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Abstract

Chlamydomonas reinhardtii often faces the challenge of varying CO- conditions in its
environment. As a result, Chlamydomonas evolved a biophysical CO. concentrating
mechanism (CCM) to enhance the photosynthetic performance by concentrating CO2 around
Rubisco. Chlamydomonas Rubisco is packaged in a unique organelle called the pyrenoid
that is traversed by a network of thylakoid tubules. The current CCM model suggests that a
series of membrane transporters deliver HCO3™ across the plasma membrane, chloroplast
envelope and thylakoid membranes into the thylakoid lumen. A carbonic anhydrase at the
thylakoid tubule network then converts the accumulated HCOs™ to COo, releasing the
concentrated CO: at the pyrenoid. The HCOs™ transport model therefore highlights the
requirement of a HCOzs™ transporter(s) at the thylakoid membrane to allow the chloroplast
stromal HCOs™ to reach the thylakoid lumen. However, the identity of the HCOg3™ transporter
at the thylakoid membrane has remained elusive. In this study, a knock-out mutant in BST4
displayed poor growth in low CO; condition and exhibited reduced C; affinity. Homology
modelling showed that BST4 modelled structure resembles a CI/HCO3 channel which
belongs to the bestrophin family. The BST4 protein was localised to where the thylakoids
converge at the centre of the pyrenoid. BST4 contains an extended C-terminal region with
similar disorder pattern and residue profile to Rubisco-linker protein EPYC1. However
pyrenoid size in bst4 cells was similar to wild type cells, indicating that the C-terminal might
not have a structural role but is most likely involved in localising BST4 to the thylakoid
network at the centre of the pyrenoid. The results highlight the possibility of BST4 as the

elusive HCOg transporter critical to complete the CO- delivery route to the pyrenoid.
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Introduction

Engineering photosynthesis has great potential in improving crop yields

The growing world population has put immense pressure on food production in recent years.
As more and more arable land is utilised for farming and the widespread use of fertilisers
reaches saturation, the expected crop yield is unlikely to match the mounting food demand
(De Bossoreille de Ribou et al., 2013). Additionally, the use of fertilisers, pesticides and
herbicides is expected to further contribute to soil degradation (Liebich et al., 2003, Tetteh
2015) that diminish soil capacity and ultimately erode the predicted increased yield. In order
to overcome these limitations, the use of genetic engineering which exploits natural variation
to improve light, nutrient and water use without additional use of fertilisers and pesticides
has become an increasingly popular alternative approach. In recent years, research interest
has surged on the engineering of CO, concentrating mechanisms (CCMs) into crops, which
is predicted to improve photosynthesis and yields (Covshoff and Hibberd 2012; Long et al.,
2015; Price et al., 2013)

Rubisco is the principal carboxylation enzyme in the Calvin-Benson-Basham carbon fixation
pathway. This enzyme evolved 2 billion years ago where O; exists as a trace gas in the
atmosphere. As oxygenic photosynthesis drove the increase of O, concentration in the
atmosphere, the efficiency of Rubisco was reduced since the increased O, concentration
competes with CO, for Rubisco’s active site. The oxygenation of the Rubisco substrate,
Ribulose-1,5-biphosphate (RuBP) generates phosphoglycolate (2-PGA) that is recycled in a
process termed photorespiration which leads to loss of nitrogen, ATP, release of fixed CO;
and produces reactive oxygen species. This pathway results in an energy deficit to cells
aside from the apparent competition of Rubisco activity (Peterhansel et al., 2010).
Suppression of photosynthetic efficiency due to photorespiration is even further exacerbated
with rising global temperature as the catalytic preference of Rubisco for oxygenation

increases and CO; solubility reduces simultaneously at elevated temperature.

In nature, many plants, algae and cyanobacteria have evolved ways to suppress
photorespiration, most notably by operating a CCM. While the molecular machinery and
structural component varies species to species, CCMs concentrate CO; at the active site of
Rubisco, and thus suppress the oxygenation of RuBP. Recognising the potential of
engineering CCM strategies to improve photosynthetic efficiencies and crop yield, projects
such as RIPE (Realising increased photosynthetic efficiencies) and C4 rice project have
dedicated efforts to understanding the C4 CCM mechanism which concentrates CO;

biochemically, namely fixing dissolved CO- to a 4-carbon acids (Oxaloacetate and malate).
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However, the complete engineering of the biochemical CCM into crop plants is still an
ongoing and complex process (Von Caemmerer et al., 2012; Furbank 2016). This difficulty
arises from the intricate nature of C4 CCMs which composes of both highly regulated
enzymatic components and structural differences to C3 plants. This structural component in
C. photosynthesis termed Kranz anatomy (Sage et al., 2014) is a combination of increased
vascular bundle density and the elongation of the bundle sheath cells surrounding the
vascular bundles. These developmental features facilitate the metabolite pool separation in
C4 photosynthesis and has proven difficult to manipulate. An alternative to the biochemical
CCM is a biophysical CCM which is common in diatoms, cyanobacteria and green algae.
The soil and fresh-water dwelling Chlamydomonas reinhardtii (Chlamydomonas hereafter)
exhibits an inducible biophysical CCM. With its quick generation time, abundance of genetic
tools and chloroplast genome similarity to higher plants, Chlamydomonas presents not only
a model organism to investigating the CCM in green algae, but also provide an attractive
alternative CCM blueprint to be built in crop plants (Atkinson et al., 2016; Mackinder et al.,
2017).

