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Biocatalytic CO2 sequestration to reduce greenhouse-gas emissions from

industrial processes is an active area of research. Carbonic anhydrases (CAs)

are attractive enzymes for this process. However, the most active CAs display

limited thermal and pH stability, making them less than ideal. As a result, there

is an ongoing effort to engineer and/or find a thermostable CA to fulfill these

needs. Here, the kinetic and thermal characterization is presented of an �-CA

recently discovered in the mesophilic hydrothermal vent-isolate extremophile

Thiomicrospira crunogena XCL-2 (TcruCA), which has a significantly higher

thermostability compared with human CA II (melting temperature of 71.9�C

versus 59.5�C, respectively) but with a tenfold decrease in the catalytic efficiency.

The X-ray crystallographic structure of the dimeric TcruCA shows that it has a

highly conserved yet compact structure compared with other �-CAs. In addition,

TcruCA contains an intramolecular disulfide bond that stabilizes the enzyme.

These features are thought to contribute significantly to the thermostability and

pH stability of the enzyme and may be exploited to engineer �-CAs for

applications in industrial CO2 sequestration.

1. Introduction

Atmospheric concentrations of greenhouse gases (GHG) such

as carbon dioxide (CO2), chlorofluorocarbons, methane and

nitrous oxide have been rising considerably owing to human-

induced processes (Hansen et al., 2000). One of the most

abundant of the GHG is CO2, the atmospheric accumulation

of which has been correlated with a rise in global temperatures

(Boone, Gill et al., 2013). The burning of fossil fuels, such as

coal, oil and natural gas, has sharply increased the concen-

tration of atmospheric CO2 and has been correlated with

increased global temperatures over the past century (Inter-

governmental Panel on Climate Change, 2005; Canadell et al.,

2007). This has promoted an extensive effort to limit CO2

production in industrial processes to slow the rate of global

climate change. However, the removal of CO2 from industrial

flue gases requires harsh chemical processes and extreme

temperatures and is often cost-inefficient (Intergovernmental

Panel on Climate Change, 2005; Pierre, 2012). The need for

a more efficient CO2-sequestration process has promoted

developments in enzymatic CO2 sequestration (Boone, Gill

et al., 2013). The use of carbonic anhydrase (CA) for CO2
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sequestration has shown promise owing to its efficiency in

catalyzing CO2 removal and its ability to be produced in large

quantities (Favre et al., 2009; Boron, 2010; Pierre, 2012; Boone,

Habibzadegan, Gill et al., 2013). However, CA must maintain

its characteristic high catalytic efficiency in extreme condi-

tions, such as high temperature, pressure and extreme pHs,

in order to be a viable CO2-sequestration agent (Savile &

Lalonde, 2011; Boone, Habibzadegan, Gill et al., 2013). To this

end, there has been a large effort to characterize CAs from

organisms that thrive in extreme environments (Alvizo et al.,

2014) and to engineer thermostable and pH-stable variants

(Mirjafari et al., 2007; Boron, 2010; Yu et al., 2012; Boone,

Habibzadegan, Tu et al., 2013).

CAs are mainly zinc metalloenzymes that catalyze the

interconversion of CO2 and water to bicarbonate and a proton

(Chegwidden et al., 2000; Duda & McKenna, 2006; Domsic et

al., 2008). The general catalysis of CA is a metal-hydroxide

‘ping-pong’ mechanism composed of two independent steps

(equations 1 and 2; where E is the enzyme and M2+ is a

bivalent ion, typically Zn2+),

EM2þ-OH� þ CO2 ,

EM2þ-HCO�3  !
H2O

EM2þ-H2OþHCO�3 ; ð1Þ

EM2þ-H2Oþ B, EM2þ-OH� þ BHþ: ð2Þ

The first step of catalysis (1) is initiated by nucleophilic attack

on the carbon of CO2 by the metal-bound hydroxide (EM2+-

OH�) to yield bicarbonate (HCO3
�), which is subsequently

displaced by a water molecule (Lindskog, 1997; Lindskog &

Silverman, 2000). The second step (2) is the removal of a

proton from the now metal-bound water (EM2+-H2O) via an

ordered water network and a residue acting as a weak base

(B), which is typically a His at the opening of the active site,

thus regenerating EM2+-OH� (Lindskog & Silverman, 2000;

Fisher et al., 2007). There are five known evolutionarily

distinct classes of CAs: �, �, �, � and � (Hewett-Emmett &

Tashian, 1996; Tripp et al., 2001). The �-CAs are among the

most efficient enzymes known, with human CA isoform II

(hCA II) in particular displaying a turnover rate approaching

the capture constant (kcat/Km = 1.2 � 108 M�1 s�1). Therefore,

engineering a thermostable hCA II variant or isolating ther-

mostable isoforms from extremophilic organisms could

produce a feasible agent for CO2 sequestration.

The hydrothermal vent-dwelling chemolithoautotroph

Thiomicrospira crunogena XCL-2 expresses an �-CA as well

as two �-class CAs and one �-class CA (Scott et al., 2006;

Dobrinski et al., 2010). The deep-sea hydrothermal vents

where T. crunogena is found are characterized by a harsh

environment that constantly fluctuates from dilute hydro-

thermal fluid (2–35�C, anoxic, highly reduced, a CO2

concentration of �1 mM and a pH of 5–8) to bottom water

(2�C, normoxic, a CO2 concentration of �0.02 mM and a pH

of �7), temporally and spatially limiting the availability of

nutrients to these organisms (Goffredi et al., 1997; Shively et

al., 1998). T. crunogena is a sulfur-oxidizing gammaproteo-

bacterium that is cosmopolitan; strains of this species and its

congeners are inevitable isolates from deep-sea hydrothermal

vents worldwide. It is equipped with a carbon-concentrating

mechanism (CCM) that allows it to grow rapidly during

bicarbonate and CO2 scarcity, thus allowing the organism to

survive. Previous studies have shown that CO2 and bicarbo-

nate transport plays an active role in CCM (Dobrinski et al.,

2010). Owing to this, it is presumed that the T. crunogena

XCL-2 �-CA (TcruCA) plays a significant role in this process

and has significant thermostability and pH stability in order

to remain active in the temporally thermally heterogeneous

environment.

