











Figure 4.9. Photosynthetic oxygen evolution activity of bst RNAI lines and D66. Ci
affinity was estimated for bsti-1 and D66 acclimated to low CO2 (<0.04% COZ2) for 12 h
at pH 8.4 (A, B) and for bsti-1, bsti-2 and D66 at pH 7.8 (C, D). Oxygen evolving activity
was measured at the indicated pH and the Ko.5(Ci) values (Ci concentration needed for
half maximum oxygen evolution) were calculated from the O2 evolution versus Ci
curves. Triplicate runs were made at each Ci concentration. * indicates that the
differences in Ko.5(Ci) was significant (P < 0.05 by student t test). At pH 7.8, Vmax of
D66 is 121umol O2 mg? Chl hri, bsti-1 is 105 pmol O2 mg* Chl hr't and for bsti-2 is 95
umol O2 mgt Chl hrl. At pH 8.4, Vmax of D66 is 124 umol O2 mg Chl hr! and for bsti-
1 is 85.5 umol O2 mg* Chl hrt. The Vmax of all the strains have been set to 100%
oxygen evolution activity. Error bars are all based on standard deviation.
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Figure 4.10. Photosynthetic oxygen evolution activity of bsti-1 and D66 acclimated to
high CO2. Ci affinity was estimated for bsti-1 and D66 acclimated to high CO2 (>5%
COp) for 12 h at pH 7.8 (A, B). Oxygen evolving activity was measured and the K0.5(Ci)
values (Ci concentration needed for half maximum oxygen evolution) were calculated
from the O2 evolution versus Ci curves. Triplicate runs were made at each Ci
concentration. * indicates that the differences in Ko.s(Ci) was significant (P < 0.05 by
student t test). Vmax of D66 is 121umol O2 mg-1 Chl hr-1, bsti-1 is 120 pmol O2 mg-1 Chl
hr-1. The Vmax of all the strains have been set to 100% oxygen evolution activity. Error
bars are all based on standard deviation.
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Figure 4.11. Inorganic carbon uptake of D66 and bsti-1. Ci uptake and Ci accumulation
was estimated in D66 and bsti-1 using the silicone oil uptake method (see materials and
methods). Cells were grown in elevated CO2 (5% CO: in air) and then acclimated to low
CO2 (<0.04% COg) for 12 h prior to the assays. Cells were harvested and depleted of
endogenous Ci before running the assays. A time course of intracellular Ci accumulation
(left) and CO:z2 fixation (right) are shown for (A, B) pH 7.8 and (C, D) pH 8.4. Triplicate
samples were run for each time point. The added H**CQOzs" concentration was 25 puM at
pH 7.8 and 50 uM at pH 8.4.

Discussion
We present evidence here that BST1-3 are chloroplast thylakoid localized anion
transporters that are important components of the Chlamydomonas CCM. Cells that have
reduced BST1-3 transcript levels fail to grow on low CO:2 have a lower affinity for inorganic
carbon and have a reduced ability to accumulate added “Ci. The growth phenotype and

inorganic uptake of bsti-1 is similar to the pmpl mutant strain that has a knock-out of

LCIB. A key aspect of current Chlamydomonas CCM models is that accumulated HCOs
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is converted to CO2 by CAHS3, a carbonic anhydrase located in the thylakoid lumen. This
feature of algal CCMs may extend to other algal types, notably diatoms where Kikutani et
al. (Kikutani et al., 2016) recently discovered a 6-type carbonic anhydrase within the
thylakoid of Phaeodactylum tricornutum that was required for CCM function. These CCM
models predict that a thylakoid HCOg3 transporter is required to deliver HCO3™ from the
chloroplast stroma to the thylakoid lumen. We propose that BST1-3 are the transporters
that bring HCO3 to CAH3 inside the thylakoid in Chlamydomonas.

Members of the human bestrophin family have been shown to transport HCO3™ and
Clions (Qu and Hartzell, 2008). The homology modeling presented here supports the
function of BST1-3 as negative ion transporters, with BST1-3 having predicted structural
similarities and conserved transport residues to chicken and bacterial bestrophins (Fig.
4.2).

