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Abstract—This review presents information about carbonic anhydrases, enzymes catalyzing the reversible hydration of car-
bon dioxide in aqueous solutions. The families of carbonic anhydrases are described, and data concerning the presence of
their representatives in organisms of different classes, and especially in the higher plants, are considered. Proven and hypo-
thetical functions of carbonic anhydrases in living organisms are listed. Particular attention is given to those functions of the
enzyme that are relevant to photosynthetic reactions. These functions in algae are briefly described. Data about probable
functions of carbonic anhydrases in plasma membrane, mitochondria, and chloroplast stroma of higher plants are discussed.
Update concerning carbonic anhydrases in chloroplast thylakoids of higher plants, i.e. their quantity and possible partici-

pation in photosynthetic reactions, is given in detail.
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Carbonic anhydrases catalyze the reaction of the
reversible hydration of carbon dioxide:

ky
CO,(sol) + H,0 <> H,CO; <> H' + HCO7 <>

—1
< 2H" + COr. (1)

This reaction in the absence of carbonic anhydrase (CA)
has second-order rate constant k, of 0.0027 M~'s™! at
37°C and neutral pH, which corresponds to a pseudo
first-order rate constant of 0.15 s™'. The dehydration
reaction constant k_, is 50 s™'. These constants determine
[CO,]l/[H,CO;] ratio of 340 : 1 in aqueous solutions.
Carbonic acid, H,CO;, dissociates in aqueous solution
with pK, of 6.35 and pK, of 10.25, i.e. at neutral pH the
inorganic carbon in the form of bicarbonate ion (HCOY)
predominates. Therefore, reaction (1) is often written
without carbonic acid. Carbonic anhydrases (CAs) great-
ly accelerate both reactions, especially the hydration
reaction. The most active enzyme, human carbonic anhy-
drase II, has k_, of CO, hydration reaction greater than
10° s7!, while the rate constant of the dehydration reac-

Abbreviations: CA, carbonic anhydrase; PSI(II), photosystem
I(II); Rubisco, ribulose-bisphosphate carboxylase/oxygenase.
* To whom correspondence should be addressed.

tion is 2.5-10° s' [1]. The catalyzed reaction of CO,
hydration is one of the fastest enzymatic reactions. CAs
from plants usually have lower values of the respective
reaction constants; the value of k_,, of the hydration reac-
tion for the soluble CA from pea is 4-10° s~! [2].

CARBONIC ANHYDRASE FAMILIES AND THEIR
REPRESENTATIVES IN LIVING ORGANISMS

CA was found for the first time in red blood cells in
1933 [3]. Later, many biochemical studies revealed these
enzymes in all organs, tissues, and cells of living organ-
isms from prokaryotes to humans [4]. Based on the con-
served sequences of nucleic acids in CAs gene sequences,
all CAs are subdivided into six evolutionarily independ-
ent families [5, 6] that are named «, B, v, J, €, and C.
Although these enzymes do not have homology in struc-
ture and they differ in the organization of the active cen-
ter, they are all called carbonic anhydrases because they
catalyze the same reaction, using similar catalytic mech-
anisms, which are different in details of the environment
of the metal atom (mostly, zinc) in the active site. CAs
are believed to have originated repeatedly in the course of
evolution, and it is intriguing that many organisms
express genes of CAs from more than one family. There
is a striking example, the unicellular diatom
Thalassiosira pseudonana, that expresses CAs of at least
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four families: two a-CAs, four y-CAs, four 0-CAs, and
one -CA [6].

a-CA. Representatives of the o.-CA family are wide-
spread and are found in eubacteria [7, 8], ascomycetes
[9], algae [10, 11], higher plants [12-14], and animals. In
tissues of vertebrate animals, there are 16 isoforms of
CAs, and all are from the a-family [15]. Despite this fact,
they have significant differences in active site structure,
and this determines their activity levels.

The first a.-CAs that were found in plant cells were
periplasmic enzymes from the unicellular green alga
Chlamydomonas reinhardtii, and they were named CAH1
and CAH2 [10, 11]. Despite high structural similarity,
CAHI1 was highly expressed at low CO, concentration in
water, wherecas CAH2 had rather low expression level
under all growth conditions, but it was somewhat higher
at high concentrations of carbon dioxide. Another a-CA
is the membrane-bound form of the enzyme called
CAH3, which was found in photosystem II (PSII) parti-
cles isolated from Ch. reinhardtii [16].

In the Arabidopsis thaliana genome, eight genes
encoding a-CAs have been revealed, but convincing data
about the location of only one of them, a-CAl, were
obtained. a-CAl is present in all plant organs except
roots [12]. This CA was found using western blot analysis
in the study of a recently discovered pathway of newly
synthesized proteins into the chloroplast with participa-
tion of the Golgi apparatus membrane system [13].
Information concerning the other a-CAs from A.
thaliana is scarce. The gene encoding a.-CA2 is expressed
in stems and roots, and a-CA3 in flowers and pods [12].
The latter CA was found using proteomic analysis of pro-
teins isolated from mature pollen [17, 18]. Using the same
approach, a-CA4 was found among the proteins of thy-
lakoid membranes [19, 20].

Most a-CAs are monomers with molecular mass of
about 30 kDa; one of the few exceptions is CAHI1 from
Ch. reinhardtii; it is heterotetramer composed of two sub-
units of 37 kDa and two subunits of 4 kDa [21]. The active
site of a-CAs is a conical cavity with slightly distorted
tetrahedral geometry with a Zn atom located at the bot-
tom that is coordinated with three histidine residues [22].
In addition to interconversion of CO, and HCOy7, a-CAs
catalyze a number of other reactions such as hydration of
aldehydes [23] and hydrolysis of carboxylated esters [24]
and various halogen derivatives [25].

