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Role of Plant Carbonic Anhydrases
under Stress Conditions
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Elena M. Nadeeva-Zhurikova and Boris N. Ivanov

Abstract

Carbonic anhydrases (CAs) are enzymes catalyzing the reversible hydration of
carbon dioxide with the generation of protons and bicarbonate. The components
of the reaction are involved in almost all metabolic processes in higher plants and
algae, maintaining the balance of electrolytes and pH, gluconeogenesis, lipogenesis,
ethylene synthesis, and others. The CAs may take part in transmitting signals to
activate cascades of protective response genes. Our findings reveal significant
changes in the content of carbonic anhydrase gene transcripts in response to
changes in environmental conditions. Here we discuss the functions of CAs located
in the plasma membrane, chloroplast envelope, chloroplast stroma, and in thyla-
koids in plant protection under stress conditions, such as high illumination, low and
high concentration of carbon dioxide in the environment, drought, and salinity.

Keywords: carbonic anhydrase, plants, chloroplasts, thylakoids, high illumination,
carbon dioxide

1. Introduction

Carbonic anhydrases (CAs) are the group of Zn-containing enzymes that are the
biological catalysts accelerating both the carbon dioxide hydration reaction and the
bicarbonate dehydration reaction:

C02 + Hzo > HCO3_ + HJr

In the absence of CA, these reactions proceed relatively slowly to ensure the
physiological needs of the cell. The CAs were found in cells of all living organisms:
prokaryotes, fungi, plants, and animals. Notably, both binding and release of
protons in this reaction are important for many biochemical processes in cellular
metabolism. All metabolic processes in higher plants and algae, including the
electrolyte balance and pH, gluconeogenesis, lipogenesis, ethylene synthesis, and
others depend on/require the components of this reaction. In this review, we focus
on the functioning of plant CAs, including algae and angiosperms with different
types of CO, fixation: on C3 and C4 organic matter as well as under normal and
stress conditions respectively.
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CO; is the main source of carbon in higher plants and algae cells. The compounds
with a common name “inorganic carbon” (Ci) were found in nature both in the form
of an unhydrated or hydrated carbon dioxide molecule and in the form of a bicarbon-
ate or carbonate ion. The content of various forms of Ci in solution is pH-dependent.
CO, prevails at pH value lower than 6.4, HCO;™ at pH between 6.4 and 10.3, and CO5*
ata pH of 10.3 and higher [1]. The substrate for the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco), which carries out the first Ci fixation reaction
in the Benson-Calvin cycle, is the CO, molecule. This poses difficulties for aquatic
photosynthetic organisms, since at pH of 8.0-8.3 in seawater about 95% of Ciisin
the form of HCO;™, whereas the dissolved CO, represents only a small part of Ci.
Thus, the main stress that the aquatic photosynthesizers, namely cyanobacteria and
algae, especially in the habitats with alkaline water in seas and oceans, have to face
is alow CO, content in their environment. Therefore, these organisms have evolved
the mechanisms of Ci concentrating to increase CO, content near Rubisco. The main
role in supplying Ci and converting it from HCO;™ to CO, is played by CAslocated in
various cellular compartments of cells in aqueous photosynthesizers [2].

The terrestrial higher plants have adapted to survival under constant stress condi-
tions, such as high temperature, high illumination, and low soil moisture, leading to
the closure of stomata. They do not suffer from CO, deficiency since another type
of Ci concentrating mechanism, C4 type of photosynthesis, has evolved. The first
reaction that ensures the concentrating of Ci in plants of C4 species is converting
CO;, to bicarbonate, which is used by phosphoenolpyruvate carboxylase in forming a
four-carbon product. It has been established that the CA, which is mainly located in
cytoplasm in C4 plants, plays a key role in this transformation. In C4 species, the sup-
pression of the synthesis of these CAs leads to dramatic effects in these plants [3, 4].

In C3 plant leaves, the existence of a Ci-concentrating mechanism has not been
stated. At the same time, the story is much more complicated since C3 plants have a
large number of genes encoding CAs, the physiological role of which has not been
established yet. It is still not entirely clear whether all these genes are expressed,
since the expression of a number of CA genes is induced under certain conditions,
such as low CO, [5] and high illumination [6] and osmotic stress [7].

In chloroplasts, performing C3 photosynthesis, at least six CAs have been
discovered to date, both soluble and membrane-bound [8], and belonging to dif-
ferent CA families. In the review, we discuss the possible role of two soluble CAs in
photosynthesis, one of them was known for a long time [9] and another one discov-
ered rather recently [10]. Both of them are situated in the chloroplast stroma, where
carbohydrates from Ci are formed. Thus, here we discuss the functional relation-
ship of these CAs with Rubisco and their response to stress factors. Recent studies
show that the CAs are important not only for photosynthesis and for a number of
metabolic pathways, including the interconversion of Ci forms, but also they are
necessary under certain stress conditions. In this case, changes (fluctuations) in the
CA activity can orchestrate the intensity of certain metabolic processes including
the rate of photosynthesis [11-13].

Recently, a functional relationship between cytoplasmic and chloroplast CAs
and aquaporins has been found [14-16]. The last ones are the protein channels that
facilitate the transport not only of water, but also of CO,, and even of H,0, [16],
known as a signal molecule in retrograde signaling.

The enzymatic activity and the content of thylakoid CAs also change under
stress conditions. CA activity in thylakoids of higher plants was detected in granal
thylakoid membranes, enriched with PSII, as well as in lamellar membranes,
enriched with PSI and ATPase in thylakoid lumen [17-20]. Incorporation of these
CAs in plant defense systems of higher plants under changing environmental condi-
tions is reviewed.
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2. Modern classification of carbonic anhydrases

Based on the conservative nucleotide sequences in the genes encoding CAs, they
could be classified into nine evolutionarily independent families («, B, v, 8, {, €, 1, 0
and the recently discovered 1-CAs) [21-24]. Some researchers do not ascribe e-CAs
to a separate family, since these CAs are highly modified p-CAs [25]. Although these
enzymes have completely different primary, tertiary, and quaternary structures and
differ in the organization of the active center, they all are called CAs because they
catalyze the same reaction using similar catalysis mechanisms.

