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Carbonic anhydrases (CAs) are ideal catalysts for carbon dioxide seques-

tration in efforts to alleviate climate change. Here, we report the character-

isation of three a-CAs that originate from the thermophilic bacteria

Persephonella hydrogeniphila (PhyCA), Persephonella atlantica (PaCA), and

Persephonella sp. KM09-Lau-8 (PlauCA) isolated from hydrothermal vents.

The three a-Cas, showing high sequence similarities, were produced in

Escherichia coli, purified and characterised. Surprisingly, they revealed very

different behaviours with regards to their thermostability profiles. PhyCA

presented a more stable thermostability profile amongst the three, thus we

chose it for rational engineering to improve it further. PhyCA’s residue

K88, a proton transfer residue in a-CAs, was mutated to His, Ala, Gln

and Tyr. A 4-fold activity improvement was noted for variants K88H and

K88Q at 30 °C, owing to the higher proton transfer efficiency of the

replacement proton transfer residues. K88Q also proved more stable than

PhyCA. K88Y did not increase activity, but notably increased thermal sta-

bility, with this enzyme variant retaining 50% of its initial activity after

incubation for 1 h at 90 °C. Removal of the two main proton shuttles (var-

iant H85A_K88A) resulted in diminished activity of the enzyme. Molecular

dynamics simulations performed for PhyCA and all its variants revealed

differences in residue fluctuations, with K88A resulting in a general reduc-

tion in root mean square fluctuation (RMSF) of active site residues as well

as most of the CA’s residues. Its specific activity and stability in turn

increased compared to the wild type.

Introduction

Carbonic anhydrases (CAs) are enzymes that catalyse

the reversible reaction between water and CO2 to pro-

duce bicarbonate and hydrogen ions. This enzyme has

become prominent due to its application in various

methods for removal of CO2. CAs are particularly use-

ful for treating major sources of CO2 such as flue gas

from power plants. Since such sources generally have a

high temperature [1], thermostability of CAs is often

an important requirement. To date, eight different

classes of CAs are known: a, b, c, d, f, g, h, and ι
classes [2–5]. The a-class is the most widely studied,

comprising enzymes that are highly active and thermo-

stable, originating from bacteria isolated from hot

springs and hydrothermal vents. Extreme environments
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have been relatively reliable sources of industrially

important enzymes throughout the years. Organisms

that have adapted to survive and thrive in these envi-

ronments are known to produce enzymes with proper-

ties adapted to the extreme surroundings. Halophilic

environments, for example, have been noted to har-

bour bacteria that can produce enzymes with high salt

tolerance [6–8]. Given that heat tolerance is a desirable

characteristic of enzymes in today’s industrial settings,

thermostable enzymes have been sought after in ther-

mophilic bacteria isolated from high temperature habi-

tats such as hot springs, hydrothermal vents, and even

volcanic regions [9–12]. The most active CA reported

to date is the SazCA from the hot spring bacterium

Sulfurihydrogenibium azorense [13,14]. Sulfurihydrogen-

ibium yellowstonense [15,16], also was isolated from a

hot spring, produces a CA that is quite efficient and

somewhat thermostable. From the hydrothermal vent

systems, bacteria such as Thermovibrio ammonificans

and Persephonella marina have been isolated and

found to produce thermophilic CAs [17–21].
Proton transfer has been identified as a rate-limiting