B-CA. In 1939, Neish [26] reported the presence of
CA among the proteins of chloroplasts, but only 50 years
later, after elaboration of DNA sequence technology, the
fact that the enzyme is not homologous to CAs from ani-
mal tissues was shown. After that CAs were divided into
two families — a.-CAs from animal tissues and B-CAs from
plant tissues [27]. Representatives of the B-CAs were
found in bacteria cells [28-31], fungi from the genus
Saccharomyces [32], algae [33, 34], and dicotyledonous
and monocotyledonous higher plants, both C3 and C4
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[35-37]. There is no other family of CAs with such broad
structural diversity. The molecular mass of -CAs varies
from 45 to 200 kDa [38]. Dimers (or pseudo-dimers) are
fundamental structural units of 3-CAs, and these can
associate to form tetramers and octamers. The monomers
contain one zinc atom coordinated by two cysteine
residues and one histidine residue per reaction center [39].

In C3 higher plants, the soluble CA in chloroplasts is
the enzyme with highest catalytic rate (see above). This is
the most abundant enzyme in cells after the Rubisco
(ribulose-bisphosphate carboxylase/oxygenase) protein,
and it is one of the main components of the soluble pro-
teins of leaves (0.5-2.0% of total) [40]. Two isoforms of
the soluble enzyme had been observed in leaf tissues [41],
and later the expression of two different genes of B-CAs in
arabidopsis leaves was revealed [37]. For a long time these
two CAs were considered as the only ones in C3 plant
cells, with the second CA located in the cytoplasm [42].
In the A. thaliana genome, there are six genes encoding 3-
CAs, and all these genes are expressed [12]. The authors
of [12] proposed the numbering of a- and B-CAs that is
now used in the literature. The same group of researchers,
using incorporation of the green fluorescent protein gene
(GFP-fusion), confirmed the location of two of the most
active of CAs, called B-CAl (stromal) and B-CA2 (cyto-
plasmic). The locations of the other B-CAs in Arabidopsis
cell have also been shown: 3-CA3 in the cytoplasm, -
CA4 in plasmalemma, B-CA6 in the mitochondrial
matrix, and B-CAS in chloroplasts. The precise position
of the latter has not yet been established.

v-CA. The first representative of the y-CA family was
found in the Archaean Methanosarcina thermophila [43],
and it is now known that y-CAs are present not only in
bacteria cells but also in diatoms and green algae [6]. In
higher plants, y-CAs were found in mitochondria (see
below). The structure of y-CAs is significantly different
from those of a- and B-CAs. The former function as
trimers consisting of identical subunits with mostly [3-
helix fold structure [44], and they contain one atom of
zinc per subunit. Unlike o.- and B-CAs, each active site of
v-CAs is located at the interface between two neighboring
subunits. The active site of y-CAs is formed by three
residues of histidine and H,O, which coordinate the Zn
atom, like the active site of a-CAs, but histidines in y-
CAs are residues of two opposing subunits [44].

6-CA and &-CA. Representatives of these families
that were found in cells of the diatom Thalassiosira weiss-
floggi and of the bacterium Thiobacillus neapolitanus,
respectively, have no homology in amino acid sequences
with the CAs of the other families, although the structure
of their active site is similar to those of representatives of
the a-family [45-47].

€-CA. These CAs were found in marine unicellular
organisms, in particular, the diatom Th. pseudonana (6],
and its structure is similar to those of B-CAs [48, 49]. All
C-CAs are pseudo-trimers with three slightly different
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catalytic centers [50] containing Cd?" instead of Zn**. It
is believed that in the diatom cells that 5- and £-CAs play
a role in CO, fixation [50].

FUNCTIONS OF CARBONIC ANHYDRASES

The presence of carbonic anhydrases in all living
organisms probably originates because the components of
the catalyzed reaction are involved in almost all metabol-
ic processes. We suppose that the main reason for the
abundance of CAs in nature is the ubiquitous involvement
of bicarbonate buffers in aqueous media and then in the
cytoplasm at every stage of evolution; these enzymes
acceleration achieving appropriate pH, which is impor-
tant for homeostasis of every living cell. The role of car-
bonic anhydrases in accelerating the conversion of inor-
ganic forms of carbon was probably not their initial main
function, but now it is established that these enzymes are
critical regulators of the exchange of these forms in many
metabolic processes.

Functions of Carbonic Anhydrases in Animals

Although the main purpose of this review is to con-
sider the available experimental data and ideas concern-
ing the role of CAs in higher plants, we should present, at
least briefly, information about CA functions in animal
tissues, which has been studied in much more detail and
is rather well known. It is now established that CAs in
animals provide quick access to “stored” bicarbonate, for
example, in lungs, the increase in metabolic CO, efflux
from the eye lens [51], and the catalysis of the production
of HCO3 as an ion participating in Na* symport in secre-
tory tissues [52]. CAs play a role in maintaining the bal-
ance of electrolytes and pH in cells and tissues [53] and in
electrolyte transport in the cells of the Malpighian vessels
in Drosophila [54]. The soluble CA in mitochondria of the
cells of vertebrates regulates the activity of the oxidative
phosphorylation enzymes: bicarbonate converted with
the participation of CA from CO, released in the Krebs
cycle activates the soluble adenylyl cyclase, which pro-
duces cyclic AMP and triggers protein kinase, which in its
turn affects the operating of all mitochondrial complexes
[55]. These studies have shown that the mechanisms of
CO,, HCO;3, and/or pH sensing in vertebrate cells
include CA, and the connection between chemorecep-
tion and signaling is executed with participation of wide-
spread secondary messengers.

Functions of Carbonic Anhydrases in Algae

The functions of CAs related to photosynthesis are
well studied in aquatic photoautotrophs, cyanobacteria,
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and algae. Despite the fact that the concentration of car-
bon dioxide in water is approximately same as in air, the
rate of diffusion of CO, molecules in water is about 1000
times less [56], and without CA cyanobacteria and algae
would experience deficiency of CO, in the vicinity of
Rubisco, which would not permit effective photosynthe-
sis. In the course of evolution, these organisms have
developed mechanisms of CO,-concentrating in cells.
These mechanisms necessarily include CAs and consist of
a system of active transport of inorganic carbon through
the plasma membrane and/or chloroplast envelope and
systems of CO,-concentrating near Rubisco molecules.
The role of CAs in the CO,-concentrating mechanism in
cyanobacteria has been thoroughly reviewed recently
[57].

