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Abstract
The 16S microbial community profiling of a metagenomics library from geo-
thermal spring at Lisvori (Lesvos island, Greece) enabled the identification
of a putative sequence exhibiting 95% identity to the γ-type carbonic anhy-
drase (γ-CA) from Caloramator australicus (γ-CaCA). The sequence of γ-
CaCA was amplified by PCR, cloned, and expressed in E. coli. Activity
assays showed that γ-CaCA possesses very low, but detectable, anhydrase
activity, while exhibiting no measurable esterase activity. Differential scan-
ning fluorimetry (DSF) revealed that the enzyme shows high thermal stabil-
ity with a melting temperature (Tm) approximately 65–75�C in the pH range
between 5.5 and 9.0. The structure of γ-CaCA was determined by X-ray
crystallography at 1.11 Å resolution, the highest resolution reported so far
for a γ-CA. The enzyme was crystallized as a trimer in the crystallographic
asymmetric unit and contains three zinc-binding sites, one at each interface
of neighboring subunits of the trimer. Structure-based rational design
enabled the design and creation of a mutant enzyme (γ-CaCAmut) which
possessed a heptapeptide insertion at the active-site loop and two-point
mutations. Kinetic analysis demonstrated that γ-CaCAmut was successfully
converted into a catalytically active esterase indicating successful activity
gain through structure-guided engineering. The thermostability of γ-CaCA-
mut was significantly increased, aligning with the thermostability typically
observed in hyperthermostable enzymes. X-ray crystallographic analysis of
the γ-CaCAmut structure at 2.1 Å resolution, provided detailed structural
insights into how the mutations impact the overall enzyme structure, func-
tion, and thermostability. These findings provide valuable structural and
functional insights into γ-CAs and demonstrate a strategy for converting an
inactive enzyme into a catalytically active form through rational design.
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1 | INTRODUCTION

CAs are metalloenzymes that catalyze the reversible
hydration of carbon dioxide to bicarbonates according
to the reaction CO2 + H2O $ HCO3

� + H+. They are
ubiquitous enzymes involved in fundamental processes
like photosynthesis, respiration, pH homeostasis, and
ion transport (Supuran, 2016a).

CAs are widespread in nature and are classified as α,
β, γ, δ, ζ, η, θ and ι CAs (Aspatwar et al., 2014;
Capasso & Supuran, 2015, 2024; Hirakawa et al., 2022;
Nocentini et al., 2021; Parisi et al., 2000). CAs from mam-
malian sources are grouped as α-CAs, whereas CAs from
plants, algae and eubacteria are grouped as β-CAs
(Ferraroni, 2024; Hirakawa et al., 2022; Ludwig, 2016). γ-
CAs are found in archaea and eubacteria (Angeli, 2024).
The η-, θ-, and ι-families have recently been discovered
(Nocentini et al., 2021). CAs from marine diatoms and
algae are grouped as δ, ζ, and ι (Nocentini et al., 2021).
η-CA was identified in Plasmodium spp. (Del Prete
et al., 2014) and ι-CA has been discovered in diatom Tha-
lassiosira pseudonana and in the genome of Burkholderia
territorii (Capasso & Supuran, 2024). There is no signifi-
cant sequence identity or structural similarity between the
CA families. Notably, CAs display impressive instances of
convergent evolution, lacking substantial sequence or
structural resemblances, indicating that they do not have
a shared ancestor (Capasso & Supuran, 2024; Hirakawa
et al., 2022; Nocentini et al., 2021).

CAs are not only highly effective catalysts for the
interconversion between carbon dioxide/bicarbonate but
also display catalytic versatility, participating in several
other hydrolytic processes (Capasso & Supuran, 2024;
Supuran, 2016a, 2023). All CA families use metal
hydroxide nucleophilic species and possess a unique
active site architecture, with half of it hydrophilic and the
opposing part hydrophobic, allowing these enzymes to
act as some of the most effective catalysts known in
nature (Supuran, 2016a). The active site of CAs gener-
ally contains a zinc-binding site. However, other ions
such as Mg2+, Ni2+, Fe2+, and Cd2+ have also been
found at the active sites of CAs (Alterio et al., 2015;
Lionetto et al., 2016; Macauley et al., 2009). Recently,
scientists (Nocentini et al., 2021) identified in microalgae
Bigelowiella natans and Anabaena sp. PCC7120 cata-
lytically active ι-CAs without a metal ion cofactor.

Members of the γ-type CAs (γ-CAs) family have
mainly been isolated from methane-producing bacteria
that grow in hot springs. γ-CAs are cytoplasmic proteins
and are crucial for various functions, such as regulating
internal pH and aiding CO2 transportation for photosynthe-
sis, highlighting the overall significance of these enzymes.

γ-CAs belong to a diverse superfamily of proteins that
share the left-handed parallel beta-helix (LbetaH) motif
(Kisker et al., 1996; Parisi et al., 2000). Functional γ-CAs
were found to be homotrimers, containing identical mono-
mers with repeating hexapeptides that are essential for

the formation of the LbetaH motif (Capasso &
Supuran, 2024; Hirakawa et al., 2022). Their active sites
are located between monomer interfaces, demonstrating
convergent evolution in response to comparable catalytic
requirements in various enzyme classes (Fu et al., 2008).

Geothermal water and soil are challenging natural
environments that can be a valuable source of genetic
resources regarding the microbial diversity of species
present, including thermophilic and hyperthermophilic
microorganisms (Arbab et al., 2022). Metagenomics
enables scientists to obtain genetic resources for novel
proteins, enzymes, and metabolites from organisms
that are not cultivable, allowing for the direct assess-
ment of huge genetic diversity within natural microbial
communities (Williams et al., 2024). Enzymes from nat-
ural thermophilic and hyperthermophilic microorgan-
isms are more active and stable than those from
mesophilic microorganisms of plant and animal origin
and are therefore considered valuable tools in industrial
biotechnology (Mesbah, 2022).

The intense volcanic activity that occurred on Lesvos
Island, Greece, during the Miocene (18.5–17.0 Ma) led to
the creation of volcanic springs in Lisvori with a tempera-
ture of 70�C (Lambrakis et al., 2013). To the best of our
knowledge, the microbial ecosystems of these geother-
mal springs have not received much attention so far. In
the present study, metagenomics analysis of soil samples
from Lisvori’s geothermal spring enabled the identification
of a novel thermostable and nearly inactive γ-CA with
95% sequence identity to a Caloramator australicus γ-CA
(γ-CaCA). The aim of this study was to use structure-
guided engineering to convert the nearly inactive γ-CaCA
scaffold into a biocatalyst with enhanced CO₂ hydration
and esterase activities. Structure-based rational engineer-
ing of γ-CaCA led to the creation of a hyperthermostable
enzyme variant (γ-CaCAmut) with esterase activity, pro-
viding an ideal metalloenzyme for biocatalytic applications
at high temperatures.

