
Carbonic anhydrase (CA) catalyzes the interchange

of two forms of inorganic carbon according to the reac-

tion: CO2 + H2O ↔ HCO3
− + H+. Carbonic anhydrase

genes found in living organisms are divided into several

families based on their nucleotide sequences [1].

Nineteen CA genes from three families have been found

in the Arabidopsis thaliana genome [2]: there are eight

genes from the α-family, six genes from the β-family, and

five genes from the γ-family. All CAs from the γ-family

are located in mitochondria, where they are incorporat-

ed into protein supercomplex I [3]. β-CAs were found in

cell membrane, mitochondria, cytoplasm, and chloro-

plasts [2]. β-CA1 (according to the nomenclature sug-

gested in [2]) is located in chloroplast stroma, and it is

the second most abundant protein in leaves after

Rubisco. Soluble CA, which apparently belongs to the β-

family, was found in the thylakoid lumen [4]. The loca-

tion of only two α-CAs is known: α-CA1 is presumably

located in chloroplast stroma [5], and α-CA4 is located

in thylakoids [6].

The function of CA in the metabolism of algae and

cyanobacteria is well-described [7], whereas in higher

plants it is not understood as clearly. Current views on the

functions of CAs in higher plants are presented in detail

in reviews [8, 9]. It should be noted that even the function

of β-CA1 is not totally understood, despite the obvious

necessity of such enzyme in chloroplast stroma. The main

substrate for Rubisco is CO2, but the predominant form of

inorganic carbon in stroma is bicarbonate ions, and the

fast conversion from HCO3
− to CO2 for Rubisco was sug-

gested as the main function of β-CA1 in stroma.

However, it was found that manipulating the amount of

β-CA1 by changing its gene expression had no effect on

the rate of photosynthesis [10, 11]. Still, the very exis-

tence of 19 genes encoding CAs in the small genome of

arabidopsis suggests their importance in the metabolism

of higher plants. It is mostly photosynthesis that requires

interchange of the forms of inorganic carbon not only to

transport it through membranes, but also to increase the

rate of supply or removal of the products of the CA reac-
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tion – first of all protons. The presence of several CAs in

chloroplasts also supports this idea.

The main purpose of this study was to elucidate the

possible roles of two α-CAs in photosynthesis, namely α-

CA4 that was found in thylakoids, and α-CA2 whose

location was only speculated based on its gene sequence.

We compared a variety of properties of A. thaliana (var.

Columbia) wild type plants with At2g28210 or At4g20990

knockout mutants, lacking α-CA2 and α-CA4, respec-

tively.

MATERIALS AND METHODS

Wild type plants, two homozygous lines of At4g20990

knockouts (α-CA4 knockouts) 9-12 and 8-8, and two

homozygous lines of At2g28210 knockouts (α-CA2

knockouts) 9-11 and 8-3 were grown under 100-120 µmol

quanta PAR·m−2·s−1 at 19°C and 450 ppm CO2 concentra-

tion. The seeds were kindly supplied by Prof. J. V.

Moroney, Louisiana State University, USA. The pho-

toperiod was either 8 or 16 h a day. All experiments were

performed 55-65 days after sowing. Measurements were

performed on at least six leaves from four crop cycles.

Most illustrations show typical results.

RNA was extracted from leaves previously frozen in

liquid nitrogen using an Aurum total RNA Mini Kit

(BioRad, USA). RNA concentration was measured spec-

trophotometrically at 260 nm wavelength. Reverse tran-

scription was performed using an iScript Reverse

Transcription Supermix Kit (BioRad). Single-stranded

cDNA and specific primers for the At4g20990 gene

encoding α-CA4 (forward 5′-TCCTCACCAAGCTAC-

TAAATGGAATAAA-3′ and reverse 5′-TTGACGACA-

GTCCAAATGACGC-3′) and for the At2g28210 gene

encoding α-CA2 (forward 5′-GGCGGTTCAC-

GATAATTCAGACACA-3′ and reverse 5′-ACAAAAA-

AATTAAATAAATAGTACACTGTGGTTGTA-3 ′)

obtained after reverse transcription were used for quanti-

tative PCR (qPCR) with the iQ5 BioRad system and

reagents from Evrogen (Russia). qPCR was performed at

least three times for each sample. Primers for the actin 7

gene At5g09810 (forward 5′-GAAGGCTGGTTTT-

GCTGGTGAT-3′ and reverse 5′-CCATGTCATCCCA-

GTTACTTACAATACC-3′) were used as a positive con-

trol.