Representatives of rare and small 8-, (-, 6-, and 1-CA families in eukaryotes were
found in diatoms and some other unicellular microalgae, whereas a-, f-, and y-CAs
were discovered in most algae species and in all higher plants, including mosses and
Lycopodium.

2.1 o-CAs

Since all CAs in human cells belong to the a-CA family, this family is the most
studied and widespread. Representatives of this family were found in eubacteria
[26, 27], ascomycetes [28], algae [29, 30], higher plants [5, 31], and animals [32].
In green algae Chlamydomonas reinhardtii, there are three a-CAs: CAH1, CAH2
[30, 33] in the periplasm, and CAH3 found on the luminal side of thylakoid
membranes [34]. Eight genes encoding a-CAs were found in Arabidopsis thaliana
genome. a-CA1l was discovered in chloroplast stroma [10], and a-CA4 was found
during proteomic studies among the proteins of the thylakoid membranes [35, 36].
Evidence suggests that a-CA2 is present in thylakoid membranes [37]. a-CA3 was
found in flowers and pods [5], as well as during proteomic analysis of mature
pollen proteins [38, 39].

All functionally active a-CAs contain three residues of histidine, which are
conservative in all active a-CAs. These histidines are the ligands of Zn atom [40, 41]
located at the bottom of the conical cavity of the active center. Histidines in a-CAs’
structure enhance the net positive charge of the metal ion, which is essential to
achieve effective catalysis [42]. Most a-CAs are the monomers with molecular mass
of about 30 kDa, although the periplasmic CA in Chlamydomonas reinhardtii, CAH1,
is a heterotetramer with two 27-kDa subunits and two 4-kDa subunits connected by
disulfide bridges [43].

2.2 3-CAs

The representatives of f-CAs were found in archaebacteria [44], cyanobacteria
[45], eubacteria [46], chemoautotrophic bacteria [47], fungi [48], algae [49], higher
plants with C3- and C4-type photosynthesis, dicotyledons and monocotyledons
[50, 51]. In Chlamydomonas reinhardtii cells, there are six p-CAs located in mito-
chondria, chloroplast stroma, and cytoplasm [2]. The analysis of the Arabidopsis
genome has shown the presence of six genes encoding p-CA; moreover, as it was
found by Fabre et al. [5], all of these genes are expressed. The same group of
researchers using the method of gene fusion with a green fluorescent protein gene
confirmed that the two most active CAs are located in stroma and cytoplasm.
These CAs were discovered by Atkins et al. in 1972 [9] in the soluble fractions of
higher plant leaves of different species. Fabre et al. [5] have found these CAs in
the chloroplast stroma and in the cytoplasm. They were called f-CA1 and p-CA2,
correspondingly. Other f-CAs were also located in Arabidopsis cells: B-CA3, in the
cytoplasm, B-CA4 in plasma membranes, $-CAS5 in chloroplasts, and f-CA6 in the
mitochondrial matrix.
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The enzymes of this family are as effective in catalysis as a-CAs are. One histi-
dine and two cysteine residues are zinc ligands in the active center of $-CAs [52, 53].
The active site in f-CAs’ structure is a tight pocket and the only access to it from
the bulk solvent is via a bottleneck between Gln, Gly, Asp, and Tyr residues. This
bottleneck is too narrow for anything larger than a water molecule, meaning that to
implement the catalytic cycle some rearrangement should take place [54]. The study
of the structure of p-CAs revealed the presence of the so-called non-catalytic bicar-
bonate binding site [55], which represents a “pocket” located 8 A from the active
center zinc. A network of at least seven molecules linked together by hydrogen
bonds is capable of holding a bicarbonate molecule. Studies have shown that this is
not just an anion-binding site, the addition of bicarbonate leads to the reorganiza-
tion in the protein molecule and in the active center optimizing its functioning [56].
The hydrogen bonds of the Trp, Arg, and Tyr residues in this site are well organized
to recognize the bicarbonate ion such anions as acetate or nitrate are not able to
carry out all the necessary interactions with the hydrogen bonds of these amino acid
residues. Tyr residues in the active site and bicarbonate binding site structures were
recently found to be the key amino acids for the reversible modification by phos-
phorylation and nitration in response to abiotic and biotic stresses [11, 12]. Such
modifications allow for blocking the passage of substrate and inhibiting the activity
of B-CAs under stress conditions.

2.3y-CAs

y-CAs are present in cells of bacteria, green algae, diatoms [2], and higher plants
[57]. In C. reinhardtii, three y-CAs are situated in mitochondria [58]. In A. thaliana,
the CA domain consisting of five y-CAs was discovered as a part of mitochondrial
complex 1 [57]. Each of these CAs is encoded by a separate gene [59]. Three CAs of
the domain, y-CA1, y-CA2, and y-CA3, are close in structure to the first discovered
v-CA from Methanosarcina thermophila (Cam). Two more CAs were called y-CAL1
and y-CAL2 (“gamma carbonic anhydrase like”) since they had sequences less
similar to those of Cam for readability [60].

y-CAs function as trimers consisting of identical subunits [61], which con-
tain one zinc atom per subunit; however, unlike @ and p-CAs, the active center
is located between the subunits. In the active center of y-CAs, there are three
histidine and one H,0 residues coordinating Zn atom, like in a-CAs, but these are
histidines of two opposite subunits. The mechanism of catalysis is similar to that of
a-CAs [62].