2 | RESULTS AND DISCUSSION

2.1 | Composition of the microbial
community at Lisvori hot spring

The 16S rRNA gene is an adequate target for studying
bacterial evolution and ecology, facilitating further analy-
sis of phylogenetic relationships among different taxa as
it is highly conserved among prokaryotes (Liu
et al., 2024), (Regueira-Iglesias et al., 2023). In the pre-
sent study, the V3-V4 regions of the 16S rRNA gene
were selected to analyze the microbial community of the
Lisvori hot spring. Hot springs serve as natural laborato-
ries for investigating microbial adaptation to extreme
environments, offering a valuable genetic reservoir of
unique enzymes that drive remarkable evolutionary traits
(Burkhardt et al., 2023; Giovannelli et al., 2022).
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Analysis of the results obtained revealed 214 amplicon
sequence variants (ASVs) associated with bacteria.
A group of 22 ASVs was categorized as “unclassified”
due to a lack of further taxonomic detail beyond the
Domain/Kingdom level, matching 18.3% of the total
sample reads. Figure 1a displays the representative
phyla constituting the microbial community of the hot
spring, with a total of 30 bacterial phyla identified as con-
tributing to the detected population at the sampling site.
Figure 1b, in turn, depicts the thermophilic bacterial gen-
era that were identified with high confidence, based on
sequence similarities exceeding 97%.

According to the analysis of the obtained results,
the hot spring in Lisvori constitutes a thriving micro-
bial community in terms of diversity. The biodiversity
of the hot spring is affected not only by the increased
temperature of the sampling site (approximately
70�C) but also by site-specific biochemical and envi-
ronmental factors (Podar et al., 2020). Approximately
40% of the total bacterial ASVs belong to Phylum
Candidatus Bipolaricaulota (17.3%), Chloroflexota
(13.2%) and Thermotogota (9.2%), while the next
most abundant phylum is Pseudomonadota (7.7%).
These predominant phyla are accompanied by less

F I GURE 1 (a) Representative
phyla of the microbial communities of
the geothermal spring at Lisvori
(Lesvos inland, Greece), following
classification of the V3-V4
hypervariable region of the 16S rRNA
gene. (b) Representative bacterial
genera that were identified through
the analysis of the bacterial
communities of the hot spring. The
depicted genera correspond to
approximately 6% of the total reads
initially acquired during the
sequencing of the V3-V4
hypervariable region of the 16S
rRNA gene.
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abundant phyla such as Calditrichota, Acidobacter-
iota, Armatimonadota, and Nitrospirota. Interestingly,
almost 20% of the total bacterial ASVs could not be
classified to any known Phylum. As shown in
Figure 1b, bacteria belonging to the genera Thermo-
desulfovibrio, Limisphaera, Desulfobacterium, Candi-
datus Caldatribacterium, and Thermodesulforhabdus
appear to represent more than 70% of the total clas-
sified sequences up to the genus level.

Among the identified thermophilic species, Calor-
amator australicus is one of the least characterized
organisms. It is a Gram-positive thermo-anaerobe of
the phylum Bacillota (Ogg & Patel, 2009) and its
�2.65-Mb genome has been sequenced (Ogg &
Patel, 2011). Interest in C. australicus comes from
its ability to utilize metals as terminal electron accep-
tors, which may result in its colonization and promo-
tion of metal corrosion. The metal corrosion
capability of C. australicus shows notable promise
for the development of microbial fuel cell technology
(Fu et al., 2013).

BLAST search of C. australicus genome (Accession
number: NZ_CAKP01000082.1) using as a query the
sequence of the γ-CA from Methanosarcina thermo-
phila (UniProt accession number P40881) revealed the
presence of a single gene (GenBank: CCC57716.1)
homolog to the γ-type CAs (γ-CaCA). γ-CaCA is com-
posed of 167 amino acids with a molecular mass of
18.3 kDa and theoretical isoelectric point (pI) of 5.87.

2.2 | Cloning, expression, purification
and activity assessment of γ-CaCA

PCR was used to amplify the full-length γ-
CaCA sequence from the eDNA sample. The resulting
PCR amplicon was cloned into the T7 expression vec-
tor pETite™ C-His vector. This plasmid was used to
transform the E. coli Rosetta™ 2(DE3)pLysS cells as
the expression host. The recombinant enzyme was
expressed at remarkably high levels, facilitating its sub-
sequent purification and characterization (Figure S1a).
The 6xHis residues tagged at the C-terminus of the
recombinant enzyme enabled rapid purification by
immobilized metal ion affinity chromatography on a
Ni2+-IDA-Sepharose affinity column. The purity of the
final γ-CaCA enzyme was evaluated by SDS-PAGE
(Figure S1a).

The catalytic activity of the purified enzyme was
assessed towards the two model reactions that are nat-
urally catalyzed by CAs: the CO2 hydration and the
hydrolysis of p-NPA ester. The enzyme, under a range
of different pH (5–10) and temperature (10–60�C) con-
ditions, did not show measurable anhydrase or ester-
ase activity, in agreement with other γ-type CA
homologs (Fu et al., 2013; Ogg & Patel, 2011; Wang
et al., 2019). However, analysis of anhydrase activity

using stopped-flow instrumentation allowed a marginal
detection of low anhydrase activity (see Figure S2).

2.3 | Thermostability analysis by
differential scanning fluorimetry

The thermal stability of the γ-CaCA was assessed by
employing DSF (Figure 2) and Tm values (Table 1)
were determined across a range of pH conditions.
γ-CaCA exhibited Tm values ranging from 64�C to 75�C
across a pH range of 5.5 to 9.0, indicating its thermo-
stable nature. Its high stability over a wide pH range
underscores its potential utility in biotech applications
that demand both high thermal resistance and toler-
ance to pH fluctuations. The thermostability of CAs
from thermophilic organisms has been documented in
the literature. For example, an α-CA from Sulfurihydro-
genibium yellowstonense demonstrated a Tm of
approximately 90�C (Fredslund et al., 2018). Similarly,
a β-class CA from Methanobacterium thermoautotro-
phicum was reported to maintain stability up to 75�C
(Smith & Ferry, 1999).

F I GURE 2 DSF for the determination of melting temperatures
(Tm) at different pH values (5.5–9.0). The figure depicts normalized
denaturation curves for γ-CaCA. DSF was carried out in buffers with
different pH values: 5.5 (●), 6.3 (■), 7(♦), 8.2 (▲) and 9.0 (▼). Each
normalized curve represents the mean value of three independent
experiments. Curves were fit with the Boltzmann sigmoidal model
(solid lines). Goodness of fit (R 2) values for each pH are 0.99, 0.98,
0.98, 0.99, and 0.98, respectively.

TAB L E 1 Melting temperatures (Tm) of γ-CaCA and γ-CaCAmut
measured at different pH values using DSF.