step in the hydration of CO2 by Cas. A number of CA

amino acid residues are lined up in the catalytic cavity

to carry out this reaction [22,23]. The proton comes

from a water molecule that binds to the Zn2+ ion

found in the active site, which is coordinated by three

His residues in a-CAs and c-CAs. Some CAs, how-

ever, bind other metal ions such as Fe2+ and Mg2+

[24,25]. In human CAII (HCAII), the main proton

transfer residue has been identified to be H64

[23,26,27]. Mutation studies have been undertaken to

mutate the residue equivalent in HCAIII, originally a

Lys, to a His (K64H). This enhanced activity to some

extent but did not match the proton shuttling effi-

ciency in HCAII, possibly due to structural constraints

[28]. In bacterial CAs, H85 (PhyCA numbering) is the

structural equivalent of H64 in HCA II. H85 and K88

are considered to be involved in proton shuttling as

well as the residues Y26, N83, T196 and T197

[23,26,29,30]. Interestingly, all these residues form

hydrogen bonds as both proton donors and acceptors,

except for K88, which is just a donor. A degree of

conservation has been observed for the position

of K88 in bacterial a-CAs, with Lys and Gln being the

two alternatives [31,32].

Given the discovery of thermostable CAs from

P. marina, we decided to explore other CAs from the

genus Persephonella in this study. One of them origi-

nates from the bacterium Persephonella hydrogeniphila

[33], PhyCA, and was studied in silico previously [32].

Other CAs we considered are PaCA from Persepho-

nella atlantica [34] and PlauCA from Persephonella sp.

KM09-Lau-8 [35]. After characterisation of the

selected wild-type a-CAs, PhyCA showed a more sta-

ble thermostability profile, thus we further explored

rational enzyme engineering on this CA. This was

done in an attempt to (a) increase enzyme activity

and/or stability and (b) find out the level of impor-

tance of the proton shuttle residue’s presence in

PhyCA, as a representative of bacterial a-CAs. Molec-

ular dynamics (MD) simulations and computational

analysis followed mutation studies in an endeavour to

understand structural differences caused by mutations.

Results and discussion

a-CAs from genus Persephonella show high

sequence similarity but different thermostability

profiles

Persephonella sp. is a Gram-negative bacterium that is

often associated with hydrothermal vent systems, and

it grows at high temperatures (60–90 °C) [26]. In this

study, we explored CAs originating from the genus

Persephonella, other than P. marina which has already

been extensively studied. Similar to P. marina CAs,

previous in silico work suggested P. hydrogeniphila CA

(PhyCA) to be stable at high temperatures [32]. Using

the PhyCA sequence as query in BLASTp analysis led

to identification of the CAs from Persephonella sp.

KM09-Lau-8 (PlauCA) and P. atlantica (PaCA) with

sequence identities of 80% and 72%, respectively. We

continued to align these three enzymes to P. marina

CAs (PmCA1 and PmCA2) as well as the

well-characterised enzymes from T. ammonificans

(TaCA) and S. azorense (SazCA) (Fig. 1A). The

sequence alignment revealed high sequence similarity

amongst the CA genes from Persephonella with each

pair exhibiting over 70% sequence identity. PhyCA

and PaCA were most similar to PmCA2, which was

isolated from the Logatchev hydrothermal fields, with

89% and 84% sequence identities respectively. In the

alignment, all catalytic pocket residues are completely

conserved except the protein shuttling residue K88. All

the enzymes had a Lys in this position, except SazCA,

where a Gln is found.

We synthesised 6xHis-tagged variants of CAs in

Escherichia coli and purified the proteins in order to

perform an experimental characterisation of their enzy-

matic activity. SDS/PAGE revealed the sizes of the

proteins investigated in this study to be approximately

25 kDa (PaCA), 26 kDa (PhyCA) and 26 kDa

(PlauCA), which fit with the theoretical molecular

weights (Fig. S1). Specific activities of PaCA, PlauCA

and PhyCA were 2913.2, 3455.8 and 2832.2
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Fig. 1. (A) Sequence alignment of a-CA sequences from P. atlantica (NCBI Accession number: WP_200672902.1), P. hydrogeniphila (NCBI

Accession number: WP_096999253.1), P. sp. KM09-Lau-8 (NCBI Accession number: WP_231475403.1), P. marina (PDB ID: 6IM3 and

6EKI), S. azorense (PDB ID: 4X5S) and T. ammonificans (PDB ID: 43CT). Residues with over 50% conservation are coloured green, with

intensity increasing with an increase in conservation. Alignment was performed using the Tree-based Consistency Objective Function for