Chlorophyll (Chl) a fluorescence measurements

were performed on intact attached leaves using a leaf-clip

connected to a gas chamber with constant CO2 concen-

tration, Mini-PAM fluorometer (Walz, Germany), and

Wincontrol-3 software. All plants were kept in darkness

for 30 min prior to measurements. After turning on the

modulating (measuring) light and triggering saturating

flash, the fluorescence levels F0 and Fm were measured.

After that, the actinic white light was turned on, and after

reaching the stationary level of fluorescence Fs, another

saturating flash was triggered to measure F′m. The effective

quantum yield of photosystem 2 (PS2) Y (= (F′m − FS)/F′m)

and the rate of non-photochemical quenching qN (=

(Fm − F′m)/(Fm − F′0)) were calculated. Non-photochemi-

cal quenching relaxation during the first minute after the

end of actinic light (qN1) and between 1st and 15th min-

utes of darkness (qN15) were calculated as qN1 = (Fm1 −

F′m)/(Fm − F′0) and qN15 = (Fm15 − Fm1)/(Fm − F′0), where

Fm1 and Fm15 are the maximum levels of fluorescence at

saturating flashes on the 1st and 15th minutes of darkness.

The rate of CO2 assimilation by leaves was measured

with a GFS-3000 gas analyzer at 700 ppm CO2 concentra-

tion and light intensity of 460 µmol quanta PAR·m−2·s−1

over a period of 7 min.

Hydrogen peroxide content in leaves was measured

before and after illumination of the whole plant

(500 µmol quanta PAR·m−2·s−1). Leaf samples were frozen

in liquid nitrogen and ground in 0.4 ml of 2 M TCA. The

homogenate was added to 3 ml of 0.05 M potassium-

phosphate buffer with activated charcoal for chlorophyll

and carotenoid absorption. After 1 h of incubation, the

mixture was centrifuged for 10 min at 10,000g. The pH of

the supernatant was normalized to 7.0 with KOH. H2O2

content was measured using a Lum-100 chemiluminome-

ter (DISoft LLC, Russia) by adding 1 ml of peroxidase (5·

10−6 M) and luminol (5·10−4 M) mixture to 50 µl of clear

supernatant. A standard curve was obtained using 50 µl

aliquots of H2O2 solutions of known concentration

instead of the supernatant.

PAR intensity was measured with an LI-190SA

Quantum Sensor (Li-Cor Biosciences, USA), which is

sensitive to light in 400-700 nm range.

RESULTS

The measurement of At2g28210 and At4g20990 gene

expression in wild type plants shows that these genes are

indeed expressed, and that their expression level depends

on light intensity (Fig. 1). Even though the level of

expression does not necessarily correlate with protein

concentration, it means that light intensity can affect the

amount of these enzymes. Change in light intensity with-

in the range used in this study affects the rate of photo-

synthesis, suggesting that the changes in the expression of

the CA genes can be attributed to the need for fine-tun-

ing some photosynthetic reactions in the altered light

conditions. It is also seen from Fig. 1 that the expression

of the α-CA2 and α-CA4 genes changes in opposite ways

in response to light intensity: under high light, the expres-

sion of α-CA2 sharply decreases, whereas the expression

of α-CA4 increases.

We found previously [12] that α-CA4 knockouts had

larger leaves, larger crown, 10% greater weight, and high-

er starch content compared to wild type. Electron

microscopy showed that starch granules in chloroplasts of
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α-CA4 knockouts were much larger than in wild type

[12]. At the same time, α-CA2 knockouts displayed

opposite changes, i.e. their weight and starch content was

lower than in the wild type (data not shown).