The expression of all the CCM transporters discovered previously is induced by
limiting CO2 conditions and their expression is controlled by the transcription factor
CIA5/CCM1 (Moroney et al., 1989; Fukuzawa et al., 2001; Xiang et al., 2001). We have
observed that all three BST genes are induced when Chlamydomonas is grown under
low CO2 conditions and that this induction is absent in the cia5 mutant. In addition, the
expression of LCIB and LCIC, possible 6—carbonic anhydrases (Jin et al., 2016; Kikutani
et al., 2016) essential to the CCM (Wang and Spalding, 2014) that interact with BST1-3
(Mackinder et al., 2017) . have the same expression pattern. Thus, the expression of the
BST1-3 genes is consistent with these proteins playing a role in the uptake and
accumulation of inorganic carbon when Chlamydomonas is exposed to low CO:2

conditions.
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In Chlamydomonas there seems to be a built in redundancy of Ci transporter
functions. For example, both LCI1 and HLA3 are present on the plasma membrane and
loss of only one of the proteins fails to cause an extreme growth phenotype at low CO2
(Yamano et al., 2015). However, when more than one transporter is knocked down, a
significant change in Ci uptake and growth is observed(Yamano et al., 2015; Machingura
et al., 2017). BST1-3 also appear to have redundant or overlapping functions. This is
demonstrated in this study as knocking out BST3 by itself did not cause a drastic change
in growth or reduction in Ci affinity (fig. 4.7). However, when the expression of all three
genes is decreased in bsti-1, cells could not grow at low CO2 and inorganic carbon uptake
was severely compromised (fig. 4.11). The strains bsti-1 and bsti-2 have a greater than
severe reduction in expression of BST1-3 and show severe growth phenotypes and
lowered affinity for inorganic carbon. This redundancy likely explains why these BST1-3
genes were not identified in earlier mutant screens as these screens typically knock out
only one gene at a time.

Three key components of algal CCM models are 1) bicarbonate transporters are
required for HCOs™ accumulation, 2) Rubisco must be packaged in a very specific location
and 3) a carbonic anhydrase must be localized very close to the Rubisco converting
accumulated HCOs to CO2. The CO:2 generated by this carbonic anhydrase close to
Rubisco locally increases the CO2 concentration, which increases its carboxylase activity
and decreases its oxygenase activity. Fig.4.12 shows a refined model for the
Chlamydomonas CCM which now includes our proposed function for BST1-3. In this
model HLA3 and LCI1 transport HCOs™ across the plasma membrane bringing HCOs' into

the cell (Moroney and Ynalvez, 2007; Spalding, 2008). At the chloroplast envelope
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NAR1.2 (LCIA) transports HCOgs into the chloroplast stroma. Then BST1-3 on the
thylakoid brings HCOs™ into the thylakoid lumen where CAH3 in the pyrenoidal thylakoid
tubules converts HCO3 to CO2 to be fixed by Rubisco in the pyrenoid. With the discovery
of BST1-3, CCM researchers have now identified HCOs transporters at each of the three
membranes that HCO3™ must cross to reach CAH3, namely the plasma membrane, the

chloroplast envelope and the thylakoid membrane.

Cytosol Stroma

Extracellular
space

hv

H*...

HCO,
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Figure 4.12. A tentative model showing the proposed physiological role of BST1-3 in the
CCM of Chlamydomonas. Known transporters (LCI1, HLA3 and LCIA) are indicated on
the plasma membrane and chloroplast respectively. Solid line arrows indicate the
movement of HCOs into the thylakoid by BST1-3. Dashed lines indicate the proposed
leakage reducing pathway that involves recycling CO2 by LCIB/C back to HCOs. The
dotted line represents the light driven establishment of a proton gradient across the
thylakoid membrane by PSIl and the cytochrome b6f complex of the Photosynthetic
Electron Transport Chain (PETC).
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However, many CCM models also propose that the algal cell must be able to
recapture CO:2 that is generated by the CCM. This need to recapture inorganic carbon
was first modeled in cyanobacteria (Kaplan and Reinhold, 1999), and is likely a general
property of algal CCMs (Duanmu et al., 2009; Yamano et al., 2010; Wang and Spalding,
2014). A second CCM role of BST1-3 may be in inorganic carbon recapture (Fig. 4.12).
As COz2 is generated in the pyrenoid, any COz2 that is not fixed by Rubisco has the potential
to simply diffuse out of the cell. The LCIB/C complex is thought to help in this recapture
of CO2 (Duanmu et al., 2009). LCIB/C has been shown to coat or surround the pyrenoid,
particularly when cells are grown under very low CO2 conditions (Yamano et al., 2010).
LCIB/C that has been proposed to function in low CO2 conditions as a CO2 recapture
system in a directional manner driving CO2 to HCO3s™ or to act as a tightly regulated
carbonic anhydrase (Mackinder, 2018). This is particularly interesting because LCIB/C is
believed to be interacting with BST1 and BST3 according to Mackinder et al. (Mackinder
et al., 2017). Our model adds BST1-3 to this hypothesized recapture system (Fig. 3.12).
Our localization work shows that BST1, BST2 and BST3 are all found on thylakoid
membranes throughout the chloroplast. This would increase the surface area for the re-
uptake of HCOs in the stroma. As such, we propose that the recapture of inorganic carbon
is a two-step process. In the first step, the leaked CO2 from the pyrenoid is converted to
HCOs by LCIB/C at the pyrenoid surface. In the second step, BST1-3 brings the HCO3s"
back into the thylakoid creating an overall cyclic recapture mechanism. Loss of either
BST1-3 or LCIB/C is predicted to reduce inorganic carbon accumulation as inorganic

carbon leakage would be predicted to increase. This prediction agrees with the
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experimental finding that loss of LCIB/C or reduction of BST1-3 results in cells that cannot

accumulate inorganic carbon to normal levels.