γ-CaCA γ-CaCAmut

pH Tm pH Tm

5.5 73.2 ± 0.1 5.0 60.0 ± 0.19

6.3 73.2 ± 0.1 6.0 72.8 ± 0.1

7.0 72.5 ± 0.1 7.0 90.0 ± 0.5

8.2 75.2 ± 0.1

9.0 64.7 ± 0.2
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2.4 | Crystallization and structure
analysis of γ-CaCA by x-ray
crystallography

γ-CaCA was crystallized with three molecules (A, B, C)
in the asymmetric unit (Table 2 and Figure 3a). The tri-
mer structure has a surface area of 19,270 Å2 and a
buried surface area of 6830 Å2, whereas chain A has
a surface area of 8627.3 Å2. The rmsd values in Cα
positions observed between molecule pairs A-B, B-C,
and C-A are 0.134, 0.128, and 0.128 Å, respectively.
The three molecules show subtle changes, mainly
owing to the flexibility of the C-terminal 6xHis-tag. The
overall architecture consists of seven rounds of parallel
coil-beta strands and an antiparallel beta strand (resi-
dues 139–143) and an alpha helix (Glu146–Tyr166)

(Figure 3b). Each chain is shaped as a horizontal trian-
gular cylinder and is connected to the neighboring
chain by zinc-mediated interactions at the interface.
Twelve sodium cations and two formate anions (FMT1
and FMT2) are present in the structure. Both FMTs are
at the interface of chain A and chain C (Figure 3a).
FMT1 lies in the proximity of the zinc ion, whereas
FMT2 is located beneath but away from FMT1 near the
start of the α-helix.

The active site of each γ-CaCA chain is located at
the interface of neighboring chains A-B, B-C and C-A.
There are three zinc ions, coordinated by His64, His82,
His87 and Tyr159 (Figure 3c), at the active site. His64
and His87 belong to the same monomer whereas
His82 belongs to the neighboring chain, resulting in a
distorted trigonal bipyramidal structure for the Zn2+

coordination.

2.5 | Structural comparison and the
basis of low activity of γ-CaCA

PDBeFold and PDBePISA were employed to search
for structures similar to γ-CaCA for structural compari-
son. CAs from Clostridioides difficile (Cag; PDB:
4MFG), Thermus thermophilus HB8 (TtCA; PDB:
6IVE), E. coli (YrdA; PDB: 3TIO), Brucella abortus
(RicA; PDB: 4N27) and Methanosarcina thermophila
(Cam; PDB: 1THJ) were selected for comparative anal-
ysis. The selected γ-CAs show very different levels of
catalytic activities, spanning from inactive proteins such
as TtCA (Wang et al., 2019), YrdA (Park et al., 2012)
and RicA (Herrou & Crosson, 2013) to active proteins
such as Cam (Kisker et al., 1996), Cag (Sridharan
et al., 2021), and BpsCA (Di Fiore et al., 2022). The
observed RMSD values, ranging from 0.65 to 0.80 Å,
indicate minor structural deviations and a high degree
of overall structural conservation, as illustrated in
Figure 4a. A structure-based sequence alignment is
shown in Figure 4b.

It is well established that CAs catalyze a two-step
ping-pong reaction: (i) nucleophilic attack of metal
bound OH� on CO2 resulting in HCO3

� and H2O forma-
tion, and (ii) transfer of proton from metal bound H2O to
the buffer. During this process, the metal ion functions
as a Lewis acid reducing the pKa of water molecule.
The second step is the rate-limiting step and is gov-
erned by a proton shuttle residue. Glu85 and Glu123
have been identified as proton shuttle residues in Cam
and BpsCA, respectively (Di Fiore et al., 2022;
Zimmerman et al., 2010). Proton shuttle residues in
these CAs are found in close proximity to the active site
and have been proposed to contribute to stability and
activity (Mikulski & Silverman, 2010). In γ-CaCA, the
key catalytic residues identified in Cam, Arg43, Asn56,
and Gln58 (Kisker et al., 1996), are conserved. How-
ever, other functionally important residues in Cam,

TAB LE 2 X-ray data collection and refinement statistics.

Data collection γ-CaCA γ-CaCAmut

Beamline P13
(EMBL, Hamburg)

P13
(EMBL, Hamburg)

Wavelength (Å) 0.8266 1.0

Resolution range (Å) 49.25–1.11
(1.15-1.11)

47.48–2.10
(2.17–2.10)

Space group P 21 21 21 P 21 21 21

Unit cell

a, b, c (Å) 57.02, 82.84,
98.51

81.69, 164.96,
165.11

β (�) 90 90

No. of unique
reflections

184,092 (17,915) 130,473 (12,671)

Completeness (%) 99.9 (99.7) 99.9 (99.7)

Multiplicity 13.0 (12.7) 13.7 (13.8)

Mosaicity (�) 0.18 0.14

Rmeas 0.086 (4.016) 0.165 (3.053)

CC1/2 0.999 (0.416) 0.999 (0.427)

Mean (I/σ(I)) 12.2 (0.8) 10.6 (1.0)

Wilson B-factor (Å2) 14.5 49.9

Refinement

No. of reflections
used

183,904 130,317

Rcryst/Rfree 0.166/0.188 0.20/0.24

No. of non-H atoms
(protein/ligand/
solvent)

3,924/21/577 12,383/86/472

RMSD in bonds (Å) 0.005 0.007

RMSD in angles (�) 0.894 0.912

Average B-factor (Å2) 21.3 53.6

Ramachandran
favored/outliers (%)

97.4/0.0 94.9/1.1

Rotamer outliers (%) 0.0 2.4

Clashscore 5.5 6.0

PDB id 9QEV 9QEZ

BODOURIAN ET AL. 5 of 19

 1469896x, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.70396 by U

niversity of T
urku, W

iley O
nline L

ibrary on [28/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://bioinformatics.org/firstglance/fgij//fg.htm?mol=4MFG
http://bioinformatics.org/firstglance/fgij//fg.htm?mol=6IVE
http://bioinformatics.org/firstglance/fgij//fg.htm?mol=3TIO
http://bioinformatics.org/firstglance/fgij//fg.htm?mol=4N27
http://bioinformatics.org/firstglance/fgij//fg.htm?mol=1THJ


including Asn203, Glu63, and the putative proton shut-
tle residue Glu85 are absent in γ-CaCA.

Despite the overall structural conservation, differ-
ences were observed in β1-β2 and β8-β9 loop residues
which were found to be less conserved (Figure 4b).
The residues of the β8-β9 loop are pointing towards the
active site. Interestingly, Cam is the only active CA with
a longer β1-β2 and β8-β9 loop among the compared
CAs. Second to Cam is Cag (Sridharan et al., 2021)
which is another active CA but lacks a long β8-β9 loop.
BpsCA, another active CA among the compared CAs,
is characterized by short β1-β2 and β8-β9 loops. Com-
parison of the three active CAs (Cam, Cag, and
BpsCA), indicates the absence of any established pat-
tern or mechanism that may characterize a CA as
active or inactive. Interestingly, YrdA (Figure 4b),
despite being inactive, exhibits a longer β8-β9 loop, fur-
ther supporting the argument that a defined pattern for
an ‘active γ-CA’ is yet missing.

The potential role of the C-terminal helix in the activ-
ity of some γ-CAs was also examined. Structure-based
sequence alignment (Figure 4b) and conservation dia-
grams (Figure 4c) showed low sequence conservation

in the C-terminal helix. Tyr159 in γ-CaCA is notably
highly conserved among the compared CAs, with the
exception of Cam, where it is substituted by an Asn res-
idue (Asn203) (Figure 4b,d). In γ-CaCA, Tyr159 points
towards the active site, and the hydroxyl group is
�3.9 Å from the zinc ion. In Cam, Asn203 is located at
6.6 Å from the zinc ion. In BpsCA, which is character-
ized by moderate activity, Tyr159 is 3.6 Å from the zinc
ion. In Cag, Tyr158 is 3.9 Å from the magnesium ion
(Figure 4d). The analysis indicated that there is no
established pattern of amino acid residues from the
C-terminal helix or a certain distance to the metal atom
that may determine whether a CA is active or inactive.