The mechanisms of CO, concentration in the uni-
cellular alga Ch. reinhardtii are similar to those in
cyanobacteria [58]. In algal cells, CAs of a-, B-, and y-
families function mutually for CO, concentrating. In Ch.
reinhardtii, at least 12 CAs have been found in different
cell compartments [6, 58]. CAH1, CAHS, and CAH9 are
probably responsible for the delivery of CO, in the cells.
The first is located in the periplasmic space. If the activi-
ty of the protein is suppressed by an inhibitor that could
not penetrate into the cell, photosynthesis at high envi-
ronmental pH with large amounts of inorganic carbon in
the form of bicarbonate was significantly reduced [59].
This suggests that CAH1 facilitates the entry of CO, into
the cell. CAHS is located in the plasma membrane, and it
facilitates penetration of CO, through the membrane,
enhancing the conversion of HCOj into CO, on the cell
surface [60]. CAH9 apparently promotes CO, transport
from cytoplasm to chloroplast. CAH3, located on the
lumenal side of thylakoid membrane [16], presumably
catalyzes the conversion of HCOj in the lumen to CO,,
i.e. it helps CO, “generation” to a higher level in lumen
than in the rest of the volume of the chloroplast. Mutants
of Ch. reinhardtii, either without CAH3 or with greatly
reduced CAH3 content, could not grow under normal
CO, levels in the air, although they could survive under
increased CO, concentration [16].

In Chara algae, bicarbonate can enter the cell by the
H*/HCO35 symport mechanism, and extracellular CA
serves as a “trap” of CO, [61, 62]. In this context, it
should also be mentioned that water-living angiosperms,
in order to increase the CO, uptake, pump protons into
the periplasmic space [63]. This process in the presence of
external CA, which is situated there, increases external
CO, concentration. This facilitates its diffusion into the
cell.

Functions of Carbonic Anhydrases in Higher Plants

Plasma membrane carbonic anhydrase. One of the
authors of this review, using inhibitor analysis, showed the
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presence of CA in plasma membrane of photosynthetic
cells from pea leaves [64], and soon after this CA activity
of plasma membrane preparations was registered for a
number of plant species [65]. Later the CA activity in
plasma membrane was confirmed to be important for
inorganic carbon transport into the cell [66]. It was found
that the CA activity of intact protoplasts protected from
adhesion of CA freed from disrupted cells during the sep-
aration procedure was about 5% of the total activity of
lysed protoplasts. Since the plasma membrane volume is
only 0.3% of the protoplast volume, the density of the
carrier of CA activity in plasma membranes is very high.
The value of K,(CO,) was determined for intact proto-
plasts from pea [67]. The value reflects mainly the prop-
erty of CA in plasma membrane; its magnitude, 104 mM,
is significantly higher than K (CO,) of soluble CA that
was determined in the same study as 20 mM. Based on
experiments with pea protoplasts, the function of plasma
membrane CA was proposed [68]. The sense is that the
reaction catalyzed by the plasma membrane CA con-
sumes intramembranous CO,, whose concentration with-
in the membrane is significantly higher than in water due
to its higher solubility in lipids. It is assumed that the pro-
tons that are released in this reaction enter the cytoplasm
down the concentration gradient, and the bicarbonate
ions move there in symport with them. Using the GFP-
fusion method, it was recently shown that one of the A.
thaliana CAs, namely, 3-CA4, is associated with the plas-
ma membrane [12].

Carbonic anhydrase in cytoplasm. The CA content in
cytoplasm is rather high; in potato leaves, it is up to 13%
of the total content of soluble CAs [42]. In the cytoplasm
of A. thaliana, there are two CAs of the B-family: f-CA2
and B-CA3 [12]. The expression level of one of the cyto-
plasmic CAs, -CA2, decreased when A. thaliana plants
were grown under high light conditions (Rudenko,
unpublished data). The total activity of cytoplasmic CA
from pea increased by the action of abscisic and jasmon-
ic acids. These facts allow us to classify cytoplasmic CAs
as enzymes significant for plant stress response [69].

In addition to the assumptions that cytoplasmic CAs
are involved in inorganic carbon transport into chloro-
plasts and apparently mitigate pH changes under the
influence of external factors (see details in review [70]), it
is considered that cytoplasmic B-CA in mesophilic cells
of C4 plants provides phosphoenolpyruvate carboxylase
with bicarbonate [71], thus promoting the primary reac-
tion of carbon fixation in C4 photosynthesis.

Carbonic anhydrase in mitochondria. After three
genes that code y-CAs from A. thaliana were inserted into
the E. coli genome, three proteins that were able to incor-
porate into the mitochondria were obtained [72]. Later,
in mitochondrial complex I from A. thaliana, a spherical
domain consisting of five y-CAs was revealed. This
domain was attached to the central part of its membrane
arm and was very tightly attached to the respiratory com-
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plex [73]; according to the authors, this domain was phys-
iologically linked to a pore-like structure within complex
I involved in proton translocation. Three CAs of the
domain, y-CAl, y-CA2, and y-CA3, were homologous to
CAs from M. thermophila, and two were called y-CALI
and y-CAL2 (“gamma carbonic anhydrase-like”) [74].
Besides membrane-bound CAs, B-CA6, the product of
the AtIg58180 gene, was found in the mitochondrial
matrix [12].

At high rate of CO, fixation, its concentration in
chloroplasts can be significantly reduced if for some rea-
son (for example, when stomata are closed) its flow from
air is limited. It has been suggested that CO, that is
released in the reactions of Krebs cycle in mitochondria
may enter the chloroplasts. According to this hypothesis,
a system of active transport of HCOj3 from mitochondria
into chloroplasts is formed with participation of both the
CA domain and B-CAG6 [75].