We investigated the biochemical and biophysical properties

of TcruCA compared with the extensively studied hCA II and

in addition compare the structural properties of TcruCA with

those of other �-CAs, some of which exhibit high thermo-

stability, in order to speculate on the use of TcruCA as a

biocatalyst for industrial CO2 sequestration. We further

suggest ways in which the biochemical structure of TcruCA

can be utilized to engineer a novel �-CA variant that can

remain highly active at extreme temperatures and pH. The

results from this study will increase our repertoire of potential

biocatalytic agents that can be used for industrial CO2

sequestration.

2. Materials and methods

2.1. Protein expression and purification

TcruCA was expressed in recombinant Escherichia coli

BL21(DE3) cells as previously reported (Forsman et al., 1988;

Dobrinski et al., 2010). In brief, E. coli cells containing the

plasmid encoding TcruCA were grown in Luria broth

supplemented with 50 mg ml�1 kanamycin to an OD600 of 0.6–

1.0, at which point expression of TcruCA was induced by the

addition of isopropyl �-d-1-thiogalactopyranoside (to a final

concentration of 0.1 mg ml�1) for �4 h at 37�C. The cells

containing TcruCA were harvested and enzymatically lysed.

TcruCA was purified by affinity chromatography using an

agarose resin coupled to the inhibitor p-(aminomethyl)-

benzenesulfonamide (p-AMBS; Sigma). The protein was

eluted with sodium azide, buffer-exchanged against 50 mM

Tris–HCl pH 7.8, 100 mM NaCl and concentrated using

centrifugation. The final protein concentration was deter-

mined by UV–Vis spectroscopy at 280 nm using an extinction

coefficient of 42 985 M�1 cm�1 (calculated from the amino-

acid sequence; Gill & von Hippel, 1989). The purity was

estimated by SDS–PAGE and Coomassie Blue staining (Dı́az-

Torres et al., 2012).

2.2. Size-exclusion chromatography

The molecular weight and oligomeric state of TcruCA were

determined using size-exclusion chromatography (SEC) via a

GE Healthcare ÄKTA Fast Protein Liquid Chromatography

(FPLC) purification system equipped with a prepacked

HiPrep 16/60 Sephacryl S-200 gel-filtration column (exclusion

range 5–250 kDa; GE Healthcare Biosciences AB, Sweden).

The column was equilibrated with 50 mM Tris–HCl pH 7.0,
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100 mM NaCl buffer. The protein was eluted at a flow rate of

0.1 ml min�1, collecting 1 ml fractions. Protein fractions were

detected by absorbance at 280 nm, and data acquisition and

processing were performed using the UNICORN FPLC soft-

ware. The Sephacryl S-200 column was calibrated using Gel

Filtration Standard molecular-weight markers from Bio-Rad

(Supplementary Fig. S2; catalog No. 151-1901) following the

instructions provided. The molecular weight of monomeric

TcruCA was estimated to be 33 kDa by SDS–PAGE analysis.

2.3. Crystallization and X-ray data collection

Crystals of TcruCA were obtained using sitting-drop vapour

diffusion as described by Diáz Torres et al. (2012), with a

precipitant solution consisting of 2%(v/v) Tacsimate pH 4.0,

0.1 M sodium acetate trihydrate pH 4.6, 16%(w/v) PEG 3350

at 17�C. Small crystals (0.05� 0.05� 0.01 mm) were observed

after 10 d. The crystals were cryoprotected with 20% glycerol

prior to vitrification in liquid nitrogen.

X-ray diffraction data were collected on beamline F1 at the

Cornell High Energy Synchrotron Source (CHESS) using a

wavelength of 0.9177 Å. The data sets were collected using an

ADSC Quantum 270 CCD detector at a crystal-to-detector

distance of 300 mm with a 1� oscillation angle and an exposure

time of 1 min per image. A total of 360 images were collected.

The data were indexed, integrated and scaled using HKL-2000

(Otwinowski & Minor, 1997). However, radiation damage was

observed within the later collected images, and so the data set

used for the structure determination was truncated to only the

first 180 images. The data were scaled in the monoclinic space

group C2 (unit-cell parameters a = 127.1, b = 102.2, c = 105.0 Å,

� = 127.3�) to 2.6 Å resolution with a completeness of 99.8%

and an Rmerge of 10.0% (Table 1).

2.4. Structure determination and refinement

The structure of TcruCA was determined using molecular

replacement (MR) with the high-resolution structure of hCA

II (PDB entry 3ks3; Avvaru et al., 2010) as a search model. MR

solutions were calculated using PHENIX (McCoy et al., 2007;

Adams et al., 2011). The starting phases of the TcruCA model

yielded a unique solution comprising of four molecules in

the asymmetric unit (Supplementary Fig. S1). Each chain

contained 230 amino acids, corresponding to residues 75–304

of full-length TcruCA. Refinement was also completed using

PHENIX (Adams et al., 2011). Each refinement was

performed with 5% of the unique reflections excluded for the

calculation of Rfree (Brünger, 1992). Manual refitting of the

model between each refinement was performed using Coot

(Emsley & Cowtan, 2004). Superimpositions of the C� atoms

of chain A onto chains B, C and D (r.m.s.d. values of 0.23, 0.23

and 0.24 Å, respectively) indicated there were no major

structural perturbations between the main chains of each

monomer. Therefore, noncrystallographic symmetry (NCS)

operators were employed for the remainder of the refinement.

The final model of TcruCA was refined to an Rcryst of 17.1%

and an Rfree of 24.0% (Table 1). The model geometries and

statistics were assessed by PROCHECK (Laskowski et al.,

1993). All figures were produced using PyMOL (Schrödinger).

2.5. 18O-exchange kinetic analysis

The kinetic rates of TcruCA were obtained by measurement

of the depletion of 18O from species of CO2 at chemical

equilibrium by membrane-inlet mass spectrometry as

described by Tu et al. (1989, 2009). This occurs via the

continuous measurement of the various isotopic species of

CO2 provided by CO2 diffusing across a dissolved gas-

permeable membrane; the membrane is submerged in the

reaction solution and connected by glass tubing to a mass

spectrometer (Extrel EXM-200; Tu et al., 2009). The catalyzed

and uncatalyzed exchange of 18O between CO2 and water at

chemical equilibrium were measured in the absence of buffer

at a total substrate concentration of 25 mM. The reaction

solution was maintained at 25�C, and the ionic strength of the

solution was normalized at 0.2 M by the addition of Na2SO4.