2.6 | Design and evaluation of an
engineered γ-CaCAmut

2.6.1 | Design of the mutant enzyme
γ-CaCAmut

Sequence and structural analysis of the catalytically
active Cam identified three conserved His residues

F I GURE 3 (a) Overall ribbon
diagram of the trimeric γ-CaCA. Strands,
coils and helices in each monomer are
colored as cyan, green and goldenrod,
respectively. The zinc ions are depicted
as spheres in gray color. Formate ions
(FMTs) are shown as sticks in purple
color. (b) Ribbon diagram of γ-CaCA
(chain B). Secondary structure elements
were assigned by KSDSSP in Chimera
(Pettersen et al., 2004). Strands are
colored in cyan and the C-terminal helix
in green. (c) Close up view of the zinc-
binding site between monomers B and
C. Distances are shown in Å units.
Figures were created using Chimera.
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(His82, His118, and His123) that are involved in metal
binding and a number of other residues (Arg60, Glu63,
Gln76, Glu85, Asn203) that contribute to catalysis and
formation of the active site (Figure 5a and Table 3). A
comparison between the active centers of γ-CaCA and
the Cam homolog reveals that γ-CaCA lacks Glu63,
Asn203and the essential acidic loop with the proton

shuttle residue Glu85 (Figure 5b and Table 3). The resi-
dues Gln76, Asn203, and Glu63 in Cam, which play
significant roles in positioning carbon dioxide in the
active site, are replaced by Gln58, Tyr159, and Val46,
respectively, in γ-CaCA. In Cam, Glu63 is essential for
releasing the reaction product, which is in a hydrogen
bond with bicarbonate and is also involved in the

F I GURE 4 Structural comparisons and analysis of γ-CAs. CAs from Clostridioides difficile (Cag; 4MFG), Thermus thermophilus HB8 (TtCA;
6IVE), E. coli (YrdA; 3TIO), Brucella abortus (RicA; 4N27) and Methanosarcina thermophila (Cam; 1THJ) were selected for comparative
analysis. (a) Loop comparison among the PDB structures. γ-CaCA is colored as cyan and compared with TtCA (blue), YrdA (coral), BpsCA
(gray), RicA (pink), Cag (gold) and Cam (purple). (b) Structure-based sequence alignment. Conserved residues are highlighted in red columns.
Conserved residues at the active site are marked by red triangle symbol underneath. This figure was created with ESPript (Robert &
Gouet, 2014). (c) Sequence conservation in γ-CAs. Red denotes 100% conservation and blue 0% conservation. The structure-based alignment
in (b) was used. (d) C-terminal helix residues interacting with the metal ion. The residues that belong to BpsCA, Cag, and Cam are colored gray,
gold and purple, respectively. This figure was made using Chimera.

BODOURIAN ET AL. 7 of 19

 1469896x, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.70396 by U

niversity of T
urku, W

iley O
nline L

ibrary on [28/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



transfer of protons that are produced by the formation
of hydroxide from the water attached to zinc. These dis-
crepancies between the two enzymes prompted the
question of whether a catalytic function can be engi-
neered for γ-CaCA. Consequently, an engineered form
of γ-CaCA was designed using the structural informa-
tion from the homolog Cam enzyme.

Based on the analysis described above, our engi-
neering strategy involved substituting Val46 and
Tyr159 of γ-CaCA with Glu and Asn, respectively
(Table 3). Furthermore, our strategy involved incorpo-
rating the acidic loop segment from the Cam sequence
(Glu85-Thr-Ile-Asn-Glu-Glu-Gly-Glu-Pro93-), which
encompasses the proton shuttle residue Glu85. This
modification consequently resulted in two additional
amino acid substitutions, with Thr67 and Gly68 of γ-
CaCA being replaced by Glu residues. To validate our
structure-based design, a mutant form of γ-CaCA was
constructed (named γ-CaCAmut) and its kinetics and
structural properties were investigated.

2.6.2 | Biochemical characterization of
γ-CaCAmut

γ-CaCAmut was expressed and purified as described
for the wild-type enzyme (Figure S1b). The catalytic
activity of purified γ-CaCAmut was assessed towards
the two model reactions, similar to that performed for
the wild-type enzyme. The results demonstrated that
γ-CaCAmut exhibits approximately twofold higher
CO₂ hydration activity compared with the wild-type
enzyme (Figure S2). In addition, it displayed esterase
activity using p-NPA as substrate. The esterase
activity of γ-CaCAmut obeyed normal Michaelis–
Menten saturation kinetics (Figure 6a,b) with kinetic
parameters Km and kcat 0.96 ± 0.05 mM and
4.46 min�1, respectively. The determined Km values
align well with those reported for other CAs, such as
from the thermophilic bacterium Sulfurihydrogen-
ibium and bovine, with values 2.8 and 3.4 mM,
respectively (Capasso, de Luca, et al., 2012).

F I GURE 5 Comparison of
selected active site residues in
(a) Cam from M. thermophila (PDB
ID:1THJ) (b) γ-CaCA. The bound zinc
ions in the active sites are shown as
spheres.

TAB LE 3 Comparison of essential amino acid residues in Cam with those in γ-CaCA for the design of the engineered enzyme γ-CaCAmut.

Enzymes Residues

Cam Arg60 Glu63 Gln76 His82 Glu85 His118 His123 Asn203

γ-CaCA Arg43 Val46 Gln58 His64 Thr67 His82 His87 Tyr159

γ-CaCAmut Arg43 Glu46 Gln58 His64 Glu67 His89 His94 Asn166

Note: The residues that were targeted for mutagenesis in γ-CaCA and the mutated residues in γ-CaCAmut are depicted with bold letters.
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However, the kcat of γ-CaCAmut is significantly lower
(approximately 103–104 times) compared to that of
the enzymes from Sulfurihydrogenibium and bovine.

The pH dependence of esterase activity was also
assessed (Figure 6c). The results showed an alkaline
pH optimum similar to that found in other CAs, such as

F I GURE 6 (a) Plot of the initial rates of p-NPA hydrolysis by γ-CaCAmut at 25�C, with a Michaelis–Menten curve fitted to the data.
(b) Lineweaver-Burk plots of the hydrolysis of pNPA catalyzed by γ-CaCAmut at 25�C. (c) pH dependence at 25�C of the initial rates of pNPA
hydrolysis catalyzed by γ-CaCAmut. (d) Inhibition of γ-CaCAmut by common CA inhibitors (sulfanilamide, sodium azide, EDTA). The activity of γ-
CaCAmut was assayed using pNPA as substrate at 25�C. The concentration of the inhibitors was 1 mM. (e) DSF curves of γ-CaCAmut for the
determination of melting temperature (Tm) at pH 5.0, 6.0 and 7.0. Curves were fit with the Boltzmann sigmoidal model (solid lines). Goodness of
fit (R 2) values for each pH are 0.99, 0.98 and 0.98, respectively. (f) Thermal inactivation profile of γ-CaCAmut at pH 8.0. The enzyme was
incubated for 5 min at temperatures ranging from 50�C to 99�C, and residual esterase activity was measured using pNPA as substrate.