Carbonic anhydrases in chloroplast stroma. In C3
higher plants, as previously noted, the main CA is B-CA1l
located in the chloroplast stroma. This compartment is
responsible for incorporation of inorganic carbon into
organic compounds with the participation of the Rubisco
enzyme. Carbon dioxide is the substrate for this reaction,
while the bicarbonate is the main form of inorganic car-
bon in weakly alkaline medium in stroma. According to
calculations, relatively slow conversion of bicarbonate
into CO, during high rate of consumption of the latter in
the reaction with ribulose bisphosphate (so-called CO,
fixation) would limit the photosynthetic process, there-
fore not providing the experimentally observed rate of this
process. It seems logical to assume the participation of
this CA in acceleration of interconversion of inorganic
carbon forms and, accordingly in supply of CO, mole-
cules for their fixation. In vitro studies that were done
using partially purified Rubisco from wheat have shown
that in the presence of CA, K,,(CO,) of carboxylase was
reduced [76]. In plants grown at elevated CO, concentra-
tions, there was a significant decline in the activities of
both CA and Rubisco [77]. Experiments with spinach
showed that the inhibition of exogenously added CA led
to suppression of carboxylase activity and increase in oxy-
genase activity of Rubisco [77]. Later, study of CA gene
expression in cotton seedlings showed that the steady-
state levels of Rubisco and CA gene transcripts were
increased in response to decrease in CO, concentration,
whereas the enzyme activities changed at the posttransla-
tional level along with the development of functional
chloroplasts after illumination of seedlings [78].

Despite the apparent interaction of the activities of
CA and Rubisco, in subsequent studies the direct partici-
pation of stromal CA in photosynthesis was not estab-
lished. Price et al. [79] found that in transgenic Nicotiana
tabacum plants, where stromal CA level was suppressed
using an antisense construct directed against mRNA of
this CA, and in primary transformants with (expression)
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levels of stromal CA as low as 2% of the wild-type levels,
there were no significant morphological alterations.
Despite the reduction of stromal CA content, there were
no significant differences in Rubisco activity, chlorophyll
content, stomatal conductance, dry weight per unit leaf
area, as well as in the intercellular to ambient CO, partial
pressures ratio. However, the carbon isotope composition
of leaf dry matter was changed for the mutant plants; it
corresponded to reduction in the CO, partial pressure of
at sites of carboxylation to 15 uBar. The authors conclud-
ed that even a reduction in stromal CA activity of two
orders of magnitude had no significant effect on photo-
synthesis at ambient CO, level; however, they assumed
that 100% activity of CA is likely to contribute to the
facilitation of CO, transfer within the chloroplast, there-
by making photosynthesis of C3 plants as efficient as pos-
sible.

Also, in transgenic tobacco plants with inhibition of
up to 99% of the stromal CA activity, there were no sig-
nificant effect on CO, assimilation, but an increase in
stomatal conductance and susceptibility to water stress
was found [80]. Western blot analysis confirmed the
absence of stromal CA in the transgenic plants, but the
total CA activity in leaves was only 3.5 times less than in
wild-type plants. Obviously, there were other CAs in
leaves, but at that time, the researchers did not pay atten-
tion to this point. According to the same authors, in
leaves of transgenic stromal CA-overexpressing tobacco
plants, there were no effect on CO, assimilation, but con-
comitant increase in Rubisco activity was observed.

The next attempt to investigate the physiological role
of B-CAl was made 14 years later, after the development
of methods to produce knockout mutants at a desired
gene. During germination of seeds of A. thaliana mutant
plants with knockout of the gene encoding B-CAl on
sterile artificial media at ambient CO, level, a significant
decrease in germinating ability was observed. This ability
was recovered to that of the wild type during growth under
elevated CO, level (1500 pl/liter) or after addition of
sucrose to the medium [81]. Seeds from mutant plants
had no significant differences in protein or lipid content
or mobilization of reserve components during seedling
growth and exhibited reduced capacity for light-depend-
ent '*CO, assimilation only prior to the development of
true leaves. It was previously found that biosynthesis of
ethylene, which is required for seed germination, was
CO,-dependent [82], and for the normal development of
a seedling the fast interconversion of HCO5 to CO, in
alkaline stroma may be necessary. Perhaps the data of [81]
could be explained by the fact that the decrease in intra-
cellular CA activity led to reduced production of ethylene
and therefore the processes necessary for normal develop-
ment of seeds were slowed.

There is increasing evidence that the stromal CA
plays a role in plant stress defense. The expression in yeast
of the alfalfa gene encoding CA revealed that the protein
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produced possessed antioxidant activity [32]. It was
established that the stromal CA exhibited not only CA
activity, but also the ability to bind salicylic acid (SA),
which plays an important role in initiating a signaling cas-
cade leading to increase in expression of genes as well as
to an increase at a posttranslational level of the activity of
proteins involved in plant protection from oxidative stress
[83]. It was found that in potato plants infected with
Phytophthora, the expression of the gene encoding this
CA increased during the first 12 h after inoculation, but in
the following 24 h, it showed significant repression [84].
The same effect was observed in tomato leaves exposed to
fusicoccin fungal toxin [85] and in Arabidopsis plants after
treatment with methyl jasmonate [86]. In Nicotiana ben-
thamiana plants with knockout of the gene encoding stro-
mal CA, more rapid development of late blight appeared
[84]. The authors hypothesized that the role of stromal
CA in protecting from stress may be connected with its
participation in lipid biosynthesis, since it was previously
shown [78] that reducing CA content led to suppression
of fatty acid biosynthesis and, as a consequence, to a
decrease in the expression level of jasmonic acid (JA),
which induces the expression of defense response genes.
For biosynthesis of JA, -6 fatty acids that are synthe-
sized in chloroplasts are necessary. According to our
opinion, this interpretation ignores the facts that JA and
SA are antagonists [87], and for the activation of the JA-
dependent defense response genes, SA should be bound,
and CA may be important for this. Accordingly, the
ambiguous CA gene expression profile after Phytophthora
inoculation, namely, first increase and then decrease,
may occur because at the beginning JA-dependent
defense response genes should be activated by SA-bind-
ing, and then, on the contrary, the SA-dependent path-
way should be activated. The inhibition of genes of fatty
acid biosynthesis after reducing CA content may happen
in the same way, because this content may be insufficient
for SA binding and thus suppression of JA defense
response pathway, but not because CA supplies CO, for
fatty acid biosynthesis.

