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Environment
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Abstract Carbonic anhydrase is a metalloenzyme catalyzing the reversible
hydration of carbon dioxide to bicarbonate. Five independently evolved classes
have been described for which one or more are found in nearly every cell
type underscoring the general importance of this ubiquitous enzyme in Nature.
The bulk of research to date has centered on the enzymes from mammals and
plants with less emphasis on prokaryotes. Prokaryotic carbonic anhydrases play
important roles in the ecology of Earth’s biosphere including acquisition of CO2

for photosynthesis and the physiology of aerobic and anaerobic prokaryotes
decomposing the photosynthate back to CO2 thereby closing the global carbon
cycle. This review focuses on the physiology and biochemistry of carbonic
anhydrases from prokaryotes belonging to the domains Bacteria and Archaea
that play key roles in the ecology of Earth’s biosphere.
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1 Introduction

There are five independently-evolved classes (’; “; ”; •; —) of carbonic anhydrases
(CAs), with no structural or sequence similarity, that catalyze the reversible
hydration of CO2 (CO2 C H2O � HCO3

� C HC). The ’ class is restricted
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Fig. 5.1 The global carbon cycle

mostly to mammals and pathogenic prokaryotes, although a few have been described
from non-pathogenic species [1]. The • [2, 3] and — [3, 4] classes are found in
marine diatoms [4]. A search of the Comprehensive Microbial Resource [5] of
656 completed prokaryotic genomes with the query “carbonic anhydrase” retrieved
1,300 sequences underscoring the widespread occurrence of this enzyme in diverse
prokaryotes inhabiting Earth’s biosphere. The great majority of prokaryotes harbor
the “ and ” class enzymes that play important roles in the global carbon cycle
(Fig. 5.1). In the cycle, plants, algae and photosynthetic prokaryotes fix CO2 into
biomass (step A) that is decomposed back to CO2 by O2-requiring prokaryotes in
aerobic environments (step B). Significant amounts of biomass enter diverse O2-free
environments where strictly anaerobic microbes decompose the biomass to methane
and CO2 (steps C,D and E). The remainder diffuses into aerobic environments where
O2-requiring prokaryotes oxidize it to CO2 (Step F) closing the carbon cycle. CAs
are a focus of investigation for developing technologies that capture and sequester
CO2 at point sources for reducing emissions that contribute to the greenhouse effect
and global warming [6]. This review focuses on recent advances in understanding
the physiology and biochemistry of CAs from prokaryotic microbes important to
the ecology of Earth’s biosphere.

2 Aerobic Species

Aerobes are prokaryotes that require O2 to metabolize growth substrates. Cyanobac-
teria are aerobes and the most abundant photosynthetic organisms on Earth [11] that,
together with plants, are responsible for the great majority of global CO2 fixation
into biomass (Step A, Fig. 5.1). Cyanobacteria utilize “ and ” class CAs associated
with an organelle called a carboxysome to enhance photosynthesis via a mechanism
that concentrates and supplies CO2 to ribulose-1,5-bisphosphate carboxylase [7].
Given that all cyanobacteria contain carboxysomes, and that cyanobacteria are
considered the most abundant photosynthetic organisms on Earth [8], a substantial
portion of global CO2 fixation is dependent on CAs. The ” class CA (CcmM) from
the aerobic cyanobacterium Thermosynechococcus elongatus strain BP-1 has been
characterized [9]. The crystal structure closely resembles the archetype of the ”

class (Cam) from Methanosarcina thermophila of the domain Archaea [10]. Cam is
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Fig. 5.2 Ribbon diagram of Cam, the archetype ” class CA. Left panel, a monomer. Right panel,
view of the homotrimer along the axis of symmetry. The yellow sphere indicates the active site
metal coordinated by two histidine residues from one of the three subunits and a third histidine
ligand contributed by an adjacent subunit

a homotrimer with an overall left-handed “-helical fold (Fig. 5.2) [11]. However,
CcmM differs from Cam by the addition of residues 198–207 that form a third
’-helix stabilized by an essential cysteine 194-cysteine 200 disulfide bond. Deletion
of this domain yields an inactive protein, the structure of which shows disordering
of the N- and C-termini, and reorganization of the trimeric interface and active site.
Under reducing conditions, CcmM is similarly partially disordered and inactive
which underscores the importance of the disulfide bond. The crystal structure of
the “ class CA from the carboxysome of the aerobic species Halothiobacillus
neapolitanus (CsoSCA) identifies it as one of three structural subclasses of the “

class [12]. The active sites of “ class enzymes from Escherichia coli [13], Pisum
sativum [14], and the strict anaerobe Methanothermobacter thermautotrophicus
[15] are organized as identical pairs through homodimerization. The enzyme from
Porphyridium purpureum, a red alga, evolved an intermediate degree of symmetry
wherein two domains are fused and organized with 2-fold pseudo-symmetry. The
C-terminal domain of CsoSCA from H. neapolitanus diverged such that it lost the
ligands for the catalytic zinc, including a loop on which one of the cysteine ligands
would normally reside. Thus, the two domains in CsoSCA evolved such that only
one in the pair retains a viable active site. It is proposed that this structure evolved to
supply a new function specific to the carboxysome [12]. Nonetheless, the structural
similarity among active site regions of the “ class subclasses suggests a common
catalytic mechanism.