3. The participation of CAs of aquatic photosynthesizers in the
CO,-concentrating mechanism

To increase the CO, content near Rubisco during the evolutionary adaptation to
growth conditions, some groups of plants, that is, aquatic photosynthesizers, devel-
oped CO, concentrating mechanisms (CCMs) in their cells. All currently known
CCM pathways require at least one or, more often, several CAs.

In cyanobacteria, negatively charged HCO;™ penetrates the cells through
specialized transporters on the plasma membrane, utilizing the energy of ATP
and NADPH [63]. The dissolved Ci is captured with the help of extracellular CA,
supplying HCO;™ to bicarbonate transporters and preventing leakage of Ci from
the cell [45]. The other CAs situated in cyanobacterial carboxysomes accelerate the
formation of CO, for Rubisco. The last one is also placed in carboxysomes, which
serve as a barrier to CO, leakage.
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In algae cells, Ci should cross the cell wall, plasma membrane, and chloroplast
membrane to reach the place of CO, fixation. Like in cyanobacteria, CAs in algae
cells play a crucial role in CCM, which is important under conditions of low CO; in
water. Periplasmic CA in C. reinhardtii, the so-called CAH1, is the most important
CA in CCM [2]. This enzyme is intensively expressed at a low concentration of
CO, in water. If CAH1 activity is inhibited, photosynthesis in C. reinhardtii cells is
also suppressed at high pH in media, when most Ci is in the form of bicarbonates
[64]. This result suggests that CAH1 facilitates the CO, entry into the cell. Other
CAs are also involved in the delivery of carbon dioxide into the cell, namely, CAHS
and CAH9. CAHS appears to be localized in the plasma membrane and this protein
might also facilitate the diffusion of CO, across the plasma membrane by facilitat-
ing the conversion of HCO;™ to CO; at the cell surface [65]. Likewise, CAH9 might
mediate the movement of CO, across the cytoplasmic region to the chloroplast. One
more CA, CAH3, located in thylakoid membranes of chloroplasts in C. reinhardtii
cells is also important for algae survival under conditions of low carbon dioxide
content in water. The fact that C. reinhardtii cells with inhibited synthesis of
CAH3 were not able to grow at a normal CO, concentration indicates that CAH3 is
involved in photosynthesis [66, 67]. However, the expression of CAH3 is constitu-
tive; the concentration of CO, had no effect on the transcription level of the gene
encoding this enzyme and the role of CAH3 in CCM is still not accepted.

4. CAsin higher plants
4.1 The role of CAs in photosynthesis of C4 higher plants

The plants constantly growing under stress conditions, such as drought, salinity,
or high temperature, have to keep stomata closed most of the day to reduce water
loss as a result of transpiration. At the same time, to avoid starvation in the absence
of CO, in leaves, a C4 type of photosynthesis has evolved. It includes an additional
carbon conversion cycle, called the Hatch-Slack cycle. CCM exists in the form of
the so-called four-carbon (C4) photosynthesis with the spatial separation of the
primary carboxylation reactions and the Calvin cycle. The Hatch-Slack cycle allows
Ci to be concentrated in leaf tissues, carrying out the primary fixation of carbon
dioxide through the carboxylation of phosphoenolpyruvate using the enzyme
phosphoenolpyruvate carboxylase (PEPC). In the cytosol of the mesophyll cells of
C4 plants, there is a high amount of CA [68]. This enzyme plays a decisive role in C4
photosynthesis. CA catalyzes the first reaction of C4 pathway, increasing its rate by
10* times, due to providing bicarbonate to PEPC [3]. After that, four-carbon acids
produced as a result of PEPC activity are decarboxylated in bundle-sheath cells.
This leads to an increase in carbon dioxide concentration around Rubisco, which is
located in the chloroplasts of the bundle-sheath cells in C4 plants [69]. Interestingly,
the Genomic Southern analysis by Tetu et al. in 2007 [70] revealed the presence of
two forms of CA from the f-family in the cytoplasm in the cells of Flaveria bidentis
leaves. The only one of them, the abundant CA, located in the cytoplasm, plays the
described role in C4 photosynthesis. The other CA, which is also a cytosolic CA
isoform, is not directly involved in C4 photosynthesis. This CA was suggested to be
the housekeeping form of the enzyme supplying bicarbonate for such anaplerotic
processes, as replenishment of tricarboxylic acid cycle intermediates, carbon for
amino acid biosynthesis, seed maturation, and pH balance [71, 72]. The transfor-
mation of the gene encoding the abundant cytosolic CA in Flaveria bidentis cells
with an antisense construct confirmed the important role this enzyme plays in the
C4 photosynthetic pathway. Some of the primary transformants had impaired CO,
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assimilation rates and required a high level of CO, for growth. In the mutants with
the CA activity, less than 10% of the WT CO, assimilation rate was very low and
these transformants grew poorly at ambient CO;, in the atmosphere. Reduced CA
activity also increased the partial pressure of carbon dioxide required to saturate the
assimilation rate of CO, [4].

4.2 The role of CAs in photosynthesis of C3 higher plants and in the plant
defense systems under stress conditions

4.2.1 CA in the plasma membrane and envelope chloroplast membrane
in C3 plants

The mechanisms of CO, penetration inside leaf cells have been studied for
decades. Chemically, CO; is a lipophilic compound and it should easily diffuse
through membranes [73, 74]. However, biological membranes appear to have a low
CO, permeability [75] due to a high level of protein and sterol content [74, 76].
Recently, using plasma membrane vesicles of pea leaves it has been demonstrated
that plasma membrane aquaporins could facilitate CO, transport [77]. The same
data were earlier presented for tobacco, Arabidopsis, fava bean, and others [78-80].
The plant aquaporins are the plasma membrane intrinsic proteins (PIPs). They are
mainly represented by two groups: PIP1 and PIP2, which possess some structural
differences in the N and C terminal end and are subdivided into several subgroups
[81, 82]. Each aquaporin has different transport properties for H,O, CO, and
solutes; however, the functional interaction between PIP1 and PIP2 was proposed
to occur with the emphasis on their coupling under stress conditions [82]. Using the
inhibitor analysis, the presence of CA located in the plasma membrane of photo-
synthetic pea leaf cells was proved [83] and the importance of the CA functioning
in the plasma membrane for Ci transport into higher plant leaves was confirmed
[84]. Later, the presence of f-CA4 in the plasma membrane was shown [5].