It was shown that B-CAl together with f-CA4 is
involved in the control of gas exchange between plants
and the atmosphere via regulation of stomatal movements
[88]. It is known that increase in carbon dioxide concen-
tration in the atmosphere causes stomatal pores in leaves
to close; however, the CO,-binding proteins that control
this response remained unknown. Knockout of the
At3g01500 gene encoding B-CAl or the Arlg70410 gene
encoding plasma membrane protein f-CA4 had no effect
on the functioning of the stomata apparatus of arabidop-
sis. However, so-called “double” mutants, plants with two
single mutations in genes encoding 3-CA4 and B-CAl
showed both impaired regulation of stomata movement
and increased stomata conductance. The repressed func-
tion apparently relies on the CAs located in guard cells.
According to the same authors, plants over-expressing
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these CA genes demonstrated high efficiency of water use.
This led to recognition of the fact that despite the
extremely high expression level of the A3g01500 gene, -
CA1l content was still insufficient for plants, at least for
agricultural ones, and manipulations with CA genes can
give a new approach for developing improved agricultural
crops with reduced water loss by transpiration, and
improved productivity as a result.

Thus, diverse studies of B-CAl have shown that its
role in higher plants metabolism is complicated, and that
the enzyme operates with interaction with other CAs. The
results of investigations that were carried out by different
research groups using a variety of approaches to study the
functions of this CA; however, they are in agreement with
the opinion that it is not involved in the delivery of CO, to
the active site of Rubisco.

In one report [89], there is a reference to data for
mutant plants with knockout of the gene encoding anoth-
er chloroplast CA, a-CAl, a decrease in photosynthetic
activity and the ability to accumulate starch was observed.
This might evidence significance of this CA for photosyn-
thesis, and it is possible that this CA, but not B-CAl, is
involved in CO, transfer to Rubisco.

Carbonic anhydrase in chloroplast thylakoids. Data
on the participation of CAs in photosynthesis of algae and
the fact that the key reaction of photosynthesis is the fix-
ation into organic compounds of CO,, which is one of the
carbonic anhydrase reaction components, continue to
stimulate researchers to search for the ways that CAs par-
ticipate in photosynthesis of higher plants. In the process-
es taking place in thylakoids, which contain the photo-
synthetic electron transport chain, the role of other com-
ponent of the carbonic anhydrase reaction, the proton, is
crucial. Moreover, electron transfer on the acceptor side
of PSII is dependent on the presence of another compo-
nent of the reaction, inorganic carbon in the form of
bicarbonate. The functioning of CAs in the thylakoids of
higher plants has been suggested several times, but their
presence there long remained a matter of debate.

The presence of specific carbonic anhydrases in thy-
lakoids. The first information about the presence of CA
activity in thylakoids of higher plants was published in the
early 1980s [90, 91], but for many years this activity was
considered to be the result of contamination of thylakoids
during isolation with active and abundant stromal CA.
However, experiments showed that the characteristics of
the CA activity of thylakoids were different from those of
soluble stromal CA: the CA activity of thylakoid mem-
branes was suppressed with 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU) and hydroxylamine, whereas sol-
uble CA was insensitive to them [91]; the CA activity of
thylakoids was dependent on the redox potential of the
medium [92]; CA inhibitors such as acetazolamide and
azide in submicromolar concentrations stimulated CA
activity of thylakoids, though the activity of soluble CA
was gradually suppressed [93]. The CA activities of thy-
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lakoids and soluble enzyme had significantly different
values of K,(CO,), 9 and 20 mM, respectively; their
dehydration activities had different pH dependences,
namely the CA activity of thylakoids had pH maximum of
6.8-7.0, whereas the activity of soluble CA was pH-inde-
pendent [67]. Finally it was shown with preparations from
pea that the soluble CA was cross-reactive with antibod-
ies against spinach -soluble CA, though the reaction was
not observed with thylakoid protein fraction demonstrat-
ing the same CA activity [94].

Heterogeneity of carriers of carbonic anhydrase activi-
ty in thylakoids. In the early 2000s, information about the
presence in thylakoid membranes of more than one carri-
er of CA activity began to appear. Both preparations of
thylakoid membranes enriched with PSI (PSI-mem-
branes) and those enriched with PSII (PSII-membranes)
showed CA activity, but only PSII-membranes cross-
reacted with antibodies against CAH3, the carbonic
anhydrase of the a-family from the green alga Chlamydo-
monas reinhardtii [95]. The presence of at least two types
of CAs in thylakoids free from contamination with stro-
mal CAs was established [94]. One of these activity carri-
ers could be easily removed by treatment with salts at high
concentrations, and the second was tightly bound to the
membrane. It was also found that after incubation of thy-
lakoids from pea with Triton X-100, there were two peaks
of CA activity at Triton/chlorophyll ratios of 0.3 and 1.0
[96, 97]. Bell-shaped response of the activity after treat-
ments with detergents is typical for membrane proteins
[98]. The presence of two peaks indicated the presence of
at least two CA activity carriers in thylakoid membranes.

Carbonic anhydrase activity of PSII. After treatment
of PSII-membranes from pea with Triton, there was only
one CA activity maximum at Triton/chlorophyll ratio of
1.0 [96, 97], while there was no effect of the detergent on
the CA activity of soluble protein fraction. These facts
were additional evidence of the specific nature of the CA
activity of thylakoids. Similar stimulation of the CA
activities of PSII-membranes from wheat [99] and from
arabidopsis [100] was observed after treatment with the
same detergent.