The discovery of CCM components on the thylakoid (BST1-3) and inside the
thylakoid lumen (CAH3) also indicates how light energy may be used to energize the
CCM. The pKa of the HCOs to CO:2 interconversion is about 6.4. So the pH of the
chloroplast stroma, thought to be near 8.0 is well above the pKa while the pH of the
thylakoid lumen is thought to be close to 5.5, below the pKa. So when HCO3 moves from
the chloroplast stroma to the thylakoid lumen it moves from an environment that favors
HCOgs  to one that favors COz2. This effectively allows the algal cells to increase the COz2
concentration to levels higher than could be obtained by the action of carbonic anhydrase
alone. Thus, a trans-thylakoid pH gradient is necessary for this proposed “CO2 pump” and
this pH gradient set up by the photosystems and requires light (Raven, 1997; Moroney
and Ynalvez, 2007; Spalding, 2008). To date, all experimental data available indicates
that light and the activity of the photosystems is required for the Chlamydomonas CCM
to function. In fact, some of the earliest work in the field indicated that electron transport
inhibitors and mutations that disrupt electron transport also inhibited the Chlamydomonas
CCM (Badger et al., 1980; Spalding et al., 1983). One potential problem with this CO:2
pump model is that it would partially reduce the proton motive force across the thylakoid
membrane, thus reduCing ATP biosynthesis. However, it should be pointed out that only
one H* would be consumed per CO2 generated which is the equivalent of less than 1/3
of an ATP per CO2 generated. This cost is far less than the two additional ATP required
for Cs4 photosynthesis and Cs photosynthesis has been shown to be energetically

competitive with C3 photosynthesis once the costs of photorespiration are considered
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(Moroney et al., 2013). This proposed role of photosynthetic electron transport in the CCM
may not be limited to green algae. The recent discovery of the thylakoid luminal carbonic
anhydrase in the diatom Phaeodactylum tricornutum supports the hypothesis that a light

activated CO2 pump might be operating in a wide diversity of algae (Kikutani et al., 2016).

In conclusion, BST1-3 are bestrophin-like, thylakoid localized membrane proteins
which are synthesized in coordination with other CCM components and their predicted
structures fit well with other anion transporters. As such, they are excellent candidates to
be the HCOgs transporters that not only bring HCOs™ into the thylakoid lumen for CO:2
generation but may also play a role in inorganic carbon recapture as well. The LCIB/C
and BST1-3 recapture system may be engineered to be expressed in higher plants to

genetically manipulate C3 plants to target the improvement of photosynthesis.
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CHAPTER 5
CHARACTERIZATION OF ELONGATION FACTOR-3 IN CHLAMYDOMONAS

Introduction

Chlamydomonas is a model organism for many photosynthetic processes
including the CCM. The reasons are it has a haploid genome, can grow autotrophically
as well as heterotrophically and a sequenced genome- mitochondria, nuclear and
chloroplast (Merchant et al., 2007; Harris et al., 2009). Proteomic and transcriptomic
studies have predicted several new potential CCM candidates based on their
expression in limiting CO2 or control by vital transcription factors (Fang et al., 2012;
Mackinder et al., 2017). However, the availability of mutants for these new candidates is
vital to characterize them.

Forward genetics screen has been used successfully to identify mutants for vital
CCM genes. This includes the mutant for CAH3, the thylakoid lumen CA (Spalding et
al., 1983; Karlsson et al., 1998) as well as LCIB, the theta CA in the chloroplast stroma
(Wang and Spalding, 2006). Even the mutant for CIA5, the master regulator of the CCM
was identified via forward genetics screen (Moroney et al., 1989; Fukuzawa et al.,
2001). However, there is a lack of mutant availability for several carbonic anhydrases
and inorganic carbon transporters. For instance, there is no mutant available for LCI1, a
plasma membrane transporter, which is known to interact with HLA3, another plasma
membrane transporter (Mackinder et al., 2017). The contribution of LCI1 to the CCM
can be better characterized with the help of a LCI1 knock out mutant. Similarly, the lack
of a phenotype in a NAR1.2 mutant, the chloroplast transporter, supports the hypothesis
that there may be more than one transporter on the chloroplast envelope, which is yet to

be discovered. CAH4/5 are also intriguing carbonic anhydrases in Chlamydomonas
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which are induced by limiting CO2 but lack of a mutant has prevented further
characterization of their role in the metabolism of Chlamydomonas. A forward genetics
screen can be a useful tool in identifying essential components of the CCM as well as
characterize putative components of the CCM.