CA catalysis of isotope-labeled substrate is described by the

following two-step process: the first stage of catalysis is the

dehydration of 18O-labeled HCO3
� (3). During the second

catalytic stage, the zinc-bound 18O-labeled hydroxide is

protonated, forming H2
18O, which is then released into solution

(4),
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Table 1
X-ray crystallographic statistics for TcruCA.

Values in parentheses are for the highest resolution shell.

PDB code 4xz5
Space group C2
Unit-cell parameters (Å, �) a = 127.1, b = 102.2, c = 105.0,

� = 127.3
Resolution (Å) 20.0–2.60 (2.69–2.60)
Total reflections 120808
Unique reflections 32859
Rmerge† (%) 10.0 (40.5)
CC1/2 0.95 (0.85)
hI/�(I)i 9.2 (2.5)
Multiplicity 3.7 (3.5)
Completeness (%) 99.8 (99.1)
Rcryst‡ (%) 17.1 (21.5)
Rfree§ (%) 24.0 (30.6)
VM (Å3 Da�1) 2.04
Residue Nos. 75–304
No. of protein atoms 7251 [all chains]
No. of water molecules 37
No. of Zn atoms 4
No. of bicarbonate molecules 4
Ramachandran statistics (%)

Favored 97.7
Allowed 1.86
Generously allowed 0.44

Average B factors (Å2)
Main chain 32.6
Side chain 37.6
Water 24.3
Bicarbonate 30.0

R.m.s.d.
Bond lengths (Å) 0.009
Angles (�) 1.3

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ � 100. ‡ Rcryst =P

hkl

��jFobsj � jFcalcj
��=Phkl jFobsj � 100. § Rfree is calculated in the same way as Rcryst

except for using data omitted from refinement (5% of reflections for all data sets).



HCOO18O� þ EZnH2O !
�H2O

EZnHCOO18O�

 !COOþ EZn18OH�; ð3Þ

HþHis64-EZn18OH !His64-EZnH18
2 O

 !
H2O

His64-EZnH2OþH18
2 O: ð4Þ

The catalytic rate for the interconversion of CO2 and HCO3
�

at chemical equilibrium is described by R1 (5). kcat
ex is the rate

constant for maximal interconversion of substrate to product,

which in this case is CO2 and HCO3
�. K

CO2
eff is the effective

binding constant of substrate (either CO2 or HCO3
�) to the

enzyme (CA). Therefore, the ratio kcat
ex /K

CO2

eff is equivalent to

the catalytic efficiency (kcat/Km) of hydration obtained under

steady-state conditions (Simonsson et al., 1979),

R1

½E�
¼

kex
cat½CO2�

K
CO2
eff þ ½CO2�

: ð5Þ

The rate of proton transfer, which in this case is obtained by

measuring the diffusion of 18O-labeled water from the enzyme

to the solvent, is given by RH2O. RH2O is dependent on the

donation of protons to the 18O-labeled zinc-bound hydroxide

by His64 as a second independent step of the catalysis by hCA

II, or its equivalent in other isozymes, as shown in (4)

(Simonsson et al., 1979; Tu et al., 1989). In (6), kB is the rate

constant for proton transfer to the zinc-bound hydroxide and

(Ka)His64 and ðKaÞZnH2O are the ionization constants of the

proton donor His64 and the zinc-bound water molecule,

respectively,

RH2O½E� ¼
kB

1þ
ðKaÞHis64

½Hþ�

� �
1þ

½Hþ�

ðKaÞZnH2O

" # : ð6Þ

(5) and (6) were fitted to the data by using nonlinear least-

squares methods in EnzFitter (Biosoft).

2.6. Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments were

performed to assess the thermostability of TcruCA using a

VP-DSC microcalorimeter (Microcal Inc., North Hampton,

Massachusetts, USA) with a cell volume of �0.6 ml. TcruCA
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Figure 1
(a) Ribbon diagram of the TcruCA homodimer. Zinc is depicted as a gray sphere. (b) Overall structure of the TcruCA monomer (green), with zinc
depicted as a gray sphere. (c) Overlay of the TcruCA monomer (green) with hCA II (gray). Surface regions pertaining to structural variation are labeled
1–3. (d) Overlay of the TcruCA monomer with SspCA (orange). The structural overlay was performed using PyMol.



samples were extensively buffer-exchanged into solutions with

pH values from 4 to 9 increasing by one pH unit. Phosphate–

citrate buffer was used for pH values 4–6 and 50 mM Tris–

HCl, 100 mM NaCl buffer was used for pH values 7–9, all of

which had a protein concentration of 30 mM. The samples

were degassed at 16�C for 20 min prior to data collection.

DSC scans were collected from 30 to 90�C at a scan rate of

60�C h�1. Scans for all the samples were performed in tripli-

cate. A reference scan for each pH value, where buffer was

placed in both the reference and the sample cells, was also

performed in order to subtract the contributing heat capacity

of the buffer solution. After subtracting the reference and

adjusting the baseline for each scan, the calorimetric enthal-

pies of unfolding were calculated by integrating the area under

the peaks in each thermogram. The thermograms were fitted

to a non-two-state reversible unfolding model to obtain van’t

Hoff enthalpies of unfolding (�Hv; Bruylants et al., 2005). The

melting temperature (Tm) values of the TcruCA samples at

different pH values and of hCA II were obtained from the

midpoints of the thermograms.

3. Results and discussion

3.1. Overall structure of TcruCA

The TcruCA crystals exhibited C2 symmetry with four

monomers in the asymmetric unit (Supplementary Fig. S1).

Specifically, the asymmetric unit contained two dimers.