Alignment Evaluation (T-COFFEE). The red dot shows the proton transfer residue position targeted for mutation in PhyCA. Zn2+ coordinating

residues are shown by the black arrow heads, residues boxed in yellow form the CO2 binding pocket and those in blue boxes are involved

in proton shuttling. (B) Residual activities of PhyCA, PaCA, PlauCA and SazCA after incubation for 1 h at the respective temperatures are

expressed as percentages of the initial untreated sample (0 °C). Each point is the mean � SD of three independent reactions.
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WAU�mg�1 respectively. To evaluate the thermostabil-

ity, we incubated the proteins at various temperatures

for 1 h and tested the residual activity (Fig. 1B).

PlauCA exhibited low thermostability compared to

PhyCA and PaCA, with only 12% residual activity at

60 °C and losing all activity by 70 °C. A comparable

thermostability profile was observed for PhyCA and

PaCA, but the former had lower activity at tempera-

tures 30–50 °C. Although PaCA had 25% residual

activity at 90 °C, its activity started to decrease at

60 °C whereas PhyCA appeared to maintain activity

better, only showing a decrease at 80 °C. We therefore

decided to proceed with engineering PhyCA.

Single mutations of proton transfer residue, K88,

improve specific activity of PhyCA and variant

K88Y retains almost half its initial activity after

incubation at 90 °C

PhyCA was used as a case study for rational mutagen-

esis to investigate if its activity could be increased to

match or surpass that of SazCA, the most active bac-

terial CA to date (see Table 1). In order to do this, we

targeted the proton transfer residue K88, which was

the only active site residue with variation in our align-

ment. We also included thermostability assays to view

how single mutations of this residue would affect the

thermostability profile of PhyCA.

The proton transfer residue, K88 in PhyCA was

mutated to Gln, which is the residue present in SazCA

and then further mutated to His and Tyr, which are

also residues capable of proton shuttling. In the stud-

ies of the human carbonic anhydrase III (HCAIII),

proton transfer residue K64 has been declared an inef-

ficient proton shuttle because it is too basic [22,36,37].

Its mutation to His enhanced catalytic activity

although proton transfer efficiency was not at par with

HCAII, which has a His residue and is known for its

high catalytic activity [37]. Mutation of PhyCA’s K88

to non-reactive Ala was used to investigate the effect

of the absence of this proton shuttle. Since there is a

second proton shuttle H85 in the catalytic site, we

assumed it possible that the absence of a proton trans-

fer residue in position 88 would not render the enzyme

completely inactive. Depiction of all active sites of the

variants and the wild-type (WT) PhyCA are shown in

Fig. 2.

Enzymatic analysis results for variant K88A were

quite unexpected. It showed a > 1.2-fold increase in

activity compared to the WT at 0 °C (Table 1). Ala

is a small non-reactive residue which is not capable

of taking up the role of proton donation and/or

accepting. The mere presence of activity in this vari-

ant is evidence that the other proton shuttle present

in a-CAs (H85) is more than capable of carrying out

CO2 hydration and like in human CAs, is likely the

main proton shuttle. Substitution of H85 with Ala

along with the mutation K88A decreased the enzyme

activity almost 35-fold. This is consistent with results

obtained for HCA II, which had a 25-fold decrease

in activity after introducing the H64A substitution

[38]. K88 may thus not be as important a proton

transfer residue but have a structural role instead.

Results from testing thermostability of the variants

show that although a decrease was observed at 50

and 60 °C for K88A, we detected an activation at

70 °C as also seen in K88Y (Fig. 2). Variant K88Y

was less active than the other variants and the WT at

lower temperature, but it surpassed all other enzymes

at elevated temperatures, especially at 90 °C where it

maintained almost 50% of its initial activity. Specific

activities for K88A and K88Y were 4- and 10-fold

higher than the WT after incubation at 90 °C
respectively.