The basic features of a forward genetics screen involves insertion of foreign DNA
in the algae followed by screening of transformants for different levels of growth via a
high vs. low CO2 (Shimogawara et al., 1998). Mutants were selected based on
paromomycin resistance. The paromomyCin cassette (ORF of AphVIII cassette) from
the plasmid pSL18 was flanked by a dual promoter (Hsp70 and Rbcsll) on the 5’ end
and a Rbcsll terminator on the 3’ end. The linearized cassette was transformed into the
wild type (D66) and antibiotic resistant colonies were selected. Colonies were screened
on their growth in low CO2 compared to wild type. Based on the sick on low CO2
phenotype, mutants are selected and screened for the presence of the insertion. The
general scheme of the process is shown in Fig. 5.1. Due to an absence of homologous
recombination in Chlamydomonas the insertion of cassette is random. Since a
sequenced genome database is available(Merchant et al., 2007) if the flanking region
from the insert can be identified, the disrupted gene can be identified too. There has
been variable degree of success localizing random DNA inserts using TAIL PCR,
RESDA PCR or 3’RACE. Our lab developed an adapter mediated PCR method where
genomic DNA from high CO2requiring mutants were used to identify the genes where
the paromomycin insert was present, with a high degree of success(Pollock et al.,

2017).
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This chapter will summarize the basic steps that were undertaken to carry out a screen,
outline the method to find the location of random inserts in Chlamydomonas as well as

brief characterization of a sick on low CO2 mutant.
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Figure 5.1. Schematic diagram of the mutagenesis screen. Cells in the log phase were
transformed with the paromomyCin resistant cassette. Paromomycin was used to select

for transformants. Colonies with a growth defect at low CO2 were selected for adapter
PCR in order to find the position of the cassette.
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Adapter PCR was used to find the Ioclzgcs)ﬁlt; the insert in colonies showing poor
growth in low CO2

Nearly 30,000 paromomyCin resistant mutants were generated from our large
scale mutagenesis screen. 300 of those colonies had a visible sick on low CO2
phenotype compared to the wild type (D66). It was important to know the identity of the
genes in which the insert was present in these colonies. Genomic DNA was extracted
from the mutant, followed by restriction digestion and blunt ligation of the adapter to the
insert. Nested PCR with primers specific to the AphVIII cassette and adapter was
carried out and the PCR product is sequenced. The sequence obtained was screened
for homology against the Chlamydomonas genome in Phytozome database to identify
the gene with the insertion. The scheme was briefly outlined in Fig. 5.2. One such
mutant, A144 has an insertion in a gene annotated as an elongation factor- 3 and ATP
binding cassette. The characterization of the A144 mutant will be discussed in detail in
the following sections.
Al44 has a growth defect compared to D66

Al144 was grown in low, ambient and high CO:2 along with cia3 (mutant for
CAH3), cia5 (mutant for CIA5), cia6 (a mutant with a disrupted pyrenoid) and D66 (wild
type) as shown in Fig. 5.3. D66 had normal levels of growth in all levels of CO2and cia3,
ciab and cia6 struggled to grow in limited CO2. A144 is weaker in both low and ambient
CO2 compared to D66 but does not quite recover its phenotype in high CO: like other
CCM mutants. This led us to consider that the function of the EF3 gene was for non

CCM activities in the cell.
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Figure 5.2. Schematic of the adapter PCR modified in our lab. Genomic DNA from the
mutant is restriction digested and ligated to the adapter. Primers specific to the cassette
and adapter are then used to amplify this DNA with nested PCR. The flanking regions
are then sequenced from the PCR product to identify the gene where the cassette has

been inserted.
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Fig.5.3 Growth of mutants and D66 in different levels of CO2. This figure shows the
growth of some selected mutants along with the wild type and known CCM mutants in
low (100 ppm), ambient (400 ppm) and high COz2 (35, 000 ppm) , A144 has been
highlighted in blue for clarity. D66 is the wild type, cia5 is the mutant for CIA5
transcription factor, cia3 is the carbonic anhydrase mutant (CAH3) in the thylakoid and
ciab6 is a disrupted pyrenoid mutant.
Al44 has an insertion in the last exon of the gene