Wang et al. in 2016 [14] identified p-CA4 as an interactor with aquaporin
PIP2;1 in Arabidopsis. This connection allows CO, permeability across the plasma
membrane to be facilitated. Further, the decrease in the CA concentration was
shown to lead to a lower CO, permeability in plasma membrane vesicles [77].
Therefore, it can be proposed that the functioning of plasma membrane aquaporins
depends on the CA activity under both normal and stress conditions. The roles
of aquaporins and CA in plant defense responses against biotic and abiotic stress
factors are broadly discussed [85]. Aquaporins should interact with CAs at the
membrane-liquid phase interfaces, and a term that describes their combined func-
tioning as “cooporin” was proposed [86]. The extent of water and CO, permeability
via aquaporins of the plasma membrane is consistent with the expression levels
of both PIPs and CA when exposed to environmental challenges. Experimental
evidence suggests that aquaporins and CA are mutually involved in the regulation
of CO, in stomatal and mesophyll conductance in leaves of higher plants [15] that is
crucial for both processes: acclimation to stress and recovery after stress. A number
of studies conducted using genetic transformation methods showed that changes in
the content of aquaporins per unit area of leaves lead to the corresponding changes
in mesophyll conductance [87-89].

In tobacco plants, aquaporin NtAQP1 has been identified as a membrane CO,
pore not only in the plasma membrane but also in the inner chloroplast envelope
membranes [79]. Therefore, it was proposed that aquaporins may be involved in
CO; transfer in both the plasma membrane and in the chloroplast envelope [75].
Along with PIP, various forms of tonoplast intrinsic proteins (TIPs) and other
intrinsic proteins were described in the Arabidopsis envelope fraction [90]. We have
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previously provided data showing the presence of the CA activity, associated with
the isolated chloroplast envelope [16]. CA activity was also detected in chloroplast
envelope membranes of Chlamydomonas reinhardtii and shown to be induced under
conditions of low inorganic carbon concentrations [91]. Perez-Martin et al. [15]
have studied the relationship between the functioning of envelope aquaporins

and CA of the f-family (Olea_CA) in leaves of Olea europaea, which is a drought-
tolerant plant. By studying the change in the expression intensity of genes encoding
these proteins in the leaves of olive plants grown under conditions of sufficient
moisture, drought, and during the recovery period after drought, the authors

made the conclusion that these proteins can function together by supplying carbon
dioxide to the stroma chloroplast. In this case, the authors presume that Olea_CA
takes part in the joint functioning with envelope aquaporins, proceeding from the
assumption that this CA corresponds to f-CA1. Moreover, they also demonstrated
that the nucleotide sequence of the Olea_CA gene corresponds to encoding the
other CA in A. thaliana, p-CAS. This CA was discovered by Fabre et al. in 2007 [5]
in Arabidopsis chloroplasts, but the exact location of this enzyme in the chloroplast
is still unknown. What is important, $-CA5 gene is the only CA encoding gene, the
knockout of which leads to death when growing under ambient CO,. The seeds of
these mutants could germinate only at high CO, concentrations, although they were
much worse developed as compared to WT plants (J. Moroney, personal commu-
nication). Based on the above, it seems more likely that not the stromal p-CA1 but
p-CAS (or one of the isoforms of §-CA5) located in the chloroplast envelope mem-
brane may function mutually with aquaporins.

CA protects the cells from H,0,-induced apoptosis [92]. It is known that among
various chloroplast signals H,O, plays a major role in various signaling pathways
under stress conditions [93, 94]. An essential factor to implement the retrograde
signal (the signal from the organelle to the nucleus) is the ability of H,0, to diffuse
over long distances from the place of formation to the place of signaling. Earlier,
we demonstrated that H,O, that was produced inside chloroplasts diffused from a
chloroplast to cytoplasm through chloroplast envelope membranes and the amount
of H,0, outside the chloroplasts increased under the conditions of ascorbate peroxi-
dase inhibition [95]. Using acetazolamide (AZA), which is known as CA inhibitor,
as a non-specific aquaporin inhibitor, we have shown that aquaporins facilitate
the diffusion of H,0, molecules through the chloroplast membrane [16]. AZA was
established to be an efficient inhibitor of aquaporins through interacting with the
guanidyl group of Arg, backbone carbonyl of Gly, carboxyl of Asp, Ser, His, Ile
and Asn of aquaporins [96-98]. Taking into consideration that AZA also inhibits
the activity of CA, we cannot exclude that inhibition of H,0, diffusion through the
envelope membrane in the presence of AZA was the only result of blocking of the
aquaporins. This inhibition could also result from inhibiting the envelope CA,
especially if this CA is attached to aquaporins in the envelope. If this is the case,
the inhibitory effect of AZA on the H,0, diffusion could be a consequence of AZA
binding to envelope CA, leading to the conformational changes of CA with sub-
sequent conformational changes of aquaporin proteins and therefore blocking the
envelope aquaporins. Thus, the data in [16] can represent the evidence of the joint
functioning of the envelope CA with aquaporins in diffusing hydrogen peroxide
through the chloroplast envelope. Considering the presence of CA of f-family in
the chloroplast envelope (see above) and the facilitation of not only CO,, but also
H,0, diffusion through the envelope by the functioning of envelope aquaporins,
several propositions on the mechanisms of the CA incorporation in signaling under
stress conditions can be made. One of them is that CA is involved in the cascades of
mitogen-activated protein kinases (MAPKs), which are serine-threonine kinases
mediating intracellular signaling through changes in the redox state of their
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cysteine residues. Since cysteine residues are the main target of hydrogen peroxide
in MAPK cascades [99], and two cysteine residues are located in the f-CAs active
center, we can assume that H,O, changes the redox status of cysteine residues of
p-CAs, resulting in incorporation of CA in the global MAPK signaling network in
plant cells.