Thermostability of K88H was comparable to that of

PhyCA, maintaining a steady activity up to 70 °C, fol-
lowed by a decline at 80 °C and a sharp decrease at

90 °C. Specific activity for this mutant, however, was

high, like that of K88Q and twice that of PhyCA

(Table 1). This observation is similar to what was

observed when the structural residue equivalent to

K88, R67 in HCAIII was mutated to His [28]. K88Q

interestingly had increased thermostability compared

to PhyCA. Incubation of this variant at temperatures

up to 80 °C did not affect residual activity, whereas

incubation at 90 °C resulted in a drastic decrease in

activity. K88Q had comparable activity to SazCA at

higher temperatures, from 60 to 80 °C.
To verify that K88’s contribution to proton shut-

tling is minor, the corresponding residue in SazCA

(Q74) was mutated to a Lys and its activity and ther-

mostability were tested. SazCA_Q74K’s activity was

Table 1. Specific activities of WT CAs and their variants.

CA

Specific activity

(WAU�mg�1) (untreated)

PhyCA 2832.2

K88Q 6615.4

K88A 3413.8

K88H 6168.3

K88Y 1715.1

H85A_K88A 79.7

SazCA 12 027.8

SazCA_Q74K 4627.9

4 The FEBS Journal (2024) ª 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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reduced to almost a third of SazCA’s initial activity at

0 °C, substantiating the hypothesis that Lys reduces

the enzyme’s ability to shuttle protons effectively

(Table 1). Like SazCA, SazCA_Q74K exhibited

decreased activity after incubation at 70 and 80 °C,
but inactive at 90 °C.

PhyCA K88AK88Q K88H

K88Y

Temperature (°C)

30 40 50 60 70 80 90

Re
si

du
al

 a
ct

iv
it

y 
(%

)

0

50

100

150

200

0

SazCA Saz_Q74KH84A_K88A

Temperature (°C)

Fig. 2. Cartoon representations of the active site of PhyCA and variants K88Q, K88A, K88H and K88Y generated in PYMOL. Stick residues in

green are CO2 binding pocket residues, in blue are the His residues coordinating Zn2+ metal ion, which is shown as a pale cyan sphere. In

pink are the residues involved in proton transfer including H85, and in yellow is the mutation residue in position 88. Residual activities of

PhyCA and its variants, as well as SazCA and its mutant, Saz_Q74K, are portrayed below the structures as percentages of the initial

untreated sample (0 °C) at their respective treatment temperatures (30–90 °C). Each point is the mean � SD of three independent

reactions.
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MD simulations reveal different fluctuation

patterns amongst variants and interesting

motions of proton shuttling residues in K88Y

We proceeded to conduct MD simulations on all var-

iants, from which we carried out several analyses.

Conformational changes of the active sites in the

presence of the mutations were an important part of

the analysis. All substitution residues considered for

PhyCA, except Tyr, were smaller than the original

Lys, thus a change in the active site opening was

expected upon mutation. Root mean square deviation

(RMSD) was therefore calculated for active sites to

investigate the evolution of the pockets throughout

the simulation (Fig. S2). Amongst all variants, K88Y

showed a contrasting pattern and was thus investi-

gated further.

Reduction in fluctuation of mutation residue in K88A

may infer stability to catalytic pocket

Fluctuations of the residues for each variant were

investigated using RMSF analysis (Fig. 3). For vari-

ants K88Q, K88H and K88Y, more than 78% of the

residues fluctuated more than in the WT (Fig. 3A).

Amongst these residues in all three variants, the substi-

tution residue had higher RMSF values than the origi-

nal K88. In both chains A and B, substitution residue

Y88 was fluctuating twice as much as in WT and H85

also had higher RMSF values (Fig. 3B).