Adapter PCR revealed that A144 has an insert in the gene Cre14.9g615950 which
contains elongation factor like domains and soluble domains of ATP binding cassette
(ABC transporter). The position of the insert was confirmed by making primers flanking
the region of the insert, specific to the gene as well as using primers outward from the
cassette to confirm both ends of the insert. Both ends of the insert (5’ and 3’) showed a
clean insertion in Crel4.9g615950. The gene specific primers amplified a 3kb band when

mutant DNA was used as the template which is consistent with the size of the cassette

used. Fig. 5.4 shows the image for this experiment.
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Al144 is a knock out for Crel4.g615950
Both D66 and A144 were grown on TAP for 48 hours followed by overnight
growth on high CO2as well as low CO2. RNA was extracted from both sets of cultures
and cDNA was made from both high and low CO: cells. Primers flanking the insert in
the CDS of the gene were used to amplify a 0.4kb region in Cre14.g615950. As shown
in fig. 5.5, D66 cDNA does not show any change in expression when the high CO2 and
low COz2 cells are compared but A144 shows a clear knock out of the gene
Crel4.9g615950. This figure shows that Cre14.9g615950 probably does not play a role in
the CCM because it is not induced by lack of COx.
Crel4.g615950 is an elongation factor 3 protein
Crel4.9g615950 is an elongation factor 3 (EF3) protein which is homologous to
fungal EF3 proteins. In Saccharomyces, EF3 mutants are temperature sensitive and
therefore fail to survive in higher tempeartures of around 37 °C. EF3 typically has five
HEAT repeats (Huntingtin, Elongation factor 3, Protein phosphatase 2A and Yeast
kinase TOR1). This is accompanied by soluble domains of ABC transporter proteins. The
ABC domains do not have the membrane binding domains in EF3 but only the Walker A
and B motifs. There is also a chromodomain or a chromatin organization modifier domain
that binds to histones and nucleic acids. The sac7d domain in the chromodomain is
resposinble for ATPase activity and 5s tRNA binding. EF3 in Chlamydomonas has 41%

identity to EF3 in Saccharomyces. The figure details are summarised in fig. 5.6.
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Al44 has lower growth and chlorophyll compared to D66

D66 and A144 were grown on both TAP (media with acetate) and MIN (media
without a carbon source) for six days. All four cultures were started at a dilution of 0.01
at OD730 and the measurements for chlorophyll and OD were taken every 24 hours.
Al144 grew slower and had less chlorophyll than D66 in both TAP and MIN media, as
shown in fig.5.7. This figure shows that A144 is needed for the growth of

Chlamydomonas irrespective of a carbon source.

Ladder 1 2 3 4

Figure 5.4. The confirmation of the insert in A144. Lane 1 is D66 genomic DNA with
primers specific to EF3 gene. Lane 2 is A144 genomic DNA with forward primer specific
to EF3 and reverse primer specific to the insert. Lane 3 is A144 genomic DNA with
forward primer specific to insert and reverse primer specific to EF3. Lane 4 is A144
genomic DNA with primers specific to EF3 gene.

D66 Al44

Al44

Actin

Figure 5.5. Semi quantitative RT-PCR for D66 vs. mutant A144. Accumulation of Cre14.g615950
is shown in both high and low CO2 grown cells in wild type (D66) and mutant A144. Actin is used
as a loading control.
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Figure 5.6. The schematic diagram of the domains present in the EF3 gene. The
five heat domains are indicated in blue, the two ABC domains are indicated in
green and red, the sac7d is indicated in light blue. The black arrow indicates the
position of the chromo domain.
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Figure 5.7. Growth difference between D66 and A144 when OD and chlorophyll is measured every
24 hours for 6 days when grown in minimal media A-B) and acetate media C-D). Both cultures were
started at OD 0.01 on day 0 in the respective media in ambient levels of CO2 in 200 HE.

Al44 has lower rate of dark respiration than D66
The rate of respiration of both A144 and D66 were calculated in light grown cells
and compared to cells that have been dark adapted for 3 days. It was found that while
there is no difference in the rate of respiration between A144 and D66 when grown in

light, dark adapted cells had a significant difference in rate of respiration. Dark adapted
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Al44 had a lower rate of respiration than D66. The rate of respiration continued to drop
as the period of darkness increased from 3 days to 7 days. Thus Cre14.g615950 plays
a role in maintaining the rate of respiration in the dark. The data is shown in fig. 5.8.
Crel4.9g615950 is upregulated in transition of light to dark

