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ABSTRACT
The aim of this thesis is to investigate the CO2 concentrating mechanism (CCM)
of Chlamydomonas reinhardtii and to develop a quick method for estimating the activity
of carbonic anhydrases (CAs). The first project demonstrates that there are two almost
identical mitochondrial CAs in C. reinhardtii, CAH4 and CAH5, that help to maintain
photosynthesis and minimize the leak of CO2 generated by respiration and
photorespiration. We used an RNAi approach to reduce the expression of CAH4 and
CAH5 so that their physiological functions could be studied. RNAi mutants with low
expression of CAH4 and CAH5 have impaired rates of photosynthesis under ambient air
levels of CO2 (0.04% [v/v] CO2 in air). These strains are not able to grow in very low-CO2
conditions (<0.02% [v/v] CO2 in air) but grew normally on elevated CO2 (5% [v/v] CO2 in
air). These RNAi mutants had a poor affinity for inorganic carbon (Ci = CO2 + HCO3-) and
their ability to accumulate Ci is impaired. We hypothesize that CAH4 and CAH5 work in
the mitochondria to convert the CO2 released from respiration and photorespiration and
the CO2 leaked from the chloroplast to HCO3-, thus “recapturing” this potentially lost CO2.
In the second project, we developed a method to estimate CA activity using a
mutant complementation approach in Saccharomyces cerevisiae (hereafter referred to
as yeast) in order to study the role of CAs in photosynthetic organisms. In studies based
on this method, we found that CAH4/5 and CAH3 from C. reinhardtii, βCA3 from
Arabidopsis thaliana and different modified forms of Human CA II are all active CAs. We
also determined that codon optimization can improve protein expression in the
heterologous yeast system. It is important to know if CAs are active, as introducing CA
activity in the correct location in a plant chloroplast could accelerate efforts to improve
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crop plant photosynthetic efficiency. It will also help to understand how CAs function
across different locations in photosynthetic organisms.

x

CHAPTER 1. LITERATURE REVIEW
Photosynthesis
Photosynthesis is the conversion of solar energy to chemical energy by using CO2
and H2O to produce carbohydrates and oxygen. The “dark reactions,” or the CalvinBenson-Bassham (CBB) cycle of photosynthesis, use the products of the light reactions,
adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH), to fix CO2 into reduced carbon compounds. Ribulose 1,5bisphosphate carboxylase/oxygenase (Rubisco) fixes CO2 to make two molecules of 3phosphoglycerate (PGA) in the CBB cycle of photosynthesis. Rubisco is a large and slow
enzyme as it catalyzes only 3 reactions per second. Rubisco’s CO2 fixation efficiency is
further reduced by its competing oxygenation reaction. Ribulose 1,5-bisphosphate
(RuBP) produces one molecule of 2-phosphoglycolate and one molecule of PGA during
its oxygenation process. Photorespiration is required to reclaim phosphoglycolate.
Photorespiration lowers the potential carbon loss caused by Rubisco’s oxygenation
reaction. As illustrated in figure 1.1, this mechanism restores over 75% of the carbon
potentially lost by oxygenation. Phosphoglycolate phosphatase dephosphorylates
phosphoglycolate and converts it to glycolate, which is then transported from the
chloroplast to the peroxisome (Bauwe et al., 2010; Moroney et al., 2013). It converts
glycolate to glyoxylate in the peroxisome via glycolate oxidase. Glyoxylate then
undergoes transamination to make glycine. In the mitochondrion, the CO2 is emitted when
two glycines combine to form a serine and ammonia is the lost carbon. Photorespiration
is essential for the plant, despite its high energy cost.
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Chlamydomonas reinhardtii
Chlamydomonadaceae is one of the orders of Chlorophyta, and there are 33
genera and about 800 species in this family. The most common genus in the family is
Chlamydomonas (from Latin, chlamys = cloak and monas = solitary). Chlamydomonas
reinhardtii (hereafter referred to as C. reinhardtii), the species studied in this dissertation,
was first described in 1888 by P. A. Dangeard, who named it after Ukrainian botanist L.
Reinhard (Harris, 2009).

Figure 1.1. Photosynthesis and photorespiration. Photosynthesis is the conversion of
solar energy to chemical energy in the chloroplast. Rubisco fixes CO2 to make two
molecules of PGA in the Calvin-Benson-Bassham (CBB) cycle of photosynthesis.
Rubisco’s oxygenation reaction leads to the formation of 2-phosphoglycolate.
Photorespiration lowers carbon loss during Rubisco’s oxygenation reaction and restores
over 75% of the carbon potentially lost by oxygenation.
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Approximately 40% of a C. reinhardtii cell’s volume is occupied by a large, cupshaped chloroplast (Figure 1.2). Other prominent cell components include the nucleus,
the pyrenoid (a protein inclusion body that contains Rubisco) and surrounding starch
sheath, the Golgi apparatus, several contractile vacuoles, an eyespot (a primitive light
sensing structure that helps C. reinhardtii sense light and direction of light), two cilia, and
several, often-branched mitochondria. C. reinhardtii is a model organism for the study of
aquatic photosynthesis. C. reinhardtii is a popular model organism because it grows
quickly, is able to grow heterotrophically (Harris et al., 2009), and its genomes (nuclear,
mitochondrial, and chloroplastic) have been sequenced (Grossman et al., 2007; Merchant
et al., 2007).
CO2 Concentrating Mechanism (CCM)
If organisms are to survive, they must be able to adapt to changes in the
environment. Photosynthetic green algae have adapted to such changes by evolving a
CO2 concentrating mechanism (CCM) to aid survival in their aquatic environment, which
contains relatively low levels of CO2. The algal CCM is induced in a few hours if the Ci
concentration suddenly decreases in the medium. The function of the CCM is to respond
to low-CO2 conditions by increasing the CO2 concentration around Rubisco, thus
promoting the enzyme’s carboxylase activity (Moroney and Ynalvez, 2007). To respond
to changes in the environmental CO2 concentration, there are structural rearrangements
and metabolic modifications that take place in the cell. In low-CO2 conditions (0.03 to
0.5% [v/v] CO2 in air), Rubisco is packaged inside a structure called the pyrenoid, which
is surrounded by a starch sheath (Ramazanov et al., 1994; Freeman Rosenzweig et al.,
2017; Itakura et al., 2019). By increasing the CO2 concentration in the pyrenoid around
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Rubisco, the CCM fosters an increase in Rubisco’s carboxylation activity and a
simultaneous reduction in oxygenation activity. The algal response to low-CO2 conditions
also involves an increase in its photorespiratory capacity and a reorganization of
organelles.

Figure 1.2. Chlamydomonas reinhardtii. In C. reinhardtii, a cup-shaped chloroplast
occupies a large proportion of the cell’s volume. This organelle houses the machinery for
oxygenic photosynthesis and contains the pyrenoid, a structure in which Rubisco is
concentrated. The pyrenoid is a component of the carbon dioxide concentrating
mechanism (CCM), which functions to concentrate inorganic carbon near Rubisco.
The CCM in C. reinhardtii
The CCM in C. reinhardtii was first discovered in 1980 by Badger et al. It is one of
the most well-studied CCMs in eukaryotic algae. The CCM helps C. reinhardtii
accumulate HCO3- inside the pyrenoid so that it can be converted to CO2 using a CA and
that CO2 can be fixed by Rubisco (Moroney et al., 2011). Typically, the loss of more than
one CCM component causes the mutated C. reinhardtii cell to display a high-CO2requiring (1 to 5% CO2 [v/v] in air) phenotype and poor affinity for Ci. Most CCM
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components are induced in C. reinhardtii once it has been exposed to low-CO2 conditions
for 4 hours. As a result of CCM induction, cellular Ci concentration increases 20-fold
(Moroney et al., 2013) due to an energy intensive uptake of Ci that occurs in the cells
(Spalding et al., 1983). When C. reinhardtii is grown in high-CO2 conditions, the CCM is
not induced and the cell’s K0.5 (CO2) is 10-20 times higher than for cells grown in low-CO2
conditions (Moroney et al., 1985). The components of the C. reinhardtii CCM will be
described in detail in the following sections as shown in Figure 1.3.
a. pH gradient to maintain CCM
In C. reinhardtii, the CCM appears to be dependent on the pH gradient across the
thylakoid membrane to increase the CO2 concentration near Rubisco. The proton
pumping that occurs during the light reactions of photosynthesis sets up this pH gradient.
These reactions bring the chloroplast stroma to a basic pH of about 7.5-8.0, while the
thylakoid lumen has an acidic pH between 5.8 and 6.5 (Figure 1.4). The apparent pKa of
the CO2 to HCO3- interconversion is ~6.4, which makes HCO3- the favored Ci species in
the basic stroma and CO2 the favored Ci species in the acidic lumen. Thus, in C.
reinhardtii, the conversion of HCO3− to CO2 is favored in the acidic lumen of the thylakoid
tubules that traverse the pyrenoid. Since CO2 can easily cross membranes, it diffuses out
of the thylakoid tubules and into the pyrenoid matrix to be fixed by Rubisco. This means
that photosynthetic electron transport is the driver of CO2 accumulation in C. reinhardtii
(Figure 1.4).
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Figure 1.3. C. reinhardtii CO2-concentrating mechanism (CCM). Ci transporters bring
HCO3- across the plasma membrane (PM), chloroplast envelope (CE), and thylakoid
membrane to the thylakoid lumen. Then the HCO3- is converted to CO2 by CAH3. The
thylakoid lumen is acidic, as the photosynthetic electron transport chain pumps H + into
the thylakoid lumen. The low pH drives the HCO3- towards CO2.

Figure 1.4. A pH gradient helps to increase the CO2 concentration around Rubisco. The
photosynthetic electron transport chain (PETC) pumps H+ into the thylakoid lumen. This
causes the thylakoid lumen to become more acidic, while the chloroplast stroma becomes
more basic. As HCO3- enters the thylakoid, it goes from a basic environment that favors
HCO3- formation to an acidic environment that favors CO2 formation. This results in a
large increase in the CO2 concentration in the lumen. The CO2 then diffuses out of the
thylakoid, creating a microenvironment high in CO2 for Rubisco.
6

b. Change in pH gradient can increase the leakage of CO2
While the CCM is successful in increasing the CO2 concentration around Rubisco,
the model also suffers from significant CO2 leakage out of the pyrenoid (Fei et al., 2022).
The first-order rate constant of Rubisco-catalyzed CO2 fixation is ~200 s-1. Thus, the
average time required for a free CO2 molecule to be fixed by Rubisco in the pyrenoid
matrix is ~5 ms. Over the same period of time, the CO2 molecule can typically diffuse over
a distance ~3 µm, which is larger than the radius of the pyrenoid (~1 µm). As a result,
~95% of CO2 molecules that diffuse into the pyrenoid matrix from the thylakoid tubules
leave the matrix without being fixed by Rubisco (Fei et al., 2022).
Characteristics of the Mitochondria in C. reinhardtii
The mitochondria are specialized organelles for energy and carbon skeleton
production. The name “mitochondrion” was chosen due to the appearance of the
organelle as seen under a microscope (from Greek, mitos = thread, and chondrion =
granule; Douce, 1985). According to the endosymbiont theory, the mitochondrion is the
result of an aerobic bacterium invading an anaerobic eukaryotic organism. The current
model is that the invading prokaryote was either a Gram-negative purple eubacterium
(Yang et al., 1985; Bui et al., 1996) or a Sulfolobus or Mycoplasma bacterium (Karlin and
Campbell, 1994), and that the invaded eukaryote was a fusion of a Gram-negative
eubacterium and an archaebacterium (Gupta et al., 1994; Irwin, 1994). During its course
of evolution, the invader lost genetic material needed for living a free life outside its host
and some of its remaining genes were integrated into the host’s genome. The invader
only retained a few genes which coded for some of the polypeptides in the electron
transport chain and ATPase, as well as some genes for coding rRNA, tRNA, and some
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ribosomal proteins. The organism in this study, C. reinhardtii, has an exceptionally small
mitochondrial genome, containing only 13 genes and a total of 15.8 kb of DNA (Michaelis
et al., 1990), whereas plants typically have mitochondrial genomes containing
approximately 200 kb of DNA (Ward et al., 1981). This difference in size mainly reflects
the relatively low content of noncoding DNA in the C. reinhardtii mitochondrial genome,
but the C. reinhardtii genome also codes for fewer polypeptides. An example of this is the
gene that codes for subunit Il of cytochrome oxidase, which is in all examined
mitochondrial genomes except for that of C. reinhardtii (Gray and Boer, 1988; Michaelis
et al., 1990).
The main functions of the mitochondria are (1) to produce chemical energy in the
form of ATP through the oxidation of NADH in the electron transport chain and (2) to
produce carbon skeletons needed in metabolic reactions in the cell. All mitochondrial
electron transport chains consist of the same four protein complexes. NADH and
succinate produced in the citric acid cycle are either oxidized by a rotenone-sensitive
NADH dehydrogenase (Complex I) or by succinate dehydrogenase (Complex Il). The
electrons released from that oxidation are transferred through ubiquinone to the bc1
complex (Complex Ill) and then through cytochrome c to cytochrome c oxidase (Complex
IV). In the last complex, the electrons are used to reduce oxygen to water. Complexes I,
III, and IV pump protons into the mitochondrial intermembrane space to generate the
proton motive forced needed for ATP synthase-catalyzed ATP production.
In plants, along with the four common complexes, the mitochondria also have the
means to oxidize external NADH and NADPH and they have an internal NADH
dehydrogenase that is insensitive to the Complex I inhibitor rotenone (Moller and Lin,
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1986). They also have an additional terminal oxidase, the so-called alternative oxidase.
Like Complex IV, it reduces oxygen to water, but this reduction is not coupled to proton
transport.
a. Photorespiration and glycolate metabolism
When C. reinhardtii is grown in high-CO2 conditions, the rate of the Rubiscocatalyzed oxygenase reaction is low. If the CO2 level in the growth media is decreased to
ambient air levels of CO2, the oxygenase reaction is favored and the rate of
photorespiration increases. This increased rate of photorespiration leads to an induction
of at least two photorespiratory enzymes, the chloroplastic phosphoglycolate
phosphatase (PGPase) and the mitochondrial glycolate dehydrogenase (GDH; Nelson
and Tolbert, 1969; Nelson and Tolbert, 1970; Beezley et al., 1976; Spencer and Togasaki,
1981; Husic and Tolbert, 1985; Marek and Spalding, 1991). In addition, the high rate of
oxygenation leads to excretion of glycolate into the growth medium (Tolbert and Zill, 1956;
Moroney et al., 1986), which amounts to a loss of photosynthetically fixed carbon.
Glycolate oxidation also occurs in the chloroplast (Goyal and Tolbert, 1996), but the
significance of this pathway is not known.
When the CCM is induced, the CO2 concentration around Rubisco increases and,
as a result, the rate of photorespiration decreases. With an active CCM, the rate of
photorespiration decreases to a level at which no glycolate is excreted, but it is still higher
than what is observed in cells grown in high-CO2 conditions (Tolbert et al., 1983; Moroney
et al., 1986b; Suzuki et al., 1990; Ramazanov and Cardenas, 1992). C. reinhardtii cells
grown autotrophically in 5% CO2 will excrete large amounts of glycolate into the medium
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when moved to a low-CO2 environment (Hess and Tolbert, 1967). They will continue to
excrete glycolate until the CCM is induced, which takes about four hours.
b. Relocation of mitochondria
In several green algae species, the mitochondria relocate inside the cell when
cultures are shifted from high- to low-CO2 conditions (Kramer and Findenegg, 1978;
Tsuzuki et al., 1986; Geraghty and Spalding, 1996). C. reinhardtii has one cup-shaped
chloroplast and in high-CO2 conditions, the majority of the mitochondria are located inside
this cup. If the cells are acclimated to ambient air levels of CO2, the mitochondria shrink
and replicate before migrating out to a peripheral position between the chloroplast and
the plasma membrane (Geraghty and Spalding, 1996). This migration out of the
chloroplast occurs through the opening of the chloroplast cup and through gaps in the
chloroplast. The reason for this migration is not currently known. In a study of another
green alga, Scenedesmus obliquus, Kramer and Findenegg (1978) proposed that
mitochondrial migration occurs to prevent the loss of glycolate produced in the chloroplast
during photorespiration. Interestingly, Tsuzuki et al. (1986) observed the opposite
relocation of mitochondria in Dunaliella tertiolecta, i.e., the mitochondria localize between
the chloroplast and the plasma membrane in cells grIwn in high-CO2 conditions and are
found in the central cytoplasm in cells grown in low-CO2 conditions.
c. Recapturing of CO2 and glycolate by mitochondria
Mitochondria produce CO2 through respiration and photorespiration. It has been
estimated that mitochondrial respiration in the light occurs at a rate about 10% the rate of
CO2 fixation (Raven, 1984). In addition, even though the rate of photorespiration is
reduced by the CCM, it still occurs at about 2-5% of the rate of CO2 assimilation (Moroney
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et al. 1986). The CO2 produced by these processes has the potential to be lost from the
cell, and cells acclimated to low-CO2 conditions cannot afford to lose this carbon. Herein,
we propose that the mitochondrial CAH4/5 is produced at high levels when C. reinhardtii
is grown in the light on low CO2 to reduce CO2 leakage. We propose in chapter 3 that
CO2 generated in the mitochondrial matrix is converted to HCO3- by CAH4/5, which is
then brought back to the cytosol through a bicarbonate transporter, which could
potentially be CCP1/2 (Pollock et al., 2004). Since no CA has been found in the
cytoplasm, the rate of conversion of this HCO3- back to CO2 in the cytosol should be
minimal. Thus, the HCO3- can be then transported back to the thylakoid lumen using
bicarbonate transporters present on the chloroplast inner membrane and thylakoid
membrane (Figure 1.5; Mukherjee et al., 2019). It is also likely that some of the
bicarbonate generated in the mitochondria is used in the anaplerotic reactions (Giordano
et al., 2003). In addition to upregulating the expression of photorespiratory genes (Chen
et al., 1996; Tural and Moroney, 2005) the repositioning of the mitochondria would favor
the recapture of glycolate with CAH4/5 converting the CO2 released by glycine
decarboxylase to HCO3-.
Carbonic Anhydrases
The zinc metalloenzyme CA (aka carbonate dehydratase) catalyzes the
interconversion of CO2 and HCO3- (Eq. 1).
Eq. 1.
This

enzyme

is

CO2 + H2O ⇌ H2CO3 ⇌ H+ + HCO3involved

in

many

different

processes,

such

as

carboxylation/decarboxylation reactions, ion exchange, pH and ion regulation, and Ci
diffusion within the cell and with the cell’s environment (Longmuir et al., 1966; Broun et
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al., 1970; Reed and Graham, 1981; Smith, 1988; Tashian, 1992; Raven, 1995). CA has
been found in all animals and photosynthetic organisms investigated so far. It is also
found in some non-photosynthetic bacteria. The active site of most CA families need zinc.
There is no considerable sequence homology between the families, hence they appear
to be examples of catalytic function convergent evolution. Each family is described briefly
below.