Contrary to all other variants, in K88A, most resi-

dues attained lower fluctuations, inferring structural

stability brought about by the mutation. A closer

look revealed a decrease in RMSF of mutated resi-

due A88 in both chain A and B, possibly bringing

Chain A Chain B

50
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Fig. 3. Residue fluctuations in mutant structures. (A) Change in root mean square fluctuation (RMSF) of the dimeric structures of K88Q

(light purple), K88A (yellow), K88H (green) and K88Y (blue) compared to PhyCA (red). (B) RMSF for catalytic pocket residues for chain A and

B of PhyCA, K88Q, K88A, K88H, K88Y.
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about a degree of stability to the catalytic pocket.

Two residues that showed significant decreases in

RMSF as well were T231, which is located behind

the active site, as well as N239 found in the interface

region possibly inducing stability. Stabilisation of the

dimeric interface is further supported by the decrease

of RMSF, though to a lesser extent, in other inter-

face residues including G50, A62, A64, R190, S192,

E202, G203, A240, M242, I243 and L244. Interface

residues of PhyCA were previously described [32].

The size of substitution residue A88 also allowed for

a visibly larger opening of the active site as well,

explaining the increase in activity compared to WT

PhyCA.

Conformational changes in variant K88Y’s catalytic

pocket are observed as proton shuttles H88 and Y88

move in and out of active site

Fluctuations of Y88 and H85 in variant K88Y were

assumed to be an indication of increased proton trans-

fer directly inferring higher activity. But there could

exist presently unknown elements deterring this

increase. Tyr is quite a large residue and appeared as

though it was slightly restricting the active site, which

might explain the lower activity compared to the other

variants. However, its ability to preserve activity at

90 °C clearly suggests that this mutation contributed

to stability of the active site at high temperatures. The

RMSF observations (Fig. 3B) plus the peculiar RMSD

pattern observed in Fig. S2 warranted a closer look at

the conformations visited by the proton transfer resi-

dues as well as the active site. Tyr is a flexible residue

known to rotate along the Ca-Cb and Cb-Cc bonds,

exhibiting four rotamer states [39,40]. Distances

between the proton transfer residues H85 and substitu-

tion residue Y88 were thus measured in VMD, and the

corresponding plot is shown in Fig. 4A. We observed

that both H85 and Y88 were continuously moving

toward and away from Zn2+ in the catalytic pocket,

with H85 getting as close as 0.46 nm of the Zn2+ metal

ion and Y88 even closer at 0.41 nm. Due to these

motions, the active site of K88Y visited several differ-

ent conformations back and forth, unlike the WT,

which maintained relatively stable active site confor-

mations throughout the simulation (Fig. S3). Struc-

tures of K88Y’s active site were extracted for scrutiny

at four different points of the simulation shown by the

arrows and viewed in PYMOL.

The four points were (a) at 26.85 ns where H85

and Y88 were both rotated out, (b) at 43 ns where

H85 was rotated into the active site and Y88 was

rotated out, (c) at 50.41 ns where both Y88 and H85

were rotated into the active site and finally, (d) at

61.54 ns where Y88 was rotated in and H85 was

rotated out. Illustrations of the active site at these

points are shown in Fig. 4B. The active site opening

at 43 ns was wide and shallow, similar to how the

WT active site appears. Opening at 61.54 ns was a

bit more constricted with Y88 in and H85 out, tilting

to view the inside of the catalytic pocket revealed a

deeper pocket, now including the contribution of resi-

dues T231 and N232 (in orange) at the bottom of

the pocket. These two residues also almost doubled

in RMSF compared to PhyCA, which is the opposite

of what was observed for T231 in K88A. Opening at

50.41 ns was much narrower than the previous two

with both Y88 and H85 rotated in, but the

sub-pocket seen at 61.54 ns appeared even deeper,

with F111 (also in orange), additionally contributing

to this pocket as well. Activity of K88Y appears to

be a constant evolution of the active sites amongst

these different conformations, possibly being a little

more restrictive toward movement of substrate in and

product out of the activity site, resulting in a lower

turnover.