In order to check if Cre14.9g615950 plays a role in transition from light to dark ,
dark adapted cultures, A144 and D66, were grown in light. A144 stopped growing
completely when moved from dark to light unlike D66 which had normal growth and
adapted to light well, as shown in fig 5.9A. In order to check if the transcript levels
changed for Cre14.g615950 in the dark, RNA was extracted from D66 in light, light to
dark transition cells and dark adapted cells to see if there is a change in expression in
the transcript of Cre14.g615950. We found that Cre14.g615950 has low expression in
light grown cells , high expression in transition phase of light to dark and no expression
in dark phase as shown in fig. 5.9B which suggests that Cre14.9615950 plays a role in

supporting light to dark transition in cells.
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Figure 5.8. This figure shows the difference between respiration rates of D66 and
Al144. Light respiration had negligible difference between the WT and mutant but
dark respiration rates dropped in the mutant after the mutant was dark acclimated
for longer periods of time.
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Figure 5.9. A) A144 and D66 are grown in light after dark acclimation. A144 dies but D66 has no
such growth defect. Normal light grown cells are used as a control. B) RT-PCR is used to check
if the expression of the gene increases when moved from dark to light. Actin is used as a loading

control.

Discussion
A large-scale mutant screen was carried out to find novel genes in the CCM of
Chlamydomonas. A paromomycin resistant cassette was used, driven by a dual
Rubisco small subunit and heat shock protein promoter. Nearly 30,000 mutants were

generated from the above transformations from which mutants with a growth defect



were selected. The position of the cassette was determined by our modification of the
adapter PCR. In this method we ligated a specific “adapter” to the insert and picked out
the flanking gene with adapter specific primers. One such sick mutant had an insertion
in elongation factor 3 gene.

Eukaryotic Elongation factor 3 (eEF3) is a member of ATP binding cassette
family most of which are involved in transporting substrates across membranes
(Hollenstein et al., 2007). eEF3 have soluble domains of ABC transporters which do not
have any transportation activity since the membrane binding domains are missing. The
internal ATPase activity is mainly stimulated by the ribosome such that mutation of the
conserved residues in the ABC domains causes loss of function of the protein. eEF3
also releases, in an ATP dependent manner, deacylated tRNA from ribosomal E site.
eEF3 was first discovered in S. cerevisiae and has thus far been considered unique to
fungi. However, our characterization of the EF3 in Chlamydomonas points to the fact
that EF3 is a vital component of Chlamydomonas.

Al44, the mutant for EF3, grows slower than the wild type, D66 on minimal
media plates. Aside from having lower chlorophyll content, the mutant also grew slower
than the wild type in both acetate free and acetate replete liquid media over a period of
six days.

In Saccharomyces, a block mutation in the sac7d in eEF3 in yeast prevents the
survival of the mutant in higher temperature compared to the wild type. Deletion of eEF3
in yeast is lethal and point mutations in the highly conserved ATP residues make the
protein non-functional, compromising ribosome dependent ATP activity (Sasikumar and

Kinzy, 2014).
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EF3 in Chlamydomonas also has a chromodomain with a sac7d domain with
40% homology to the protein in yeast. In yeast an insertion in the sac7d causes reduced
growth rate and lower ribosome stimulated ATPase activity of eEF3 (Sasikumar and
Kinzy, 2014). Proteins containing the chromodomain fold have diverse interactions with
RNA , DNA and histones etc (Andersen et al., 2006).

The mutant A144 has a similar rate of respiration with the wild type in light but in
darkness the respiration rate drops further than the wild type. RT-PCR results also show
an upregulation in the expression of EF3 in dark to light transition phase and more
expression in dark than light. This is reinforced by growth studies which show that A144
dies in light after prolonged exposure in the dark but no such effect is seen in dark
adapted WT as seen in fig. 5.9A. These results suggest that EF3 probably plays a role
in stress protein synthesis which is disrupted in A144.

The absence of the elongation factor in the mutant prevents normal dark
respiration as well as affects growth rate in green alga, irrespective of growth media.
However only further experiments can reveal the exact role EF3 in algae, since no
previous work has been done on elongation factor 3 in green algae has been reported.
An analysis of stress protein turnover in Chlamydomonas might shed some light on the
exact function of EF3. The data suggests that there might be a lack of normal stress
protein synthesis in the EF3 disrupted A144 which makes adaptation to dark stressful

for the mutant.
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CHAPTER 6
CONCLUSIONS

Ci uptake is a vital function of the CCM as it accumulates inorganic carbon
several fold higher than the medium. Bicarbonate needs an active transport system for
its uptake since unlike COz, it does not readily diffuse across membranes. HLA3, LCI1
on the plasma membrane and NAR1.2 on the chloroplast envelope are previously
identified bicarbonate transporters that are characterized by upregulation in limiting CO2
conditions and are generally controlled by CIA5. However, the picture of the CCM in
Chlamydomonas is far from complete. For a decade a thylakoid transporter has been
hypothesized (Ynalvez et al., 2008) but none had been identified. In addition, the
available data on LCIA mutants indicates-that there may be more than one chloroplast
envelope Ci transporters apart from LCIA. Also, not a lot is known about the signaling
and control of the CCM in Chlamydomonas. This thesis identifies several transporters
that could putatively play a role in the CCM and characterizes three thylakoid
membrane proteins that play a role in the CCM of Chlamydomonas.