A few non-photosynthetic chemolithotrophic aerobes contribute to CO2

fixation such as the thermophiles Sulfurihydrogenibium yellowstonense and
Sulfurihydrogenibium azorense [16]. These species, isolated from terrestrial hot
springs, grow chemolithotrophically with CO2 as the carbon source and H2 as
the energy source suggesting a potential role for CA in acquisition of CO2 for
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cell carbon [17]. Characterization of the ’ class CAs from these aerobes has
revealed the fastest CA known with a kcat of 4.40 � 106 s�1 and a kcat/Km of
3.5 � 108 M�1 s�1 [1].

The decomposition of complex biomass in Earth’s aerobic biosphere is mediated
by prokaryotes called heterotrophs (Step B). Carbon dioxide and bicarbonate are
essential growth factors for environmentally important heterotrophs. Although
sufficient CO2 is produced during catabolism, levels below atmospheric lead to
growth inhibition or possibly death [18–20]. For example, deletion of a gene
from Ralstonia eutropha encoding a “ class CA resulted in a requirement for
heterotrophic growth of the mutant at CO2 concentrations elevated compared to
wild-type [21]. The requirement for CO2 is attributed to fixation in anaplerotic or
other biosynthetic reactions. A recent bioinformatics analysis indicates that CA-
deficient prokaryotes evolved to only occupy high-CO2 niches [22]. Comparisons
between CA-retaining and CA-deficient genomes indicated that CA was lost in
some species during the course of evolution as a consequence of dispensability.
On the other hand, pathogenic prokaryotes seem to be adapted to high CO2

concentrations in their host environment, as they usually require 5–10 % (vol/vol)
CO2 for growth (9, 45, 60). Although genomes of aerobic heterotrophs isolated from
the environment include CAs [23], none have been biochemically and structurally
characterized in detail.

Characterized CAs from heterotrophic aerobes are not limited to the upper
regions of Earth’s surface. Geobacillus kaustophilus strain HTA426 is a het-
erotrophic thermophile isolated from deep sea sediment at 10,897 m [24]. The
organism contains a ” class CA for which the crystal structure and documentation
of CA activity was recently published albeit with no further characterization [25].
Characterization of CAs from methane-oxidizing prokaryotes that close the carbon
cycle (Fig. 5.1, Step F) have not been reported although the genomic sequences of
methylotrophic species have annotations for several CAs [23].

3 Anaerobic Species

Anaerobes are microbes that metabolize growth compounds in the absence of O2.
They inhabit environments such as freshwater and marine sediments, rice paddy
soils, and the hind gut of termites to name a few. The metabolism of complex
biomass is mediated by a diversity of anaerobes which include fermentatives,
syntrophs, sulfate reducers and nitrate reducers.

3.1 Anaerobes Metabolizing Complex Biomass

Fermentative plus syntrophic species metabolize complex biomass to products
(Fig. 5.1, Step C) that are substrates for methane-producing anaerobes
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(Fig. 5.1, Steps D and E). CAs have been documented in several anaerobes
producing acetate as the only product of their energy metabolism [26, 27]. These
species reduce CO2 to the methyl level for incorporation into the methyl group of
acetate which places a high demand on acquisition of CO2 from the environment;
thus, a postulated role for CA is to facilitate a bicarbonate/acetate antiporter that
transports acetate out of the cell and bicarbonate in. A similar physiological role
has been postulated for the ” class CA encoded in the genome of Pelobacter
carbinolicus whereby the enzyme functions in conversion of cytosolic bicarbonate
to CO2 for reduction to formate that is excreted by exchange with extracellular
bicarbonate [28]. The Type I “ class CA from Clostridium perfringens strain 13
is the only “ class enzyme characterized from a strictly anaerobic species of the
domain Bacteria [29]. Analyses of a deletion mutant showed the CA is strictly
required for growth when cultured in semi-defined medium and an atmosphere
without CO2 suggesting a role in anaplerotic CO2 fixation reactions by supplying
bicarbonate to carboxylases.