Figure 1.5. Model showing the proposed physiological role of mitochondrial CAH4/5 in
recapturing leaked CO2 from pyrenoid. CO2 generated in the mitochondrial matrix is
converted to HCO3- by CAH4/5, and using a possible bicarbonate transporter (Pollock et
al., 2004) the HCO3- is brought back to the cytosol.
a. α-CAs
α-CAs are found in vertebrates (Meldrum and Roughton 1933), algae (Fukuzawa
et al. 1990; Fujiwara et al. 1990), higher plants (The Arabidopsis Genome Initiative 2000;
Moroney et al. 2001; Tuskan et al. 2006), and eubacteria (Meldrum and Roughton 1933).
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(Soltes-Rak et al. 1997; Elleby et al. 2001; Chirica et al. 2001). The zinc atom is
coordinated by three histidines in most α-CAs, which are monomers of about 30 kDa
(Moroney et al. 2001).
b. β-CAs
β-CAs were discovered first in plants (Burnell et al. 1990; Fawcett et al. 1990). βCAs have now been discovered in cyanobacteria (Fukuzawa et al. 1992; Yu et al. 1992),
micro-algae (Eriksson et al. 1996), eubacteria (Hewett-Emmett and Tashian 1996),
archaebacteria (Smith and Ferry 1999), and fungi (Smith and Ferry 1999; Götz et al.
1999). This CA family is not found in any vertebrate genome. CAs are zinc ligands with
one histidine and two cysteine residues (Rowlett et al. 1994; Bracey et al. 1994) and are
normally active as dimers or multimers. Dimers produce tetramers in the CA of Pisum
sativum, which are bound together by their C-termini to form octamers (Kimber and Pai
2000).
c. γ-CAs
The archaebacterium Methanosarcina thermophila was the first to be discovered
with a γ-CA (Alber and Ferry 1994). Genes expressing putative γ-CA proteins have been
discovered in eubacteria and plants (Newman 1994). The γ-CA works as a trimer, with
one zinc atom at each subunit interface. γ- or γ-like CAs in plants and algae are part of
Complex I of the mitochondrial electron transport chain (Klodmann et al. 2010;
Sunderhaus et al. 2006).
d. δ-CAs
Only a few diatoms have been reported to have δ-CAs (Roberts et al. 1997). The
phylogenetic analysis showed that δ-CAs are closer to the α-CAs compared to the other
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classes of CAs. The δ-CA families, like the first three CA families, appear to be a case of
convergent evolution, with little in common with the α-, β-, or γ-CA types in terms of
sequencing (Roberts et al. 1997).
e. ε-CAs
Only bacteria with type α-carboxysomes contain members of this CA family (So et
al. 2004; So and Espie 2005; DiMario et al. 2018). ε-CAs have a histidine and two cysteine
residues that act as zinc ligands in their active site, similar to β-CA, particularly near the
metal ion site (So et al. 2004). This type of CA is a member of the carboxysome shell and
includes additional domains for this purpose (Tanaka et al. 2008). Eukaryotes lack this
class of CA.
f. ζ-CAs
This CA gene family, which is mainly restricted to marine protists, is similar to the
β-CA family gene family (Park et al. 2007; Lane and Morel 2000; Lane et al. 2005). The
metals such as cadmium or cobalt at the active site distinguishes this CA family from the
β-CA family (Park et al. 2007; Lane and Morel 2000; Lane et al. 2005). ζ-CA are present
in diatoms and bacteria.
g. θ-CAs
The θ-CA gene family is a recent addition to the CA family. According to Kikutani
et al. (2016), the θ-CA is required for growth and photosynthesis in the marine diatom
Phaeodactylum tricornutum. The θ-CA are involved in the production of CO2 from HCO3in chloroplasts. According to Jin et al. (2016), the θ-CAs are structurally similar to β-CAs
in the overall architecture.
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h. ι-CA
ι-CA is highly expressed in T. pseudonana and used Mn2+ as a cofactor (Clement
et al. 2017). ι-CA plays an important role in the diatom CCM and widely distributed in
marine phytoplankton (Jenson et al. 2020).
Role of C. reinhardtii CAs in maintaining CCM
C. reinhardtii has several CAs, some of which are important in the functioning of
the CCM (Moroney et al., 2011). One such CA is CAH3, an α-CA located inside the
thylakoid lumen (Karlsson et al., 1998). CAH3 is essential for maintaining high-CO2
concentrations inside the chloroplast by catalyzing the conversion of HCO3- to CO2 in the
acidic thylakoid lumen (Moroney and Ynalvez, 2007; Spalding, 2008). CAH1 and CAH2
are α-CAs that are present in the periplasmic space (Fujiwara et al., 1990; Rawat and
Moroney, 1991). CAH1 is highly upregulated when C. reinhardtii is grown in low-CO2
conditions, as are all of the known Ci transporters. In addition, the expression of CAH1
and the Ci transporters requires the transcription activator CIA5, as cells with mutations
in CIA5 fail to express these proteins. Known CCM components are those that are under
regulation by CIA5 and show high expression in low-CO2 conditions (Moroney et al., 1989;
Fang et al., 2012).
CAH4 and CAH5 were the first β-CAs to be discovered in C. reinhardtii and are
present in the mitochondria (Eriksson et al., 1995). In Chapter 4 CAH4 and CAH5 are
described in detail. We propose a model showing CAH4 and CAH5 in the mitochondria
are required to convert the CO2 released from respiration and photorespiration and the
CO2 leaked from the chloroplast to HCO3-. This helps in recapturing the CO2.
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Why is it important to understand CAs?
Although the interconversion of CO2 and HCO3− happens without CAs, it occurs
at a very slow rate. By acting as catalysts, CAs are essential for organisms to ensure a
quick supply of CO2 and HCO3− for various metabolic pathways. In chapter 3 and chapter
4, I provide a detail about how CAs catalyze important biological processes.
Heterologous complementation system to detect CA activity rapidly
Heterologous complementation systems capable of detecting CA activity can be
of great value in the process of introducing CCM components into terrestrial C3 plants. In
chapter 4, we determined whether the high-CO2-dependent yeast CA knock-out line,
ΔNCE103 (referred to as ΔCA), is suitable as a heterologous complementation system
for the detection of active CAs from plants and algae. This system can be useful as a
rapid screening step before transforming C3 plants with CAs from algal CCMs, effectively
addressing a bottleneck in the pipeline of using CCM components to enhance
photosynthetic efficiency in C3 crop plants.
Dissertation Goals
The goals of this dissertation are to better understand the C. reinhardtii CCM and
to design a rapid method for assessing CA activity. Chapter 3 shows that the
mitochondrial CAs, CAH4, and CAH5, are required in C. reinhardtii to maintain
photosynthesis on low CO2. They recapture CO2 leaked by respiration and
photorespiration as well as the CO2 leaked from the chloroplast. In chapter 4, I developed
a method to estimate CA activity using yeast CA knockout mutant to rapidly detect the
activity of normal or modified plant and algal CAs. It is crucial to know if CAs are active
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because putting CA activity in the right place in crop plants could speed up attempts to
improve photosynthetic efficiency. It will also aid the process of understanding the
physiological role of CAs present at different locations in photosynthetic organisms.
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CHAPTER 2. MATERIALS AND METHODS
Cell Cultures and Growth
C. reinhardtii culture conditions were similar to those described previously (Ma et
al., 2011). The D66 strain (nit2-, cw15, mt+) was obtained from the Chlamydomonas
Resource Center (https://www.chlamycollection.org) (Zhang et al., 2014). Tris-AcetatePhosphate (TAP) and Minimal (MIN) media (acetate free) were prepared according to
(Sueoka, 1960). TAP and MIN plates for growth included 1.5% (w/v) agar. The colonies
from TAP plate are used to start a mixotrophic culture using 100 mL TAP liquid media.
The cells were cultured in TAP media for 48 h at ambient CO 2 (0.04% CO2 (v/v) in air)
under continuous light illumination of 100 µmol m-2 s-1. Cells in early log phase were
washed and harvested in MIN media and bubbled with high CO2 (5% CO2 (v/v) in air) for
48 hrs. The CCM was induced by transferring the cells to low CO 2 (0.04% CO2 (v/v) in
air) bubbling for 12 h. High CO2 was generated by mixing CO2 with air such that final CO2
concentration was 5% CO2 (v/v) in air. For ambient CO2 levels, building air measured at
0.04% CO2 (v/v) was used. For very low CO2 ambient air was mixed with the CO2 free air
to bring the CO2 level to less than 0.02% (v/v) CO2. The level of CO2 was monitored using
an Environmental Gas Monitor (EGM-4, PP systems).
Generation of RNAi Construct and Algal Transformations
Artificial microRNA (amiRNA) constructs for the knockdown of the CAH4 and
CAH5 proteins were made using the RNAi protocol of Molnar et al. (2009). The target
sequences aligning to the “common region” of CAH4 and CAH5 were designed using
Web

MicroRNA

Designer

(WMD3)

website

(http://wmd3.weigelworld.org/cgi-

bin/webapp.cgi). The Web Micro RNA designer suggests suitable amiRNA based on
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optimal hybridization properties and it avoids the off-targets to other genes in the C.
reinhardtii genome. No obvious off targets were identified by the program and BlastN
search of the C. reinhardtii genome indicated no other matches to the region of the RNAi
target besides these two CA genes. The pChlamyRNA3int plasmid was obtained from the
Chlamydomonas Resource Center and the oligos were annealed to it using the SpeI
restriction site. Table 2.1 details the oligos used for the miRNA construct. For the creation
of the RNAi strains, D66 cells were first grown in TAP in the light. When the cells reached
an OD730 between 0.2 and 0.3 (~2-3 x 106 cells mL-1) they were washed and resuspended
in GeneArt® MAX Efficiency® Transformation Reagent for Algae at a density of ~2-3 x
106 cells mL-1. For electroporation, 2 µg of pChlamyRNA3int plasmid was added to 250
µL of the D66 resuspended cells in an electroporation cuvette (0.4 cm gap width, BioRad).
The

protocol

provided

for

the

transformation

reagent

was

followed

(https://www.thermofisher.com/order/catalog/product/A24229#/A24229).
Screening of RNAi Mutants
TAP plates containing the antibiotic paromomycin (4 µg mL-1, Invitrogen) were
used for selecting transformed colonies and TAP paromomycin plates were maintained
in high CO2. Around 600 paromomycin resistant transformed colonies were selected by
replica plating on MIN media plates and screening them in a high CO 2 chamber and a
very low CO2 chamber with continuous illumination (100 µmol photons m -2 s-1) for 4 days.
The colonies growing poorly on very low CO2 were selected for spot tests. D66 and cia3
(Moroney et al., 1985) were the control strains used for the initial screening. Selected
colonies for spot test were grown to log phase in TAP media and then resuspended in
MIN media to a final concentration of 6.6 x 105 cells mL-1. Spot tests were done by spotting
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15 µL of sample (10,000 cells) followed by three 1:10 serial dilutions. These MIN media
plates were screened by keeping them in high, ambient and very low CO 2 chambers
under continuous illumination at 100 µmol photons m-2 s-1 for seven days.
Gene Expression and Immunoblot Analysis
Trizol reagent was used to extract RNA using a protocol from Invitrogen.
ProtoScript® First Strand cDNA Synthesis Kit (NEB) was used to make cDNA using 1 µg
RNA per sample. As per the manufacturer’s instructions (Luna® Universal One-Step RTqPCR Kit), 100 ng of RNA per sample was used to perform qRT-PCR using QuantStudio
6. G protein beta subunit-like polypeptide (CBLP) was used as a reference gene for all
real time qRT-PCR. A list of primers is provided in Table 2.1. For the immunoblot analysis,
cell cultures were grown for 72 hrs in high CO2 conditions in MIN media and then
incubated at ambient CO2 for 12 hrs. Cells were collected by centrifugation and washed
with 25 mM HEPES (pH 7.2). Samples were then normalized to 10 µg protein/µL for each
sample. 5 µg of protein was boiled with 2-x Laemmli sample buffer and β-mercaptoethanol
for 10 mins at 80ºC prior to analysis. Samples were resolved by SDS-PAGE on 10%
polyacrylamide gels (Mini-PROTEAN TGX, Bio-Rad Laboratories). Proteins were
transferred to a PVDF-FL membrane using a Bio-Rad semidry blotting system. The
membrane was blocked in 1% bovine serum albumin and TTBS (TBS containing 0.1%
Tween) for 1 hr at 4ºC. CAH4/5 primary antibody (Agrisera) was used with a dilution of
1:10000 for 1 hr at room temperature. Anti-rabbit secondary antibody diluted in 1% Bovine
serum albumin and TTBS was used with a dilution of 1:4000 at room temperature. A
BioRad chemiluminescence instrument was used to observe the CAH4/5 protein bands
for the cells.
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Table 2.1. List of primers used in this dissertation. For the two miRNA primers, the
underlined nucleotides are the ones used to target the CAH4 and CAH5 gene.

The primers under the heading qPCR were used for quantitative RT-PCR.

The primers used in the PCR amplified disruption cassettes for gene disruption.

(table cont’d.)
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The primers used for the confirmation of successful gene disruption

The primers used for the cloning

Photosynthetic Assay
C. reinhardtii cultures were grown in TAP medium (100 µmol photons m -2 s -1) to
logarithmic phase. Cells were washed in MIN media and then bubbled with high CO 2 for
24 h in MIN media. The cells were then bubbled with ambient CO2 in the light for 12 h to
induce the CCM. Cells normalized to 100 µg chlorophyll were suspended in 25 mM
HEPES-NaOH buffer (pH 7.4) or 25 mM EPPS-NaOH buffer (pH 8.4) that had been
bubbled with nitrogen gas. A Clark O2 electrode chamber (Rank Brothers, Cambridge,
UK) illuminated at 300 µmol photons m-2 s-1 was used to deplete Ci. Next, different
-