It was quantified that the amount of water in chloroplast stroma and thylakoid
lumen was much lower than it is enough to perform photosynthetic water oxidation
per day. Therefore, the existence of aquaporins in the thylakoid membrane was also
suggested [100]. This question is still under debate, some researches have detected
some forms of TIPs in the thylakoid membranes of Arabidopsis thaliana [101, 102].
However, there is still little direct experimental evidence demonstrating the exis-
tence of aquaporins in thylakoid membranes and this question needs to be clarified
in the future.

4.2.2 CA in mitochondria and the possible role of CA in chlovoplast-mitochondria
communication for activation of the CO,-concentrating-like mechanism

C3 higher plants are believed to lack any mechanisms of CO, concentrating.
The carbon dioxide content in a liquid phase in leaves is not very high, about 11 pM
at the current concentration of CO, in the atmosphere. Under the illumination
pH value of the chloroplast stroma, where Rubisco is located in higher plant cells,
increases up to 7.7. The bicarbonate content there reaches 230 uM at 25°C. This
effect can be considered as inorganic carbon concentrating.

For higher plants, especially when they grow under stress conditions, such
as high light or high temperature, Zabaleta et al. [103] supposed the existence of
CMM as in plants in such conditions stomata are closed leading to the decrease
of Ci content in chloroplasts. At the same time, a large amount of CO, is released
in mitochondria due to the reactions of both the tricarboxylic acid cycle and
photorespiration. The authors supposed that CO, from mitochondria can be used
by chloroplasts in the Calvin cycle. Possibly, CO, may transfer into chloroplast by
diffusion, harnessing some mechanisms of an active HCO;™ transport would be
more efficient. In the genome of A. thaliana, five genes encoding y-CA, which form
part of the mitochondrial complex I, were found [57, 104]. The CAs of the three
subunits of the complex have a fully active center (y-CA1, y-CA2, and y-CA3), and
the CAs of two other subunits, in which some conservative amino acid residues
forming the active center are absent, are called CA-like proteins named y-CA4 and
y-CAS5. The domain consisting of five y-CAs attached to mitochondrial complex I
probably plays a role in the conversion of CO, to HCO;™ and/or even in a transfer of
HCO;™ from mitochondria to cytosol. Possibly, one more CA, -CA6, located in the
mitochondrial matrix, can also participate in the formation of HCO;™. The last one
can be subsequently transferred from mitochondria to chloroplasts by a putative
bicarbonate carrier in the chloroplast membrane or C4-like pathway; however, the
mechanism of such transfer is yet unknown [103].

Interestingly, in double mutants without y-CA4 and y-CA5, light-dependent
activation of the key enzyme for the synthesis of anthocyanins, chalcone syn-
thase, was observed [105]. The authors suggested that both these CAs play an
important role in the growth and development of A. thaliana in conditions of high
illumination.

4.2.3 Carbonic anhydrases in chloroplasts of C3 plants

The most known and the most studied CA in chloroplasts of C3 higher plants
is the stromal CA, which belongs to p-family. This CA was named $-CA1 by Fabre
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et al. in 2007 [5] in the study of CAs of B-family in Arabidopsis leaves. Later, this
name started to be used to designate the corresponding stromal CAs in leaves

of other plants [12, 15]. This enzyme is the second after Rubisco in terms of the
amount of protein in the cell (0.5-2% of the total) [106]. The rate of the spontane-
ous interconversion of Ci forms is low, which implies the role of CA in accelerating
the supply of CO, to carboxylation centers; however, direct data on the role of the
enzyme in this process are lacking.

In some studies, no association of CA activity with photosynthesis was found.
Growing plants under conditions of zinc deficiency showed that the rate of pho-
tosynthesis in these plants remained almost unchanged with a sharp decrease in
CA activity [107]. In transgenic plants of Nicotiana tabacum containing 10% or less
soluble B-CA activity compared to WT plants, there were no significant differences
in Rubisco activity, chlorophyll content, stomatal conductivity, dry weight per unit
leaf area, and in the ratio of the partial pressure of intracellular and external CO, in
comparison with WT plants [108]. However, in these mutants, the carbon isotopic
composition of the leaf dry matter was changed.