Calculations of the Matthews coefficient with four monomers

in the asymmetric unit resulted in a value of 2.04 Å3 Da�1 with

�40% solvent content, which correlates to what was observed

in our structure solution (Table 1). Size-exclusion and DSC

(data not shown) analysis indicate that TcruCA exists

predominantly as a dimer in solution and, in addition to the

crystallographic information, indicates the enzyme is a

homodimer (Fig. 1a). A region of 52 amino acids at the

N-terminus is not observed in the TcruCA structure. This

region was previously predicted to correspond to a likely

signal peptide in TcruCA (Dı́az Torres et al., 2012).

The TcruCA monomer has the signature secondary struc-

ture typical of an �-CA fold, with helical and loop structures

present towards the surface and a conical active-site cavity

comprised of mostly �-structure (Fig. 1b). Overlay of TcruCA

with hCA II shows there is structural conservation between

them which is highly prevalent within the active sites (C�

r.m.s.d. of 1.4 Å). Based on sequence alignments of TcruCA

(ExPasy SIM alignment software; Huang & Miller, 1991) with

several human and microbial CAs, it is predicted that this

conservation in active-site structure is present in several

isoforms and it is summarized in Table 2, where hCA, SspCA,

Cr-�CA1 and AoCA represent the �-CAs from human, the

bacterium Sulfurihydrogenibium yellowstonense YO3AOPO1,

Chlamydomonas reinhardtii and Aspergillus oryzae, respec-

tively. The majority of structural variation between TcruCA

and hCA II occurs on the enzyme surface and can be globally

divided into three regions (Fig. 1c). TcruCA displays a more

compact overall structure because of truncations of surface

loops in region 1 and the absence of an �-helix in region 3

(Fig. 1c). Region 2 shows alterations in secondary structure

most likely owing to amino-acid

differences between hCA II and

TcruCA (Fig. 1c). SspCA was

selected for structural compar-

ison as it is currently the most

thermostable �-CA and is a very

attractive target for development

into a biocatalytic agent for

industrial carbon sequestration

(Capasso et al., 2012). Compar-

isons of TcruCA with SspCA

(Capasso et al., 2012; Table 2; C�

r.m.s.d. = 1.3 Å) exhibited more

conservation in surface regions

relative to TcruCA, as SspCA

also has a more compact structure

compared with hCA II. Specifi-

cally, TcruCA and SspCA share

the same loop deletions in region

1 and loss of secondary structure

in region 3 (Fig. 1d). Further-

more, there appears to be greater
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Table 2
Sequence and structural alignments of TcruCA.

�-CA Sequence identity (%) No. of residues aligned C� r.m.s.d. (Å)

hCA II 32.5 228 1.4
hCA VI 32.5 206 1.7
hCA IX 35.5 214 1.4
hCA XII 33.2 217 1.4
SspCA 41.0 227 1.3
Cr-�CA1 33.5 221 1.6
AoCA 29.5 207 1.6

Figure 2
Active site of TcruCA (green) and hCA II (gray). Hydrophobic (orange) and hydrophilic (purple) regions
of the TcruCA active site (a) are highlighted and show a similar arrangement compared with those of hCA
II (b).



structural overlap observed in region 2 (Fig. 1d). These results

may indicate strong evolutionary linkages between the

microbial CAs compared with those found in mammals.

The overall characteristics of the active site of TcruCA

exhibits defined hydrophobic and hydrophilic pockets similar

to all other �-CAs (Fig. 2a; Pinard et al., 2015). This is espe-

cially apparent when compared with the active site of hCA II

(Fig. 2b). Specific residues that define the active site of

TcruCA, including the positions of the observed zinc-bound

H2O/OH� and ‘deep water’ (DW), are outlined in Fig. 3(a).

Comparison of these residues to those in hCA II shows that

the majority are conserved, including the proton-shuttling

residue His140 (64) (hCA II numbering is given in parentheses

throughout this manuscript) and the zinc-coordinating resi-

dues His165 (94), His167 (96) and His184 (119) (Fig. 3b;

Pinard et al., 2015). In addition, we have observed a bicarbo-

nate ion bound to the catalytic zinc in all chains. Interestingly,

the only difference between the active-site residues occurs

outwards from the catalytic zinc in the hydrophilic pocket at

positions 141 (65), 143 (67) and 145 (69), and a single residue

in the hydrophobic pocket at position 162 (91). A similar

result is observed when comparing the active-site residues of

TcruCA with SspCA, which shows conservation between each

residue except for those in the hydrophobic pocket at posi-

tions 162 (91), 199 (146) and 194 (141) (Fig. 3c). However,

despite the disparity between amino-acid identities between

these positions, each maintains its primary residue property

such that there is no replacement of hydrophobic by hydro-

philic residues or vice versa, with the exception of position 162

(91) between TcruCA and SspCA (Leu

and Lys in TcruCA and SspCA,

respectively). The structural conserva-

tion observed between TcruCA and

other CAs indicates it is a suitable

‘template’ to engineer a thermostable

�-CA.

3.2. TcruCA catalytic activity

The catalytic activity of TcruCA was

assayed and compared with that of hCA

II. The first rate obtained, R1 (5), was

used to calculate kcat
ex /K

CO2

eff , which is

equivalent to the catalytic efficiency.

The pH profile of TcruCA for this rate

constant (Supplementary Fig. S3) was

fitted to a single ionization event, giving

a maximal kcat/Km of 11 	 1 mM�1 s�1,

which is tenfold lower than the catalytic

efficiency of hCA II (120 mM�1 s�1).

The kinetic pKa determined from the

pH profile of kcat
ex /K

CO2
eff , which is an

estimated value of the pKa of the zinc-

bound water (6.6 	 0.1), was lower by

approximately one unit (Table 3), which

would cause a decrease in the nucleo-

philicity of the zinc-bound hydroxide.

The reduced catalytic efficiency

observed in TcruCA could be owing to

the displacement of one of the valines in

the hydrophobic pocket that binds the

substrate CO2 (Fisher et al., 2007).