concentrations of NaHCO3 were injected into the depleted culture and the slope was
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calculated for each point. The dissolved inorganic carbon (DIC) concentration needed for
half maximal rate of oxygen evolution was calculated as K1/2(Ci).
Inorganic Carbon Uptake
Silicone oil centrifugation was used to estimate intercellular concentration of
dissolved Ci as in Moroney et al. (1985). Cells were initially grown in TAP media and then
transferred to high CO2 for 24 hrs in MIN media. The cells were centrifuged and
normalized to a concentration of 25 µg chlorophyll mL -1. Cells (4 mL) were illuminated in
a Clark electrode chamber in 25 mM EPPS-NaOH buffer (pH 7.8 or 8.4) until the Ci was
depleted to a net O2 evolution rate of zero. Cells were maintained in the light until used.
300 µL of Ci depleted cells were layered into centrifuge tubes containing 25 µL of 1 M
glycine (pH 10) with 0.75% (w/v) SDS overlaid with 75 µL of Dow Corning AR200/AR 20
(3:1 [v/v]) silicone oil. Assays were performed at 25°C in 200 µmol photons m -2 s-1 light in
a Beckman Microfuge B. Ci uptake was initiated by adding 3 µL of 2.5 mM NaH14CO3 to
a final concentration of 25 µM, followed by the indicated time of illumination (between 15
and 90 sec at 150 µmol photons m -2 s-1). The reaction was terminated by a 15 s
centrifugation in a Microfuge B (Beckman). Internal Ci was calculated using the difference
between total and acid stable 14C in the pellet and corrected for cell volume (Machingura
et al., 2017).
Transmission Electron Microscopy
For investigation by transmission electron microscopy (TEM), C. reinhardtii cells
were grown in TAP medium until the OD730 of the cells reached between 0.2-0.3. Then,
the cells were washed with MIN media and bubbled with high CO2 for 24 hrs. After that,
cells were incubated at high CO2 or ambient CO2 for 12 hrs. The cells were processed for
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TEM as described previously (Mitra et al., 2004). The cells were washed in MIN media
and fixed in growth medium containing equal volume of 1% OsO4, 2% formaldehyde,
0.5% glutaraldehyde, and 0.1 mM sodium cacodylate buffer (pH 7.2) for 30 min. Cells
were then washed and negatively stained with 0.5% uranyl acetate for 30 min in dark,
dehydrated in ethanol and embedded in London resin (LR) white. Ultrathin sections (∼70
nm) were mounted onto collodion-coated nickel grids, and micrographs were obtained
using a JEOL JEM-1400 transmission electron microscope.
Visualization of the CAH5 Protein
Venus fluorescence was visualized using a C. reinhardtii strain cMJ030 expressing
pLM005-CAH5-Venus-3xFLAG (obtained from the C. reinhardtii resource center). C.
reinhardtii cells overexpressing CAH5 were grown in TAP medium until the OD730 of the
cells reached between 0.2-0.3. Then, the cells were washed and bubbled with high CO 2
for 24 hrs. Cells were then incubated at high CO2 or ambient CO2 for 12 hrs. The Venus
fluorescence was observed from the cells with a Leica SP8 confocal microscope using a
63-x water-emersion lens. Two fluorescence detection channels were used, the green
channel for Venus signals (excited at 514 nm) and red channel for chlorophyll
autofluorescence (excited at 488 nm). The emission wavelength of the fluorescence filter
for Venus and chlorophyll was 520–560 and 640–721 nm, respectively. The images
received from the Leica LAS X software were processed through standard deconvolution
using Huygens Essential software.
Complementation of the cah4/5 RNAi Mutant
Complementation of the cah4/5-2 RNAi mutant was achieved by transformation of
cah4/5-2 RNAi mutant cells with Invitrogen pChlamy_4 vector containing a CDS of CAH5
driven by the Hsp70A-Rbc S2 hybrid promoter. The construct used to generate the RNAi
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strains consisted of no untranslated regions (UTRs) of the original CAH5 gene as the
area targeted by the RNAi was in the 3’ UTR of the CAH4 and CAH5 genes. The
electroporation method was used for cell transformation, and strains were selected for
zeocin resistance. The presence of complemented DNA in selected C. reinhardtii strains
was confirmed by PCR. The growth of the complemented lines were then compared to
the growth of the RNAi lines and D66 as described in the screening RNAi lines section.
Quantification and Statistical Analysis
Statistical analyses were performed using Student’s t-test in GraphPad Prism 8. In
all cases, at least 3 biological replicates were taken, and data is represented as mean.
Statistical significance is defined as p < 0.05. Details are in the figure legends.
S. cerevisae strains and growth conditions
Saccharomyces cerevisiae strain DDY2 (S. cerevisiae W303-1a diploid variant)
was used as the starting stock for the generation of a CA knock-out (ΔCA or ΔNCE103).
The complemented yeast strains mentioned in this text include the following: ΔCA-EV,
ΔCA-ScCA, ΔCA-hCA, ΔCA-CrCAH5, ΔCA-CrCAH3, and ΔCA-AtβCA3. The modified
hCA-complemented yeast strains mentioned in this text include the following: ΔCA-hCAYCO, ΔCA-hCA-YCO AcV5, ΔCA-hCA-YCO eGFP, ΔCA-hCA-Atex, ΔCA-hCA-Atex
AcV5, and ΔCA-hCA-Atex eGFP. YCO refers to yeast codon optimized and Atex refers
to Arabidopsis codon optimized. Yeast Minimal media (YM) supplemented with 6.7 g/L
(w/v) Yeast Nitrogen base, 20% (w/v) dextrose, and an amino acid mix was used to grow
liquid cultures of the S. cerevisiae cells. YM plates were made by adding 1.5% (w/v) agar
to liquid YM. The ΔCA generated in this study was grown in 5% (v/v) CO2 in air at 30C,
unless otherwise stated. Liquid cultures were grown on a rotary shaker at 30C in 5%
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(v/v) CO2 in air and ambient CO2 (0.04% [v/v] CO2 in air) for the growth assay. Yeast cells
were grown on YM plates in three different CO2 conditions: 5% (v/v) CO2 in the air, 1%
(v/v) CO2 in the air, and ambient CO2 (0.04% (v/v) CO2 in the air) at 30C. Where
applicable, amino acid mixes were added in the following order for the strains generated
in this report: amino acid mix made without tryptophan (ΔNCE103), amino acid mix made
without histidine and tryptophan (ΔCA, ΔCA-ScCA, ΔCA-hCA-YCO, ΔCA-hCA-YCO
AcV5, ΔCA-hCA-Atex, ΔCA-hCA-Atex AcV5, ΔCA-CrCAH5, ΔCA-CrCAH3 and ΔCAAtβCA3) and amino acid mix made without uracil and tryptophan (ΔCA-hCA-YCO eGFP
and ΔCA-hCA-Atex eGFP).
Generation of Yeast CA Knock-out
The construction of the NCE103 deletion in the diploid strain DDY2 was carried
out by PCR-targeting with a TRP1 disruption cassette flanked by short homology regions
of the NCE103 gene (Gueldener et al. 2011). The disruption cassette was obtained by
amplifying the TRP1 cassette from the plasmid pRS304 (Sikorski et al. 1989 and Table
S1]. pRS304 was used as a template in a PCR reaction to amplify TRP1 with NCE1
flanking sequences using oligonucleotides DDO-1976 and -1977. This DNA was
concentrated by ethanol precipitation and transformed into yeast strain DDY2. The
transformation mix was plated onto minimal media lacking tryptophan to screen for
ΔNCE103 mutants. The successful haploid knockouts were confirmed by PCR using
primers described in Table S1. Correctly targeted strains were sporulated to haploid, and
Trp+ isolates were re-confirmed by PCR as ΔNCE103 mutants.
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CHAPTER 3. MITOCHONDRIAL CARBONIC ANHYDRASES ARE
NEEDED FOR OPTIMAL PHOTOSYNTHESIS AT LOW CO2 LEVELS IN
C. REINHARDTII
Introduction
Aquatic photosynthetic organisms face several challenges obtaining CO 2 from the
environment including slow diffusion of gases in water, pH fluctuations and the slow
interconversion of inorganic carbon forms. Aquatic photosynthetic organisms have
adapted to these changing conditions by developing a carbon dioxide concentrating
mechanism (CCM). In C. reinhardtii the CCM occurs only when it is grown in a low CO2
environment (Moroney and Somanchi, 1999; Spalding, 2008). The CCM increases the
CO2 around Ribulose 1, 5- bisphosphate carboxylase oxygenase (Rubisco) enhancing its
carboxylase activity (Moroney and Ynalvez, 2007). Oxygen competes with CO 2 for the
active site of Rubisco, hence the CCM favors the carboxylase activity of Rubisco at the
same time as reducing the oxygenation process. In low CO 2 conditions, Rubisco is
packaged inside a structure called the pyrenoid, and is surrounded by a starch sheath
(Ramazanov et al., 1994; Freeman Rosenzweig et al., 2017; Itakura et al., 2019). C.
reinhardtii acclimates to low CO2 by maintaining a CCM, which includes proteins that aid
in the delivery of inorganic carbon (Ci = CO2 + HCO3-) to Rubisco in the pyrenoid.
Two major components of the CCM are Ci transporters and CAs. Ci transporters
are located on the plasma membrane (LCI1 and HLA3), chloroplast envelope (LCIA) and
the thylakoid membrane (BST1, BST2 and BST3) (Ohnishi et al., 2010; Yamano et al.,
* This chapter previously appeared as Rai AK, Chen T, Moroney JV (2021) Mitochondrial
carbonic anhydrases are needed for optimal photosynthesis at low CO 2 levels in
Chlamydomonas. Plant Physiol 187: 1387-1398. It is reprinted by permission of Oxford
University Press and Copyright Clearance Center. - permission agreement is attached in
Appendix.
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2015; Mukherjee et al., 2019; Kono et al., 2020). These transporters increase the
bicarbonate concentration inside the chloroplast relative to the external HCO 3concentration. C. reinhardtii has several CAs and some of these are important in the
functioning of the CCM (Moroney et al., 2011). One of them is CAH3, an α-CA located
inside the thylakoid lumen (Karlsson et al., 1998). CAH3 is essential for maintaining high
CO2 inside the chloroplast by converting HCO3- to CO2 in the acidic thylakoid lumen
(Moroney and Ynalvez, 2007; Spalding, 2008). CAH1 and CAH2 are two other α-CAs that
are present in the periplasmic space (Fujiwara et al., 1990; Rawat and Moroney, 1991).
CAH1 is highly upregulated when C. reinhardtii is grown in low CO2, as are all the Ci
transporters. In addition, the expression of CAH1 and the Ci transporters requires the
transcription activator, CIA5, as cells with mutations in CIA5 fail to express these proteins.
The CCM components are under regulation by CIA5 and they show high expression in
low CO2 conditions (Moroney et al., 1989; Fang et al., 2012).
CAH4 and CAH5 were the first β-CAs to be discovered in C. reinhardtii and they
are present in mitochondria (Eriksson et al., 1995). CAH4 and CAH5 are almost identical,
and the genes encoding these proteins are present as an inverted repeat on chromosome
5 (Eriksson et al., 1996). Since CAH4 and CAH5 are nearly identical, they will be referred
to a CAH4/5 for the remainder of this dissertation. CAH4/5 are among the most highly
upregulated genes when C. reinhardtii is grown in low CO2 conditions (Fang et al., 2012).
An Immunogold labelling experiment confirmed that CAH4/5 are present in mitochondria
in cells grown under low CO2 conditions and are undetectable in high CO2 conditions
(Moroney et al., 2011). The expression pattern of CAH4/5 strongly resembles that of a
CCM

component,

which

is

surprising since
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they are

in

the

mitochondria.

29nvitrogeniological role of CAH4/5 is still not clear although a number of hypotheses
have been proposed about their function in C. reinhardtii. One suggested role of CAH4/5
is to maintain the pH of the mitochondrial matrix by generating H + ions during hydration
of CO2. These H+ ions would balance the pH change caused by the production of NH 3 by
glycine decarboxylation (Eriksson et al., 1998). Another idea proposed by Raven (2001),
was that CAH4/5 was needed to retain CO2 generated by the mitochondria. In another
study, CAH4/5 was hypothesized to be required for anaplerotic reactions (Giordano et al.,
2003). Giordano et al. (2003) showed that the levels of CAH4/5 decrease with increasing
ammonium concentration in growth media as HCO3- produced by CAH4/5 is used by PEP
carboxylase for NH4+ assimilation. However, until now, no mutant for CAH4/5 protein has
been reported, so there is little experimental evidence testing these hypotheses.
In this report, we sought to elucidate the function of CAH4/5 in C. reinhardtii by
using an RNAi strategy where we screened for mutants exhibiting low mRNA and protein
expression levels of CAH4/5. Here, we describe the growth and physiological properties
of cah4/5 RNAi mutants under a variety of autotrophic conditions. We found that wild-type
levels of expression of CAH4/5 are required to maintain optimal rates of photoautotrophic
growth on air levels of CO2.
Results
a. CAH4/5 expression is strongly affected by CO2 levels and is under control
of CIA5
CAH4/5 expression was measured in photoautotrophically grown cells using a
CAH4/5 specific antibody (Figure 3.1). In the light, CAH4/5 was nearly absent in cells
maintained on high CO2 (5% CO2 (v/v) in air) conditions but was strongly expressed when
cells were transferred to ambient CO2 (0.04% CO2 (v/v) in air) (Figure 3.1). The results
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agree with early reports by Eriksson et al. (1998) and Giordano et al., (2003). In addition,
CAH4/5 is under the control of CIA5 (Figure 3.2). CAH4/5 expression was not visible in
cia5 cells in light conditions at ambient CO2 or high CO2 concentrations (Figure 3.2). Thus,
the expression of CAH4/5 closely matches the expression of proteins involved in the
CCM.
b. Identification of cah4/5 RNAi lines with reduced levels of CAH4/5
CAH4 and CAH5 proteins differ by only one amino acid (Figure 3.3) (Eriksson et
al. 1995), so they likely have similar functions in vivo. Therefore, the expression of both
genes was reduced to help elucidate their physiological functions. To this end, an RNAi
construct that targets a common region of the CAH4 and CAH5 genes was designed
(Table 2.1). This construct was used to transform strain D66 (the wild-type or WT strain),
and transformants were selected on paromomycin and kept at high CO 2 levels. The
resultant transformants were then screened by growing them on both high and very low
CO2 (<0.02% CO2 (v/v) in air). Colonies that grew well on high CO2 but poorly on very low
CO2 were selected, and their expression of CAH4/5 was examined. Two independent
colonies were selected that showed reduced expression of CAH4/5 transcript and protein.
These strains were designated as cah4/5-1 and cah4/5-2. Figure 3.4A shows the CAH4/5
mRNA levels in the two cah4/5 RNAi strains as well as wild-type cells after cells were
switched from 5% CO2 in air to ambient CO2 levels for 12 hrs. Both RNAi strains had less
CAH4/5 mRNA than WT cells but cah4/5-2 consistently had less mRNA expression than
cah4/5-1 (Figure 3.4A). Immunoblot analysis using polyclonal antibodies raised against
the CAH4/5 protein from C. reinhardtii showed a corresponding decrease in CAH4/5
proteins as compared to wild-type D66 (Figure 3.4B) with both strains having less than
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Figure 3.1. CAH4/5 protein levels are strongly affected by CO2 levels. The left panel is
an immunoblot probed with anti-CAH4 antibodies showing the CAH4/5 levels in D66
grown on minimal media in light at high CO2, or ambient CO2. Cells were grown in MIN
media for 72 h in high CO2 conditions before incubating them under the respective CO 2
conditions. The right panel is an SDS-PAGE gel of the same samples stained with
Coomassie Blue.

Figure 3.2. CAH4/5 protein expression is under the control of CIA5. The left panel is an
Immunoblot probed with anti-CAH4 antibodies showing CAH4/5 levels in cia5 grown on
MIN media in light at high CO2, or ambient CO2 compared to D66 grown at ambient CO2.
Cells were grown in MIN media for 72 h in high CO2 conditions before incubating them
under the respective CO2 conditions. The right panel is an SDS-PAGE gel of the same
samples stained with Coomassie Blue.
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Figure 3.3. Multiple sequence alignment of the CAH4 and CAH5 protein sequence.
Arrow indicates the transit peptide cleavage site.

32

Figure 3.4. Relative mRNA and protein expression of CAH4/5 in D66 and the knockdown
mutants. (A) qRT-PCR shows that the expression of CAH4/5 genes is reduced in
knockdown lines cah4/5-1 and cah4/5-2 when compared to their expression levels seen
in D66. Cells were grown in MIN media for 48 h in high CO2 conditions before transferring
them to ambient CO2 for 12 h before harvesting for RNA. Error bars represent standard
deviation from three biological replicates. Transcript levels were calculated using 2 ΔΔC relative to the reference gene CBLP and reported relative to the corresponding wildT
type D66 cells. The asterisk indicates the value is significantly different from the control
(*P < 0.05 by Student t test). (B) Western blot shows that the protein levels of CAH4/5 is
reduced in knockdown lines cah4/5-1 and cah4/5-2 when compared to D66 grown in low
CO2. Cells were initially grown in MIN media in the light for 48 h in high CO 2 conditions
before incubating them for 12 h at ambient CO2. The top panel is an immunoblot using
an antibody raised against CAH4; the bottom panel is SDS-PAGE of the samples stained
with Coomassie Blue.
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20% of the WT amount of CAH4/5. In wild-type cells, the CAH4/5 protein is highly
expressed when cells are grown in ambient CO2 conditions, but this expression is
reduced drastically in high CO2 conditions (Figure 3.4B, lanes 1 and 2). Neither RNAi
strain has elevated levels of CAH4/5 even when grown in ambient CO 2. In agreement
with the mRNA results, the amount of CAH4/5 protein is reduced in both RNAi lines
(Figure 3.4B).
c. Growth analysis of CAH4/5 RNAi mutants
The growth of cah4/5-1 and cah4/5-2 was tested on high, ambient, and very low CO2 at
different pH levels. For this experiment, the strains cia3 and cia5 were used as controls.
The first control, cia3, is a knockout of CAH3, which is responsible for encoding the
thylakoid lumen CA. The second control, cia5, is a knockout of gene CIA5 which is a
transcription factor controlling the expression of many CCM genes (Moroney et al., 1989;
Fukuzawa et al., 2001; Xiang et al., 2001). CAH4/5 mutants showed reduced growth at
all three pH levels tested (7.2, 7.8, 8.4) in ambient and very low CO 2 conditions (Figure.
3.5). The poor growth phenotype was more severe at pH 7.8 and 8.4 and worse under
very low CO2 conditions (Figure 3.5). However, at high CO2, the growth of the cah4/5
RNAi mutants was similar to wild type at all pH. Therefore, the cah4/5 RNAi lines show a
classic CCM phenotype, growing well on high CO2 but poorly under ambient or very low
CO2 concentrations. In addition, growth is worse at high pH where most of the Ci is in the
form of HCO3-. Therefore, CAH4/5 is required for optimal photoautotrophic growth of C.
reinhardtii under ambient or very low CO2 conditions.
To confirm the reduction of CAH4/5 is the reason for the phenotype, a qPCR
experiment was performed to determine whether the expression of other CCM genes was
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affected by the reduction in the CAH4/5 transcript. All the CCM genes in the RNAi strains
were expressed at levels equal to or slightly greater than seen in wild-type cells (Figure
3.6). As an additional confirmation that the reduction in the CAH4/5 transcripts was the