Although the genomes of anaerobic prokaryotes are richly annotated with CAs
[23], few have been characterized. The sequence and crystal structure of YrdA from
Escherichia coli [30], a facultative anaerobe of the domain Bacteria, identifies YrdA
as a homolog of the archetype ” class CA (Cam) from Methanosarcina thermophila
belonging to the domain Archaea [10]. However, YrdA has no significant CA
activity and does not contain residues corresponding to Glu62, Glu84 and Asn202
important for CA activity of Cam [31]. Interestingly, an acidic loop around the
putative catalytic site of YrdA shows alternative conformations leading the authors
to suggest that the enzyme accommodates substrates larger than carbonate. The only
other characterized Cam homolog from an anaerobe is from Pyrococcus horikoshii
which also belongs to the domain Archaea [32]. The crystal structure of the enzyme
over-produced in E. coli and purified in the presence of air shows the overall fold
similar to Cam with zinc in the active site, although activity was not reported and
the enzyme was not further characterized. Interestingly, calcium was also shown to
be present in the P. horikoshii structure.

3.2 Anaerobes Producing Methane

There are two major pathways (Fig. 5.1, steps D and E) producing methane from the
products of fermentative and syntrophic species (Fig. 5.1, step C) which constitutes
an anaerobic microbial food chain converting complex biomass to methane. Both
methanogenic pathways involve CO2 as either a reactant or product suggesting a
role for CA in either CO2 acquisition or removal. The CO2 reduction pathway
involves the reduction of CO2 to methane with electrons derived from either H2

or formate (Fig. 5.1 step D), whereas the aceticlastic pathway produces equimolar
amounts of methane and CO2 (Fig. 5.1, step E). Clearly there is a high demand for
CO2 in the CO2 reduction pathway where CA could play a role in acquisition and
retention of CO2 by conversion to membrane impermeable bicarbonate inside the
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Fig. 5.3 Stereo view of the active-site of Cab from Methanothermobacter thermautotrophicus �H

cell. Indeed, a “ class CA (Cab) has been characterized from Methanothermobacter
thermoautotrophicus (f. Methanobacterium thermoautotrophicum strain �H) [33]
which reduces CO2 to methane with H2 and synthesizes all cell carbon starting
with CO2 which places an additional demand on acquisition and retention of CO2.
Enzymes of biosynthetic pathways require either CO2 or bicarbonate suggesting
additional roles for CAs in supplying the required form of inorganic carbon.

Cab is the only “ class CA characterized, both biochemically and structurally,
from a methane-producing species. Although the overall fold is similar to that of
other “-class CAs that are tetrameric and octameric, Cab is a dimer in the crystal
structure [15]. The crystal structure shows the active site metal at the interface of
the two monomers, although the two cysteines and one histidine coordinating the
metal originate from the same monomer. The catalytic water is the fourth ligand
(Fig. 5.3) which hydrogen bonds to an aspartate residue conserved in all “ class
CAs. The aspartate is in turn hydrogen bonded to an arginine also conserved in
the active sites of “ class CAs. Further, the crystal structure of Cab shows the
active-site cavity open to bulk solvent such that a HEPES buffer molecule is present
8 Å from the catalytic metal (Fig. 5.3) distinct from the P. sativum enzyme. The
kinetic analysis of Cab is consistent with a two-step metal-hydroxide mechanism
proposed for all CAs. The conserved aspartate residue in the active site of Cab
when replaced with alanine significantly reduces the kcat/Km value [34]. When the
arginine interacting with aspartate is replaced with alanine, a still larger decrease
in kcat/Km is observed. When the interaction between aspartate and arginine is
disrupted, the aspartate may swing toward the active site and ligate the catalytic
metal in a dead-end inactive conformation. Imidazole rescues the activity of both
the replacement variants which suggests a role for the conserved residues in the
proton transfer step. Thus, an exchange of ligands to aspartate during catalysis may
be necessary if the pKa of aspartate were decreased when interacting with arginine
such that the aspartate residue is unable to abstract a proton from the zinc-bound
water. In the aceticlastic pathway, the methyl group of acetate is reduced to methane
with electrons derived from oxidation of the carbonyl group of acetate to CO2.
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Fig. 5.4 Postulated roles for
the ” class CAs Cam and
CamH in the pathway of
acetate conversion to methane
and carbon dioxide in
Methanosarcina species. The
double line represents the cell
membrane. AE anion
exchanger