Lu and Stemler [101] revealed two sources of car-
bonic anhydrase activity with distinct properties not only
in thylakoids, but also in PSII-membranes from meso-
phyll of maize. The first (called by those authors “exter-
nal CA”) can be extracted with salts at high concentra-
tions and with detergents and was available for the meas-
urement of CA activity in both directions, the other
(“internal CA”) remained tightly bound to the membrane
and showed only hydration activity. However, earlier,
using other research materials, the dehydration CA activ-
ity of PSII preparations treated with either detergents or
salts was observed [102].

The presence of two CA activity sources of high and
low molecular mass could be observed after nondenatur-
ing gel electrophoresis of PSII-membranes from pea fol-
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lowed by specific gel staining for CA activity visualization
[103]. The presence of CA activity in the stained bands in
the gel was confirmed by measurements of the activity of
eluates from these bands [103] with a standard method of
measurement of this activity by tracking pH changes. A
similar distribution of CA activities was observed after
electrophoresis of PSII-membranes from arabidopsis
[100]. It has been shown that the standard CA inhibitor
acetazolamide at concentration of about 10~7 M stimulat-
ed CA activity of the low molecular mass fraction eluted
from the corresponding gel band after the electrophoresis
of PSII-membranes from pea and arabidopsis [100, 103].
At the same time, the specific lipophilic CA inhibitor
ethoxyzolamide in nanomolar concentrations suppressed
the CA activity of the low molecular mass fraction [103].
The stimulating effect of acetazolamide and sodium azide
at low concentrations on the CA activity was observed
earlier with undamaged pea thylakoids [93]. Based on the
unusual effect of acetazolamide on the CA activity of the
low molecular mass protein from PSII, we assume that
the low molecular mass CA, which is located close to or
directly in this photosystem, belongs to the a-family
because the same stimulation was found for a.-family CAs
from mammals. This stimulation of CA activity by various
chemicals, including azoles, one being acetazolamide,
resulted from the fact that the rate-limiting step of the CA
reaction is the removal of the proton from the reactive
center [104], and azoles in low concentrations are able to
act as a proton shuttle [105].

The CA activity of the high molecular mass fraction
eluted from the corresponding gel band was significantly
inhibited by acetazolamide at 10~ M concentration, but
it was weakly sensitive to ethoxyzolamide (Ignatova,
unpublished data). Data concerning the nature of the
high molecular mass CA activity carrier in PSII-mem-
branes are almost absent. In [94, 99], it was convincingly
shown that PSII core-complex possessed CA activity. In
work [99], it was assumed that the component of PSII
core-complex with CA activity has an active metal-con-
taining center with structure close to those of the known
CAs, but the metal in the active center is not necessarily
zinc (e.g. the replacement of the zinc with divalent iron in
v-CA from M. thermophila led to increase in the CA activ-
ity under anaerobic conditions [39]). According to the
authors of [106], the activity of PSII core-complex results
from the activity of CaMn4 complex together with its
immediate surroundings. It is possible that the high
molecular mass activity carrier is not the individual pro-
tein but a structure made by amino acids of neighboring
proteins, which resembles the structure of CAs of y-fam-
ily in which the active site is formed by amino acids of dif-
ferent protein subunits. The different nature of two CA
activity carriers in PSII-membranes, namely, a protein
and protein complex, may be the reason for the presence
of only one peak of CA activity after incubation with
Triton X-100 (see above).
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In work [107], evidences of CA activities of
hydrophilic proteins from the water-oxidation complex,
PsbO, PsbP, and PsbQ, were obtained. This activity of
PsbO protein appeared only in the presence of Mn?".
Since the CA activity sources had properties that were not
characteristics of typical CAs, the authors suggested that
they represent a special class of Mn-dependent carbonic
anhydrases associated with PSII. According to the same
study, after the removal of these proteins the PSII core-
complex retained some CA activity that was inhibited by
sulfonamides and in like manner, like the hydrophilic
PSII proteins, was stimulated by manganese.

Carbonic anhydrase activity of PSI. The CA activity
of PSI-membranes from higher plants was first reported
in [95]. The CA activity of PSI membranes was equally
sensitive to acetazolamide and ethoxyzolamide with 15, of
107® M [103]. After Triton X-100 treatment of the PSI-
membrane preparations from pea and arabidopsis, the
CA activity in both cases had maximum at Triton/chloro-
phyll ratio of 0.3, which coincided with one of the peaks
observed after the treatment of undamaged thylakoids
with Triton X-100 [97, 100]. There are still no details con-
cerning the CA that is associated with PSI.

Soluble carbonic anhydrase in thylakoid lumen. After
disrupting pea thylakoids with Triton X-100 at high con-
centrations, soluble protein with CA activity having char-
acteristics different from those of the above-described
membrane CA activity carriers was revealed [97]. The
mass spectrum of this protein corresponded to those of
CAs of the B-family (Rudenko, unpublished). The pres-
ence in thylakoid lumen of a specific soluble CA was sug-
gested, and this was later confirmed in experiments with
thylakoids from arabidopsis of both the wild-type and
mutants with knocked-out gene Ar3g01500 encoding the
stromal B-CAl. These mutants were used to get thy-
lakoids without contaminations by this abundant CA
[108]. The protein having the CA activity in the fraction
of lumenal proteins was isolated and purified; its apparent
molecular mass as determined by native electrophoresis
was about 132 kDa. The CA activity of membrane-bound
carriers was inhibited by dithiothreitol, while the activity
of this soluble CA increased after addition of dithiothre-
itol, and the latter is typical for CAs of the B-family
because they contain many sulfur-containing amino acids
[109]. The sensitivity of the soluble lumenal CA to
ethoxyzolamide was characterized by 15, value of
5-107% M [108], which is also typical for CAs of the B-
family [110].