BODOURIAN ET AL. 9 of 19
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those from human erythrocytes (Verpoorte et al., 1967).
Inhibition of γ-CaCAmut by three common diagnostic
CA inhibitors (sulfanilamide, azide, and EDTA) was
also evaluated (Figure 6d). Consistent with findings for
other carbonic anhydrases (Supuran, 2016b), the
observed inhibition further supports the conclusion that
γ-CaCAmut exhibits characteristics typical of this
enzyme family.

The structural stability of γ-CaCAmut was further
evaluated using DSF in different pH values, similar to
those conducted for the wild-type enzyme (Figure 2).
The melting curves are shown in Figure 6e and the
measured Tm values are listed in Table 1. The results
demonstrated that γ-CaCAmut exhibited significantly
enhanced thermostability, with its Tm value at pH 7.0
increasing by approximately 18�C compared to the
wild-type enzyme. Interestingly, the melting curve at
pH 8.0 in the DSF experiment failed to reach maximum
fluorescence before the complete denaturation of γ-
CaCAmut. This is because of the limitations of the PCR

instrument (maximum temperature 99�C). Therefore,
as an alternative approach for assessing the thermo-
stability, we employed thermal inactivation studies,
exploiting the esterase activity of γ-CaCAmut. Figure 6f
illustrates the thermal inactivation profile of γ-CaCAmut
at pH 8.0 over the temperature range of 50–99�C. The
results indicate that the enzyme remained catalytically
active throughout this temperature range, and retained
more than 80% (at 99�C) of its initial activity, indicating
exceptional thermostability.

2.7 | Crystal structure analysis of
γ-CaCAmut

The newly adapted esterase activity and the dramatic
increase in Tm of the γ-CaCAmut prompted us to inves-
tigate its 3D structure using X-ray crystallography
(Figure 7). The mutant enzyme was crystallized, and its
structure was determined at 2.1 Å resolution. The

F I GURE 7 (a) Structural overlay of the γ-CaCA monomer (green), the γ-CaCAmut (yellow) and γ-CA from Cam (red) (PDB ID: 1THJ). The
position of the acidic loop is labeled. (b) Sequence alignments of γ-CA from Cam (PDB ID: 1THJ), γ-CaCA and γ-CaCAmut. Alignment was
performed using ClustalO and displayed using ESPript 3.0. Conserved areas are shaded in red columns. (c) Selected active site residues in γ-
CaCAmut. The bound zinc ion in the active site is shown as sphere.
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asymmetric unit was found to contain nine molecules of
γ-CaCAmut arranged in three homotrimers, each of
which is similar to the wild-type typical homotrimer.
Structural superposition of the two structures revealed
an rmsd of 0.393 Å, suggesting subtle changes. Key dif-
ferences were observed in the β8-β9 loop after the inser-
tion. The incorporation of extra residues made the loop
highly flexible and difficult to model owing to poor elec-
tron density. Zinc was also found at the active site of
γ-CaCAmut and the catalytic residues, including His and
Tyr, were found in similar positions in both the wild-type
and mutant structures. The orientation of the mutated
residues Asn166 and Glu67 towards the active site sug-
gests their possible interactions with zinc and role in the
catalytic efficiency and stability of the active site.

2.8 | Structural basis of γ-CaCAmut
esterase activity

Building on the high-resolution structures determined in
this study, molecular docking analyses were performed
to examine the interactions of p-NPA with γ-CaCA and
γ-CaCAmut, with the objective of elucidating the experi-
mentally observed differences in catalytic activity.
Figure 8 illustrates the most probable binding modes of
p-NPA to both γ-CaCA and γ-CaCAmut. p-NPA binds
to two enzymes with two distinct binding orientations:
a productive (γ-CaCAmut) and a non-productive
(γ-CaCA). In the case of γ-CaCA, p-NPA binds in the
active site with its susceptible ester bond oriented
opposite to the Zn2+ (Figure 8a). On the other hand,

F I GURE 8 (a, b) The most favorable predicted mode of γ-CaCA (a) and γ-CaCAmut (b) interaction with pNPA. Blue and gray dashed lines
represent H-bond and van der Waals interactions, respectively. pNPA is shown as a stick representation and colored according to the atom type.
The figures were created using the SwissDock server. (c, d) Hydrophobicity potential of γ-CaCA (c) and γ-CaCAmut (d). Red and white shades
represent hydrophobic and hydrophilic regions, respectively, based on the Eisenberg’s scale. (e) The predicted mode of interaction of γ-CaCA
with the pNPA. Side chains of residues in contact with the ligand are shown with dashed lines. (f) The proposed interaction mechanism between
γ-CaCAmut and pNPA. Dashed lines indicate the side chains of residues that interact with the ligand. pNPA is shown as a stick representation
and colored purple. The figures were created using the PyMOL program.
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p-NPA binds in the active site of γ-CaCAmut
(Figure 8b), with its ester carbonyl oxygen close to the
catalytic Zn2+. The main driving force that fixes the sub-
strate to two distinct orientations appears to be varia-
tions in the hydrophobicity of the two binding sites
(Figure 8c,d). Analysis of the γ-CaCAmut structure
showed that Leu103 contributes to the stabilization of
the aromatic ring of p-NPA in the active site by creating
two hydrophobic contacts with the aromatic group
(Figure 8b). Furthermore, Gly105 makes an H-bond
with the nitro group of the substrate. These interactions
seem to contribute towards fixing the orientation of the
ester bond, allowing Gln58 and the newly mutated resi-
dues Asn166 to form hydrogen bonds with the carbonyl
oxygen of p-NPA (Figure 8b). In addition, the methyl
group of Thr86 further contributes to the orientation
of the ester group by forming a van der Waals contact
with the methyl group of acetate. In this orientation
and assuming that the mutant enzyme retains the
conserved catalytic mechanism of CAs, a water mol-
ecule coordinated to the Zn2+ ion can be positioned
to act as a nucleophile, initiating the attack on the
carbonyl carbon of the ester substrate. All these inter-
actions are absent in γ-CaCA (Figure 8a), resulting in
unproductive binding of p-NPA and the absence of
catalytic activity.

2.9 | Structural basis of γ-CaCAmut
hyperthermostability

The enhanced thermostability of γ-CaCAmut can be
attributed to multiple factors, including the presence of
additional residues in the acidic loop, improved electro-
static interactions, increased solubility, or oligomeriza-
tion mediated by various interfacial interactions among
the contributing monomers (Fraser et al., 2016).

Oligomerization has been implicated in other
enzymes as a potential factor of thermostability (Fraser
et al., 2016). To test this hypothesis, analysis of the
oligomerization stage of γ-CaCAmut at pH 8.0 was
accomplished using mass photometry. The results
demonstrated (see Figure S3) that only a trimeric struc-
ture was present in solution. It is therefore possible that
the oligomerization observed in the crystals is a crystal-
lization artifact. However, the concentration used in
mass photometry measurements is low (50 nM) and
the protein may still be able to oligomerize at high con-
centrations, such as those found in the crystals.