Val260 (207) is displaced �1.2 Å

towards the CO2-binding site, which

could sterically inhibit the proper

binding orientation for CO2, thus redu-
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Figure 3
Active site of TcruCA (green). (a) Residues listed as important for TcruCA catalysis (shown as
sticks) with zinc-bound solvent shown for clarity. Residues are numbered relative to their position in
the full-length chain of TcruCA, with the corresponding positions in hCA II shown in parentheses.
(b) Overlay of the active-site residues of TcruCA (green) and hCA II (gray). Residues that differ
between TcruCA and hCA II are labeled, with the hCA II numbering given in parentheses. (c)
Overlay of active-site residues of TcruCA and SspCA (orange). Residues that differ between
TcruCA and SspCA are labeled, with the hCA II numbering given in parentheses.

Table 3
Catalytic parameters of TcruCA and hCA II.

Parameter TcruCA hCA II†

kcat
ex /K

CO2
eff (mM�1 s�1) 11.0 	 0.1 120

kB (ms�1) 0.30 	 0.05 0.8
pKa;ZnH2O‡ 6.6 	 0.1 6.9
pKa;ZnH2O§ 6.4 	 0.2 6.8
pKa,PSR§ 6.4 	 0.2 7.2

† Metcalf et al. (1996). Standard errors are no larger than 20%. ‡ Determined by 18O-
exchange from calculation of kcat

ex /K
CO2
eff in the hydration of CO2. § Determined from

calculation of RH2 O/[E].



cing the catalytic efficiency. Interest-

ingly, there is also an approximately

tenfold difference in catalytic efficiency

between TcruCA and SspCA [kcat/Km =

11 mM�1 s�1 (Table 3) for TcruCA and

111 mM�1 s�1 for SspCA (Vullo et al.,

2012)]. This might be owing to a

substitution at position 162 (91), where

Leu in TcruCA is replaced by Lys in

SspCA. However, on comparing the

active sites of human isoforms which

contain a Lys in the same position (hCA

IV, VA, VB and VII) with those with a

Leu in the same position (hCA IX) there is no observable

relationship between their catalytic efficiencies and the char-

acteristics of this residue alone (Pinard et al., 2015).

Another possibility for the decreased kcat/KM is a loss of the

region 1 loop (residues 230–240 in hCA II), which has been

associated with a reduction in catalytic efficiency (Boone et al.,

2015). In hCA II this region contains four Glu residues, which

may establish an internal buffering mechanism, similar to the

predicted function of the proteoglycan domain of hCA IX

(Alterio et al., 2009), which may enhance substrate/product

entry/exit from the active site. However, more data are needed

to justify this observation.

The second rate obtained from the 18O-exchange kinetic

assays is RH2O (6), the rate of release of H2
18O from the active

site. The pH profiles for RH2O/[E] have a characteristic bell-

shaped curve for most of the pH range covered in the studies

(Supplementary Fig. S3), which is attributed to the transfer of

a proton from the proton-shuttling residue histidine to the

zinc-bound hydroxide (4). The fit of (6) to the data yielded a

rate constant for intramolecular proton transfer (kB) of 0.30	

0.05 ms�1. The rate constant kB of TcruCA was noticeably

closer to that of hCA II than kcat/Km (Table 3), suggesting that

TcruCA is most likely to use the same proton-shuttling residue

at His140 (64) for proton transfer. The pKa of the zinc-bound

water and the proton-shuttle residue in TcruCA are both 6.4

	 0.1, which contributes slightly to a reduction in proton

transfer compared with hCA II. It is most likely to be residues

in the TcruCA hydrophilic pocket, Thr141 (65) and Gln143

(67), which are replaced by an Ala and Asn, respectively, in

hCA II (Fig. 3b), that influence the decrease in proton

transfer, as this would alter the ideal bond distances between

these active-site residues and the ordered water network of

the active site of the enzyme that are necessary for ideal

proton transfer.

3.3. TcruCA thermostability

The thermostability of TcruCA was determined at pH 5 to

pH 9 by DSC and compared with that of hCA II at pH 8. The

melting temperature (Tm) of hCA II and the thermal inacti-

vation temperature is 59.5 	 0.5�C, and is observed as a single

endothermic peak at the midpoint of the DSC curves repre-

sentative of the main unfolding transition (Mikulski et al.,

2011). Unlike the scans collected for hCA II, the thermograms

for TcruCA presented two transition peaks: one between 58

and 62�C and the other between 68 and 72�C, dependent

on the pH of the study (Table 4). A reverse scan performed

separately displayed only one peak around 59�C (data not

shown), suggesting that the first transition is reversible, a

result similar to that observed previously for NAD+ synthetase

(Yang et al., 2004). This result, coupled with size-exclusion and

X-ray crystallographic data, further implies that TcruCA is

most likely to exist as a dimer in solution. Therefore, the first

transition observed in the thermograms of TcruCA is

presumed to be the dissociation of dimer complexes. After

fitting the data to a non-two-state transition, the calorimetric

enthalpies (�H), the van’t Hoff enthalpies (�Hv) and the Tm

were calculated more readily (Table 4). The melting

temperatures of the two peaks were plotted as a function of

pH separately (Supplementary Fig. S4) to determine which

transition had a higher pH sensitivity in terms of thermo-

stability. The Tm for the first transition increased by roughly 1–

2�C for each pH interval, while the Tm for the second peak

increased approximately 3� over the pH range from 5 to 9. The

pH profile for the Tm of both transitions (more so for the first

transition) demonstrated that there is a direct relationship

between pH and temperature for TcruCA, as the conforma-

tional stability of the enzyme was enhanced as the pH was

increased. It should be mentioned that it is not clear whether

this observation is unique to TcruCA and what elevated pH

results in a decrease in the thermostability of the enzyme.

However, this does suggest a potential for the enzyme to

maintain its activity for industrial CO2-sequestration processes

in solutions of pH >8.

The scans collected at pH 5–9 demonstrated that the Tm of

the second transition (predicted monomeric state) increased

from 68.1 to 71.9�C as the samples were switched to more

basic buffers. Compared with hCA II at pH 8.0, our results

show that TcruCA has a Tm of 71.9 	 0.4�C, whereas hCA II

has a Tm of 55.96 	 0.05�C. The 15.94�C difference between

the Tm values demonstrates that TcruCA has greater thermal

conformational stability than hCA II. Furthermore, this rela-

tionship between pH and temperature is not observed for

hCA II (data not shown), where the conformational stability

of hCA II does not increase beyond a pH of 7, similar to that

observed in bovine CA II (Matulis et al., 2005). This might

imply that TcruCA remains stable at pH values of >9. Ther-

mostability has long been associated with structural and
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Table 4
Thermodynamic parameters for the unfolding of TcruCA.