Methanosarcina thermophila contains two ” class CAs, Cam and CamH, postulated
to facilitate transport of acetate into the cell and CO2 out via an acetate/bicarbonate
anion exchanger (Fig. 5.4) in analogy to the mammalian chloride/bicarbonate
exchange system [35]. Cam was first investigated with the enzyme over produced
in Escherichia coli. When purified from E. coli in the presence of air, Cam contains
zinc in the active-site. However, when the zinc is exchanged with ferrous iron in
vitro, the catalytic efficiency increases 3-fold over the zinc form [36]. Ferrous iron
is present in the active-site when purified from E. coli in an atmosphere void of O2.
When exposed to air, ferrous is oxidized to ferric with rapid loss of CA activity.
Cam from M. thermophila over-produced in the close relative Methanosarcina
acetivorans contains stoichiometric amounts of ferrous iron when purified in the
absence of O2 establishing ferrous iron as the physiologically relevant metal in vivo
[37]. When purified from E. coli in the presence of air, ferric iron is exchanged
with contaminating amounts of zinc present in untreated buffers. A crystal structure
is unavailable for Fe-Cam, although it is proposed to be similar to in vitro cobalt-
substituted Cam with a coordination sphere containing three waters in addition to
the metal ligands [11].

Cam is the most extensively investigated of the few ” class CAs characterized.
The kinetic mechanism for a the reversible hydration of CO2 by Cam is a two-step
ping pong mechanism similar to all characterized CAs as shown in the following
equations where E represents enzyme residues, M is metal and B is buffer.

E-M2C-OH� C CO2 D E-M2C-HCO3
� (5.1a)

E-M2C-HCO3
� C H2O D E-M2C-H2O C HCO3

� (5.1b)

E-M2C-H2O D HC-E-M2C-OH� (5.2a)

HC-E-M2C-OH� C B D E-M2C-OH� C BHC (5.2b)

In step 5.1a, a lone pair of electrons on the metal-bound hydroxide attack carbon
dioxide producing metal-bound bicarbonate that is displaced by water in step 5.1b.
In step 5.2a, a proton is extracted from the metal-bound water and then transferred
to buffer in step 5.2b. Cam exhibits a kcat >104 s�1 which is faster than the fastest
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Fig. 5.5 The reaction mechanism proposed for the archetype ” class CA from Methanosarcina
thermophila

rate at which protons can transfer from the zinc-bound water with a pKa of 7 to
water. Thus, Cam with kcat >104 s�1 must transfer the proton from the zinc-bound
water to an intermediate proton shuttle residue (HC-E in steps 5.2a and 5.2b) and
then to the external buffer molecule. Replacement of active-site residues via site-
directed mutagenesis, and kinetic analyses of the variant proteins, has identified
several residues either essential or important for catalysis leading to the proposed
mechanism for catalysis shown in Fig. 5.5 [31]. In the mechanism, glutamate 62
extracts a proton from either of two metal-bound waters (A) producing a hydroxyl
group which extracts a proton from the adjacent water producing the metal-bound
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hydroxyl Zn-OH� that attacks the carbon of CO2 producing metal-bound HCO3
�

(B-F). Glutamine 75 and asparagine 73 participate in a hydrogen bond network to
orient and increase the nucleophilicity of the metal-bound hydroxide. The bound
HCO3

� undergoes a bidentate transition state wherein the proton either rotates or
transfers to the nonmetal-bound oxygen of HCO3

� (G). Hydrogen bonding with
glutamate 62 destablizes the HCO3

� which is further destabilized by an incoming
water that replaces one of the metal-bound oxygens (H). A second incoming water
displaces HCO3

� with product removal and regeneration of the water-bound active-
site metal. Not shown in Fig. 5.5, tryptophan 19 and tyrosine 200 are second
shell residues distant from the catalytic metal that fine tune catalysis. Tryptophan
19 is important for both CO2/bicarbonate interconversion and the proton transfer
step [38].

Inhibitor studies of Cab and Cam show differences in inhibition response to sul-
fonamides and metal-complexing anions, when compared to ’ class CAs [39–42].
In addition, inhibition between Cab and Cam differ. These inhibition patterns are
consistent with the idea that although, ’-, “-, and ”-class CAs participate in the same
two-step mechanism, diverse active site architecture among these classes predicts
variations on the catalytic mechanism.

CamH of M. thermophila when over produced in E. coli contains 0.15 iron per
monomer and only a trace amount of zinc when purified in the absence of O2 [43].
The enzyme losses CA activity when exposed to air which suggests ferrous iron
has a role in the active site. Databases queried with the Cam sequence reveal the
great majority of homologs comprising a subclass homologous to CamH for which
there is conservation of most residues essential for the archetype Cam except an
acidic loop often missing the proton shuttle residue glutamate 84 of Cam [43].
Interestingly, the ” class CAs isolated from P. horikoshii and E. coli belong to the
CamH subclass for which neither is reported to have CA activity. Clearly, more
research is warranted on CAs from this subclass.
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