Conclusion

In this study, the purified a-CAs PaCA, PlauCA and

PhyCA displayed similar activities, but PhyCA’s abil-

ity to preserve activity at elevated temperatures war-

ranted its engineering to improve it further. We

improved specific activity of PhyCA by targeting pro-

ton transfer residue, K88 and in the variants K88Q

and K88H, by a factor of just over 2-fold. Higher

thermotolerance was also observed in variant K88Q

from 70 (in WT) to 80 °C (in mutant). We confirmed

the reduced catalytic activity with Lys in position 88

by introducing it to SazCA which originally has a

Gln, and this variant (Saz_Q74K) consequently

decreased both in activity and thermostability. Phy-

CA’s variant K88A surprisingly had a higher activity

and stability than the WT, with residue fluctuations

of most of the structure, including interface residues,

decreasing with this mutation. Although a reduction

in activity in variant K88Y, this mutation beneficially

resulted in retaining 47% of the CA’s activity at

90 °C compared to 2% in the WT. Overall, the

objective to rationally engineer the CA from

P. hydrogeniphila resulted in the discovery of the vari-

ant K88Y that would be an ideal candidate for CO2

sequestration at high temperatures. The results

obtained in this study have the potential to be

applied to other CAs as well to enhance catalytic effi-

ciency and/or thermostability.
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Fig. 4. Active site structure and corresponding coordinating atom bond distances from the Zn2+ during MD simulations of K88Y. (A)

Distance between Zn2+ and (i) Y88 (yellow) and (ii) H85 (pink) over the course of the 100 ns trajectory. The arrows show the time frames

from which structures in (B) were extracted. (B) The left column shows the stick representations of the active site residues at their

different time frames indicated by the arrows. Middle column shows a zoomed-out view of the catalytic pocket, and the right column

shows a zoomed in and tilted view of the inside of the catalytic pocket. Residues in green, blue and pink are the CO2 pocket residues, Zn2+

coordinating residues and proton transfer residues respectively. The main proton shuttle, H85 is labelled in the box with the black

background. Substitution residue Y88 is coloured yellow. All structures were generated in PYMOL.
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Materials and methods

Sequence identification and retrieval

The sequence for P. hydrogeniphila a-CA (PhyCA, NCBI

Accession number: WP_096999253.1) was acquired from

NCBI [41] and submitted to NCBI BLASTp to search for

other a-CAs from the genus Persephonella. From this anal-

ysis, two proteins originating from the bacteria Persepho-

nella sp. KM09-Lau-8, (PlauCA, Accession number WP_

231475403.1) and P. atlantica (PaCA, Accession number:

WP_200672902.1) were selected. Sequence alignments were

performed using T-COFFEE [42] for retrieved CAs PhyCA,

PaCA and PlauCA as well sequences from Persephonella

marina PmCA1 (PDB ID: 6IM3), PmCA2 (PDB ID:

6EKI). TaCA (PDB ID: 43CT) from T. ammonificans

which is in the same order as Persephonella as well SazCA

(PDB ID: 4X5S), one of the most efficient CAs currently

from and S. azorense, was also included in the sequence

alignment for comparison.

DNA manipulations and strain construction

Genes encoding the mature part of PaCA, PlauCA, PhyCA

and SazCA were codon-optimised for E. coli and synthe-

sised by Integrated DNA Technologies (IDT) (Table S1).

The recombinant plasmids pETM10-PhyCA-His, pETM10-

PaCA-His, pETm10-PlauCA-His and pETM10-SazCA-His,

were constructed using the Gibson Assembly method [43].

The vector backbone was PCR-amplified using relevant

primers and pETM10 vector as template. Variants of

PhyCA were obtained by site-directed mutagenesis. All oli-

gonucleotide primers were procured from IDT and are

listed in Tables S2 and S3.

E. coli strains NM522 and BL21(DE3) were used for

cloning and expression respectively. The strains containing

the plasmid were grown overnight in LB medium (1%

(w/v) peptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl)

supplemented with 50 lg�mL�1 kanamycin.