To find conditions in which the differences between

wild type and knockouts can be seen, we measured Сhl a

fluorescence parameters that characterize the properties

of the photosynthetic apparatus under different CO2 con-

centrations (100, 800, and 1500 ppm) and light intensities

(70 and 500 µmol quanta PAR·m−2·s−1). Under low CO2

concentration and low light intensity, the difference

between the wild type and knockouts was not noticeable

(data not shown), probably because the conditions them-

selves were limiting photosynthesis. Because the results

from different homozygous lines showed very similar

results, we show the data from only one line for each

knockout for simplicity. Figure 2 shows the effective

quantum yield (Y), total coefficient of non-photochemi-

cal quenching (qN), and its components under 500 µmol

quanta PAR·m−2·s−1 light and 800 ppm CO2 concentra-

tion, which is close to the optimal levels for photosynthe-

sis. It is seen that Y is higher and qN is lower in α-CA2

knockout compared to wild type, whereas in α-CA4

knockout these properties are changing in the opposite

direction. The data about qN changes in α-CA4 knock-

outs matches our previous assessments of non-photo-

chemical quenching using parameter NPQ [12], signifi-

cantly supplementing them. Figure 2 reveals that the

changes in qN in both mutants are mostly attributed to

changes in the qN1 component, which is often described

as energy-dependent, appearing because of light-induced

pH decrease in the thylakoid lumen. The relaxation of

this component happens during the first minute of dark-

ness after illumination. There was no difference in qN15

(relaxation between 1st and 15th minutes of darkness

after illumination) between wild type and knockouts. This

component was previously attributed to relaxation due to

state-transition [13], but now it is considered to be the

result of conversion of zeaxanthin into violaxanthin, and

sometimes it is even labeled as qZ [14].

Measurements of CO2 assimilation rates in similar

conditions as for Chl a fluorescence measurements yield-

ed unexpected results (Fig. 3). Despite that the effective

quantum yield of PS2 in α-CA2 knockouts was lower

than in wild type, and in α-CA4 knockouts it was higher

than in wild type, the rates of CO2 assimilation changed

in opposite direction relative to wild type. This apparent

discrepancy may be explained by the fact that effective

quantum yield of PS2 reflects the total electron flow

through PS2 from water to terminal electron acceptors,

whereas CO2 assimilation rate reflects only the flow of

electrons to NADP+ and finally CO2. The main alterna-

Fig. 1. Expression levels of genes At2g28210 (1) and At4g20990 (2)

encoding α-CA2 and α-CA4, respectively, in leaves of Arabidopsis

under different light intensity. Gray bars – light intensity 80 µmol

quanta PAR·m−2·s−1; black bars – 5 days after transition to

360 µmol quanta PAR·m−2·s−1.
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tive electron flow is the flow to oxygen as the terminal

acceptor. This flow may account for up to 60% of total

electron flow through the PETC [15].

Figure 3 shows that 5-min illumination of dark-

adapted leaves leads to lower accumulation of H2O2 in α-

CA2 knockouts and to higher accumulation of H2O2 in α-

CA4 knockouts compared to wild type. Since these

changes appear because of short-term illumination, they

probably indicate that knockout mutants have some

changes in PETC functions compared to wild type.

DISCUSSION

The results of this study suggest that functions of two

carbonic anhydrases of the α-family, α-CA2 and α-CA4,

are strongly connected to photosynthetic reactions. First,

the expression of the CA genes is affected by light inten-

sity (Fig. 1). We have shown previously that α-CA4 gene

expression increases under high CO2 concentration in the

air [12]. The expression of the gene encoding α-CA2, on

the contrary, decreases under the same conditions (data

not shown). Therefore, changes in two main environ-

mental factors that define the rate of photosynthesis

affect the expression of both α-CA2 and α-CA4 genes,

but in opposite directions.

The comparison of wild type plants with knockout

mutants lacking α-CA2 or α-CA4 revealed the same

opposite effect on PETC characteristics – effective quan-

tum yield of PS2 (Y) and non-photochemical quenching

of Chl a fluorescence (qN). The maximum quantum yield

of PS2 in dark-adapted leaves of both knockouts did not

differ from wild type (data not shown). Together with the

changes in Y in the light, this means that the lack of CAs

does not change the structure of PS2, but it suggests that

they are involved in PETC functioning under illumina-

tion.

The changes in the effective quantum yield of PS2 in

knockouts, which can be multiplied by light intensity to

get the rate of electron flow through PETC, gives no basis

for speculation about functions of CAs in chloroplasts

because the value of Y depends on both the rate of influx

and the rate of efflux of electrons from PS2. On the other

hand, the molecular mechanisms of non-photochemical

quenching of Chl a fluorescence and the factors that can

affect it are now well described ([16] and references

therein). The increase in proton concentration in the

lumen under illumination leads to increase in non-photo-

chemical quenching in two ways: (i) as a result of confor-

mational changes in light-harvesting antenna because of

protonation of PsbS protein; (ii) as a result of zeaxanthin

accumulation when violaxanthin deepoxidase is activat-

ed. The zeaxanthin epoxidation process in darkness is

slow, and it takes 10-60 min in different plants [14]. The

slow component of the relaxation of non-photochemical

quenching (qN15) was nearly the same in wild type and in

the knockouts. The increase of qN in α-CA2 knockout

and the decrease in α-CA4 knockout were in accordance

with the changes in the qN1 component (Fig. 2), which

reflects fast relaxation of non-photochemical quenching

due to efflux of protons from the lumen after turning off

the light. This suggests that it is protonation of PsbS pro-

tein, and its influence on total non-photochemical

quenching, that increases or decreases in these knock-

outs. Taking into account that a proton is one of the prod-

ucts of the CA reaction, localization of CA near PsbS or

near PS2 can provide controlled protonation and depro-

tonation of PsbS.