To investigate whether the solubility factor contrib-
utes to the enhanced stability of γ-CaCAmut, we com-
pared the predicted pI and scaled solubility value using
the Protein-Sol in silico tool (Hebditch et al., 2017). We
found that for the wild-type enzyme the pI and the
scaled solubility value were 6.58 and 0.671, respec-
tively. On the other hand, for the γ-CaCAmut, the pre-
dicted pI and solubility were 6.08 and 0.862,
respectively, suggesting that the mutant enzyme dis-
plays significantly higher solubility, a crucial factor that
affects protein stability (Qing et al., 2022).

Furthermore, residue interaction network using the
RING 4.0 program (del Conte et al., 2024) was used in
order to identify important interactions in γ-CaCAmut
that may contribute to its enhanced thermostability.
Numerous inter-chain interactions were identified. In
the case of γ-CaCA a total of 19 H-bonds, three ionic
and 24 van der Waals interactions are observed. Inter-
estingly, a larger number of inter-chain interactions
were found in γ-CaCAmut: 22 H-bonds, nine ionic and
46 van der Waals inter-chains. Furthermore, the two
engineered amino acids in the γ-CaCAmut structure
(Glu46 and Glu67) seem to contribute substantially to
thermostability, since they interact with His165 of the
neighboring subunit, forming two ionic bonds, one

F I GURE 9 (a) Residue interaction network around B/His158 of γ-CaCA. (b) Residue interaction network around B/His165 of γ-CaCAmut.
(c) Interactions formed between B/His165 with A/Glu46, A/Glu67 and other nearby residues. Pictures were created using the RING 4.0 web
server (del Conte et al., 2024). Blue, red, and gray dashed lines represent H-bond, ionic and van der Waals interactions, respectively.
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H-bond, and two van der Waals interactions (Figure 9).
It is highly plausible that these newly formed electro-
static interactions and the higher solubility of the mutant
enzyme may be key factors that contribute significantly
to trimer stabilization, enhancing the enzyme’s overall
thermostability.

3 | CONCLUSIONS

In this study, a γ-CA with 95% sequence identity to
Caloramator australicus γ-CA was identified in a geo-
thermal spring metagenomic soil sample and character-
ized. The enzyme displayed marginally low CO₂
hydration activity and no measurable esterase activity.
The crystal structure of the native enzyme was deter-
mined at 1.11 Å resolution, the highest resolution
reported to date for any γ-CA, allowing detailed analysis
of its active site architecture. Structural inspection
revealed the absence of key catalytic residues and ele-
ments of the C-terminal helix, explaining the observed
inactivity. To probe the functional consequences of
these missing elements, a rational design approach was
employed to introduce the absent catalytic residues. The
engineered variant displayed slight increased CO₂
hydration activity, restored esterase activity towards
p-NPA and a substantial increase in thermostability com-
pared to the wild-type enzyme. Residues critical for CO₂
hydratase activity (e.g., Glu63, Asn203) were introduced
via site-directed mutagenesis. The resulting mutant
enzyme exhibited increased, yet still overall low, hydra-
tase activity, highlighting the complex structural require-
ments underlying this catalytic function. High-resolution
structural characterization of the mutant enzyme pro-
vided insights into the conformational adaptations asso-
ciated with its acquired catalytic function and enhanced
stability. Collectively, these findings expand our under-
standing of structure–function relationships in γ-CAs and
highlight the potential of rational protein engineering to
rescue or repurpose inactive enzyme scaffolds. The
engineered variant, with its unique combination of
hyperthermostability, metal-binding capacity, and ester-
ase activity, represents a valuable template for future
biotechnological and industrial applications. Its stability
and catalytic versatility indicate strong potential for bio-
catalytic applications under extreme conditions
(Burkhardt et al., 2023).

4 | MATERIALS

The expression vector pETite C-His Kan was contained
in the Expresso™ T7 Cloning and Expression System
(Lucigen, Middleton, WI). KAPA High Fidelity DNA
polymerase was purchased from KAPA Biosystems
(Pty, Cape Town, South Africa). Cloning was accom-
plished using the In-Fusion® HD Cloning Kit (Takara

Bio USA Inc., Mountain View, CA). The p-nitrophenyl
acetate (p-NPA), kanamycin, and other analytical grade
chemicals and salts were obtained from Sigma-Aldrich
(St. Louis, MO).

5 | METHODS

5.1 | Sample collection and DNA
extraction

Wet soil samples from a thermal spring at Lisvori,
Greece (39o06003.500 N, 26o12004.300 E) were collected
aseptically in sterile tubes in May 2019. The in situ tem-
perature was 70�C. Following storage at 4�C for a short
period of time, extraction of total environmental DNA
(eDNA) was carried out with a DNeasy® PowerMax®

Soil kit (QIAGEN, Germany), using 10 g of soil sample,
according to the manufacturer’s instructions. The eDNA
was concentrated by precipitation with NaCl/cold etha-
nol, and the resulting pellet was washed with an ethanol
solution (70% v/v). The quality of the purified eDNA was
evaluated by agarose gel electrophoresis and quanti-
fied using a NanoDrop® ND-1000 spectrophotometer
(Thermo Fisher Scientific Inc., MA). The final yield was
approximately 10.1 ± 0.5 ng‧μL�1 (Average ± SD).

5.2 | Amplification of 16S rRNA for high
throughput sequencing

The hypervariable region V3-V4 of the 16S rRNA gene
was targeted for amplification, producing a �460 bp frag-
ment. The specific primer set comprised 341F (50-
CCTACGGGNGGCWGCAG-30) (Herlemann et al., 2011;
Klindworth et al., 2013) and 805 Rmod (50-GAC-
TACNVGGGTWTCTAATCC-30) (Apprill et al., 2015).
Each oligonucleotide bore overhanging Illumina adapters,
and the total eDNA was used as a template for the gene
region of interest. The PCR amplification mixture, reaction
conditions, 16S Metagenomic Sequencing Library Prepa-
ration (Illumina), and sequencing on an Illumina®MiSeq
(PE300) platform were performed as described by Sal-
maso et al. (2018) (Salmaso et al., 2018). The produced
amplified sequences were designated according to
sample-specific barcodes and saved as FASTQ-
formatted files. Sequencing data were deposited in the
National Center for Biotechnology Information (NCBI)
database and can be accessed via BioProject ID
PRJNA997949.

5.3 | Bioinformatics analysis

Raw data were obtained as FASTQ files, and their pro-
cessing was accomplished using the QIIME 2™ micro-
biome analysis package, version 2019.4 (Bolyen
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et al., 2019). The analysis followed a series of steps as
previously described by Pantiora et al. (Pantiora
et al., 2024). Briefly, paired-end reads belonging to the
sample were subjected to quality control using DADA2
(Callahan et al., 2016) in which forward and reverse
sequencing primers, low-quality regions of the
sequences, and chimeric products were subtracted.
Subsequently, the remaining high-quality sequences
were merged into a single archive. The classification of
the true non-chimeric sequences (Amplicon Sequence
Variants, ASVs) was carried out with SILVA 132 as a
reference sequence alignment with majority-consensus
taxonomy (seven levels) clustered at 99% sequence
similarity (Quast et al., 2013; Yilmaz et al., 2014). The
Naïve Bayes algorithm was applied for the training of
the classifier based on the multiple alignment of the
SILVA 132 database (Bokulich et al., 2018; Pedregosa
et al., 2012). The last steps of the analysis included the
exception of the sequences pertaining to Archaea,
chloroplasts, and mitochondria. Having assessed the
sequencing depth, the number of reads was rarefied to
21,793 sequences, leading to a total of 214 classified
ASVs (Weiss et al., 2017).