Figure 3.5. Growth of mutants cah4/5-1 and cah4/5-2 at different CO2 levels. Growth
analysis showing D66, cah4/5-1, cah4/5-2, cia3 and cia5. Cells were diluted to 6.6 × 106
cells ml-1, followed by 1:10 serial dilution 3 times at very low CO2, ambient CO2 and high
CO2 at pH 7.2, pH 7.8 and pH 8.4. Cells were grown for 6 days. The cia3 and cia5 mutants,
were included as a CCM-deficient control. Cells were initially grown in TAP media at
ambient CO2 in the light before spotting them onto plates.
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cause of the poor growth phenotype, CAH5 was transformed back into the cah4/5-2 RNAi
line. Complementation of cah4/5-2 was achieved by expressing CAH5 CDS (804 bp)
without includ’ng 5' UTR ’nd 3' UTR in36nvitrogenrogen pChlamy _4 vector under control
of Hsp70A-Rbc S2 hybrid promoter. Results of growth experiments show that the wildtype phenotype in low CO2 conditions was restored in complemented lines (referred to as
com1, com2 and com 3) (Figure 3.7).
d. Reduction in CAH4/5 expression decreases the cells’ affinity for Ci
The ability of algal cells to accumulate Ci increases when the CCM is induced and
cells with an active CCM have very high affinities for inorganic carbon (C i). The CCM
allows cells to accumulate Ci to higher levels than that can be attained by diffusion. Both
cah4/5-1 and cah4/5-2 show a severe reduction in Ci affinity at pH 7.8 and 8.4 when
grown under low CO2 conditions (Figure 3.8). The higher K0.5(Ci) observed in the mutants
indicates they have a lower Ci affinity as compared to the wild type, D66. In addition, the
reduced affinity for Ci, as indicated by the higher K0.5(Ci), becomes more severe at higher
pH as shown in Figures 3.8B and 3.8C.
At pH 8.4, the K0.5(Ci) for cah4/5-1 is 300 μM, and cah4/5-2 is 225 μM, as
compared to a K0.5(Ci) of 75 μM in D66 (Figure 3.8C). Similarly, the K0.5(Ci) of cah4/5-1,
cah4/5-2 and D66 at pH 7.8 are 150, 98 and 55 μM respectively. These data, like the
growth data, show that the cah4/5 RNAi strains have a reduced ability to use Ci especially
at higher pH.
e. RNAi silenced strains exhibit reduced Ci accumulation
Ci accumulation was measured in wild type (D66) and the cah4/5 RNAi strains at
low Ci conditions to assess the importance of CAH4 and CAH5 in accumulation and
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Figure 3.6. RT-qPCR of other CCM genes. The figure shows comparative relative
expression of CCM genes in wild type (D66) and RNAi knockdown strains for (A) CAH1
(B) LCI1 (C) CAH3 (D) LCIB (E) Nar1.2. Error bars represent standard deviation from
three biological replicates. For all the CCM genes, transcript levels were calculated using
2-ΔΔCT relative to the reference gene CBLP and reported relative to the corresponding
wild-type D66 cells.
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Figure 3.7. Growth of strains complementing the cah4/5 RNAi knockdown line at different
CO2 levels. Growth analysis showing D66, cah4/5-2, cia3, cia5, com1, com2 and com3.
Cells were diluted to 6.6 × 106 cells mL-1, followed by 1:10 serial dilution 3 times at very
low CO2, ambient CO2 and high CO2 at pH 7.2. Cells were grown for 6 days. The cia3
and cia5 mutants were included as a CCM-deficient control. Cells were initially grown in
TAP media at low CO2 in the light before spotting them onto plates.
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Figure 3.8. Photosynthetic oxygen evolution of the cah4/5 knockdown RNAi lines and
D66. Ci affinity and K0.5(Ci) was estimated for cah4/5-1, cah4/5-2 and D66 acclimated to
ambient CO2 for 12 h at (A) pH 7.2, (B) pH 7.8 and (C) pH 8.4. K0.5 (Ci) values (Ci
concentration needed for half maximum oxygen evolution) were calculated from the O 2
evolution versus Ci curves. The differences in K0.5(Ci) were significant. The asterisk
indicates the value is significantly different from the control (*P < 0.05 by Student t test).
Cells were grown in MIN media for 48 h in high CO2 conditions before incubating them for
12 h at ambient CO2 at the indicated pH. Triplicate runs were made at each Ci
concentration.
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fixation of Ci. At pH 7.8, there is a significant decrease in Ci fixation and Ci accumulation
for the cah4/5 mutants as compared to D66 (Figs. 3.9A, 3.9B). Ci accumulation and
fixation are further reduced in both the RNAi lines when pH is increased from 7.8 to 8.4
(Figs. 3.10A and 3.10B). The difference in accumulation was visible from earliest time
point i.e., 15 sec up to and including 90 sec. In both mutants, Ci accumulation is only 30%
– 40% of the levels observed in the wild-type D66 cells. This clearly indicates that CAH4
and CAH5 in the mitochondria play an important role in Ci accumulation and retention in
ambient CO2 conditions in C. reinhardtii.
f. Mitochondria and CAH4/5 are located to the cell periphery in cells
growing under low CO2 conditions
When observed using transmission electron microscopy (TEM) the number and
localization of C. reinhardtii mitochondria varies with the cells’ growth conditions
(Geraghty and Spalding, 1996). When grown in high CO2, D66 cells had fewer
mitochondria as compared to D66 cells grown in ambient CO2 (Figures 3.11A and 3.11B).
However, the cross sections of the mitochondria seen in cells growing at high CO 2 were
larger than those observed in cells grown under ambient CO2 (Figure 3.11A, 3.11B, 3.12A
and 3.12 B). In addition, the distribution of the mitochondria was different. In cells grown
in high CO2, the mitochondria were distributed throughout the cells (Figure 3.11A).
However, in cells grown under ambient CO2, the mitochondria can be clearly seen
distributed near plasma membrane (Figure 3.11B). These are similar to those reported
by Geraghty and Spalding (1996). This observation can also be seen in Figure 3.12,
where TEM images of multiple cells are shown. The mitochondrial location was confirmed
using cells containing CAH5 tagged with Venus. In those cells expressing the CAH5-
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venus protein, in high CO2 grown cells. CAH5 is localized mostly in the center of the cell,
whereas in all cells acclimated to ambient CO2 in air) CAH5 was localized to the periphery
of the cell (Figures 3.13 and 3.14).

Figure 3.9. Ci uptake of D66 and cah4/5 RNAi knockdown lines at pH 7.8. The silicone
oil method was used to estimate Ci fixation and Ci accumulation (see Materials and
Methods). Cells were grown in elevated CO2 and then acclimated to ambient CO2 for 12
h prior to the assays. Cells were depleted of endogenous C i in a 6 mL chamber with a
Clark electrode before performing the assays. Time courses of CO2 fixation (A) and Ci
accumulation (B) are shown at pH 7.8. Triplicate samples were run for each time point.
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Figure 3.10. Inorganic carbon uptake of D66 and cah4/5 RNAi knockdown lines at pH
8.4. The silicone oil method was used to estimate Ci fixation and Ci accumulation (see
Materials and Methods). Cells were grown in elevated CO2 and then acclimated to
ambient CO2 for 12 h prior to the assays. Cells were depleted of endogenous Ci in a 6 mL
chamber with a Clark electrode before running the assays. Time courses of CO 2 fixation
(A) and Ci accumulation (B) are shown at pH 8.4. Triplicate samples were run for each
time point.
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Figure 3.11. Mitochondrial localization in wild-type D66 cells with change in CO2 levels.
TEM of sectioned C. reinhardtii WT cells at (A) high CO2 and (B) ambient CO2 levels. WT
cells were grown in MIN media for 48 h in high CO2 before incubating them to 12 h of
their respective conditions. Areas shown by the rectangles are enlarged (Right) to reveal
mitochondrial structures. Scale bar, 2 µm (A), 2 µm (B) and 500 nm (enlargements).

43

Figure 3.12. Additional TEM images of whole cells of the D66 strain. Images were
from (A) high CO2 and (B) ambient CO2 levels. At ambient levels of CO2, the mitochondria
are arranged along the plasma membrane of the C. reinhardtii cell.

44

Figure 3.13. CAH5 protein localization in wild-type cells with changes depending on the
CO2 levels during growth. Confocal images were taken of CSI_FC1D07 cells expressing
pLM005-CAH5-Venus-3xFLAG at (A) high CO2 and (B) ambient CO2 levels. WT cells
were grown in MIN media for 48 h in high CO2 before incubating them to 12 h of their
respective conditions. Scale bar, 4.2 µm (A), 2.9 µm (B).
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Figure 3.14. Additional confocal images of whole cells of the CSI_FC1D07 expressing
pLM005-CAH5-Venus-3xFLAG. Images were from (A) high CO2 and (B) ambient CO2
levels. At ambient levels of CO2, the CAH5 proteins are localized along the periphery of
the C. reinhardtii cell.
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Discussion
CAH4 and CAH5 were initially discovered in C. reinhardtii in 1996 (Eriksson et al,
1996). The genes encoding CAH4 and CAH5 are arranged as an inverted repeat on
chromosome 5 and are controlled by a single promoter (Eriksson et al., 1996). The
expression of CAH4/5 increases dramatically when cells are shifted from 5% CO2
conditions to air levels of CO2 or lower in the light (Eriksson et al., 1998; Giordano et al.,
2003; Fang et al., 2012). Immunogold labelling and Venus tagging experiments both show
that CAH4/5 is localized to the mitochondrial matrix (Geraghty and Spalding, 1996;
Moroney et al., 2011; Tirumani et al., 2014; Mackinder et al., 2017). This report presents
the first evidence that CAH4 and CAH5 are required for autotrophic growth in the light
when the CO2 level is low. Since CAH4 and CAH5 have almost identical open reading
frames, we used an RNAi approach to target both genes simultaneously. A similar
approach was recently used to reduce the expression of three similar bestrophin genes
in C. reinhardtii (Mukherjee et al., 2019). The RNAi construct successfully reduced the
amount of CAH4/5 mRNA (Figure 3.4A). The reduction of CAH4/5 mRNA expression in
the RNAi mutants was mirrored by a similar reduction in protein abundance as estimated
by immunoblots (Figure 3.4B). The expression of other CCM genes was also tested and
they were expressed in the RNAi strains at levels equal to or slightly higher than in wildtype D66 (Figure 3.6). In complementation experiments, the expression of the CAH5
coding region from the wild-type gene was able to restore the normal growth phenotype
(Figure 3.7). These results suggest that the RNAi construct is specifically affecting the
transcript abundance of CAH4 and CAH5.
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The RNAi strains also exhibited slower growth under ambient CO 2 and very low
CO2 when compared to wild-type cells (Figure 3.5). On the other hand, the RNAi strains
grew at a rate similar to the wild-type parent in high CO2 conditions (Figure 3.5). It is likely
that at high CO2 levels there is no need for a CCM in C. reinhardtii cells. The cah4/5 RNAi
silenced strains exhibited reduced rates of photosynthesis at low concentrations of DIC,
and over a range of pH levels (Figure 3.8).
The slow growth observed in low CO2 (0.04% CO2 or lower) (Figure 3.5 and 3.8)
is likely due to the reduced ability of the RNAi mutants to accumulate and retain Ci. The
RNAi lines had a lower apparent affinity for inorganic carbon (Figure 3.8) and a reduced
ability to accumulate added

14C
i

(Figure 3.9 and 3.10). Algae with a CCM must not only

be able to accumulate Ci for photosynthesis, but they also must reduce CO2 leakage. An
important aspect of preventing the leakage is the pKa of the interconversion of HCO3- and
CO2 which is about 6.4. CO2 is thought to be able to readily cross cell membranes while
HCO3- is about 100-fold slower in crossing membranes (Gutknecht et al, 1977, Tolleter et
al. 2017). The chloroplast stroma has a pH close to 8 in the light while the thylakoid lumen
has a pH close to 5.5. The acidic environment inside the thylakoid lumen favors the
conversion of HCO3- to CO2, a reaction catalyzed by the luminal CA CAH3. This increases
the CO2 concentration around Rubisco, but the resulting high CO2 concentration also
leads to CO2 leakage problems (Karlsson et al., 1998; Moroney and Ynalvez, 2007;
Spalding, 2008). The CO2 gradient from inside the pyrenoid to the outside of the cell could
lead to a significant loss of CO2 by diffusion (Raven, 2001). The LCIB/C complex
surrounding the pyrenoid is an important component of C. reinhardtii CCM. It has been
proposed that this complex may reduce CO2 leakage from the pyrenoid by converting that
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CO2 to HCO3- (Yamano et al., 2010; Wang et al., 2015; Mackinder et al., 2017). By
converting the CO2 to HCO3-, a reaction favored by the stromal pH, the loss of Ci is less
severe since HCO3- crosses membranes more slowly.
We propose that CAH4 and CAH5 can reduce CO2 leakage from the cell in two
ways. First, the mitochondria produce CO2 through respiration and photorespiration. It
has been estimated that mitochondrial respiration in the light is about 10% the rate of CO2
fixation (Raven 1984). In addition, even though the rate of photorespiration is reduced by
the CCM, it has been measured to be between 2-5% of the rate of CO2 assimilation
(Moroney et al. 1986b). The CO2 produced by these processes has the potential to be
lost from the cell, and cells acclimated to low CO2 cannot afford to lose this carbon. We
propose that CAH4/5 is produced at high levels when C. reinhardtii is grown in the light
on low CO2 to reduce CO2 leakage. As shown in Figure 3.15, the CO2 generated in the
mitochondria matrix is converted to HCO3- by CAH4/5, and using a possible bicarbonate
transporter (Pollock et al., 2004) the HCO3- is brought back to the cytosol. Since no CA
has been found in the cytoplasm, the rate of conversion of this HCO 3- back to CO2 in the
cytosol should be minimal. Thus, the HCO3- can be then transported back to the thylakoid
lumen using bicarbonate transporters present on the chloroplast inner membrane and
thylakoid membrane (Mukherjee et al., 2019) (Figure 3.15). It is also likely that some of
the bicarbonate generated in the mitochondria is used in the anaplerotic reactions
(Giordano et al., 2003).
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Figure 3.15. Model showing the proposed physiological role of mitochondrial CAH4/5 in
the CCM of C. reinhardtii. In (A) known CAs (CAH1, CAH2, CAH3 and LCIB) are indicated
in the periplasmic space, the chloroplast stroma and the thylakoid lumen respectively.
Dotted lines indicate the leakage of CO2 out from the pyrenoid and how it is recaptured
by different layers of CAs. (B) indicates the proposed recapturing of CO2 in mitochondria.
The CO2 leakage arises from chloroplast, mitochondrial respiration and photorespiration
(Rai et al. 2021).
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A second way CAH4/5 can help in the accumulation of Ci is by helping LCIB/C in
recapturing CO2 leaking from the pyrenoid. The positioning of the mitochondria to the
periphery of the cell (Figures 3.11, 3.12, 3.13, 3.14 and Tirumani et al. 2014), allows
CAH4/5 to become a second layer of CA that CO2 must cross before exiting the cell.
As suggested by Geraghty and Spalding (1996), the positioning of the
mitochondria may also be important in intercepting glycolate coming from the chloroplast.
C. reinhardtii cells grown under 5% CO2 in air will excrete large amounts of glycolate into
the medium (Hess and Tolbert, 1967) if placed in a low CO2 environment in the light. They
will continue to excrete glycolate until the CCM is induced in about four hours. In addition
to upregulating the expression of photorespiratory genes (Chen et al., 1996; Tural and
Moroney, 2005) the repositioning of the mitochondria would favor the recapture of
glycolate with CAH4/5 converting the CO2 released by glycine decarboxylase to HCO3-.
Thus, the upregulation of CAH4/5 in conjunction with repositioning of mitochondria helps
in retaining the CO2 generated by the mitochondria as well as help LCIB/C reduce CO 2
leakage from the chloroplast.
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CHAPTER 4. A RAPID METHOD FOR DETECTING NORMAL OR
MODIFIED PLANT AND ALGAL CARBONIC ANHYDRASE ACTIVITY
USING A YEAST CARBONIC ANHYDRASE KNOCK-OUT MUTANT
Introduction
CA catalyzes the interconversion between CO2 and HCO3− in solution (Supuran,
2016). Although the interconversion of CO2 and HCO3− happens even without CA, it
occurs at a very slow rate. CA is essential for organisms to ensure a quick supply of CO2
and HCO3− for various metabolic pathways. CAs also play a crucial role in photosynthetic
organisms. For example, the CO2 concentrating mechanism (CCM) of C. reinhardtii and
cyanobacteria is powered by CAs (Sültemeyer et al., 1993; Badger, 2003; Moroney et al.,
2011; DiMario et al., 2018). In algal and cyanobacterial biophysical CCMs, Rubisco
(Ribulose 1,5-bisphosphate carboxylase/oxygenase) is packaged in very specific
compartments, such as in carboxysomes for cyanobacteria, and pyrenoids for eukaryotic
algae. The algae first accumulate HCO3- to high levels in the cytosol (cyanobacteria) or
chloroplast stroma (eukaryotic algae) and then a specific CA is needed to convert the
HCO3- to CO2 for photosynthesis. This creates a local environment around Rubisco that
has an elevated CO2 concentration. In C. reinhardtii, the conversion of HCO3- to CO2 is
catalyzed by CAH3 in the thylakoid lumen inside the pyrenoid. Loss of this thylakoid CAH3
in C. reinhardtii results in very slow growth rates at ambient levels of CO2 (Karlsson et al.,
1998). Similarly, carboxysomal CAs in cyanobacteria are required for the conversion of
accumulated