There are a number of datasets available in the form of proteomics and
transcriptomics which can be used to compile are lists of genes that could be
components of the CCM. With this in mind the study in Chapter 3 presents several
interesting candidate genes that encode proteins that might play a role in the CCM. This
chapter describes a bioinformatics search which aimed to identify putative Ci
transporters. The entire proteome of Chlamydomonas was analyzed using predictive
software to select for only membrane proteins. These proteins were then categorized
based on their domains into several protein families or clans. Only proteins belonging to

transporter families were selected for further analysis. Predictive software analysis
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followed by cross referencing with RNAseq data condensed the list of proteins to 42
candidates which included the known transporters HLA3, LCIA and LCI1. RT-PCR
proved that 9 of the 42 candidates are upregulated in low CO2 as well as controlled by
CIA5. Three such proteins had bestrophin like domains (BST1-3) and were 80%
identical to each other with respect to their coding sequence. BST1-3 are described in
detail in chapter 4 and characterized further. Another gene of importance is CPLD54 or
Genel, has already been localized to the thylakoid membrane by (Mackinder et al.,
2017) and found to be interacting with BST1-3 and LCIB/C. Thus , it will be interesting
to knock these genes down along with known transporters or other CCM genes to
reveal their function in the Chlamydomonas CCM.

Chapter 4 describes the study of three genes (BST1-3) with bestrophin like
domains localized to the thylakoid of Chlamydomonas which are upregulated in low CO:2
as well as controlled by the transcription factor, CIA5. An RNAI approach was
undertaken to knock down all three genes as they are very similar. The knockdown
mutant with low expression of BST1-3, grows poorly in limiting CO2 conditions
compared to the wild type cells. The mutant also exhibits a poor affinity for inorganic
carbon as well as low levels of Ci uptake. A knockout mutant for one of the genes,
BST3, was obtained from the CLiP mutant library in Minnesota. bst3 has no growth
defect in low COz2 conditions and does not show any effect on Ci affinity. This is
consistent with NAR1.2 and HLA3 single knockout mutants which only show a
difference in Ci affinity when both the genes are knocked out. In a recent interactome

study BST1-3 is shown to be interacting with LCIB/C (Mackinder et al., 2017). Both
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these proteins are also shown to interact with each other and another Bestrophin like
protein (Crel6.g66400 BST2) (Mackinder et al., 2017).

Bestrophins are generally chloride transporters in Arabidopsis but have also
been shown to transport to bicarbonate anions in humans (Qu and Hartzell, 2008).
Since our data localizes BST1-3 to the thylakoid membrane, it strongly suggests that
these bestrophin-like proteins are the elusive bicarbonate transporter of
Chlamydomonas. We were thus able to come up with a new model for the CCM where
the new thylakoid Ci transporters BST1-3 were bringing in HCO3" from the chloroplast
stroma into the thylakoid where CAH3 can dehydrate it to COz2 (fig.4.12). The CO2 which
leaks out is converted to HCOs by LCIB/C in the stroma and is brought back into the
thylakoid by BST1-3. This model hypothesizes that LCIB participates in an anti-leakage
recycling mechanism (fig.4.12) as has already been suggested by (Wang and Spalding,
2006; Yamano et al., 2010) with the help of the proton gradient across the thylakoid
pump. Thus this thesis has characterized three thylakoid proteins using an RNAi
approach to suggest that BST1-3 could be the thylakoid bicarbonate transporter of
Chlamydomonas.

Generation and identification of new CCM mutants has also been an integral part
of my dissertation work. A large mutagenesis screen was carried out before single
mutants (the CLIiP library) were readily available, to generate mutants for novel CCM
components. This has been summarized in Chapter 5. Our screen generated nearly
22,000 mutants which were screened for a CCM phenotype and the insert location was
identified using our modified version of the adapter PCR. Sick on low CO2 mutants were

of primary importance and so the position if the insert was important for us. The adapter
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PCR method involved ligating an adapter to restriction digested DNA from the mutants
and then carrying out nested PCR with primers specific for the cassette and adapter.
PCR products were then sequenced to identify the insert location.