First transition (dimer) Second transition (monomer)

pH Tm (�C)
�H
(kcal mol�1)

�Hv

(kcal mol�1) Tm (�C)
�H
(kcal mol�1)

�Hv

(kcal mol�1)

5.0 57.7 	 0.7 130 	 33 91 	 17 68.1 	 0.8 193 	 34 75 	 12
6.0 58.3 	 0.4 85 	 15 123 	 20 69.5 	 0.4 234 	 18 69 	 7
7.0 59.8 	 0.5 211 	 30 104 	 15 69.9 	 0.6 189 	 30 102 	 23
8.0 60.1 	 0.3 129 	 12 109 	 11 71.9 	 0.4 128 	 13 103 	 13
9.0 62.1 	 0.4 242 	 25 98 	 11 71.0 	 0.5 119 	 24 132 	 28
hCA II† — — — 55.95 	 0.05 170 	 4 181 	 5

† Values for hCA II are at pH 8.0.



conformational stability of proteins, along with amino-acid

composition, hydrogen bonding and solvent accessibility

(Vogt et al., 1997; Pechkova et al., 2007). Therefore, our results

indicate that TcruCA is more thermodynamically stable and

has greater conformational stability than hCA II.

Structural variations between hCA II and TcruCA could

potentially impact the differences observed in thermostability.

As mentioned previously, TcruCA exhibits a more compact

structure compared with hCA II (Fig. 1b), which is predicted

to enhance the folding stability of TcruCA. Interestingly, a

similar compact structure is observed in SspCA, which has

been shown to maintain catalytic activity up to 100�C

(Capasso et al., 2012).

In addition to its compact structure, it is predicted that the

intermolecular disulfide bridge between Cys99 (21) and

Cys256 (203) in TcruCA contributes significantly to the ther-

mostability of the enzyme (Supplementary Fig. S5a). This

disulfide bond bridges a helix at the N-terminus with a loop

containing Thr252 (199), which is an essential residue for CO2

hydration (Mehler et al., 2002). Protein-folding studies of hCA

II have demonstrated that the conformation of the (198–206)

loop is strained at Pro(202) owing to the adoption of a cis
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Figure 4
Dimer of TcruCA. (a) TcruCA homodimer with highlighted monomeric chains A (purple) and B (pink) shown as a ribbon diagram. The TcruCA dimer
is shown as a 180� rotation between monomeric units. (b) Highlighted residues predicted to be responsible for stabilizing the dimer interface between
TcruCA monomers. Residues are shown as sticks from chains A (purple) and B (pink), and are labeled according to their position in full-length TcruCA
(hCA II residue positions are shown in parentheses). The dimer axis of TcruCA monomers is shown as a ribbon with distances in Å between C� atoms
from chains A (purple) and B (pink) shown. Possible hydrogen-bond interactions between residues are shown as dotted lines with distances in Å. (c)
Overlay of the TcruCA (chains A and B in purple and pink, respectively) dimer interface with that of SspCA (orange; one chain only). Residues that vary
between interfaces are labeled, with hCA II numbering given in parentheses. (d) Overlay of the TcruCA (chains A and B in purple and pink,
respectively) dimer interface with that of hCA IX (cyan; one chain only). Varying residues between each interface are labeled, with hCA II numbering
given in parentheses. Also highlighted is the presence of an intermolecule disulfide bond in hCA IX located in the dimer interface. Residue positions are
given relative to hCA II numbering. (e) Overlay of the TcruCA (chains A and B in purple and pink, respectively) dimer interface with that of hCA II
(gray; one chain only). Conserved residues (*) and those that vary between TcruCA and hCA II that can be exploited to engineer a dimeric hCA II
variant are highlighted.



conformation that could potentially be stabilized by inter-

actions with the residues in the (123–139) helix (Fransson

et al., 1992; Jonasson et al., 1997). However, in TcruCA the

segment corresponding to the (123–139) helix in hCA II is

instead replaced by a short loop. Therefore, the presence of

the disulfide bond could potentially stabilize the loop with

Thr252 (199) and Pro254 (202) and thus contribute to the

increased stability of the enzyme.

The same intramolecular disulfide bond between Cys99 (21)

and Cys256 (203) in TcruCA has been observed in other �-CA

monomers, such as hCA IV, hCA VI, hCA IX, hCA XII, NgA

(Neisseria gonorrhoeae �-carbonic anhydrase), AoCA and

SspCA (Kannan et al., 1972; Stams et al., 1996; Whittington et

al., 2001; Alterio et al., 2009; Cuesta-Seijo et al., 2011; Capasso

et al., 2012). In addition, the position of this disulfide bridge is

conserved between these enzymes (Supplementary Figs. S5b

and S5c). The presence of the disulfide bond in hCA IV was

proved to confer decreased susceptibility of the protein to

denaturation by 5% SDS (Whitney & Briggle, 1982; Waheed

et al., 1996). Guanidine–HCl (GdnHCl)-induced denaturation

experiments performed with NgCA also demonstrated that

the inactivation of the enzyme occurred at lower concentra-

tions of GdnHCl upon reduction of the disulfide bond,

decreasing from 2.1 M GdnHCl to 1.2 M GdnHCl, which is

comparable to the inactivation of hCA II by GdnHCl (at

0.9 M GdnHCl) (Mårtensson et al., 1992; Elleby et al., 2001).

The reduction of the disulfide bond in NgCA led to decreased

conformational stability, making it more sensitive to dena-

turation/inactivation by GdnHCl. It was inferred in subse-

quent papers regarding other �-CAs that the presence of this

disulfide bond accounted for increased conformational stabi-

lity, including the incorporation of the same disulfide bond

into an hCA II variant (Boone, Habibzadegan, Gill et al.,

2013). Therefore, previous studies as well as our data strongly

suggest that this disulfide bond is a major contributor to the

increase in thermal and conformational stability of TcruCA.