It is tempting to suggest that the soluble lumenal thy-
lakoid CA belonging to the B-family of CAs is B-CAS,
which has been found in chloroplasts [12]. The expres-
sion level of the Ar4g33580 gene encoding -CAS was two
or three orders lower than that of the Ar3g01500 gene
encoding stromal B-CAl, but Ar4g33580 gene knockout
led to significant decrease in plant growth (J. Moroney,
private communication). So far, f-CAS5 is the only car-
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bonic anhydrase whose lack leads to significant changes
in arabidopsis phenotype under normal growth condi-
tions.

Hypothetical functions of thylakoid carbonic anhy-
drases. Using tobacco leaf discs, it has been shown that
ethoxyzolamide, the CA inhibitor that is able to easily
pass through membranes, suppresses the photoacoustic
signal associated with CO, absorption [111]. In work [68],
it was found that the same inhibitor significantly sup-
pressed CO,-dependent release of O, in protoplasts of pea
leaves. These data can be considered as evidence of the
important role of intracellular CA in higher plant photo-
synthesis. Although we cannot completely exclude the
effect of ethoxyzolamide on soluble CAs to be the cause
of the inhibition of photosynthesis, nevertheless, taking
into account data of [79, 112, 113], as well as the fact that
in [68] the effect of ethoxyzolamide was observed at satu-
rating concentrations of CQ,, it is likely that this effect is
associated with inhibition of CA in thylakoids. Possible
functions of thylakoid CAs were earlier considered by
Stemler [114]. At that time, there were no data about the
presence of several CAs in thylakoids. Ever since, unfor-
tunately, no physiological functions of thylakoid CA have
been reliably established, and to describe them we have to
compare the CA reaction and the enzyme locations in
thylakoid membrane with the stage of photosynthesis that
takes place there. We assume a priori that the functioning
of CAs in the thylakoids, the main function of which is
photosynthesis, is connected directly or indirectly with
this process.

Most experimental data and suggestions concerning
the role of thylakoid CAs in photosynthetic reactions
refers to the processes in PSII, where water oxidation
takes place and the electrons derived from water are deliv-
ered to terminal acceptors of this photosystem, Q, and
Qg. The conclusion that the functional activity of PSII is
associated with CA was made after the first data about the
inhibition of thylakoid CA activity by DCMU and
hydroxylamine, which are PSII inhibitors [91]. This rela-
tionship was confirmed by the fact that specific inhibitors
of CA, sulfanilamide compounds and some anions
inhibiting CA, suppressed the activity of PSII [115]. It
could not be excluded that the activity of PSII was sup-
pressed because of the dysfunction of the water-oxidizing
complex. It was found that the features of dependence of
the oxygen-evolving function of PSII from maize and pea
on CI~ or Ca’" concentrations was similar to the same
dependence of its CA activity [106]. As to the nature of
such connection, contradictory results have been
obtained in different laboratories: dehydration CA activi-
ty was significantly increased after removing external pro-
teins of the water-oxidizing complex [94, 102]; the CA
activity of PSII-membranes was decreased by removing
the proteins of this complex [116]; relatively high CA
activity of PSII-membranes was quite variable, but after
removal of proteins of the water-oxidizing complex, CA
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activity was not observed either in the solubilized proteins
or in the core-complex [117]. The ambiguity of experi-
mental data may originate from the different methods of
CA activity measuring as well as from the presence of
more than one CA activity source even in preparations of
PSII-membranes (see above).

It is known that for the physiologically required rate
of electron transfer at the acceptor side of PSII, the pres-
ence of bicarbonate ions is necessary [118]. In thylakoids,
there are two pools of membrane-bound bicarbonate
[119]. The first, being the lesser, amounts to one bicar-
bonate ion per 380-400 chlorophyll molecules; this is
approximately matched to the number of PSII reaction
centers. The removal of this bicarbonate leads to more
than 90% inhibition of oxygen evolution [119], which can
be completely restored by addition of bicarbonate. In
recent years, evidence in favor of the need for bicarbon-
ate for the normal functioning of the donor side of PSII
has accumulated [120, 121]. In both places, researchers
suggest the presence of CA, which may participate in
bicarbonate exchange [96, 103, 126].

The presence of CA in the aqueous phase accelerates
the appearance or disappearance of bicarbonate and pro-
ton there, while CO, can enter the membrane and be
stored in the membrane interior, as the solubility of CO,
in lipids is 3-8 times higher than in water [122]. It is
unclear which of the products of the CA reaction plays
the decisive role in the reactions on the acceptor and
donor sides of PSII. On the acceptor side, this product is
most likely bicarbonate, which ensures electron transport
from Q, to Qp, which is under control of nonheme iron.
In this case, the participation of CA in the protonation of
plastoquinone Qy at this place, as previously suggested in
some studies [123-125], can be a concomitant reaction.
The high molecular mass CA [100, 103] could be this CA.
On the donor side of PSII, the release of protons pro-
duced by water decomposition may be the primary neces-
sary reaction, which may protect the photosystem from
photoinhibition. In this case, proton binding is the main
function of CA, and bicarbonate plays a role of conven-
ient proton acceptor. A similar role has been suggested for
CAH3, the carbonic anhydrase of a-family in green algae
Ch. reinhardtii, which is associated with the lumenal side
of thylakoid membrane. The absence of this CA was
accompanied by a decrease in resistance of the algae to
treatment with high illumination [126]. It is still impossi-
ble to assign the observed CA activities in PSII to specif-
ic proteins on the donor and acceptor sides of the photo-
system, as well as to those proteins in chloroplasts that
were identified as CAs according to their DNA
sequences.