HCO3−

to

CO2

for

fixation

by

ribulose

1,5-bisphosphate

carboxylase/oxygenase (Rubisco) (Espie and Kimber, 2011). For photosynthetic
organisms to function efficiently, the CAs must be in the correct inter-and intracellular
locations. For example, Price et al. (1992) showed that CA expressed in the cytoplasm of
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the cyanobacterium Synechocystis cells short-circuited the CCM, even though CAs in the
carboxysome are critical for maintaining the CCM.
In C4 plants, the CCM is maintained by CA activity in mesophyll cells (Hatch and
Burnell, 1990). For C4 plants, the first step in photosynthesis is the conversion of CO 2
diffusing into the leaf mesophyll cells to HCO3- by a cytosolic CA (Hatch and Burnell,
1990). DiMario et al. (2022) demonstrated that when mesophyll cytoplasmic CA activity
is eliminated, photosynthesis is reduced in C4 plants grown at ambient levels of CO2. C3
plants, in contrast, do not have a CCM. However, C3 plants still have a large number of
genes encoding CA. In Arabidopsis, the α, β, γ, and γ-like isoforms of CA are encoded by
17 distinct genes. The role of CAs in terrestrial C3 plants appears to be less understood
due to the compensatory effect of multiple isoforms. For example, DiMario et al. (2022)
knocked out different CAs in Arabidopsis where two CAs, βCA2, and βCA4, are present
in the cytosol of leaf mesophyll cells. They observed that eliminating only one of the
cytosolic CAs resulted in no observable phenotype. Only when both βCA2 and βCA4
were knocked out, plants were unable to grow normally on low CO2. In addition, MedinaPuche, et al. (2017) observed that single knock-out lines for most βCAs in Arabidopsis
had normal growth on air.
There have been attempts in recent years to improve photosynthesis by
introducing components from cyanobacteria, algae, or other C4 plants into terrestrial C3
plants (Long et al., 2015; Atkinson et al., 2020; Hennacy and Jonikas, 2020). For these
approaches to work, algal CAs must be modified to retarget them to specific locations in
C3 plants. This will involve targeting CAs to the chloroplast thylakoid lumen or in the cell
wall. For this approach to work, algal CAs would need to be modified or tagged to
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determine whether they are being targeted to the correct intracellular location. Thus, a
rapid screen would be useful to determine whether a protein modification inhibits CA
activity. Transforming prospective CAs into plants is possible, but it requires significant
time and resources. Heterologous complementation systems capable of detecting CA
activity (i.e., catalysis of the pH-dependent interconversion between CO2 and HCO3−) or
active bicarbonate transport are valuable when studying CCM components.
Here we determined whether the high-CO2-dependent yeast CA knock-out line,
ΔNCE103 (referred to as ΔCA), is suitable as a heterologous complementation system
for the detection of active CAs from plants and algae. The ΔCA strain cannot grow on
ambient levels of CO2 but can grow on very high levels of CO2 (5% CO2 (v/v) in the air).
The ΔCA strain lacks the gene NCE103, which encodes a single native yeast CA
(Aguilera et al., 2005). It has been proposed that the loss of this native yeast CA results
in yeast cells that do not have enough HCO3– for important metabolic processes such as
fatty acid and nucleotide synthesis (Aguilera et al., 2005). It has been speculated that
yeast requires some CA activity for survival at air-levels of CO2 (0.04% [v/v] CO2 in air)
because the uncatalyzed rate of conversion of CO2 into HCO3– produces insufficient
HCO3– for anaplerotic pathways (Whitney and Cooper, 1972; Mishina et al., 1980).
Aguilera et al. (2005) hypothesized that the ΔCA mutant cells were not viable in air
levels of CO2 largely because the cellular HCO3– level was insufficient for generating
lipids. Yeast uses acetyl-CoA as a building block to synthesize neutral lipids (NL) such as
triglycerides (TGs) and sterol-esters (SEs) (Magnuson et al., 1993). The first step in fatty
acid biosynthesis is the carboxylation of acetyl-CoA to malonyl-CoA (Rogers and Henne,
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2021). This reaction uses HCO3– which appears to be generated from CO2 by the native
CA in the wild-type yeast cell.
Therefore, ΔCA can be used to detect and analyze CA activity of normal or
modified CAs and unusual CA-like proteins. In this regard, we first used the ΔCA line to
investigate the CA activity of the human CA II protein. We then tested the viability of
tagged modified human CA II proteins to see if CA activity is affected by the addition of
various tags. We also tested the activity of CAs located in the mitochondria and thylakoids
of C. reinhardtii. The mitochondrial CAs, CAH4 and CAH5, are β-CAs are highly
expressed at air levels of CO2 (Eriksson et al., 1996; Fang et al., 2012). They have been
shown to be necessary for optimal photosynthesis in limiting-CO2 conditions (Rai et al.,
2021). Similarly, CAH3 is an α-CA located in the thylakoid lumen that generates CO2 for
fixation by Rubisco inside the pyrenoid (Karlsson et al., 1998; Park et al., 1999). The ΔCA
was also demonstrated to be useful in investigating CA activity in unusual types of CAlike proteins, such as the LCIB/C proteins from C. reinhardtii. LCIB and LCIC are located
in form of a complex outside the pyrenoid in chloroplast stroma (Wang et al., 2014).
The current hypothesis is that LCIB performs vectoral CO2 hydration activity by
recapturing leaking CO2 from pyrenoid and converting it to HCO3- in the chloroplast
stroma. We also used an Arabidopsis thaliana β-CA called βCA3 to see if the
heterologous complementation system using ΔCA works for plant CAs. Aside from
viability tests, CA activity was verified using the Wilbur-Anderson assay (Wilbur and
Anderson, 1948) and isotope-exchange membrane-inlet mass spectrometry (MIMS). The
results presented in this study suggest that the ΔCA strain can be used to determine CA
activity from different sources.
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Results
a. The S. cerevisae strain ΔCA has a high-CO2-dependent growth phenotype
The CO2 requirement of ΔCA was characterized by conducting growth assays in
solid media supplemented with different levels of CO2: 5% CO2 ((v/v) in the air), 1% ((v/v)
in the air), and ambient (~0.04% (v/v) CO2 in the air (Figure 4.1). For these experiments,
ΔCA refers to the ΔNCE103 strain transformed with an empty vector (EV) containing the
selectable gene. For the positive control, the same strain is used but transformed with a
vector containing the yeast CA gene. The ΔCA grows only at 5% CO2 but dies at 1% CO2
and ambient CO2. These results agree with an early report by Aguilera et al. (2005). To
investigate the biochemical deficiency underlying the high-CO2-dependent phenotype of
ΔNCE103, we incorporated radiolabeled 14C-acetic acid into ΔCA, ΔCA-ScCA, and ΔCAhCA for one hour in ambient CO2 using a silicone oil filtering centrifugation assay. The
incorporation of radiolabeled

14C

in neutral lipids was higher in cells reconstituted with

ScCA or hCA compared to ΔCA at one hour. Further, ΔCA-hCA had twice the
incorporation of 14C in neutral lipids compared to ΔCA at 1 h (Figure 4.2).
b. ΔCA can be used as a heterologous complementation system to detect
CA activity in normal and modified CAs
The CO2 growth requirement of ΔCA was used to characterize CA activity in
normal and modified CAs. CA from human red blood cells (hCA) complemented the ΔCA
phenotype in ambient CO2 and 1% CO2 (Figures 4.3 and 4.4) (Clark et al., 2004). We
observed in the liquid growth assay that strain ΔCA-hCA-YCO grew faster than ΔCA on
5% CO2 and ambient CO2. However, in both conditions, ΔCA-ScCA growth was the
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fastest (Figure 4.3). In the growth assay on solid media, ΔCA-hCA-YCO grew in ambient
CO2 and 1% CO2 at a rate similar to ΔCA-ScCA (Figure 4.4). Next, we used YCO hCA

Figure 4.1. Yeast CA knock-out (ΔCA) cannot grow in limiting-CO2 conditions. ΔCA cells
and yeast CA knockout-out cells complemented with ScCA (ΔCA-ScCA) were plated in
10 µL spots on YM (-His, -Trp) plates and incubated at 30°C in 5%, 1%, and ambient
(0.04%) CO2 for 3 days. The cells were standardized to an initial OD600 of 0.1 and serially
diluted before plating.
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Figure 4.2. ΔCA complemented with YCO human CA (hCA) incorporates 14C-acetic acid
into neutral lipids at a faster rate than ΔCA and ΔCA-ScCA. ΔCA-ScCA, ΔCA-hCA-YCO,
and ΔCA cells were grown in liquid YM (-His, -Trp) supplemented with 14C-acetic acid for
one hour in air levels of CO2. ΔCA-ScCA cells supplemented with 14C-acetic acid for zero
hours is shown as a negative control. 14C incorporation was measured using a silicone
oil-filtering centrifugation assay.
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Figure 4.3. ΔCA-hCA-YCO can grow in limiting-CO2 conditions in liquid media, similar to
ΔCA-ScCA. ΔCA-ScCA, ΔCA, and ΔCA-hCA-YCO cells were grown in liquid YM (-His, Trp) and incubated at 30°C in 5% ((v/v) in the air) and ambient (0.04% (v/v) in the air)
CO2 for 24 hours. The cultures were standardized to an initial OD660 of 0.1 in 50 mL.
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Figure 4.4. ΔCA-hCA-YCO can grow in limiting-CO2 conditions on solid media, similar to
ΔCA-ScCA. ΔCA-ScCA, ΔCA, and ΔCA-hCA-YCO cells were grown to logarithmic phase
then plated in 10 µL spots on YM (-His, -Trp) plates and incubated at 30°C in 5%, 1%,
and ambient (0.04%) CO2 for 3 days. The cells were standardized to an initial OD600 of
0.1 and serially diluted before plating.
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and Atex hCA to check the effect of protein modification on CA activity. Additionally, we
added the tags AcV5 and eGFP to see if they affect the growth of the yeast. The growth
assays on solid media show that the modified hCA variants complemented ΔCA in
ambient CO2 and 1% CO2 (Figure 4.5). We also compared the expression of hCA in the
complemented lines by analyzing the protein’s abundance via western blots. In the strains
complemented with the YCO genes (ΔCA-hCA-YCO, ΔCA-hCA-YCO AcV5 and ΔCAhCA-YCO eGFP), hCA expression was higher compared to strains complemented with
Atex genes (ΔCA-hCA-Atex, ΔCA-hCA-Atex AcV5 and ΔCA-hCA-Atex eGFP; Figure
4.6A). The protein expression of hCA was not affected by the addition of the AcV5 and
eGFP tags in strains complemented with the genes optimized for yeast and Arabidopsis
(Figure 4.6A and 4.6B).
a. Plants and algal CAs show CA activity in ΔCA heterologous
complementation system
To test the hypothesis that the ΔCA heterologous complementation system can
rapidly detect CA activity in different algal CA isoforms, we expressed the C. reinhardtii
β-CA CAH5 and the α-CA CAH3 from C. reinhardtii in ΔCA. Expression of CAH5 restored
a normal growth phenotype in the ΔCA mutant grown in ambient CO2 and 1% CO2 (Figure
4.7). CAH5 protein expression was detected in ΔCA-CrCAH5 and in the positive control
C. reinhardtii (Figure 4.8A). The full-length CDS (coding sequence) was used for the
expression of CAH5 in ΔCA. The western blot shows that yeast was able to cleave the
full-length CAH5. We observed a full-length polypeptide around 28 kD and a cleaved
polypeptide around 21 kD which is similar to the size observed in the positive control, a
C. reinhardtii cell extract. Additionally, this is the first report showing CAH5 is an active

61

CA in a heterologous system. The expression of CAH3 in ΔCA-CrCAH3 YCO led to
growth on 1% CO2, but no growth was observed at ambient CO2 (Figure 4.7). In the strain
ΔCA-CrCAH3 which uses the native C. reinhardtii gene, the growth phenotype was not
restored. The western blot detects CAH3 expression in ΔCA-CrCAH3 YCO and in positive
control C. reinhardtii (Figure 4.8B). Benlloch et al. (2016) reported earlier that CAH3 is an
active CA enzyme, and its activity is highest in an acidic environment. We also
demonstrate that CrLCIB complements the S. cerevisiae CA knock-out mutant and allows
it to grow on air (Figure 4.9). This result is the first evidence that LCIB is an active CA
(Figure 4.10). CrLCIC does not complements the S. cerevisiae CA knock-out mutant but
combination of CrLCIB-CrLCIC restores the CA knockout.
To test the activity of plant CAs in ΔCA, we used βCA3 from the cytosol of
Arabidopsis. A normal growth phenotype was restored in ΔCA complemented with βCA3
when the mutant was grown in ambient CO2 and 1% CO2 (Figure 4.11). This result
suggests that βCA3 is an active CA.
ΔCA heterologous complementation system used to quantify CA activity using
Wilbur-Anderson assay and membrane inlet mass spectrometry (MIMS)
To rapidly quantify CA activity in normal or modified CAs in the yeast system we
used the Wilbur-Anderson assay and isotope-exchange membrane inlet mass
spectrometry (MIMS). A Wilbur-Anderson assay showed CA activity in ΔCA
complemented with different variants of hCA (Table 4.1). CA activity was recorded as 4.7
± 0.5 WAU mg−1 in the ΔCA-hCA-YCO strain using YCO genes. The addition of AcV5
and eGFP decreased the CA activity to 3.9 ± 0.4 WAU mg−1 and 2.5 ± 0.3 WAU mg−1
respectively. In the strains using Atex genes, CA activity was further reduced. The strain
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ΔCA-hCA-Atex showed CA activity around 1.9 ± 0.2 WAU mg−1. Similar to the tagged
YCO strains the addition of AcV5 and eGFP decreased CA activity to 0.9 ± 0.1 WAU mg−1
and 1.4 ± 0.2 WAU mg−1 respectively. Further, CA activity assays were performed using
MIMS (Figure 4.12). We found that the cell lysate in ΔCA-hCA-YCO strain exhibited CA
activity. The AcV5 and eGFP tags reduce the CA activity significantly consistent with the
measurements obtained using the Wilbur-Anderson assay.
Table 4.1. The Wilbur-Anderson assay can be used to measure CA activity in the ΔCA
mutant. CA assay was performed on S. cerevisae protein extracts from the abovementioned strains grown in 5% CO2 for 72 hours. One WAU = (t0−t)/t where t0 is the time
for the uncatalyzed reaction and t is the time for the enzyme-catalyzed reaction. The
negative control (ΔCA-EV) has an activity of 0.9 ± 0.1 WAU mg−1.
Strain

Specific
activity

ΔCAhCAYCO

ΔCAhCAYCO
AcV5
4.7  3.9 
0.5
0.4
WAU WAU
mg-1
mg-1

ΔCAhCAAtex

ΔCAhCAAtex
AcV5
1.9  0.9 
0.2
0.1
WAU WAU
mg-1
mg-1
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ΔCAhCAYCO
eGFP
2.5 
0.3
WAU
mg-1

ΔCAhCAAtex
eGFP
1.4 
0.2
WAU
mg-1

ΔCA- ΔCAEV
ScCA

0.9 ±
0.1
WAU
mg−1

1.2 ±
0.1
WAU
mg−1

Figure 4.5. Modified ΔCA-hCA constructs still grow in limiting-CO2 conditions regardless
of codon optimization or added tags. ΔCA-ScCA, ΔCA, ΔCA-hCA-YCO, ΔCA-hCA-YCO
AcV5, ΔCA-hCA-YCO eGFP, ΔCA-hCA-Atex, ΔCA-hCA-Atex AcV5, and ΔCA-hCA-Atex
eGFP cells were grown to logarithmic phase then plated in 10 µL spots on YM (-His, -Trp)
plates and incubated at 30°C in 5%, 1%, and ambient (0.04%) CO 2 for 3 days. The cells
were standardized to an initial OD600 of 0.1 and serially diluted before plating.
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Figure 4.6. Immunoblots detect hCA expression. (A) Immunoblot showing hCA
expression in ΔCA-ScCA, ΔCA, Δca-hCA-YCO, Δca-hCA-YCO AcV5, Δca-hCA-Atex,
and Δca-hCA-Atex AcV5. (B) Immunoblot showing hCA expression in ΔCA-ScCA, ΔCA,
Δca-hCA-YCO eGFP, and Δca-hCA-Atex eGFP. Cells were grown in liquid YM (-His, Trp) and 5% CO2 for 72 hours prior to extracting protein. Below the immunoblots are SDSPage gels loaded with the same protein samples and stained with Coomassie Blue.
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Figure 4.7. ΔCA complemented with CrCAH3 (YCO) can grow in 1% CO2 while ΔCA
complemented with CrCAH5 can grow in 1% and ambient CO 2. ΔCA-ScCA, ΔCA, ΔCACrCAH3 YCO, ΔCA-CrCAH3, and ΔCA-CrCAH5 cells were grown to logarithmic phase
then plated in 10 µL spots on YM (-His, -Trp) plates and incubated at 30°C in 5%, 1%,
and ambient (0.04%) CO2 for 3 days. The cells were standardized to an initial OD600 of
0.1 and serially diluted before plating.
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Figure 4.8. Immunoblots detect CrCAH4 and CrCAH3. (A) Immunoblot showing CrCAH4
expression in ΔCA-EV, ΔCA-ScCA, ΔCA-CrCAH5, and D66 (WT) C. reinhardtii cells. (B)
Immunoblot showing CrCAH3 expression in ΔCA-EV, ΔCA-ScCA, ΔCA-CrCAH3, and
D66 (WT) C. reinhardtii cells. Yeast cells were grown in liquid YM (-His, -Trp) and 5%
CO2 for 72 hours prior to extracting protein. C. reinhardtii cells were grown in MIN media
and low-CO2 conditions for 12 hours prior to extracting protein. Below the immunoblots
are SDS-Page gels loaded with the same protein samples and stained with Coomassie
Blue. The anti-CrCAH3 antibody is commercially available at Agrisera and the antCrCAH5 antibody was custom made by Agrisera.
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Figure 4.9. ΔCA complemented with CrLCIB and CrLCIB/C complex can grow in limitingCO2 conditions. ΔCA-ScCA, ΔCA, ΔCA-CrLCIB, ΔCA-CrLCIB, and ΔCA-CrLCIB/C cells
were grown to logarithmic phase then plated in 10 µL spots on YM (-His, -Trp) plates and
incubated at 30°C in 5%, 1%, and ambient (0.04%) CO2 for 3 days. The cells were
standardized to an initial OD600 of 0.1 and serially diluted before plating.
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Figure 4.10. Immunoblot showing CrLCIB expression in ΔCA-ScCA, ΔCA, and ΔCACrLCIB cells. Yeast cells were grown in liquid YM (-His, -Trp) and 5% CO2 for 72 hours
prior to extracting protein. Below the immunoblots are SDS-Page gels loaded with the
same protein samples and stained with Coomassie Blue.
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Figure 4.11. ΔCA complemented with AtβCA3 can grow in limiting-CO2 conditions. ΔCAScCA, ΔCA, and ΔCA-AtβCA3 cells were grown to logarithmic phase then plated in 10
µL spots on YM (-His, -Trp) plates and incubated at 30°C in 5%, 1%, and ambient (0.04%)
CO2 for 3 days. The cells were standardized to an initial OD600 of 0.1 and serially diluted
before plating.
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Figure 4.12. Membrane-inlet mass spectrometry (MIMS) can be used to measure CA
activity in the ΔCA mutant. CA assays were performed at 25 oC and pH 7.4 on S.
cerevisiae protein extracts from the complementation strains, ΔCA-hCA-YCO, ΔCA-hCAYCO AcV5, and ΔCA-hCA-YCO eGFP, grown in ambient CO2 for 48 hours. The
enhanced rate of 18O exchange between 13C18O2 and H216O was calculated as the ratio
between the catalyzed rate of 18O loss from 13C18O2 and the uncatalyzed rate in the
absence of CA. Columns and error bars represent the mean ± standard deviation of three
technical replicates for each yeast strain.
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Discussion
In this report, we propose that a S. cerevisae CA knock-out strain (ΔNCE103 or
ΔCA) can also be used as a successful heterologous system for screening active CAs
from plants and algae. Additionally, ΔCA has previously been reported as a potential tool
for accelerating the discovery of non-sulfonamide-based CAIs (CA inhibitors) for the
treatment of CA-related diseases, such as glaucoma (Sangkaew et al., 2018).
In this study, ΔCA was generated and its genotype was confirmed. It shows a highCO2-dependent phenotype, requiring at least 2% CO2 to survive (Figure 4.1). This clear
high-CO2 growth requirement indicates that ΔCA can be used for the fast and accurate
screening of CA activity or active bicarbonate transport. To confirm this hypothesis, we
tested CAs from human red blood cells (hCA), Arabidopsis, and C. reinhardtii in the
heterologous yeast system. Along with rapidly screening for CA activity, it can also be
used as a system for estimation of CA enzymatic activity using the Wilbur-Anderson
assay and isotope-exchange membrane-inlet mass spectrometry (MIMS).
In mammals, CA is expressed in almost all tissues, and it is involved in oxygen transport
between lungs, red blood cells and tissues, pH regulation, ion exchange in the kidney,
and electrical activity in the retina and nervous system (Dodgson et al., 1983; Hazen et
al., 1996). Autotrophic organisms use CAs in CO2-concentrating mechanisms, where CAs
are involved in increasing inorganic carbon for carbon fixation (Sültemeyer et al., 1993).
In contrast, very little is known about the physiological role of CAs in heterotrophic
microbes.
According to Aguilera et al. (2005), the CA-deficient yeast mutant’s need for
elevated CO2 concentrations originates from three bicarbonate-dependent carboxylation
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reactions: pyruvate decarboxylase, acetyl-CoA carboxylase, and carbamoyl phosphate
synthetase. These enzymes are involved in the synthesis of C4 intermediates, fatty acids,
arginine, and uracil respectively (Lacroute et al., 1965). These observations demonstrate
that yeast CA is a key biosynthetic enzyme responsible for the viability of yeast under
aerobic conditions.
Since ΔCA was complemented at air levels of CO2 by the addition of human CA
(hCA; Figures 4.3 and 4.4), we tried to see if lipid biosynthesis in yeast is affected by the
CA knockout at air levels of CO2 (Figure 4.2). Yeast uses acetyl-CoA as a building block
to synthesize neutral lipids (NL) such as triglycerides (TGs) and sterol-esters. Acetyl-CoA
is first converted into malonyl-CoA by acetyl-CoA carboxylase, using HCO3- as a
substrate. Yeast cells deficient in acetyl-CoA carboxylase are not able to make long chain
saturated fatty acids for de novo growth (Roggenkamp et al., 1980). To test our
hypothesis, we introduced