Another group of researchers has found that plants compensated for a decrease
in CA activity by increasing the permeability of stomata, which, however, has led to
a higher rate of water loss [109]. Plant growth under conditions of nitrogen defi-
ciency in the soil led to a significant decrease in the activity of soluble CA in leaves
of sugar beet plants, and upon restoration of nitrogen nutrition, a gradual reverse
increase in CA activity by 80% of the initial values has been observed (Novichkova,
personal comunication). Importantly, many researchers have discovered the
convincing evidence of the functional relationship of Rubisco and stromal p-CA. In
Phaseolus vulgaris plants grown under the increased CO, content in the air, a sig-
nificant decrease in the activities of both CA and Rubisco has been observed [110].
The activity of these enzymes and the content of transcripts of the genes encoding
them were reduced in Pisum sativum plants grown at 1000 ppm CO,, compared
with plants grown at atmospheric carbon dioxide concentration; the transfer of
pea plants grown at a carbon dioxide concentration of 1000 ppm to the conditions
of normal CO, content in the atmosphere led to a rapid increase in the expression
level of CA and Rubisco genes, following which the activity of the correspond-
ing enzymes in the leaves increased [50]. Immunocytolocalization experiments
indicated that CA is a neighbor of Rubisco in the stroma of pea leaves’ chloroplast
[111]. One CA in the stroma of chloroplasts was later discovered to be associated
with Rubisco on the outside of the thylakoid membrane [112]. In the early stages
of the adaptation of sugar beet plants to a high concentration of carbon dioxide,
of 700 ppm, a decrease in both the activity of the soluble and of the membrane-
bound CAs was observed. However, the activity of Rubisco was the same in plants
grown in conditions of high CO, concentration and in the ambient carbon dioxide
content [113].

In the study of the drought tolerance mechanisms in Brassica napus [12], f-CA1
was identified using mass-spectrometry analysis as a protein interacting with iso-
forms of the large Rubisco subunit in several protein spots obtained by 2D electro-
phoresis of the proteins of the rapeseed plant leaves. The content of p-CA1 in these
spots was higher in the samples from plants after drought treatment in comparison
to those from the control plants. RT-PCR analysis of the expression level of the gene
encoding B-CA1 has shown a similar trend at the transcriptional and translational
levels meaning that both the expression level and the protein level increased under
drought stress in leaves of Brassica napus plants.

Nevertheless, the activity of CA in leaves of plants exposed to water deficit
was lower than in the control plants grown under normal conditions [12] due
to the phosphorylation of several amino acid residues in the active site and
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substrate-binding site of $-CA1. The same mechanism of inhibition of CA activity
was observed by studying the action of high-temperature stress in the leaves of
Helianthus annum [11]. The key suppression mechanism of this activity was the
nitration of tyrosine residues in the structure of f-CA. Nitration, as well as phos-
phorylation of Tyr, blocks the passage of substrate to active site cavity.

It is not entirely clear why the content of CA protein increases with the
simultaneous suppression of CA activity. It can be assumed that plants apply this
mechanism to prepare for normal moisture conditions. The answer to this question
is very important to determine the physiological role of p-CA1 stroma in higher
plant metabolism. Although the participation of f-CA1 in photosynthesis is not
considered to be proved, the described facts support this suggestion. The fact that
it turned out to be one of the main differentially abundant proteins in response to
drought testifies to the assumption that p-CA1 supplies CO, for Rubisco activity
by catalyzing the reversible reaction of bicarbonate to carbon dioxide and thus
regulating the rate of photosynthesis under stress condition. Water deficit is known
to cause stomatal closure with a reduction in plant photosynthetic efficiency and
inhibition of Rubisco activity [114]. These responses often result in a change in
photosynthetic and energy metabolism-associated protein accumulation. The
inhibition of the activity of f-CA1 under stress by phosphorylation and nitration
[11, 12] may play an important role in regulating the photosynthetic process in
response to stress.

Herewith Yu et al. [7] showed that in rice seedlings the expression of the gene
encoding CA of p-family (OsCA1) as well as the total CA activity were upregulated
by osmotic stress, in particular, by salt stress. Moreover, the same group showed
that Avabidopsis thaliana mutant plants over-expressing OsCA1 had a greater salt
tolerance. These data imply that the OsCA1 has an important role in the response
of plants to environmental stress conditions. In the rice genome among salt toler-
ance genes, the LOC_0s09228910 gene encoding CA has been recently identified
[115]. This gene, as well as the gene encoding OsCA1, had the chloroplast precursor
sequence, which implies the location of both CAs in the chloroplasts in rice.

The experimental data presented, however, show that the role of f-CA1 in
photosynthesis, as well as the participation of this enzyme in regulating the rate
of photosynthetic processes under stress conditions, is still controversial. This
contradiction can be explained by the suggestion that two stromal CAs, f-CA1l and
a-CAl, participate in CO, supply to Rubisco. The latter was detected in the chlo-
roplast stroma in the study of the pathway of newly synthesized proteins into the
chloroplast through the endo-membrane system of the Golgi apparatus [10]. The
data on the decrease in photosynthetic activity, as well as the ability to accumulate
starch in plants with a knockout of the gene encoding a-CA1 [116], may indicate the
role of a-CA1 in photosynthesis and the possibility that this CA is involved in CO,
supply to Rubisco. Using primers designed for possible alternative splicing of the
template RNA of the At3¢01500 gene encoding B-CA1, two isoforms were found to
be present in the leaves of Arabidopsis [6]. An increase in plant illumination led to
a change in the content of transcripts of most genes encoding CA of chloroplasts,
and a significant difference was observed in the expression intensity of a-CA1l genes
and two forms of p-CA1. The opposite effect of increasing the light intensity on
the content of transcripts of two RNA forms of a gene encoding $-CA1, an increase
in the content of transcripts of one form and a decrease in the other, can indicate
different functions of the proteins encoded by them. An increase in the expression
of a-CA1 and one of the forms of RNA of the -cal gene with increased illumination
suggests their cooperation in the CO, supply to Rubisco [6]. In general, it can be
assumed, on the basis of the available data, that plant CAs, as a rule, jointly control
one or another metabolic process.
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Studies using double mutants showed that the reduced synthesis of several CAs
had an effect on photosynthesis. Plants with knocked-out genes encoding -CA1
and p-CA4, which are located in the stroma and plasma membrane, respectively,
showed a higher stomata conductivity compared to WT plants [117]. Plants are
known to activate anion channels in response to environmental signals such as
drought, high levels of carbon dioxide, and bacterial invasion. Recently, two new
gene families encoding major groups of anion channels have been identified. SLAC/
SLAH channels are the representatives of this group characterized by slow voltage-
dependent activation (S-type) [118]. Xue et al. in 2011 [119] and Tian et al. in 2015
[120] showed that p-CA4 and B-CA1 take part in the regulation of gas exchange
between the atmosphere and leaves by opening/closing the stomatal aperture.
Intracellular bicarbonate generated by p-CA4 and p-CA1 acts as a second messenger
and activates S-type anion channels in guard cells.