3.4. Utilizing the TcruCA dimer interface for thermostable
enzyme engineering

As mentioned previously, TcruCA is predicted to exist as a

homodimer. Structural analysis of the homodimeric complex

shows that each monomeric subunit of TcruCA appears as a

180� rotation about the dimeric interface, as has been

observed in other dimeric �-CAs (Whittington et al., 2001;

Alterio et al., 2009; Vullo et al., 2012), with parallel facing

active-site openings (Fig. 4a). Residues that contribute to the

biological dimeric interface were predicted using the PDBe-

PISA software (Krissinel & Henrick, 2007). The results from

PDBePISA analysis indicate that 63 residues form the dimeric

interface of TcruCA, with a total of 18 predicted hydrogen

bonds contributing to the stabilization of the dimer (Table 5).

In addition, the �Gsolv values for TcruCA and known biolo-

gical dimers of hCAVI, hCA IX, Cr-�CA1, AoCA and SspCA

were comparable and indicative of favorable dimer formation

(Table 4). Interestingly, dimeric interaction of hCA IX, which

has a predicted 54 interfacing residues, has only two predicted

hydrogen bonds contributing to dimer stabilization. However,

unlike TcruCA and other prokaryotic �-CAs, hCA IX has an

intermolecular disulfide bond that stabilizes the complex in

vivo (Alterio et al., 2009). Therefore, it is predicted that the

majority of interactions that stabilize the dimeric complex of

hCA IX can be attributed to both hydrophobic interactions

and the intermolecular disulfide bridge between monomers,

whereas the various microbial �-CA dimers, including

TcruCA, are stabilized via mostly hydrogen-bonding inter-

actions (Table 6). It also should be noted that despite the

prediction that hCA VI and XII form dimers, �Gsolv P-values

for each enzyme indicate it is difficult to discern whether these

interactions are biological or an artifact of crystal packing

(Table 5). Interestingly, however, CA XII is a known biolo-

gical dimer (Whittington et al., 2001), therefore using this

value alone cannot determine the exact oligomeric state.

Examination of the dimeric interface of TcruCA indicates

that potential key interactions form between residues 114 and

122 (37 and 43). This is indicative of the results from PDBe-
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Table 5
Comparison of the TcruCA dimeric interface.

All data were calculated using PDBePISA (Krissinel & Henrick, 2007).

Dimeric
�-CA

PDB
code

Interface
area† (Å2)

No. of
interfacing
residues‡

�Gsolv§
(kcal mol�1)

�Gsolv

P-value}

No. of
hydrogen
bonds

TcruCA 4xz5 898 63 (31, 32) �9.7 0.123 18
hCA VI 3fe4 869 54 (28, 26) �9.8 0.552 11
hCA IX 3iai 802 54 (27, 27) �9.0 0.227 2
hCA XII 1jcz 1130 72 (35, 37) +1.1 0.783 17
SspCA 4g7a 1162 67 (35, 32) �12.8 0.050 11
Cr-�CA1 3b1b 1493 84 (42, 42) �17.7 0.068 21
AoCA 3q31 1812 93 (46, 47) �18.4 0.189 23

† Calculated as the difference in the total accessible surface areas of isolated and
interfacing structures divided by two. ‡ Values in parentheses correspond to the
numbers of residues from each monomer. § Solvation free-energy gain upon formation
of the interface. �Gsolv < 0 corresponds to positive protein affinity by hydrophobic
interfaces (excludes contributions from salt bridges and hydrogen bonds). } Measure
of the likelihood of the interface forming as a result of crystal packing. Note that �Gsolv

P-values of >0.5 indicate that the interface is likely to be an artifact of crystal packing and
not biological in nature.

Table 6
Predicted hydrogen bonds in dimer stabilization.

Monomer A Monomer B Distance (Å)

Asn104 O�1 Ser248 O� 3.6
Ala115 O Ser120 O� 3.9
Gly117 O Thr119 N 3.1
Thr119 O�1 Asp304 N 3.0
Ser120 O� Gly117 N 3.3
Glu258 O�1 Asn104 N�2 3.6
Ala295 O Lys246 N 2.5
Asp304 O�1 Ser120 O� 2.7
Asp304 O�1 Ser120 N 3.8
Asp304 O�1 Thr119 O�1 2.3
Ser248 O� Asn104 O�1 3.2
Thr119 N Gly117 O 3.3
Asp304 N Thr119 O�1 3.0
Gly117 N Ser120 O� 3.4
Asn104 N�2 Glu258 O"1 3.4
Lys246 N Ala295 O 2.4
Ser12 O� Asp304 O�2 3.2
Thr119 O�1 Asp304 O�2 3.1



PISA analysis (not shown). Interestingly, the same region is

predicted (via PDBePISA analysis) to be important for

dimerization in both hCA IX and SspCA, and is also the

location of the intermolecular disulfide bond found in hCA

IX. As such, this region has been defined as the dimer axis

(Fig. 4b). The TcruCA dimer is stabilized by several hydrogen

bonds, including those found between adjacent Glu258 (205)

residues (chains A and B), and interactions between the main

chains of the Ala296 (251) residues and the side-chain amines

of Lys246 (193) (Fig. 4b). In addition, we observe weak

interactions between adjacent Asn104 (27) residues (chains A

and B); however, the distances indicate that this may not be

owing to hydrogen bonding (Fig. 4b). Overlay of these residue

positions with those in SspCA, hCA IX and hCA II indicates

that the position of Glu258 (205) is conserved in each isoform

(Figs. 4c and 4d). Despite the clear interaction of this residue

between monomers, the fact that it is conserved in hCA II,

which does not dimerize, suggests that it alone is not sufficient

to stabilize an oligomeric state. In addition, the crystallization

conditions for both TcruCA and SspCA were acidic (pH of

<5.5), which would indicate that this residue is deprotonated

and thus the interaction formed at the dimer interface of both

TcruCA and SspCA may be an artifact of crystal packing.