For protein synthesis, the E. coli BL21(DE3) with relevant

plasmids were cultured in LB medium to an OD600 of 0.5–0.6
at which point IPTG (final concentration 1 mM) was added

to induce protein expression. Cultures were grown for a fur-

ther 3 h after which cells were harvested by centrifugation at

6000 g for 10 min. The cell pellet was resuspended in lysis

buffer (25 mM Tris/HCl (pH 8.0), 100 mM NaCl, 10% glyc-

erol, 0.2 mg�mL�1 lysozyme) prior to sonication using a

probe sonicator (3 min, 70% amplitude). The lysed cells were

centrifuged at 6000 g for 15 min and the supernatant was

collected. This was loaded onto an Ni-NTA column equili-

brated with an equilibration buffer (20 mM Tris, 0.5 M NaCl,

pH 7.5), washed with washing buffer (20 mM Tris, 0.5 M

NaCl, 10 mM imidazole, pH 7.5) and eluted with elution

buffer (20 mM Tris, 0.5 M NaCl, 250 mM imidazole, pH 7.5).

PD-10 columns (Cytiva, Muskegon, Michigan, USA) were

equilibrated with the equilibration buffer and used to remove

the imidazole from protein samples. Protein concentration

was measured using the Bradford’s assay [44] using bovine

serum albumin (BSA) as a standard.

CO2 hydration assay

CO2 hydration activity was measured by the

Wilbur-Anderson method [45]. Dry ice was bubbled into

deionised water for approximately 30 min to attain a

CO2�saturated solution as the substrate. Tris/Cl buffer

(50 mM, pH 8.4) was mixed with 0.04% bromothymol blue

indicator to record the change in pH from 8.4 (blue) to 6.4

(yellow). All reactions were performed on ice. To start the

reaction, 3 mL CO2 saturated solution was added to 2 mL

of coloured buffer and 50 lL enzyme solution (50 lL
Tris/Cl buffer for the uncatalyzed reaction). Time for the

uncatalyzed reaction was noted as T0 and the

enzyme-driven reaction was T. Activity was calculated in

Wilbur-Anderson units (WAU) using the formula

(T0 � T )/T. Specific activity (WAU�mg�1) was determined

by dividing WAU with protein concentration.

Thermostability assays

Thermostability was investigated by incubating samples at

individual temperatures from 30 to 90 °C in 10 °C incre-

ments for 1 h. Samples were cooled on ice for an hour and

then assayed on ice as described in the previous section

(CO2 hydration assay). Residual activity was evaluated

using the CO2 hydration assay.

Molecular dynamics simulations

Dimeric structures for PhyCA and its variants were modelled

using SWISS-MODEL [46] using PmCA2 (PDB ID: 6EKI) as a

template. Following validation using z-DOPE (Discrete Opti-

mized Protein Energy) and VERIFY3D [47], the structures were

protonated using H++ [48]. AMBERTOOLS22 [49,50] was

applied for the inference of metal parameters to Zn2+ coordi-

nating residues and those immediately surrounding them

[27]. MD simulations were performed at 363 K (90 °C) using
GROMACS v2020.6 [51] following minimisation, canonical

ensemble and isothermal-isobaric equilibration consecutively

at 363 K. GROMACS was used to calculate root mean square

deviation (RMSD) to observe changes in conformations, root

mean square fluctuation (RMSF) to investigate individual

residue fluctuations and radius of gyration (Rg) to under-

stand changes in protein compactness over the course of the

simulation. VISUAL MOLECULAR DYNAMICS software (VMD) [52]

was used to measure atomic distances between proton trans-

fer residues and Zn2+ metal ion in the active site and their

evolution throughout the trajectory and PYMOL [53] was used

to view structures.
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Note that the amino acid numbering follows that of Phy-

CA’s sequence unless explicitly stated otherwise.
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