the cell surface (Figs. 5
and 6), while also being much more expensive due to the need for
protein purification. Moreover, free SazCA cannot be recycled and
reused. By contrast, SazCA displayed on the cell surface can be sepa-
rated, recovered, and reused by simple centrifugation or filtration.
Therefore, cell surface display of SazCA has a number of advantages over
free SazCA in industrial applications.

Enzyme immobilization is an effective way to stabilize the structure
of the enzyme in industrial biocatalysis applications. To date, a variety

Host strain Source of Carbonic Anhydrase

Enzyme activity” References

E. coli BL21(DE3) Helicobacter pylori (HPCA)

E. coli BL21(DE3) Neisseria gonorrhoeae (ngCA)

S. cerevisiae Streptococcus thermophilus (CAH)

E. coli BL21(DE3) Helicobacter pylori (HPCA)

R. sphaeroides R. sphaeroides

E. coli BL21(DE3) S. yellowstonense (SspCA)

E. coli BL21(DE3) Mesorhizobium loti (MICA)

E. coli BL21(DE3) Helicobacter pylori (HPCA)

E. coli BL21(DE3) Sulfurihydrogenibium azorense (SazCA)

6.09 x 1072 U-mL '0Dggo !
1.77 U-mL ™ 'ODggp *

Fan et al., 2011 [30]
Jo et al., 2013 [26]

2UnM ™} Barbero et al., 2013 [31]
3.0 x 1072 U-mL'ODggo Watson et al., 2016 [32]
N.A. Park et al., 2017 [34]
N.A. Del Prete et al., 2017 [33]
83.54 U-mL ! Tan et al., 2018 [38]

6.52 x 1072 U-mL 'ODggo ! This study

11.43 U-mL™'ODgo ! This study

[
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of immobilization strategies have been applied to CA with good prop-
erties, involving physical adsorption, covalent binding, encapsulation,
and cross-linking [64]. Similar to the cell membrane, INPN, and fusion
patterns in this work, the choice of support and immobilization method
largely determine the catalytic activity and stability of CA, in addition to
CA’s structure and activity characteristics [65]. Generally, physical
adsorption that CA is fixed on the support through weak interaction
force can be used to improve the activity and stability of CA [66]. But the
weak interaction force inevitably creates a potential separation between
CA and support [67]. However, when a covalent bond is used between
the CA and the support, it can be tightly bound and significantly improve
the stability of CA [68]; but the changes involved in CA conformation
also bring the possibility of CA denaturation and activity loss. Encap-
sulation can ensure that the spatial conformation of CA is not affected
without interfering with the enzyme activity [69] but increase the bar-
rier and the mass transfer resistance and decrease the catalytic efficiency
of CA, unlike cell membrane. On the other hand, when CA is combined
with a cross-linking agent to form a cross-linked enzyme without sup-
port, it shows good stability and reducd mass transfer resistance; but. it
is still necessary to avoid enzyme inactivation and fragility in engi-
neering applications.

In all, the favorable purpose of immobilized CA is to improve its
stability while protecting the enzyme activity as much as possible, and
the immobilized CA with some supports can be recycled and reused.
However, if the immobilization method is not suitable, especially the
diffusion restriction and steric hindrance caused by the introduction of
the support, and the enzymatic properties of CA will inevitably be
affected [64]. In this study, when SazCA is displayed on the host cell
surface through INPN, the fusion protein and the outer cell membrane
are covalently linked. Therefore, the surface-displayed SazCA has the
advantages of the immobilized enzyme, and the covalent bonding site
can be adjusted by genetic means. This immobilization method has little
effect on the active site of the enzyme. Thus, SazCA displayed on the cell
surface has the characteristics of immobilized enzymes, with more sta-
ble performance and high activity, while retaining the complete
multi-enzyme system in the cell to realize enzyme cascade reactions.
Crucially, displaying SazCA on the cell surface eliminates tedious puri-
fication and immobilization steps, equivalent to combining the three
stages of enzyme preparation, purification, and immobilization into one
step, making the practice more straightforward, and thereby greatly
reducing the production cost. Therefore, the display of SazCA on the cell
surface is more promising for industrial applications than conventional
enzyme immobilization. However, the cell surface display CA technol-
ogy is still in the laboratory research stage. The existing research on CA
surface display systems mostly focused on exploring the molecular
mechanism of fusion protein secretion and folding. In addition, some of
the surface display hosts are conditional pathogens and non-food-grade
strains, which should also be addressed in future studies.

5. Conclusions

INPN was used as the anchor protein to successfully display HPCA
and SazCA on the surface of E. coli BL21(DE3). The surface display
system with both the front two sub-repeats in the middle repeat domain
of ice nucleoprotein and a linker in the fusion protein showed higher
whole-cell enzyme activity. The whole-cell enzyme activity of the SazCA
expression strain was significantly higher than that of the HPCA
expression strain. The pET22b vector with the PelB signal peptide was
more suitable for the surface display of HPCA and SazCA than pET28a
and pET32a containing the TrxA solubility tag. The fusion protein was
stably anchored on the surface of the outer cell membrane in the SazCA
surface display system. Under the optimal induction conditions, the
surface display strain showed the highest enzyme activity of SazCA re-
ported to date (11.43 U~mL_1OD600_1) (Fig. 4), which was significantly
higher than the whole-cell activity of the strain with intracellular
expression of SazCA (8.355 U-mL’IODéoo’l). The surface display of
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SazCA had little effect on cell growth, while the enzyme was more sta-
ble, and had a similar CO, mineralization effect as free SazCA. In
conclusion, displaying SazCA on the cell surface through genetic engi-
neering avoids the cell membrane barrier and improves the enzymatic
activity of the whole-cell catalyst.
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