Asn104 (27) is conserved between TcruCA and SspCA and

clearly forms an interaction between monomers (Fig. 4c). This

residue is not conserved, however, in hCA IX (Fig. 4d) and

hCA II (Fig. 4e). This suggest that Asn104 (27) might have a

significant influence on the dimerization of CA monomers. A

predicted strong hydrogen bond (2.4 Å) is formed between

Lys246 (193) of chain A and the carboxyl of Ala2960 (2510) of

chain B (Fig. 4d). It is possible that owing to the strength of

this hydrogen bond and the ‘criss-crossing’ arrangement of

interactions between chain A and chain B of TcruCA mono-

mers, these interaction would have a substantial impact on

stabilizing the dimerization complex. Overlay of this residue

position in SspCA, hCA II and hCA IX shows that this

interaction is not conserved. Instead, this interaction is abol-

ished by either replacement of Lys246 (193) with a Thr, which

does not extend enough at its side chain to form any inter-

action (SspCA; Fig. 4c), or the replacement of Ala295 (251)

with the more bulky Leu (hCA IX and hCA II; Figs. 4b and 4c,

respectively), which would eliminate any possibility of

hydrogen-bond formation. Despite this interaction not being

present in SspCA and hCA IX, dimerization still occurs in

both isoforms. It is likely that this is attributable to different

hydrogen-bonding network arrangements in SspCA and the

presence of the disulfide linkage and hydrophobic interactions

in hCA IX, both of which are not present in hCA II.

The dimeric nature of TcruCA appears to greatly enhance

the thermostability of the enzyme, as observed in the DSC

data (Table 4). The same has been observed regarding other

proteins or enzymes, where dimeric complexes favor a more

stable state versus the monomeric unit (Anosike et al., 1975).

The same can be said regarding the stability of protein crystals,

which can remain preserved in their crystalline form for very

long periods of time (Shenoy et al., 2001). These criteria alone

would potentially make TcruCA, or any other dimeric �-CA, a

good candidate for industrial use owing to its attributed

thermostability. To date, protein engineering of a thermo-

stable hCA II variant has been focused on alterations in the

monomeric structure of the enzyme (Boone, Habibzadegan,

Gill et al., 2013; Boone, Habibzadegan, Tu et al., 2013; Boone et

al., 2015). Although this has been successful in increasing the

overall conformational stability of the enzyme, none of these

variants have been utilized for industrial applications. Engi-

neering of a thermostable hCA II dimer may be useful in these

processes. It is possible that engineering a ‘TcruCA mimic’

using hCA II with the aforementioned sites [specifically the

residues at positions 258 (205), 104 (27), 295 (251) and 246

(193)] would influence the formation of an hCA II dimer.

Furthermore, it is observed that there is an overlap in the

residues found in the dimer axis of TcruCA and hCA II (not

shown). As such, it may also be possible to alter residues in

this region to influence the formation of hydrogen bonding

between monomers of hCA II in order to influence dimer-

ization. This would create a dimeric interface similar to that

observed in the microbial �-CAs. However, since this interface

is constructed of mostly hydrogen-bond interactions it may be

significantly sensitive to extreme pH changes and hence may

not be useful for industrial CO2 sequestration (Maeda et al.,

1995; Ochoa-González et al., 2014). To combat this, it may be

beneficial to engineer an hCA II dimeric interface consisting

of combinations of attributes from TcruCA and hCA IX such

that the key residues highlighted in Fig. 4(e) can be incorpo-

rated into the interface, along with the hCA IX intermolecular

disulfide found in the dimer axis (Fig. 4d). Previous studies

have shown that hCA II can be engineered into a dimer via an

intermolecular disulfide (Mack et al., 2011); however, this

study did not speculate on the potential increased stability of

the hCA II dimer. The presence of an engineered disulfide will

potentially keep the hCA II dimer intact at more extreme pH

levels (pH of�3.0; He et al., 2006). These notions can be taken

a step further by being employed to generate a dimer of

previously discovered thermostable hCA II variants.

4. Conclusions

TcruCA is a dimeric �-CA (Fig. 1a) that is active and appears

to be thermostable over a wide range of pH values. The overall

structure of TcruCA exhibits a typical �-CA fold and reveals a

conserved active-site structure relative to other isoforms. It is

likely that this region is the highest contributor to the �30–

40% sequence identity of TcruCA to other isoforms (Table 2).

Like other microbial �-CAs, TcruCA exhibits a more compact

structure relative to hCA II, with deletions in surface loops

and helical structure (Figs. 1b and 1c). TcruCA also contains

an intramolecular disulfide bond that has been observed in

several �-CAs (Supplementary Fig. S5). The compact struc-

ture, the presence of an intramolecular disulfide bond and the

dimeric arrangement of TcruCA are proposed to contribute

significantly to the thermostability of the enzyme (Boone,

Habibzadegan, Tu et al., 2013; Boone et al., 2015). Similar to

other �-CAs, the active site of TcruCA is subdivided into a

hydrophilic and a hydrophobic pocket (Fig. 2). Examination of
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the active site reveals that the residues are highly conserved

compared with hCA II and SspCA, with residue variations

occurring mostly in the hydrophilic cleft (Fig. 3). As such,

TcruCA exhibits a reduced catalytic efficiency (approximately

tenfold) compared with hCA II, which is most likely attribu-

table to these residue substitutions (Table 3). Furthermore, the

reduced catalytic efficiency might also be a result of the loop

deletion in region 1 (corresponding to residues 230–240 in

hCA II), which has recently been suggested to be important

for catalysis (Boone et al., 2015).

The dimer of TcruCA is formed predominantly through

hydrogen bonding and interactions via residues with hydro-

philic side chains. This is comparable to other microbial �-CAs

that typically form dimeric complexes, such as SspCA. This

observation is alternative to hCA IX, which contains only two

hydrogen bonds in the dimer interface. The hCA IX dimer

is instead stabilized by hydrophobic interactions and the

presence of an intermolecular disulfide bridge. As such, it is

possible that utilizing the predicted key interface interactions

observed in both TcruCA and hCA IX in order to engineer a

hCA II dimer might produce a highly thermostable and pH-

stable CA variant that can be implemented for industrial CO2

sequestration. This includes implementing residues to facil-

itate hydrogen bonding at positions 104 (27), 296 (251) and

246 (193) and an intermolecular disulfide at position (41)

(Fig. 4e). The successful construction of a dimeric hCA II

variant may lead to a novel biocatalytic agent for industrial

CO2 sequestration.
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