Evidence suggests that f-CA1 may be important not only for photosynthetic
processes but, for example, for the synthesis of ethylene during plant germination,
a process that is also dependent on CO,. The seeds of the A. thaliana mutant with
knocked-out gene encoding $-CA1 showed a significant decrease in germination
on sterile artificial media at ambient CO, concentration in air [121]. The germina-
tion ability of these mutants was restored to that of WT when grown at a high CO,
content (1500 pl/L) or after adding sucrose to the medium [122].

To understand the role of -CA1 in plants, we should take into account that
this CA located in the stroma of the chloroplast not only exhibits CA activity but
can also bind salicylic acid (SA) [123]. As it is known, SA plays a role in signaling
cascades that activate the synthesis of the proteins involved in protecting plants
from oxidative stress at both the transcription and translation levels. The intensity
of stromal CAs’ gene expression was shown to respond to signals associated with
activation of biotic stress protection systems: infection with the late blight of potato
plants [124], treatment of tomatoes with mycotoxin fusicoccin [125] and treat-
ment of Arabidopsis plants with methyl jasmonates [126]. Nicotiana benthamiana
mutant plants with knocked-out gene encoding chloroplast soluble CA showed
high susceptibility to late blight [124]. Medina-Puche et al. [127] showed that in
A. thaliana plants inoculated with the phytopathogenic bacterium Pseudomonas
syringae, the expression level of f-cal, f-ca2, and f-ca4 genes was repressed, with
the induction of the expression of the gene encoding the other CA, p-CA6, located
in the mitochondrial matrix.

There is also a hypothesis that the stromal $-CA can ensure protection against
the stress through the biosynthesis of fatty acids. The lower content of stromal
p-CA was shown [128] to suppress the fatty acid synthesis leading to a lower expres-
sion of genes regulated by jasmonic acid, another signaling molecule that triggers
an alternative gene cascade of a protective response. Omega-6 fatty acids are the
intermediate compounds of biosynthesis of fatty acids that are synthesized in the
stroma of chloroplasts.

4.2.4 CAs in lamellar thylakoid membranes

In the early 2000s, the information on the presence of more than one carrier of
CA activity in the thylakoid membranes began to appear [17, 129]. The CA activity
was identified in preparations of lamellar thylakoid membranes enriched with PSI
and ATP synthase complexes isolated from pea and Arabidopsis plants [18, 20]. The
activity of this CA differed in properties from the CA activity of granular thyla-
koid membranes enriched with PSII complexes. The CAs in lamellar and granal
thylakoid membranes were different in their effect on the activity of inhibitors and
detergents, their molecular masses were different. The CAs’ activity of lamellar
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thylakoid membranes was inhibited equally by both ethoxyzolamide, which is

able to penetrate into membranes and acetazolamide, poorly penetrating into lipid
membranes. These data show that this CA is situated at the stromal surface of the
thylakoid membrane, where it is accessible to both inhibitors. Recently [130, 131]
the stimulating effect of adding bicarbonate on the rate of phosphorylation in
isolated thylakoids that is known since the 60th of the last century was explained
by the presence of CAs in lamellar thylakoid membranes. We have shown that
mafenide, a water-soluble inhibitor of CAs, suppressed the phosphorylation stimu-
lation by HCO;~ without inhibiting the rate of electron transport and had no effect
on phosphorylation rate in the absence of bicarbonate [132].

We suggested a hypothesis of the mechanism of this CA’s involvement in the
increase of photophosphorylation in thylakoid membranes. In the reaction of bicar-
bonate dehydration catalyzed by membrane-bound CAs, CO, molecules are formed
near or even in the surface layer of the thylakoid membrane. With an increase in
their local concentration, a stream of CO, in the thylakoid lumen is possible. In the
lumen, CO; is hydrated by the luminal CAs (see below) with proton release. Asa
result, an increase in proton concentration in lumen may cause an intensification
in ATP production, that is, acceleration of photophosphorylation. Since the uncou-
pling effect of ammonium salts on ATP synthesis in thylakoids resulted mainly from
proton bonding in the thylakoid lumen by NH; molecules penetrating there, the
facts that the addition of bicarbonate reduced the uncoupling effect of these salts
[132, 133] is in line with the proposed hypothesis.

Thus, CAs located in lamellar thylakoid membranes, that is, directed immedi-
ately to the stromal phase, may operate as one of the suppliers of CO, for Rubisco,
and in the case of low effectiveness of CO, fixation under some stressful conditions
can be involved in the extra production of ATP that is especially important under
such conditions.