Two sources of CA activity were found in PS2-

enriched thylakoid membrane fragments from higher

plants [17-20]; however, the genes encoding CAs located

near PS2 were not determined yet. Carbonic anhydrase

Cah 3 found in alga Chlamydomonas reinhardtii near the

donor side of PS2 is believed to stabilize the Mn cluster

and support the active state of the water-oxidizing com-

plex by removing the excess of protons, preventing pho-

toinhibition of PS2 [21, 22]. It was shown that bicarbon-

ate may have a role as mobile proton carrier in PS2 of

Fig. 3. Effects of At2g28210 knockout, lacking α-CA2, line 9-11

(a), and At4g20990 knockout, lacking α-CA4, line 9-12 (b) on the

rate of CO2 assimilation and H2O2 content in leaves. White bars –

wild type plants; dashed bars – knockout mutants. Light intensi-

ty was 500 µmol quanta PAR·m−2·s−1, CO2 concentration in the

air was 700 ppm. The data are presented as mean ± standard

error, * p < 0.05.
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higher plants, and it is assumed that CA may be involved

in this process [23].

Taking into account the literature data, the data

obtained in this study indicates that α-CA2 and α-CA4

take part, competitively, in proton exchange near PS2,

thus regulating the level of PsbS protonation, and as a

result, the non-photochemical quenching of Chl a fluo-

rescence, which reflects the level of excess energy dissipa-

tion. The decrease in this quenching without α-CA4

means that this CA provides protons for PsbS, which fits

the fact that its expression increases under high light

(Fig. 1) when the defense against photoinhibition by

means of dissipation of excess energy is the most impor-

tant. α-CA2 has an opposite role providing fast deproto-

nation of PsbS under low light to prevent energy dissipa-

tion when the supply of light energy becomes low; this is

also in accordance with the data about high expression of

its gene under low light (Fig. 1).

To explain opposite actions of the studied CAs, as a

working hypothesis we assume that they have different

orientation of their reaction centers relative to the lume-

nal side of the thylakoid membrane. The direction of the

reaction center towards the lumen in α-CA2 gives prefer-

ence to catalysis of the reaction between H+ and HCO3
−

diffusing from stroma into lumen along the concentration

gradient. On the other hand, contact of the reaction cen-

ter of α-CA4 with thylakoid membrane will make it con-

sume CO2 accumulated inside the membrane (1 µmol/mg

Chl) [24], and release H+.

The changes in the effective quantum yield (Y) in

both mutants compared to wild type correlate with the

changes in non-photochemical quenching: in α-CA2

knockout, Y is lower because of the larger rate of light

energy dissipation, whereas in α-CA4 the situation is the

opposite. At the same time, changes in the rate of CO2

fixation were opposite to changes in Y (Fig. 2 vs. Fig. 3).

Measurements of H2O2 accumulation in wild type and

knockouts showed that both α-CA2 and α-CA4 knock-

outs have altered electron flow to oxygen (Fig. 3).

Without α-CA2, the fraction of electron flow to O2

(H2O2) decreased and the total electron flow through

PETC decreased, whereas without α-CA4 both these

increased. The contribution of electron flow to O2 in total

electron flow can be quite high in some plants [15], but

data about its share in arabidopsis is lacking. In plants

that normally grow under low light, like arabidopsis, the

fraction of electron flow to O2 is usually higher than in

plants that grow under high light [25]. Noticeable pro-

duction of H2O2 in chloroplasts from arabidopsis leaves

[26] may indicate a substantial electron flow to O2

through the PETC in this species.

Since both α-CA2 and α-CA4 have an impact on

proton concentration in the lumen, opposite effects on

electron flow towards NADP+ (CO2) and O2 (H2O2) when

one or the other CA is missing may be attributed to the

changes in Calvin cycle turnover due to ATP availability.

The decrease in proton concentration decreases the rate

of ATP synthesis and, accordingly Calvin cycle turnover,

increasing the electron flow to O2 due to shortage of

NADP+; and vice versa, the increase in ATP synthesis

increases Calvin cycle turnover, i.e. regeneration of

NADP+, that in turn decreases the electron flow to O2.
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