a-CA4 has been detected among the proteins of thy-
lakoid membranes [19]. We found that in arabidopsis
plants with knocked-out gene encoding a-CA4, the
effective PSII quantum yield at both saturating light
intensity and CO, concentration was higher than in the
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wild-type plants of ecotype Columbia, while the non-pho-
tochemical quenching of fluorescence (NPQ) was 30-
50% lower [127]. The NPQ value indicates changes in the
photosynthesis apparatus that lead to energy dissipation
in the light-harvesting complexes into a heat, and under
the conditions of the measurements, the quenching was
dependent on proton concentration in the thylakoid
lumen. Protons play a dual role in NPQ, leading to con-
formational changes in light-harvesting antenna proteins
due to protonation of PsbS protein [128, 129] and initia-
tion of the process of de-epoxidation of violaxanthin by
activation of violaxanthin deepoxidase [130]. In mutant
plants, significant accumulation of starch in chloroplasts
was also observed that was 2-3 times higher than that in
wild-type plants [127]. It seems that the absence of a-
CA4 leads to a decrease in proton supply for PsbS and
violaxanthin deepoxidase, thus increasing ATP synthesis
and, consequently starch synthesis. The absence of o-
CA4 in mutant plants had an effect on PSII-membrane
isolation. PSII-membrane preparations could be
obtained only with significantly increased Mg?* concen-
tration (up to 10 mM) in the isolation medium (Ignatova,
unpublished); this implies the localization of a-CA4 in
granal parts of thylakoid membrane. These experimental
data indicate the involvement of this CA into the regula-
tion of the functional activity of the PSII external light-
harvesting antenna complexes.

The second pool (mentioned above) of bicarbonate
in thylakoids is comparable quantitatively with chloro-
phyll content and can be removed without loss of PSII
activity [119]. It is possible that this pool is involved in
proton consumption by thylakoids, because their light-
dependent uptake is increased after the addition of bicar-
bonate to thylakoids, while the CA inhibitors acetazol-
amide and ethoxyzolamide reduced the number of pro-
tons absorbed by thylakoids in the light, reducing the
concentration of bound bicarbonate as well as the buffer-
ing capacity of thylakoids [131]. The same inhibitors, as
shown by this group, without affecting the rate of an elec-
tron transport in photosynthetic electron transport chain,
significantly reduced the rate of photophosphorylation
coupled with this transport [132, 133]. The authors sug-
gested the functioning of a particular CA in thylakoid
lumen that can facilitate use of protons in the bicarbonate
pool in photophosphorylation [132]. The existence of
lumenal CA was shown in [108] (see above), and the
authors of that study, in turn, suggested that this CA can
help stabilize pH in the lumen as the result of both facili-
tation of proton removal from places of their entry into
the lumen and transport within the lumen. The two
assumptions can be combined if we imagine that the
lumenal CA accelerates proton supply to the membrane
channels of ATP synthase.

The functions of the CA that was found near PSI
have not been studied as thoroughly as the functions of
the CAs located near PSII. The CA(s) located close to
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PSI should be situated likewise in stroma lamellae and
thus to be in contact with the compartment that contains
Rubisco. In 1984 in [134], a fruitful hypothesis concern-
ing the role of the CA in supply of Rubisco with CO, at
the expense of the “acidic” thylakoid lumen was offered.
According to this hypothesis, the membrane CA facing
the lumen (at that moment, the existence of several CAs
in thylakoids was not yet known) accelerates the conver-
sion of bicarbonate to CO, there, and thereafter CO, dif-
fuses out from the lumen and is used by Rubisco in the
stroma. However, realization of such a scheme requires
additional assumptions, namely, about the possibility of
the charged molecule HCO5 to enter into the lumen with
the rate necessary for observed photosynthesis, and also,
how to avoid the immediate conversion of CO, back into
HCOy3 in the stroma, where not only high pH, but also 3-
CALl is plentiful. We proposed a scheme of intrathylakoid
proton use for conversion of HCOj3 into CO, [70]; the
sense of the hypothesis is that the CA located in the thy-
lakoid membrane is involved in such conversion so that it
is attached to the stromal outlet of the transmembrane
proton channel; thus, CA would use for the above reac-
tion the protons that leave the lumen through this chan-
nel, i.e. this device would operate similarly to the ATP
synthase. Such use of lumenal protons would not result in
their deficiency for ATP synthesis because linear and
cyclic electron transports, both being coupled with the
proton consumption, can be easily adjusted to maintain
the desired proton concentration in the lumen in
response to their changing outflow.

To prevent diffusion into stroma of CO, molecules
that appear in the reaction centers of the proposed thy-
lakoid CA, Rubisco should contact this CA. It has been
shown that a many Rubisco molecules are in supramole-
cular complexes situated in contact with the thylakoid
membrane [135]. Previously, experimental results consis-
tent with this hypothesis were obtained, and they were in
some measure the cause of its appearance [113], namely,
it has been shown that the stimulation of the dehydration
CA activity of thylakoids when thylakoid lumen was acid-
ified under light conditions was suppressed by CA
inhibitor. In work [136], the suppression by the CA
inhibitor acetazolamide of H,0O, release from intact
chloroplasts to media through aquaporins was found;
also, the presence of CA activity in chloroplast envelope
has been shown. These findings allowed the authors to
suggest a functional association of CA with aquaporin
channel. In work [137], the existence of structural coop-
eration of at least two human CAs located externally on
the cell membrane with the transmembrane anion trans-
porter was convincingly demonstrated. These data may
serve as confirmation of the possibility of direct contact of
CAs with channels of various kinds, which is the main
sense of the proposed hypothesis.

In summary, on reviewing possible CA functions in
green plant cells, we perhaps should state it is with regret
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that despite the large number of publications and the pro-
posed hypotheses, these functions in specific physiologi-
cal processes are not yet understood. Good prospects for
clarifying these functions are opened by the use of knock-
out mutants that are defective in particular CA genes.
However, due to possibility of cooperation of several CAs
to a particular process, as occurs in mitochondria, such
study may require, in some cases, the use of double and
even triple mutants. The presence of six CAs in mito-
chondria of A. thaliana puts forward a reason to suppose
that the carbonic anhydrase system of chloroplasts and
even of thylakoids may also include several CAs, and this
is confirmed by the results of the studies considered in
this review.

The work was supported by the Russian Foundation
for Basic Research (grant Nos. 14-04-32323 and 15-04-
03883).
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