14C-acetic

acid to ΔCA-ScCA, ΔCA, and ΔCA-hCA grown on

air levels of CO2 for one hour. Acetic acid is rapidly converted into acetyl-CoA by the
acetyl-CoA synthetase (ACS2), which makes

14C-acetic

substrate in yeast. We observed that radiolabeled

14C

acid a suitable radiolabeling

is incorporated into chloroform-

methanol fraction containing NLs. The incorporation of radiolabeled 14C in NLs occurs at
a higher level in ΔCA-hCA compared to ΔCA-ScCA and ΔCA (Figure 4.2). This is
consistent with the hypothesis that CAs produce HCO3- for the NL biosynthesis pathway.
However, there are other bicarbonate-requiring pathways that are also involved in
limiting the growth of ΔCA in air. Hence, if we introduce CAs or HCO3- transporters from
plants and algae, they can help to increase the HCO3- pool required by different biological
processes in the cell. This makes the ΔCA heterologous complementation system useful
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for identifying new bicarbonate transporters or CAs as suitable candidates to improve
photosynthetic efficiency in C3 crop plants. This report shows that hCA displayed
sufficient CA activity to rescue ΔCA grown on air levels of CO2 (Figures 4.3 and 4.4). The
results extend the work of Sangkaew et al. (2018) who used this yeast system to screen
CA inhibitors.
To test modified CAs, yeast codon-optimized (YCO) and Arabidopsis codonoptimized (Atex) hCA genes were used to complement ΔCA along with the addition of
eGFP and AcV5 tags (Figure 4.5). Although all the hCA variants rescued ΔCA, CA activity
was highest in the strain using yeast codon-optimized hCA (Table 4.1 and Figure 4.12).
The addition of eGFP and AcV5 tags decreased hCA activity (Table 4.1 and Figure 4.12).
Furthermore, the hCA protein was detected in all the hCA variants through immunoblot,
but the amount of protein was highest in cells transformed with yeast codon-optimized
hCA (Figure 4.6A and 4.6B). These results suggest that ΔCA can be used to rapidly test
the suitability of CA before introducing them into C3 plants. Tags like eGFP and AcV5 are
widely used to determine the subcellular location of CAs but these tags can affect the
functionality of the proteins. Using ΔCA heterologous complementation system provides
a rapid pipeline for systematic assessment of normal and modified CAs before introducing
them into C3 plants. Mathematical models predict that installing a CCM into C3 plants
could improve leaf CO2 uptake by up to 60% (McGrath and Long, 2014; Long et al., 2015).
Hence, using ΔCA in conjugation with the Wilbur-Anderson assay and isotope-exchange
membrane-inlet mass spectrometry (MIMS) can shorten the process of selecting suitable
CCM components from cyanobacteria and algae into terrestrial C3 plants.
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To check the CA activity from an algal system, we expressed the C. reinhardtii βCA CAH5 and the α-CA CAH3 in ΔCA. CAH5 along with CAH4 are present in the
mitochondrial matrix, and they are required to maintain optimal rates of photoautotrophic
growth on ambient levels of CO2 (Rai et al., 2021). CAH5 restores the growth of ΔCA at
air levels of CO2 and 1% CO2, but the rescued phenotype is weak compared to ΔCAScCA (Figure 4.7). This might indicate that the activity of CAH5 is low. Mitochondrial CA
in C. reinhardtii is encoded by two genes (CAH4 and CAH5). This could help the cell
increase the amount of CA in the mitochondria since the enzyme has low activity, but it
seems wasteful to produce large amounts of a protein with low activity rather than making
a protein with high activity. The α-CA CAH3 was also tested in ΔCA. It is located in the
thylakoid lumen in C. reinhardtii and has also been identified as an important component
to maintain the CCM at low CO2 levels (Spalding et al., 1983; Moroney et al., 1986). It
has been reported earlier that CrCAH3 is different from other α-CAs given that it has a
CA activity-optimum at lower pH values than CAs of the same type, which normally
operates at pH 7.0 and higher (Karlsson et al., 1998; Benlloch et al., 2015). CrCAH3 using
yeast codon-optimized genes restored the normal growth phenotype in ΔCA at 1% CO2
but not at air levels, indicating that the activity of CAH3 is low compared to controls (Figure
4.7). The Western blot clearly shows that CrCAH3 is produced in ΔCA (Figure 4.8B). The
yeast cytoplasmic pH is around 7, which might be responsible for the low activity of
CrCAH3. Other reasons for low activity can be that we are using a truncated version of
CrCAH3 in ΔCA, although the protein length we used was reported to be the mature
protein size (Karlsson et al., 1998). Another possibility is that CAH3 requires post-
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translational modifications, Blanco-Rivero, et al. (2012) report that kinase activity is
needed to activate CAH3 inside the lumen.
The C. reinhardtii LCIB and LCIB/C protein complex also complements the yeast
CA knockout (Figure 4.9). The Western blot detects that CrLCIB is produced in ΔCA
(Figure 4.10). It was observed that the production of the C. reinhardtii LCIB/C protein
complex displayed sufficient CA activity to restore ΔCA on plates in the air, as did LCIB
when expressed alone. LCIB is a soluble protein that localizes in the stroma of
chloroplasts in C. reinhardtii. LCIB is reported to change its localization depending on the
concentration of CO2 and is proposed to prevent leakage of CO2 from the pyrenoid by
hydrating it to bicarbonate, hence acting like a vectoral CA (Wang et al., 2014). These
results present the first experimental evidence that LCIB is an active CA in the LCIB/C
protein complex. The complementation of CrCAH5, CrLCIB, CrLCIB/C complex and
CrCAH3 YCO in ΔCA suggests that ΔCA heterologous complementation system can
detect active CA enzymes from algal systems. In general, α-CAs are structurally simpler
than β-CAs and often have high specific activity. Arising from comparative analyses of
isotopic exchange of 13C in MIMS experiments, we conclude that LCIB/C and LCIB have
a residual CA-like activity.
Humans have only α-CAs, while plants and algae have a wide variety of CA
families ranging from α, β, γ and θ classes. These CAs are localized to different
intercellular and intracellular locations. Hence, the ΔCA heterologous complementation
system could also be used as a tool to differentiate activity between CA families and this
can help in selecting better CA candidates rapidly before integrating them into C3 crop
plants. To check if ΔCA is rescued by a plant CA, we used βCA3 from the cytosol of
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Arabidopsis. βCA3 rescued ΔCA on 1% CO2 and air levels of CO2, showing that it is an
active CA enzyme (Figure 4.11)
The heterologous ΔCA system can be a tool for rapidly checking the activity of
normal or modified CAs that may be suitable candidates for integrating into C3 crop plants
to improve photosynthetic efficiency (Figures 4.13A and 4.13B). The ΔCA system can
also be a useful tool to differentiate CA activity for multiple CA isoforms in plant systems.

Figure 4.13. Model proposing the use of yeast heterologous complementation systems
to detect CA activity. In (A) the importance of CA for the growth of yeast at ambient CO2
is shown and (B) discusses the pipeline to use ΔCA as a useful tool for rapidly detecting
CA activity before introducing normal or modified CAs in crop plants (Images made by
biorender.com).
77

CHAPTER 5. CONCLUSIONS
A combination of CAs and bicarbonate transporters in the CCM of C. reinhardtii
increases the CO2 concentration around Rubisco in the pyrenoid. Previously, CAs
important to the CCM have been identified and localized in the periplasmic space, in the
chloroplast surrounding the pyrenoid, and inside the thylakoid lumen. CO2 recapture is
also a vital function of the CCM as it can help in accumulating inorganic carbon around
Rubisco. In chapter 3 I proposed that CAH4 and CAH5 in the mitochondria can convert
CO2 released from respiration and CO2 leaked from the chloroplast to HCO3- thus
recapturing this potentially lost CO2. However, CAH4 and CAH5 might be involved in other
functions. The protein-protein interaction data of C. reinhardtii showed the interaction of
mitochondrial pyruvate dehydrogenase subunits with CAH4 and CAH5 (Figure 5.1,
Mackinder et al., 2017). This complex converts pyruvate to acetyl-CoA and releases CO2.
It has also been reported that reduction in total lipids in the bckdh mutants is due to a
shortage in the supply of acetyl-CoA as well as ATP to de novo fatty acid synthesis in the
chloroplast (Liang et al.,2019). CAH4 and CAH5 can increase the activity of this complex
by continuously feeding on CO2 released from the complex. Thus, it will be interesting to
knock down the interacting proteins and perform co-immunoprecipitation to reveal their
functions in the C. reinhardtii CCM.
The positioning of the mitochondria to the periphery of the cell (Figures 3.11, 3.12,
3.13, and 3.14), allows CAH4/5 to become the second layer of CA that CO2 must cross
before exiting the cell. As suggested by Geraghty and Spalding (1996), the positioning of
the mitochondria may also be important in recapturing glycolate coming from the
chloroplast. C. reinhardtii cells excrete glycolate until the CCM is induced in about four
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hours (Moroney et al. 1986). Hence, it will be interesting to look for the reasons for
mitochondrial movement in C. reinhardtii. Mitochondria physically interact with the actin
cytoskeleton and are involved in actin-dependent movement in plant cells. It has been
observed that latrunculin B (an actin depolymerization drug) or 2,3-butanedione 2monoxime (BDM) (a myosin ATPase inhibitor) disrupts movement of mitochondria in
Nicotiana tabacum. However, oryzalin (a microtubule-disrupting drug) does not affect
mitochondrial movement (Van Gestel et al., 2002). This evidence points out that the actin
cytoskeleton is responsible for mitochondria movement in N. tabacum. During cell division
mitochondria get more fragmented and distribute uniformly throughout the cytoplasm
which makes mitochondria equally distributed among the daughter cells. This uniform
distribution of mitochondria is also disrupted by latrunculin B (Sheahan et al., 2004). This
also suggests that mitochondria colocalize with the actin cytoskeleton. Recently in 2020,
research shows that mitochondrial redistribution in Arabidopsis is exclusively regulated
by blue‐light receptor phototropins and photosynthesis (Islam et al., 2020). They have
shown two different phototropins, phot1 and phot2, are involved in the mitochondrial
distribution. Recently, it has been proposed in C. reinhardtii that ATP from mitochondria
is subsequently used to fuel HCO3- transport on the plasma membrane (Burlacot et al.,
2022). The mitochondrial movement might be involved in this process as well. In animals,
it has been observed that there is retention of mitochondria at sites of high ATP utilization
within neurons (Chada and Hollenbeck, 2004).
In chapter 4, I describe the use of heterologous complementation systems to
detect CA activity (i.e., catalysis of the pH-dependent interconversion between CO2 and
HCO3−) or active bicarbonate transport in a rapid fashion. It can play a vital role in the
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Figure 5.1. CAH4 and CAH5 interaction with proteins in the mitochondrial matrix.
Mackinder et al. (2017) is used to analyze protein-protein interactions to select proteins
interacting with CAH4 and CAH5.
process of introducing CCM components into terrestrial C3 plants. The challenge in
targeting protein in crop plants is to determine whether the protein is correctly working
once it is correctly localized. The intracellular targeting of the introduced protein is usually
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monitored by “tagging” that protein with a fluorescent probe, usually green fluorescent
protein (GFP) or some modified version of GFP. The researcher can then visualize where
the protein is expressed in the target plant cell. If the chloroplast envelope was targeted,
one would expect to observe the GFP fluorescence around the periphery of the
chloroplasts. This information tells you the protein is in the correct organelle but does not
tell you if the protein is in the correct orientation in the membrane or whether the protein
is functional. In addition, when GFP is added to a protein, the protein is modified because
an entire second protein has been attached. This modification could potentially alter the
transport protein’s activity. The ΔCA mutant can be used to check the activity of CAs and
HCO3− transporter before targeting it in the plants, which then saves significant time and
resources. Along with this, ΔCA can be used to check the CA activity of unusual types of
CA-like proteins, such as the LCIB/C proteins from C. reinhardtii. The data suggests that
LCIB is an active CA and supports in recapturing the CO2 leakage from the pyrenoid. ΔCA
can be used to investigate functional roles of LCIB homologs in C. reinhardtii. Higher
plants have many genes encoding CA. For the plant genomes that have been sequenced,
the total number of CA genes is fairly conserved (DiMario et al., 2017). ΔCA can also be
used to check the activity of plant CAs. This can be a useful tool to differentiate CA activity
for multiple CA isoforms in plant systems.
This dissertation contributes to answering important questions in exploring the
functionality of the CCM of C. reinhardtii using several tools ranging from RNAi to
heterologous complementation systems.