One such mutant with a noticeable growth defect was A144, a knockout for a
gene (EF3) with strong homology to elongation factor 3 (eEF3) in fungus. The mutant is
sicker than wild type in ambient CO2 and struggles to survive in light after prolonged
dark exposure. A144 also has a low rate of respiration after being exposed to dark for a
brief period of time, 3-7 days. Our data also showed that EF3 in Chlamydomonas has
higher transcript levels in dark to light transition phase. It was interesting to find a 41%
identity in the algal EF3 when compared to the well characterized yeast eEF3 with a
conserved sac7d domain. In yeast, a six-block substitution mutant in the sac7d of the
eEF3 causes a temperature intolerant mutant. Thus, EF3 in green alga probably
synthesizes proteins which plays a role in stress response when cells are moved from
dark to light and maintain rates of respiration in the dark. Our insertional mutant sheds
light on the role of EF3 in green alga which has not been characterized before. The
large scale mutagenesis screen as well as optimization of the adapter PCR helped in
finding a mutant for a novel gene that, as per our data, plays an important role in
synthesizing dark stress response genes.

Thus this thesis attempts to answer important questions in the CCM of
Chlamydomonas using several tools ranging from bioinformatics to RNAI. Our lab also
modified the adapter PCR method of finding insertions in Chlamydomonas genes which

is another useful tool elucidated in this thesis.
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APPENDIX A
LIST OF PRIMERS IN CHAPTER 3 -5

Primer name Sequence 5 > 3
gBST1F GCTGTGTGGCATTGAGGAGA
gBST1R GGATGAGGCTGATGAGTCCG
gBST2F ACGGTCTACGACTTCCCTCA
gBST2R TTGGATCACGTGGGATTGGG
gBST3F AAGTCAGCAAGGTTCCCTCG
gBST3R TGAATGAGCCTAGCGGGTTG
B2F CTAGTGAGAGCGTGTTGCAAGGCATATCTCGCTGAT
CGGCACCATGGGGGTGGTGGTGATCAGCGCTATATG
TTTTGCAACACGCTCTCG
B2R CTAGCGAGAGCGTGTTGCAAAACATATAGCGCTGAT
CACCACCACCCCCATGGTGCCGATCAGCGAGATATG
CCTTGCAACACGCTCTCA
B1F CTAGTGGGAGCGAGTTGCAAGGCATATCTCGCTGAT
CGGCACCATGGGGGTGGTGGTGATCAGCGCTATATG
TTTTGCAACTCGCTCCG
B1R CTAGCGGGAGCGAGTTGCAAAACATATAGCGCTGAT
CACCACCACCCCCATGGTGCCGATCAGCGAGATATG
CCTTGCAACTCGCTCCCA
BST3F TGCCCCTTCTCAGCACGT
BST3R ACTGCCTCACACTCCCCT
BST1 RT-F GACACCAAGACCATCCTGGC
BST1 RT-R AACAGAACTGCAGAGGTCCCG

BST2 RT-F CGGTGCCCATGAGCTCC
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BST2 RT-R GCCACTAACCGGCCCAA
BST3 RT-F AATCCCGTCCATGTCGCT
BST3 RT-R CGGCTTGTGAGGACCTCG
BST1F GCTACTCACAACAAGCCCAGTTATGCAGATGCAAGC
AAACCGTTCGTC
BSTI1R GAGCCACCCAGATCTCCGTTCTTGCGCTCCCCACCC
ATGG
BST2F GCTACTCACAACAAGCCCAGTTATGGCCACTGGTCA
GACC
BST2R GAGCCACCCAGATCTCCGTTTCTCCTTGTCTCCGCAC
BST3F GCTACTCACAACAAGCCCAGTTATGCAAGTCAGCAA
GGTTCCCTCG
BST3R GAGCCACCCAGATCTCCGTTCCGGGGCGAGATGCG
CAC
GENE1 F CAAGCTACCGCACACAGG
GENE1R CATCTCCACAGCCGCTCA
GENE3 F CGGGTTCTGGGAGCTCTATC
GENE3 R CACCATTCGGGAGGTGGTC
GENES8 F TGGCTGTTCATCTGGCTCAA
GENE8 R ACGGCAACAAACTCCACTTG
GENE13 F GTTGCTTTCTTGTGCTGCGA
GENE13 R CTAGGCACATCCTCGTCTCG
GENE17 F GCGCAGTAAGCACTAAGCAC
GENE17 R GTTGCTTTCTTGTGCTGCGA
GENE21 F CGGTGAAGGGGACAGGTAAG
GENE21 R ACAGGTCGCTGATCAAAGCA
Al144 CONFIRMATION F CACACCCACCCACCAACG
Al44 CONFIRMATION R CCGTCCATCACACGCCCC

Al44 RT F

ACGACAAGATCAACGCCGA
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Al44 RTR CTCCGCCTTCTCGTCCTTCTC
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