Sequences homologous to γ-CaCA were sought in
the NCBI using BLAST (Altschul et al., 1990). The
resulting sequence set was aligned with Clustal Omega
(Thompson et al., 1994). ESPript (Robert &
Gouet, 2014) was used for alignment visualization and
manipulation.

5.4 | Cloning and PCR amplification of
γ-CaCA like sequence

The complete gene of γ-CaCA was amplified by PCR
from eDNA using the KAPA HiFi PCR Kit®. PCRs were
performed using the primers, CaAF 50-GAA GGA GAT
ATA CAT ATG GAG CAT AAA TAT AAA AAT C-30 and
CaAR 50-GTG ATG GTG GTG ATG ATG CCT ATA
ATT TTT AGA TAG TTC-30. The expression vector
pETite was used for directional cloning of the amplified
gene following the procedure of the In-Fusion® HD Clon-
ing Kit. The pETite plasmid contains the T7 promoter and
a C-terminal hexastidine (6His) tag. In order to amplify the
full-length ORF from eDNA, the PCR reaction was carried
out in a total volume of 15 μL containing: 10 μM of each
primer, 50 ng template genomic DNA, 10 mM dNTPs,
5 μL 5� KAPA HiFi Buffer, and 0.5 unit of KAPA HiFi
DNA polymerase (KAPA Biosystems, USA). The PCR
procedure consisted of 30 cycles of 20 s at 98�C, 15 s at
48�C, and 15 s at 72�C. A final extension time at 72�C for
10 min was performed after the 30th cycle. Escherichia
coli DH5a competent cells were used as the host for gene
cloning. Positive transformants were selected on Luria–
Bertani (LB) plates containing kanamycin (30 μg/mL).
Recombinant cells were screened by PCR-colony using
the T7F and CaAR primer pair. Positive clones were

confirmed by direct DNA sequencing. The sequence of
the γ-CaCA was deposited to GenBank database (acces-
sion number PV429983).

5.5 | Construction of the γ-CaCA mutant
enzyme (γ-CaCAmut)

The mutant γ-CaCA gene was obtained as a synthetic
construct from Genscript Biotech Corp (New Jersey,
United States) and cloned into a pETite expression
vector as described for the wild-type enzyme. CaAF
and CaAR oligonucleotides were used as primers for
the PCR reaction (see above). The mutated gene was
confirmed by DNA sequencing.

5.6 | Heterologous expression and
purification of γ-CaCA and γ-CaCAmut

E. coli Rosetta™ 2(DE3)pLysS competent cells were
transformed with the recombinant plasmids and cultured
overnight at 37�C in LB medium supplemented with
30 μg/mL kanamycin. Starter cultures (5 mL) were then
used to inoculate 500 mL LB containing kanamycin
(30 μg/mL). Cultures were grown at 37�C and 180 rpm
until the OD600 reached 0.5–0.6. Subsequently, ZnSO4

was added at a final concentration of 0.5 mM and the
expression of the cloned gene was induced by the addi-
tion of 0.5 mM isopropyl 1-thio-β-galactopyranoside
(IPTG). Cultures were incubated at 37�C and 180 rpm for
a further 4 h. The cells were then harvested using centri-
fugation (10,000�g, 4�C) for 10 min and stored at �20�C.
The cell pellet (approximately 1 g) was resuspended in
potassium phosphate buffer (50 mM, pH 8.0) containing
sodium chloride (0.3 M), sonicated, and centrifuged
(10,000�g for 10 min). Crude cell-free extract was loaded
onto a column of Ni-IDA-Sepharose (1 mL), which was
previously equilibrated with potassium phosphate buffer
(50 mM, pH 8.0) containing sodium chloride (0.3 M) and
imidazole (10 mM). Bound γ-CaCA (or γ-CaCAmut) was
eluted stepwise with equilibration buffer containing differ-
ent concentrations of imidazole (20–300 mM). The col-
lected fractions (2 mL) were collected and assayed for CA
activity and protein (Kielkopf et al., 2020). The typical yield
from 1 g cell pellet was about 30 mg of purified γ-CaCA or
γ-CaCAmut. Protein purity was assessed using SDS-
PAGE (Laemmli, 1970). Before use, the purified enzyme
fractions were dialyzed against Tris–HCl buffer (20 mM,
pH 8.3) and stored at 4�C.

5.7 | Assay of enzyme activity and
kinetics analysis

The CO2 hydration activity of γ-CaCA or γ-CaCAmut
was assayed by monitoring the pH variation due to the
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conversion of CO2 to bicarbonate, as previously
described (Capasso, Luca, et al., 2012). Phenol red
was used as the pH indicator and the assay was per-
formed at 4�C using CO2-saturated water as substrate.
The assay buffer consisted of 20 mM Tris–HCl buffer
(pH 8.3, containing 0.2 mM phenol red). An appropriate
amount of enzyme solution was added to the test tube
and an equivalent volume of buffer was added to the
control tube. An appropriate amount of CO2-saturated
water was added and the time required for the solution
to change from red to yellow (557 nm) was recorded.
CO2 hydration activity was expressed in Wilbur-
Anderson (WA) units. One Wilbur-Anderson unit (WAU)
of CA activity is defined from the equation (T0 � T)/T,
where T0, is the time (s) for the spontaneous (uncata-
lyzed) reaction, and T is the time (s) for the enzymatic
reaction, required for the pH to drop from 8.3 to 6.3 in a
control buffer and in the presence of enzyme, respec-
tively. Stopped-flow kinetic measurements (SFA20
model) were performed under ice-cold conditions (0�C)
using a final enzyme concentration of 19.1 μg/mL, as
well as in the absence of enzyme (blank control). Four
independent experimental repetitions were conducted,
each consisting of three technical replicates. The reac-
tion progress was monitored by measuring the
decrease in pH from 8.3 to 6.3, using phenol red as a
pH indicator.

The hydrolysis of p-nitrophenyl acetate (p-NPA) cat-
alyzed by γ-CaCAmut was followed spectrophotometri-
cally, as previously described (Jo et al., 2014), by
monitoring the increase in absorbance for 180 s at
348 nm due to the formation of p-nitrophenol at 25�C.
The extinction coefficient ε = 5000 L � mol�1 � cm�1

for p-nitrophenol was used. The reaction mixtures con-
tained freshly prepared 3 mM p-NPA (30 mM stock
solution in acetonitrile) and 40 mM potassium phos-
phate (pH 7–8). The reaction was initiated by the addi-
tion of the enzyme. The rates of spontaneous
hydrolysis were subtracted from the enzymatic rates.
Steady-state kinetics analysis of p-NPA hydrolysis, cat-
alyzed by γ-CaCAmut was carried out in 0.1 M
KH2PO4, pH 8.0, at 25�C using different p-NPA con-
centrations (0.4–3.5 mM).

5.8 | Protein determination

Protein concentration was determined at 25�C by the
method of Bradford (Kielkopf et al., 2020) using bovine
serum albumin (fraction V) as the standard.