81

82

APPENDIX. PERMISSION TO REPRINT

83

REFERENCES
Aguilera J, Van Dijken JP, De Winde JH, Pronk JT (2005) Carbonic anhydrase
(Nce103p): an essential biosynthetic enzyme for growth of Saccharomyces
cerevisiae at atmospheric carbon dioxide pressure. Biochem J 391: 311-316
Alber BE, Ferry JG (1994) A carbonic anhydrase from the archaeon Methanosarcina
thermophila. Proc Natl Acad Sci USA 91: 6909-6913
Amoroso G, Morell-Avrahov L, Müller D, Klug K, Sültemeyer D (2005) The gene NCE103
(YNL036w) from Saccharomyces cerevisiae encodes a functional carbonic
anhydrase and its transcription is regulated by the concentration of inorganic
carbon in the medium. Mol Microbiol 56: 549-558
Atkinson N, Mao Y, Chan KX, McCormick AJ (2020) Condensation of Rubisco into a
proto-pyrenoid in higher plant chloroplasts. Nat Commun 11: 6303-6310
Badger MR (2003) The roles of carbonic anhydrases in photosynthetic CO2 concentrating
mechanisms. Photosynth Res 77: 83-94
Badger MR, Kaplan A, Berry JA (1980) Internal inorganic carbon pool of Chlamydomonas
reinhardtii: evidence for a carbon dioxide-concentrating mechanism. Plant Physiol
66: 407–413
Bauwe H, Hagemann M, Fernie AR (2010) Photorespiration: players, partners and origin.
Trends Plant Sci 15: 330-336
Beezley BB, Gruber PJ, Frederick SE (1976) Cytochemical localization of glycolate
dehydrogenase in mitochondria of Chlamydomonas. Plant Physiol 58: 315-319
Benlloch R, Shevela D, Hainzl T, Grundström C, Shutova T, Messinger J, Samuelsson
G, Sauer-Eriksson AE (2015) Crystal structure and functional characterization of
photosystem II-associated carbonic anhydrase CAH3 in Chlamydomonas
reinhardtii. Plant Physiol 167: 950-962
Blanco-Rivero A, Shutova T, Román MJ, Villarejo A, Martinez F (2012) Phosphorylation
controls the localization and activation of the lumenal carbonic anhydrase in
Chlamydomonas reinhardtii. PLoS One 7: e49063
Bracey MH, Christiansen J, Tovar P, Cramer SP, Bartlett SG (1994) Spinach Carbonic
Anhydrase: Investigation of the Zinc-Binding Ligands by Site-Directed
Mutagenesis, Elemental Analysis, and EXAFS. Biochem 33: 13126-13131
Broun G, Seligny E, Tran Minh C, Thomas D (1970) Facilitated transport of CO2 across a
membrane bearing carbonic anhydrase. FEBS Letts 7: 223-226
Bui ET, Bradley PJ, Johnson PJ (1996) A common evolutionary origin for mitochondria
and hydrogenosomes. Proc Natl Acad Sci USA 93: 9651-9656
84

Burlacot A, Richaud P, Gosset A, Li-Beisson Y, Peltier G (2020) Algal photosynthesis
converts nitric oxide into nitrous oxide. Proc Natl Acad Sci USA 117: 2704–2709
Burnell JN, Gibbs MJ, Mason JG (1990) Spinach chloroplastic carbonic anhydrase
nucleotide sequence analysis of cDNA. Plant Physiol 92: 37–40
Chada SR, Hollenbeck PJ (2004) Nerve Growth Factor Signaling Regulates Motility and
Docking of Axonal Mitochondria. Cur Biol 14: 1272-1276
Chen Z-Y, Burow MD, Mason CB, Moroney JV (1996) Characterization of a low CO2inducible alanine aminotransferase in Chlamydomonas reinhardtii. Plant Physiol
112: 677-684
Chirica LC, Elleby B, Lindskog S (2001) Cloning, expression and some properties of αcarbonic anhydrase from Helicobacter pylori. Biochim Biophys Acta 1544: 55-63
Clark D, Rowlett RS, Coleman JR, Klessig DF (2004) Complementation of the yeast
deletion mutant DeltaNCE103 by members of the beta class of carbonic
anhydrases is dependent on carbonic anhydrase activity rather than on antioxidant
activity. Biochem J 379: 609-615
Clark D, Rowlett RS, Coleman JR, Klessig DF (2004) Complementation of the yeast
deletion mutant DeltaNCE103 by members of the beta class of carbonic
anhydrases is dependent on carbonic anhydrase activity rather than on antioxidant
activity. Biochem J 379: 609-615
Clement R, Lignon S, Mansuelle P, Jensen E, Pophillat M, Lebrun R, Denis Y, Puppo C,
Maberly SC, Gontero B (2017) Responses of the marine diatom Thalassiosira
pseudonana to changes in CO2 concentration: A proteomic approach. Sci. Rep. 7:
42333
DiMario RJ, Clayton H, Mukherjee A, Ludwig M, Moroney JV (2017) Plant Carbonic
Anhydrases: Structures, Locations, Evolution, and Physiological Roles. Mol Plant
10: 30-46
DiMario RJ, Giuliani R, Ubierna N, Slack AD, Cousins AB, Studer AJ (2022) Lack of leaf
carbonic anhydrase activity eliminates the C4 carbon-concentrating mechanism
requiring direct diffusion of CO2 into bundle sheath cells. Plant Cell Environ 45:
1382-1397
DiMario RJ, Machingura MC, Waldrop GL, Moroney JV (2018) The many types of
carbonic anhydrases in photosynthetic organisms. Plant Sci 268: 11-17
DiMario RJ, Quebedeaux JC, Longstreth DJ, Dassanayake M, Hartman MM, Moroney JV
(2016) The cytoplasmic carbonic anhydrases βca2 and βca4 are required for
optimal plant growth at low CO2. Plant Physiol 171: 280-293

85

Dodgson SJ, Forster RE, Schwed DA, Storey BT (1983) Contribution of matrix carbonic
anhydrase to citrulline synthesis in isolated guinea pig liver mitochondria. J Biol
Chem 258: 7696-7701
Douce R (1985) Mitochondria in higher plants. Academic Press Inc: London
Elleby B, Chirica LC, Tu C, Zeppezauer M, Lindskog S (2001) Characterization of
carbonic anhydrase from Neisseria gonorrhoeae. Eur J Biochem 268: 1613-1619
Eriksson M, Gardestrom P, Samuelsson G (1995) Isolation, purification, and
characterization of mitochondria from Chlamydomonas reinhardtii. Plant Physiol
107: 479-483
Eriksson M, Karlsson J, Ramazanov Z, Gardeström P, Samuelsson G (1996) Discovery
of an algal mitochondrial carbonic anhydrase: molecular cloning and
characterization of a low-CO2-induced polypeptide in Chlamydomonas reinhardtii.
Proc Natl Acad Sci USA 93: 12031-12034
Eriksson M, Villand P, Gardeström P, Samuelsson G (1998) Induction and regulation of
expression of a low-CO2-induced mitochondrial carbonic anhydrase in
Chlamydomonas reinhardtii. Plant Physiol 116: 637-641
Espie GS, Kimber MS (2011) Carboxysomes: cyanobacterial Rubisco comes in small
packages. Photosynth Res 109: 7-20
Fang W, Si Y, Douglass S, Casero D, Merchant SS, Pellegrini M, Ladunga I, Liu P,
Spalding MH (2012) Transcriptome-wide changes in Chlamydomonas reinhardtii
gene expression regulated by carbon dioxide and the CO 2-concentrating
mechanism regulator CIA5/CCM1. Plant Cell 24: 1876-1893
Fawcett TW, Browse JA, Volokita M, Bartlett SG (1990) Spinach carbonic-anhydrase
primary structure deduced from the sequence of a cDNA clone. J Biol Chem 265:
5414–5417
Fei C, Wilson AT, Mangan NM, Wingreen NS, Jonikas MC (2022) Modelling the pyrenoidbased CO2-concentrating mechanism provides insights into its operating principles
and a roadmap for its engineering into crops. Nat Plants 8: 583-595
Freeman Rosenzweig ES, Xu B, Kuhn Cuellar L, Martinez-Sanchez A, Schaffer M,
Strauss M, Cartwright HN, Ronceray P, Plitzko JM, Förster F, Wingreen NS, Engel
BD, Mackinder LCM, Jonikas MC (2017) The eukaryotic CO2-concentrating
organelle is liquid-like and exhibits dynamic reorganization. Cell 171: 148-162
Fujiwara S, Fukuzawa H, Tachiki A, Miyachi S (1990) Structure and differential
expression of two genes encoding carbonic anhydrase in Chlamydomonas
reinhardtii. Proc Natl Acad Sci USA 87: 9779-9783

86

Fukuzawa H, Fujiwara S, Yamamoto Y, Dionisio-Sese ML & Miyachi S (1990) cDNA
cloning, sequence, and expression of carbonic-anhydrase in Chlamydomonas
reinhardtii – regulation by environmental CO2 concentration. Proc Natl Acad Sci
USA 87:4383–4387
Fukuzawa H, Miura K, Ishizaki K, Kucho KI, Saito T, Kohinata T, Ohyama K (2001) Ccm1,
a regulatory gene controlling the induction of a carbon-concentrating mechanism
in Chlamydomonas reinhardtii by sensing CO2 availability. Proc Natl Acad Sci USA
98: 5347-5352
Fukuzawa H, Suzuki E, Komukai Y, Miyachi S (1992) A gene homologous to chloroplast
carbonic anhydrase (icfA) is essential to photosynthetic carbon dioxide fixation by
Synechococcus PCC7942. Proc Natl Acad Sci USA 89: 4437-4441
Geraghty AM, Spalding MH (1996) molecular and structural changes in Chlamydomonas
under limiting CO2 (A Possible Mitochondrial Role in Adaptation). Plant Physiol
111: 1339-1347
Gietz RD, Schiestl RH (2011) Frozen competent yeast cells that can be transformed with
high efficiency using the LiAc/SS carrier DNA/PEG method. Nat Protoc 2: 1-4
Giordano M, Norici A, Forssen M, Eriksson M, Raven JA (2003) An anaplerotic role for
mitochondrial carbonic anhydrase in Chlamydomonas reinhardtii. Plant Physiol
132: 2126-2134
Götz R, Gnann A, Zimmermann FK (1999) Deletion of the carbonic anhydrase-like gene
NCE103 of the yeast Saccharomyces cerevisiae causes an oxygen-sensitive
growth defect. Yeast 15: 855-864
Goyal A, Tolbert NE (1996) Association of glycolate oxidation with photosynthetic electron
transport in plant and algal chloroplasts. Proc Natl Acad Sci USA 93: 3319-3324
Gray MW, Boer PH (1988) Organization and expression of algal (Chlamydomonas
reinhardtii) mitochondrial DNA. Philos Trans R Soc Lond B Biol Sci 1193: 135-147
Grossman AR, Croft M, Gladyshev VN, Merchant SS, Posewitz MC, Prochnik S, Spalding
MH (2007) Novel metabolism in Chlamydomonas through the lens of genomics.
Curr Opin Plant Biol 10: 190-198
Gueldener U, Heinisch J, Koehler GJ, Voss D, Hegemann JH (2011) A second set of
loxP marker cassettes for Cre-mediated multiple gene knockouts in budding yeast,
Nucleic Acids Res 30: e23
Gupta RS, Aitken K, Falah M, Singh B (1994) Cloning of Giardia lamblia heat shock
protein HSP70 homologs: implications regarding origin of eukaryotic cells and of
endoplasmic reticulum. Proc Natl Acad Sci USA 91: 2895-2899

87

Gutknecht J, Bisson MA, Tosteson FX (1977) Diffusion of carbon dioxide through lipid
bilayer membranes: effects of carbonic anhydrase, bicarbonate, and unstirred
layers. J Gen Physiol 69: 779–794
Harris EH (2009) The Chlamydomonas Sourcebook: Introduction to Chlamydomonas and
its laboratory use: Vol 1. Academic press
Hatch MD, Burnell JN (1990) Carbonic anhydrase activity in leaves and its role in the first
step of C4 photosynthesis. Plant Physiol 93: 825-828
Hazen SA, Waheed A, Sly WS, Lanoue KF, Lynch CJ (1996) Differentiation-dependent
expression of CA V and the role of carbonic anhydrase isozymes in pyruvate
carboxylation in adipocytes. FASEB J 10: 481-490
Hennacy JH, Jonikas MC (2020) Prospects for engineering biophysical CO2
concentrating mechanisms into land plants to enhance yields. Annu Rev Plant Biol
71: 461-485
Hess JL, Tolbert NE (1967) Glycolate pathway in algae. Plant Physiol 42: 371-379
Hewett-Emmett D, Tashian RE (1996) Functional diversity, conservation, and
convergence in the evolution of the α-, β-, and γ-carbonic anhydrase gene families.
Mol Phylogenet Evol 5: 50-77
Husic HD, Tolbert NE (1985) Properties of Phosphoglycolate Phosphatase from
Chlamydomonas reinhardtii and Anacystis nidulans. Plant Physiol 79: 394-399
Irwin DM (1994) Molecular Evolution: Who are the parents of eukaryotes? Current Biol 4:
1115-1117
Islam MS, Van Nguyen T, Sakamoto W, Takagi S (2020) Phototropin and photosynthesisdependent mitochondrial positioning in Arabidopsis thaliana mesophyll cells. J
Integr Plant Biol 62: 1352-1371
Itakura AK, Chan KX, Atkinson N, Pallesen L, Wang L, Reeves G, Patena W, Caspari O,
Roth R, Goodenough U, McCormick AJ, Griffiths H, Jonikas MC (2019) A Rubiscobinding protein is required for normal pyrenoid number and starch sheath
morphology in Chlamydomonas reinhardtii. Proc Natl Acad Sci USA 116: 1844518454
Jin S, Sun J, Wunder T, Tang D, Cousins AB, Sze SK, et al (2016) Structural insights into
the LCIB protein family reveals a new group of β-carbonic anhydrases. Proc Natl
Acad Sci USA 113:14716–14721
Jensen EL, Maberly SC, Gonterro B (2020) Insights on the Functions and
Ecophysiological Relevance of the Diverse Carbonic Anhydrases in Microalgae.
Int J Mol Sci 21:2922-2937

88

Karlin A, Campbell AM (1991) Which bacterium is the ancestor of the animal
mitochondrial genome? Proc Natl Acad Sci USA 91: 12842-12846
Karlsson J, Clarke AK, Chen ZY, Hugghins SY, Park YI, Husic HD, Moroney JV,
Samuelsson G (1998) A novel alpha-type carbonic anhydrase associated with the
thylakoid membrane in Chlamydomonas reinhardtii is required for growth at
ambient CO2. EMBO J 17: 1208-1216
Kikutani S, Nakajima K, Nagasato C, Tsuji Y, Miyatake A, Matsuda Y (2016) Thylakoid
luminal θ-carbonic anhydrase critical for growth and photosynthesis in the marine
diatom Phaeodactylum tricornutum. Proc Natl Acad Sci USA 113:9828–33
Kimber MS, Pai EF (2000) The active site architecture of Pisum sativum β-carbonic
anhydrase is a mirror image of that of α-carbonic anhydrases. EMBO J 19: 14071418
Klodmann J, Sunderhaus S, Nimtz M, Jansch L, Braun H-P (2010) internal architecture
of mitochondrial complex I from Arabidopsis thaliana. Plant Cell 22: 797-810
Kono A, Chou T-H, Radhakrishnan A, Bolla JR, Sankar K, Shome S, Su C-C, Jernigan
RL, Robinson CV, Yu EW, Spalding MH (2020) Structure and function of LCI1: a
plasma membrane CO2 channel in the Chlamydomonas CO2 concentrating
mechanism. Plant J 102: 1107-1126
Kramer D, Findenegg GR (1978) Variations in the Ultrastructure of Scenedesmus
obliquus during adaptation to low CO2 level. Z Pflanzenphysiol 89: 407-410
Lacroute F, Piérard A, Grenson M, Wiame JM (1965) The biosynthesis of carbamoyl
phosphate in Saccharomyces cerevisiae. Microbiol 40: 127-142
Lane TW, Morel FMM (2000) Regulation of carbonic anhydrase expression by zinc,
cobalt, and carbon dioxide in the marine diatom Thalassiosira weissflogii. Plant
Physiol 123: 345-352
Lane TW, Saito MA, George GN, Pickering IJ, Prince RC, Morel FMM (2005) A cadmium
enzyme from a marine diatom. Nature 435:42–43
Liang Y, Kong F, Torres Romero I, Burlacot A, Cuine S, Legeret B, Billon E, Brotman Y,
Alseekh S, Fernie AR, et al (2019) Branched-chain amino acid catabolism impacts
triacylglycerol homeostasis in Chlamydomonas reinhardtii. Plant Physiol 179:
1502-1514
Long SP, Marshall-Colon A, Zhu XG (2015) Meeting the global food demand of the future
by engineering crop photosynthesis and yield potential. Cell 161: 56-66
Longmuir IS, Forster RE, Woo C-Y (1966) Diffusion of carbon dioxide through thin layers
of solution. Nature 209: 393-394

89

Ma Y, Pollock SV, Xiao Y, Cunnusamy K, Moroney JV (2011) Identification of a novel
gene, CIA6, required for normal pyrenoid formation in Chlamydomonas reinhardtii.
Plant Physiol 156: 884-896
Machingura MC, Bajsa-Hirschel J, Laborde SM, Schwartzenburg JB, Mukherjee B,
Mukherjee A, Pollock SV, Förster B, Price GD, Moroney JV (2017) Identification
and characterization of a solute carrier, CIA8, involved in inorganic carbon
acclimation in Chlamydomonas reinhardtii. J Exp Bot 68: 3879-3890
Mackinder LCM, Chen C, Leib RD, Patena W, Blum SR, Rodman M, Ramundo S, Adams
CM, Jonikas MC (2017) A spatial interactome reveals the protein organization of
the algal co2-concentrating mechanism. Cell 171: 133-147.e114
Magnuson K, Jackowski S, Rock CO, Cronan JE (1993) Regulation of fatty acid
biosynthesis in Escherichia coli. Microbiol Rev 57: 522-542
Marek LF, Spalding MH (1991) Changes in photorespiratory enzyme activity in response
to limiting CO2 in Chlamydomonas reinhardtii. Plant Physiol 97: 420-425
McGrath JM, Long SP (2014) Can the cyanobacterial carbon-concentrating mechanism
increase photosynthesis in crop species? A theoretical analysis. Plant Physiol 164:
2247-2261
Medina-Puche L, Castelló MJ, Canet JV, Lamilla J, Colombo ML, Tornero P (2017) βcarbonic anhydrases play a role in salicylic acid perception in Arabidopsis. PLoS
One 12: e0181820
Meldrum NU, Roughton FJ (1933) Carbonic anhydrase. Its preparation and properties. J
Physiol 80: 113-142
Merchant SS, Prochnik SE, Vallon O, Harris EH, Karpowicz SJ, Witman GB, Terry A,
Salamov A, Fritz-Laylin LK, Maréchal-Drouard L, Marshall WF, Qu LH, Nelson DR,
Sanderfoot AA, Spalding MH, Kapitonov VV, Ren Q, Ferris P, Lindquist E, Shapiro
H, Lucas SM, Grimwood J, Schmutz J, Cardol P, Cerutti H, Chanfreau G, Chen
CL, Cognat V, Croft MT, Dent R, Dutcher S, Fernández E, Fukuzawa H, GonzálezBallester D, González-Halphen D, Hallmann A, Hanikenne M, Hippler M, Inwood
W, Jabbari K, Kalanon M, Kuras R, Lefebvre PA, Lemaire SD, Lobanov AV, Lohr
M, Manuell A, Meier I, Mets L, Mittag M, Mittelmeier T, Moroney JV, Moseley J,
Napoli C, Nedelcu AM, Niyogi K, Novoselov SV, Paulsen IT, Pazour G, Purton S,
Ral JP, Riaño-Pachón DM, Riekhof W, Rymarquis L, Schroda M, Stern D, Umen
J, Willows R, Wilson N, Zimmer SL, Allmer J, Balk J, Bisova K, Chen CJ, Elias M,
Gendler K, Hauser C, Lamb MR, Ledford H, Long JC, Minagawa J, Page MD, Pan
J, Pootakham W, Roje S, Rose A, Stahlberg E, Terauchi AM, Yang P, Ball S,
Bowler C, Dieckmann CL, Gladyshev VN, Green P, Jorgensen R, Mayfield S,
Mueller-Roeber B, Rajamani S, Sayre RT, Brokstein P, Dubchak I, Goodstein D,
Hornick L, Huang YW, Jhaveri J, Luo Y, Martínez D, Ngau WC, Otillar B, Poliakov
A, Porter A, Szajkowski L, Werner G, Zhou K, Grigoriev IV, Rokhsar DS, Grossman