4.2.5 CA in granal thylakoid membranes

In 2004, a-CA4 was detected among the proteins of thylakoid membranes [35].
We have shown that the fresh weight of the plant leaves with knocked-out a-ca4
gene was 10% higher, the starch and H,0, content was significantly higher, and the
rate of CO, assimilation in leaves was lower in comparison to WT plants. The effec-
tive quantum yield of photosynthetic electron transport at saturating light intensity
and CO, concentration was higher in mutants than in the WT, while nonphoto-
chemical chlorophyll fluorescence quenching (NPQ ) was lower [13, 37, 134, 135].
The content of transcripts of the At4g20990 gene encoding a-CA4 was two times
higher under high (400 pmol quanta m~2s™") than under low illumination (80 pmol
quantam™s~") when grown under “short-day” (8 hours day/16 hours night) and 16
times higher under “long-day” conditions (16 hours day/8 hours night) [6]. Thus,
the above-described effects of the At4g20990 gene knockout are consistent with a
significant increase in the expression level of this gene in plants under high illumi-
nation; these are the conditions where the activation of NPQ, which protects PSII
from photoinhibition, is important. Since the energy-dependent quenching (the
part of the NPQ that is associated with the accumulation of protons in the thylakoid
lumen) is the main process, which had the effect on changes in NPQ, we suggested
that a-CA4 is involved in the protonation of either PsbS protein or violaxantin
deepoxidase. The role of a-CA4 in NPQ in PSII antenna was confirmed by the fact
that the knockout of the At4920990 gene affected both the protein content of the
light-harvesting complex PSII and the expression level of the genes encoding these
proteins [135]. The content of the major PSII antenna proteins, Lhcbl, and Lhcb2
was lower in a-CA4 knockouts than in the WT plants. We have also found that
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the mutant plants grown under high illumination compensated for the absence of
a-CA4 and for reduced NPQ by the increase in the contents of both PsbS protein
and the violaxanthin cycle components, the latter accompanied by an increase in
violaxanthin deepoxidase activity [13]. In addition, a-ca4 gene was found among
the genes that change the expression level under osmotic stress [136]. The content
of a-ca4 gene transcripts became an order of magnitude higher in conditions of
drought stress (Rudenko et al., in preparation).

Our research has provided evidence that one more CA, a-CA2, is present in
higher plant thylakoids. The knockout of a-ca2 gene has led to the opposite changes
in the properties of plants compared with those resulting from the knockout of
a-ca4 gene. Fresh leaf weight, chlorophyll a/chlorophyll b ratio, and starch and
H,0, content in leaves of a-CA2 mutants were lower than in the WT plants, while
CO; assimilation rate was higher [37, 134, 135]. In a-CA2 knockouts, the effective
quantum yield of photosynthetic electron transport was lower than in WT, while
NPQ was higher, also due to the energy-dependent component. The set of physi-
ological effects that occur when the a-CA2 and a-CA4 genes are turned off suggests
that not only a-CA4, but also a-CA2, is present in chloroplasts, participating in
the functioning of the opposite “regulatory pathways” that respond to changes in
external conditions. This phenomenon of regulation of metabolic states, when there
are two enzymes that oppositely affect particular conditions, for example, kinase
and phosphatase on protein phosphorylation, is well known. The detection of this
phenomenon in the regulation of NPQ is very important. It shows that the change
in NPQ involved in the protection of the photosynthetic apparatus from photoin-
hibition is under operational control, which allows the fast increase in the thermal
dissipation of solar energy with its excess. In the opposite situation, in conditions
of the low illumination, the above-described mechanism could reduce this dis-
sipation when it could decrease the useful incoming energy, which is necessary for
photosynthesis.

Since the regulation of the energy-dependent component of NPQ taking place
with the participation of a-CA4 and a-CA2 is based on a change in proton concen-
tration in the lumen, these CAs are also able to regulate the redox state of plastoqui-
none pool by the regulation of plastohydroquinone oxidation rate by cytochrome
complex in the photosynthetic electron transport chain. According to a number
of studies [137-139], it regulates the adaptive response of plants to environmental
conditions’ changes. In addition, the concentration of protons is important for the
functional activity of enzymes such as thioredoxins and kinases, whose activities
are dependent on the state of sulthydryl groups.

4.2.6 CA in the thylakoid lumen

The CA activity in thylakoid membranes of higher plants was discovered in
the early 1980s. A number of properties distinguish the CA activity of thylakoid
membranes from the activity of soluble stromal CA. In particular, the dehydration
activity of thylakoid CA depends on pH with a maximum at 6.8-7.0, and the activ-
ity of soluble CA does not depend on pH [140]. Antibodies against soluble CA from
spinach have also shown a strong cross-reaction with soluble CA from pea chloro-
plasts, but not with thylakoids exhibiting similar CA activity [141]. In our studies,
a soluble CA that belongs to f-family located in the thylakoid lumen has been
discovered [19, 142], and it was suggested that this is p-CA5, previously detected
in chloroplasts from Arabidopsis [5]. The exact position of $-CA5 in Arabidopsis
chloroplasts is unknown, but it cannot be excluded that there are two forms of this
enzyme with one located in the chloroplast envelope (see above) and the other
situated in the thylakoid lumen.
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The expression level of the At4¢33580 gene encoding f-CA5 is 2-3 orders
lower than that of, for example, the Az3g01500 gene encoding stromal f-CA1 in
plants grown at atmospheric CO, concentration in low-light conditions [135]. The
transcription intensity of the gene encoding f-CAS5 was higher when illumination
decreased both in short-day and long-day conditions. CA in thylakoid lumen may
enable more free diffusion of protons to ATP-synthase channel together with CO,/
HCO;™ buffer, and the value of such diffusion should decrease at low light intensity
when proton inflow into the lumen is low and they may be “lost” on the way to the
ATP-synthase.

5. Conclusion

The role of CAs in mechanisms of stress tolerance has been studied in plants
possessing CCM, that is, in algae and C4 higher plants. The lack of understanding
of the functions of individual CAs in higher plants with C3 type of photosynthesis
may be explained by an involvement of more than one of CAs in one biochemical
pathway. The effect of the absence of CAs in mutants is more obvious under various
adverse conditions, which are comfortable for plants. These are the conditions
when CO, supply and fixation are not limited to the general plant metabolism under
optimal light intensity, temperature, mineral nutrition, etc. Moreover, the effect of
the absence of CAs in mutants is more obvious in various adverse conditions. That
means that the functioning of CAs in plants is the most important under stress.
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