5.9 | Electrophoresis

SDS polyacrylamide gel electrophoresis was performed
according to the method of Laemmli (Laemmli, 1970) on
a vertical slab gel containing 12.5% (w/v) polyacrylamide

(running gel) and 2.5% (w/v) stacking gel. The protein
bands were stained with Coomassie Brilliant
Blue R-250.

5.10 | Thermal stability

The thermal stability of γ-CaCA and γ-CaCAmut was
evaluated using differential scanning fluorimetry (DSF)
on an Applied Biosystems® real-time PCR StepOne™
instrument (Applied Biosystems, Waltham, MA, USA),
according to (Huynh & Partch, 2015) (Huynh &
Partch, 2015). Fluorescence was monitored between
15 and 99�C at a rate of 1�C/min. Melting temperatures
(Tm) were estimated using the Protein Thermal Shift
Dye Kit™. Tm is defined as the temperature where both
the folded and unfolded states are equally populated at
equilibrium and was calculated by nonlinear fitting of
the Boltzmann equation to the normalized fluorescence
data. Tm values were measured in different buffer sys-
tems: 50 mM sodium acetate/NaOH, pH 5.5; 50 mM
MES/NaOH, pH 6.0; 50 mM Tris/HCl, pH 7.0 and 8.0;
50 mM Glycine/NaOH, pH 9.0. The thermostability of γ-
CaCAmut at pH 8.0 was assessed by measuring its
residual esterase activity using pNPA as substrate, fol-
lowing heat treatment for 5 min at various temperatures
ranging from 50�C to 99�C. Temperature control during
incubation was maintained using a PCR thermocycler
to ensure precise thermal conditions. To minimize
evaporative losses during heating, an oil overlay was
applied above the buffered enzyme solution. After heat
treatment, the precipitated proteins (if formed) were
removed by centrifugation and the supernatant was
used for activity measurements. Residual activities
were calculated as a percentage, relative to the activity
of a non-heated sample stored at 4�C.

5.11 | Mass photometry

Mass photometry measurements were performed on a
Refeyn TwoMP-auto mass photometer. The protein
was diluted to a final concentration of 50 nM in buffer
Tris–HCl 10 mM (pH 8.0), NaCl 100 mM. The calibrant
standards were bovine serum albumin and Streptomy-
ces rubiginosus glucose isomerase. Both calibrants
were diluted to 20 nM in the same buffer as the sample.

5.12 | Structural determination by X-ray
crystallography

5.12.1 | Protein crystallization

The purified wild-type protein was concentrated to
14 mg/mL in buffer HEPES 10 mM, NaCl 150 mM, and
NaN3 0.002 w/v, pH 7.0, prior to crystallization. Crystals
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suitable for X-ray data collection were obtained with the
hanging-drop vapor diffusion method using a reservoir
solution of 20% PEG 4 K and 0.2 M sodium formate.
Single rod-like crystals were observed after a few days.
The mutant was concentrated to 10 mg/mL in the same
buffer as that used for the native enzyme. Crystals
were grown using 0.2 M magnesium chloride hexahy-
drate, 0.1 M HEPES (pH 7.5), and 30% v/v PEG 400.
In both cases, the drops were prepared by mixing
2 μL of protein solution with 2 μL of reservoir solution
and equilibrated at 16�C against 0.8 mL of reservoir
solution.

5.12.2 | Data collection

Data to 1.11 Å resolution were collected remotely
from a single γ-CaCA crystal at cryogenic tempera-
ture (100 K) on beamline P13 at Hamburg PETRA III
synchrotron using an X-ray wavelength of 0.8266 Å.
Data processing revealed that the crystal belonged to
the P212121 space group. Assuming three molecules
in the asymmetric unit (a.u.), the Matthews coefficient
was 2.04 D/Å3 (probability 1.0) corresponding to a
solvent content of �39% (Matthews, 1968). Data for
the mutant (γ-CaCAmut) were collected remotely at
100 K with X-rays at 1.000 Å wavelength (beamline
P13). No cryoprotectant was added because of the
high concentration of PEG 400 during crystallization.
Assuming nine molecules in the a.u. for a primitive
orthorhombic lattice (solvent content of �60%), the
Matthews coefficient was 3.1 D/Å3 (probability 0.99)
(Matthews, 1968).

5.12.3 | Structure determination and
refinement

Molecular replacement (MR) using Phaser (McCoy
et al., 2007) as implemented in Phenix 1.20.1 (Adams
et al., 2010) was applied to obtain the initial phases.
The carbonic anhydrase from Clostridioides difficile
(PDB ID: 4MFG; sequence identity: 57.7%) was used
as a template for model creation. The sidechains were
pruned with Sculptor (Bunk�oczi & Read, 2011) to pro-
duce a suitable search model for MR. A unique initial
solution was obtained with a TFZ score of 18.4. The
obtained solution was iteratively refined using simu-
lated annealing in PHENIX and maximum likelihood as
the energy target. Coot (Emsley & Cowtan, 2004) was
used to visualize and rebuild the structure to improve
refinement statistics. Rfree was monitored during refine-
ment iterations along with other quality parameters
such as Ramachandran plot and difference map peaks.
The refined crystal structure of the wild-type enzyme
was used for molecular replacement in Phaser to solve
the mutant structure. Refinement was performed using

Phenix 1.20.1 as above. Data collection and final
refinement statistics for both the wild-type and mutant
are shown in Table 2. The atomic coordinates and the
structure factors for the wild-type and the mutant
enzyme have been deposited to the Protein Data Bank
under the accession code 9QEV and 9QEZ,
respectively.

5.12.4 | Structure validation and analysis

The final structures were validated with MOLPROBITY
(Williams et al., 2018) and tools available in PHENIX
(Adams et al., 2010) and COOT (Emsley & Cowtan,
2004). Structural correlations between γ-CaCA and
deposited PDB structures were carried out using PDBe-
Fold (Krissinel & Henrick, 2004). UCSF Chimera 1.13.1
(Pettersen et al., 2004) was utilized for structure-based
sequence alignment and for making high-resolution fig-
ures. Sequence similarities and secondary structure
details from aligned sequences were rendered using
ESPript (Robert & Gouet, 2014). ESBRI (http://
bioinformatica.isa.cnr.it/ESBRI/) was used to calculate
salt bridges. PDBePISA (Krissinel, 2011) was used to
determine the solvent-accessible surface (SAS) area,
interface area, and H-bonds. ExPASy server
(Gasteiger et al., 2005) was used to calculate the
values of the charged residues. FASTA sequences
and 3D PDB structures were downloaded from PDB
(Burley et al., 2024). Molecular docking was carried
out by employing the SwissDock web tool using the
AutoDock Vina option (Grosdidier et al., 2011; Trott &
Olson, 2010) with the p-NPA as the ligand. The crys-
tal structures of γ-CaCA and γ-CaCAmut were used
as the receptors. Default parameters were employed
for docking. The RING 4.0 web server platform was
used in order to generate the residue interaction net-
work and identify non-covalent interactions at the
protein structures (del Conte et al., 2024). The analy-
sis was performed using the closest nodes and the
multiple edges with a strict distance threshold
(default platform options).
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