90

AR (2007) The Chlamydomonas genome reveals the evolution of key animal and
plant functions. Science 318: 245-250
Michaelis G, Vahrenholz C, Pratje E (1990) Mitochondrial DNA of Chlamydomonas
reinhardtii: The gene for apocytochrome b and the complete functional map of the
15.8 kb DNA. Mol Gen Genet 223: 211-216
Mishina M, Rogguenkamp R, Schweizer E (1980) Yeast mutants defective in acetylcoenzyme A carboxylase and biotin: apocarboxylase ligase. Eur J Biochem 111:
79-87
Mitra M, Lato SM, Ynalvez RA, Xiao Y, Moroney JV (2004) Identification of a new
chloroplast carbonic anhydrase in Chlamydomonas reinhardtii. Plant Physiol 135:
173-182
Moller IM, Lin W (1986) Membrane-bound NADPH dehydrogenases in higher plant cells.
Annu Rev Plant Biol 37: 309-334
Molnar A, Bassett A, Thuenemann E, Schwach F, Karkare S, Ossowski S, Weigel D,
Baulcombe D (2009) Highly specific gene silencing by artificial microRNAs in the
unicellular alga Chlamydomonas reinhardtii. Plant J 58: 165-174
Moroney JV, Bartlett SG, Samuelsson G (2001) Carbonic anhydrases in plants and algae.
Plant Cell Environ 24: 141-153
Moroney JV, Husic HD, Tolbert NE (1985) Effect of carbonic anhydrase inhibitors on
inorganic carbon accumulation by Chlamydomonas reinhardtii. Plant Physiol 79:
177-183
Moroney JV, Husic HD, Tolbert NE, Kitayama M, Manuel LJ, Togasaki RK (1989)
Isolation and characterization of a mutant of Chlamydomonas reinhardtii deficient
in the CO2 concentrating mechanism. Plant Physiol 89: 897-903
Moroney JV, Jungnick N, DiMario RJ, Longstreth DJ (2013) Photorespiration and carbon
concentrating mechanisms: two adaptations to high O 2, low CO2 conditions.
Photosynth Res 117: 121-131
Moroney JV, Ma Y, Frey WD, Fusilier KA, Pham TT, Simms TA, DiMario RJ, Yang J,
Mukherjee B (2011) The carbonic anhydrase isoforms of Chlamydomonas
reinhardtii: intracellular location, expression, and physiological roles. Photosynth
Res 109: 133-149
Moroney JV, Somanchi A (1999) How do algae concentrate CO2 to increase the
efficiency of photosynthetic carbon fixation? Plant Physiol 119: 9-16
Moroney JV, Tolbert NE, Sears BB (1986a) Complementation analysis of the inorganic
carbon concentrating mechanism of Chlamydomonas reinhardtii. Mol Gen Genet
204: 199-203

91

Moroney JV, Wilson BJ, Tolbert NE (1986b) Glycolate metabolism and excretion by
Chlamydomonas reinhardtii. Plant Physiol 82: 821-826
Moroney JV, Ynalvez RA (2007) Proposed carbon dioxide concentrating mechanism in
Chlamydomonas reinhardtii. Eukaryot Cell 6: 1251-1259
Mukherjee A, Lau CS, Walker CE, Rai AK, Prejean CI, Yates G, Emrich-Mills T, Lemoine
SG, Vinyard DJ, Mackinder LCM, Moroney JV (2019) Thylakoid localized
bestrophin-like proteins are essential for the CO2 concentrating mechanism of
Chlamydomonas reinhardtii. Proc Natl Acad Sci USA116: 16915-16920
Nelson EB, Tolbert NE (1969) The regulations of glycolate metabolism in
Chlamydomonas reinhardtii. Biochim Biophys Acta 184: 263-270
Nelson EB, Tolbert NE (1970) Glycolate dehydrogenase in green algae. Arch Biochem
Biophys 141: 102-110
Newman EA (1994) A physiological measure of carbonic anhydrase in Müller cells. Glia
11: 291-299
Ohnishi N, Mukherjee B, Tsujikawa T, Yanase M, Nakano H, Moroney JV, Fukuzawa H
(2010) Expression of a low CO2–inducible protein, LCI1, increases inorganic
carbon uptake in the green alga Chlamydomonas reinhardtii. Plant Cell 22: 31053117
Park H, Song B, Morel FMM (2007) Diversity of the cadmium-containing carbonic
anhydrase in marine diatoms and natural waters. Environ Microbiol 9: 403-413
Park Y-I, Karlsson J, Rojdestvenski I, Pronina N, Klimov V, Öquist G, Samuelsson G
(1999) Role of a novel photosystem II-associated carbonic anhydrase in
photosynthetic carbon assimilation in Chlamydomonas reinhardtii. FEBS Lett 444:
102-105
Pollock SV, Prout DL, Godfrey AC, Lemaire SD, Moroney JV (2004) The Chlamydomonas
reinhardtii proteins CCP1 and CCP2 are required for long-term growth, but are not
necessary for efficient photosynthesis, in a low-CO2 environment. Plant Mol Biol
56: 125-132
Price GD, Badger MR (1989) Expression of human carbonic anhydrase in the
cyanobacterium Synechococcus PCC7942 creates a high CO2-requiring
phenotype: Evidence for a central role for carboxysomes in the CO2 concentrating
mechanism. Plant Physiol 91: 505-513
Price GD, Coleman JR, Badger MR (1992) Association of carbonic anhydrase activity
with carboxysomes isolated from the cyanobacterium Synechococcus PCC7942.
Plant Physiol 100: 784-793

92

Rai AK, Chen T, Moroney JV (2021) Mitochondrial carbonic anhydrases are needed for
optimal photosynthesis at low CO2 levels in Chlamydomonas. Plant Physiol 187:
1387-1398
Ramazanov Z, Cárdenas J (1992) Involvement of photorespiration and glycolate pathway
in carbonic anhydrase induction and inorganic carbon concentration in
Chlamydomonas reinhardtii. Physiol Plant 84: 502-508
Ramazanov Z, Rawat M, Henk MC, Mason CB, Matthews SW, Moroney JV (1994) The
induction of the CO2-concentrating mechanism is correlated with the formation of
the starch sheath around the pyrenoid of Chlamydomonas reinhardtii. Planta 195:
210-216
Raven JA (1984) Energetics and transport in aquatic plants. A R Liss: New York
Raven JA (1995) Photosynthetic and non-photosynthetic roles of carbonic anhydrase in
algae and cyanobacteria. Phycologia 34: 93-101
Raven JA (2001) A role for mitochondrial carbonic anhydrase in limiting CO 2 leakage from
low CO2-grown cells of Chlamydomonas reinhardtii. Plant, Cell & Environment 24:
261-265
Rawat M, Moroney JV (1991) Partial characterization of a new isoenzyme of carbonic
anhydrase isolated from Chlamydomonas reinhardtii. J Biol Chem 266: 9719-9723
Reed ML, Graham D (1981) Carbonic anhydrase in plants:distribution, properties and
possible physiological roles. Progress Phytochem 7: 47-94
Roberts SB, Lane TW, Morel FMM (1997) Carbonic anhydrase in the marine diatom
Thalassiosira weissflogii (Bacillariophyceae). J Phycol 33: 845-850
Rogers S, Henne WM (2021) Analysis of neutral lipid synthesis in Saccharomyces
cerevisiae by metabolic labeling and thin layer chromatography. J Vis Exp
10.3791/62201
Roggenkamp R, Numa S, Schweizer E (1980) Fatty acid-requiring mutant of
Saccharomyces cerevisiae defective in acetyl-CoA carboxylase. Proc Natl Acad
Sci USA 77: 1814-1817
Rowlett RS, Chance MR, Wirt MD, Sidelinger DE, Royal JR, Woodroffe M, Wang Y-FA,
Saha RP, Lam MG (1994) Kinetic and structural characterization of spinach
carbonic anhydrase. Biochem 33: 13967-13976
Sangkaew A, Krungkrai J, Yompakdee C (2018) Development of a high throughput yeastbased screening assay for human carbonic anhydrase isozyme II inhibitors. AMB
Exp 8: 124

93

Sheahan , M.B. , Rose , R.J. and McCurdy , D.W. ( 2004 ) Organelle inheritance in plant
cell division: the actin cytoskeleton is required for unbiased inheritance of
chloroplasts, mitochondria and endoplasmic reticulum in dividing protoplasts. Plant
J. 37 : 379 – 390
Sikorski RS, Hieter P (1989) A system of shuttle vectors and yeast host strains designed
for efficient manipulation of DNA in Saccharomyces cerevisiae. Gen. 122: 9-27
Smith KS, Ferry JG (1999) A plant-type (β-class) carbonic anhydrase in the thermophilic
Methanoarchaeon Methanobacterium thermoautotrophicum. J Bacteriol 181:
6247-6253
Smith RG (1988) Inorganic carbon transport in biological systems. Comp Biochem
Physiol 90: 639-654
So AK-C, Espie GS (2005) Cyanobacterial carbonic anhydrases. Can J Bot 83: 721-734
So AK-C, Espie GS, Williams EB, Shively JM, Heinhorst S, Cannon GC (2004) A novel
evolutionary lineage of carbonic anhydrase (epsilon class) is a component of the
carboxysome shell. J Bacteriol 186: 623-630
Soltes-Rak E, Mulligan ME, Coleman JR (1997) Identification and characterization of a
gene encoding a vertebrate-type carbonic anhydrase in cyanobacteria. J Bacteriol
179: 769-774
Spalding MH (2008) Microalgal carbon-dioxide-concentrating mechanisms:
Chlamydomonas inorganic carbon transporters. J Exp Bot 59: 1463-1473
Spalding MH, Spreitzer RJ, Ogren WL (1983) Reduced inorganic carbon transport in a
CO2-requiring mutant of Chlamydomonas reinhardii. Plant Physiol 73: 273-276
Spencer KG, Togasaki RK (1981) Limitations on the Utilization of Glycolate by
Chlamydomonas reinhardtii. Plant Physiol 68: 28-32
Sueoka N (1960) Mitotic replication of deoxyribonucleic acid in Chlamydomonas
reinhardtii. Proc Natl Acad Sci USA 46: 83-91
Sültemeyer D, Schmidt C, Fock HP (1993) Carbonic anhydrases in higher plants and
aquatic microorganisms. Physiol Plant 88: 179-190
Sunderhaus S, Dudkina NV, Jänsch L, Klodmann J, Heinemeyer J, Perales M, Zabaleta
E, Boekema EJ, Braun H-P (2006) Carbonic anhydrase subunits form a matrixexposed domain attached to the membrane arm of mitochondrial complex I in
plants. J Biol Chem 281: 6482-6488
Supuran, Claudiu T (2016) Structure and function of carbonic anhydrases. Biochem J
473: 2023-2032

94

Suzuki K, Marek LF, Spalding MH (1990) A photorespiratory mutant of Chlamydomonas
reinhardtii. Plant Physiol 93: 231-237
Tanaka S, Kerfeld CA, Sawaya MR, Cai F, Heinhorst S, Cannon GC, Yeates TO (2008)
Atomic-level models of the bacterial carboxysome shell. Science 319: 1083-1086
Tashian RE (1992) Genetics of the mammalian carbonic anhydrases. Adv Genet 30: 321356
The Arabidopsis Genome Initiative (2000) Analysis of the genome sequence of the
flowering plant Arabidopsis thaliana. Nature 408: 796-815
Tirumani S, Kokkanti M, Chaudhari V, Shukla M, Rao BJ (2014) Regulation of CCM genes
in Chlamydomonas reinhardtii during conditions of light–dark cycles in
synchronous cultures. Plant Mol Biol 85: 277-286
Tolbert NE, Harrison M, Nicola S (1983) Aminooxyacetate stimulation of glycolate
formation and excretion by Chlamydomonas. Plant Physiol 72: 1075-1083
Tolbert NE, Zill LP (1956) Excretion of glycolic acid by algae during photosynthesis. J Biol
Chem 222: 895-906
Tolleter D, Chochois V, Poiré R, Price GD, Badger MR (2017) Measuring CO2 and HCO3permeabilities of isolated chloroplasts using a MIMS-18O approach. J Exp Bot 68,
3915–3924
Tsuzuki M, Gantar M, Aizawa K, Miyachi S (1986) Ultrastructure of Dunaliella tertiolecta
cells grown under low and high CO2 concentrations. Plant Cell Physiol 27: 737739
Tural B, Moroney JV (2005) Regulation of the expression of photorespiratory genes in
Chlamydomonas reinhardtii. Can J Bot 83: 810-819
Tuskan GA, DiFazio S, Jansson S, Bohlmann J, Grigoriev I, Hellsten U, Putnam N, Ralph
S, Rombauts S, Salamov A, Schein J, Sterck L, Aerts A, Bhalerao RR, Bhalerao
RP, Blaudez D, Boerjan W, Brun A, Brunner A, Busov V, Campbell M, Carlson J,
Chalot M, Chapman J, Chen G-L, Cooper D, Coutinho PM, Couturier J, Covert S,
Cronk Q, Cunningham R, Davis J, Degroeve S, Déjardin A, dePamphilis C, Detter
J, Dirks B, Dubchak I, Duplessis S, Ehlting J, Ellis B, Gendler K, Goodstein D,
Gribskov M, Grimwood J, Groover A, Gunter L, Hamberger B, Heinze B, Helariutta
Y, Henrissat B, Holligan D, Holt R, Huang W, Islam-Faridi N, Jones S, JonesRhoades M, Jorgensen R, Joshi C, Kangasjärvi J, Karlsson J, Kelleher C,
Kirkpatrick R, Kirst M, Kohler A, Kalluri U, Larimer F, Leebens-Mack J, Leplé J-C,
Locascio P, Lou Y, Lucas S, Martin F, Montanini B, Napoli C, Nelson DR, Nelson
C, Nieminen K, Nilsson O, Pereda V, Peter G, Philippe R, Pilate G, Poliakov A,
Razumovskaya J, Richardson P, Rinaldi C, Ritland K, Rouzé P, Ryaboy D,
Schmutz J, Schrader J, Segerman B, Shin H, Siddiqui A, Sterky F, Terry A, Tsai
95

C-J, Uberbacher E, Unneberg P, Vahala J, Wall K, Wessler S, Yang G, Yin T,
Douglas C, Marra M, Sandberg G, Peer YVd, Rokhsar D (2006) The Genome of
Black Cottonwood, Populus trichocarpa (Torr. & Gray). Science 313: 1596-1604
Van Gestel K, Köhler RH, Verbelen JP (2002) Plant mitochondria move on F‐actin, but
their positioning in the cortical cytoplasm depends on both F‐actin and
microtubules. J Exp Bot 53: 659-667
Wang Y, Spalding MH (2014a) LCIB in the Chlamydomonas CO2-concentrating
mechanism. Photosynth Res 121: 185-192
Wang Y, Stessman DJ, Spalding MH (2015) The CO2 concentrating mechanism and
photosynthetic carbon assimilation in limiting CO2: how Chlamydomonas works
against the gradient. Plant J 82: 429-448
Ward BL, Anderson RS, Bendich AJ (1981) The mitochondrial genome is large and
variable in a family of plants (Cucurbitaceae). Cell 25: 793-803
Whitney PA, Cooper TG (1972) Urea carboxylase and allophanate hydrolase: Two
components of adenosine triphosphate:urea amido-lyase in Saccharomyces
cerevisisae. J Biol Chem 247: 1349-1353
Wilbur KM, Anderson NG (1948) Electrometric and colorimetric determination of carbonic
anhydrase. J Biol Chem 176: 147–154
Xiang Y, Zhang J, Weeks DP (2001) The Cia5 gene controls formation of the carbon
concentrating mechanism in Chlamydomonas reinhardtii. Proc Natl Acad Sci USA
98: 5341-5346
Yamano T, Sato E, Iguchi H, Fukuda Y, Fukuzawa H (2015) Characterization of
cooperative bicarbonate uptake into chloroplast stroma in the green alga
Chlamydomonas reinhardtii. Proc Natl Acad Sci USA 112: 7315-7320
Yamano T, Tsujikawa T, Hatano K, Ozawa S-i, Takahashi Y, Fukuzawa H (2010) Light
and low-CO2-dependent LCIB–LCIC complex localization in the chloroplast
supports the carbon-concentrating mechanism in Chlamydomonas reinhardtii.
Plant and Cell Physiology 51: 1453-1468
Yang D, Oyaizu Y, Oyaizu H, Olsen GJ, Woese CR (1985) Mitochondrial origins. Proc
Natl Acad Sci USA 82: 4443-4447
Yu J-W, Price GD, Song L, Badger MR (1992) Isolation of a putative carboxysomal
carbonic anhydrase gene from the cyanobacterium Synechococcus PCC7942.
Plant Physiol 100: 794-800
Zhang R, Patena W, Armbruster U, Gang SS, Blum SR, Jonikas MC (2014) Highthroughput genotyping of green algal mutants reveals random distribution of

96

mutagenic insertion sites and endonucleolytic cleavage of transforming DNA. Plant
Cell 26: 1398-1409
Zhang T, Lei J, Yang H, Xu K, Wang R, Zhang Z (2011) An improved method for whole
protein extraction from yeast Saccharomyces cerevisiae. Yeast 28: 795-798

97

VITA
Ashwani K. Rai attended Gautam Buddha University for his Integrated Bachelor of
Technology + Master of Technology degree in biotechnology. Ashwani graduated in
August 2017 with his Biotechnology degree. He joined Dr. James Moroney’s lab in the
fall of 2017. His project was to identify and characterize components involved in
recapturing CO2 in the CO2 concentrating mechanism of Chlamydomonas reinhardtii.
Ashwani is a candidate to receive his PhD in Biochemistry in summer of 2022 and will be
joining a postdoctoral position in Princeton university in fall.

98