Chlamydomonas reinhardtii has an inducible biophysical CCM

Photosynthetic organisms living in an aquatic environment often experience limitations in
COs availability. Aside from the fact that CO- diffusion is 10,000 slower in water than in air,
photosynthesis of neighbouring species can quickly deplete dissolved inorganic carbon (C;)
availability creating a highly variable environment. In addition, dissolved C; exists as an

equilibrium between HCO3", H.CQO3, CO3% and CO; (oq), in @ pH dependent manner (Fig. 1)
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Figure 1. The relative amount of Dissolved C; species as a function of pH condition (Figure from
Pedersen et al., 2013).
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At the neutral pH of 7.4, the dissolved C; species exists predominantly as HCO3", which
cannot cross biological membranes via passive diffusion due to its nature as a charged
species (Fig. 1). This equilibrium and the slow diffusion rate of C; restricts the photosynthetic
efficiency of aquatic photosynthetic organisms as Rubisco does not use HCOs as a
substrate for carboxylation. To overcome this limitation, Chlamydomonas operates an
inducible biophysical CCM which is activated by a low CO; condition (~0.03-0.5% COy;
Vance and Spalding 2005). This mechanism allows Chlamydomonas cells to accumulate
HCOs at up to 40 folds greater than what is possible from passive diffusion alone (Badger et
al., 1980). CCM induction and operation requires coordination between structural and
cellular machinery components. Briefly, the three core components of Chlamydomonas CCM
are: (1) A HCOs transport chain, which actively imports external C; to the active site of
Rubisco; (2) Carbonic anhydrases, which accelerate the slow inter-conversion of CO and
HCOs for carbon fixation; (3) The pyrenoid, a proteinaceous subcellular microcompartment
where Rubisco is concentrated.

/ Nucleus\

Starch Granules

Chloroplast

Thylakoid————

-2 Pyrenoid

\Starch sheath/

High CO, acclimated Low CO, acclimated

Figure 2. Structural comparison of Chlamydomonas under CCM induction. During the acclimation to
Low CO:2 condition, non-pyrenoid bound Rubisco at the chloroplast stroma condensed at the pyrenoid
which almost double its sizes. It is also known that the starch sheath surrounding the pyrenoid
increases in thickness, and starch granule which exits between thylakoids were absent under low COz
condition.
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Structural organisation of Chlamydomonas under CCM induction

An array of structural reorganisation occurs during the induction of the CCM. This is most
obvious at the pyrenoid which is surrounded by a thick starch sheath. These two
components have been found to be particularly responsive during low CO; acclimation (Fig.
2). While pyrenoid-less green algae species are also known to operate a functional CCM
based on evidence involving C; affinity from (Morita et al., 1998), the pyrenoid in
Chlamydomonas has been shown explicitly to be involved in the CCM (Caspari et al., 2017).
Pyrenoid size changes dramatically according to the surrounding CO- level. When grown
photoautotrophically, high CO2 grown cells contain approximately 40% of their Rubisco in
the pyrenoid (Borkhsenious et al., 1998), with the remaining fraction of Rubisco residing in
the chloroplast stroma. However, upon exposure to limiting CO; condition, the pyrenoid
almost doubles in area. Immunogold labelling evidence suggests that in this state the
pyrenoid contains approximately 90% of all Rubisco in the cell (Borkhsenious et al., 1998).
While little is known on how such an increase in Rubisco content is mediated during CCM
induction, this increase possibly occurs independent of translation related mechanism as
there is only small changes in total Rubisco content in cells observed during the transition
from high to low CO2 (Ma et al., 2011; Borkhsenious et al., 1998). A recent publication has
illustrated that a rubisco-linker protein called Essential Pyrenoid Component 1 (EPYC1), is
crucial to Rubisco phase separation which allows pyrenoid formation (Mackinder et al,
2016). As EPYC1 is highly upregulated during acclimation to low CO., it is possible that this
linker protein mediates the Rubisco recruitment during the low CO; transition in a dose-

dependent mechanism.

The journey of HCOs in Chlamydomonas

The journey of C; from the external environment to Rubisco in Chlamydomonas is aided by
an array of carbonic anhydrases and transporter components. The dominance of HCOs™ in
the neutral pH environment presents a great challenge for efficient photosynthesis under
COs- limiting condition for algae. To combat this phenomena Chlamydomonas expresses a
large range of carbonic anhydrases which accelerate their conversion to CO- and back.
Moroney et al. (1985) discovered that whole cell affinity to inorganic carbon (Kos) is reduced
at a high pH when cells were incubated with acetazolamide, a membrane impermeable
carbonic anhydrase inhibitor, this evidence implies that periplasmic carbonic anhydrase is
important to carbon uptake in Chlamydomonas. Using a high pH (pH 8) condition in their
experiment which increased the ratio of HCO3:CO-, they postulated that this periplasmic

carbonic anhydrase is dedicated to the conversion of HCO3 to CO2 which subsequently
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facilitates the passive diffusion of CO into cells. Later, CAH1 (carbonic anhydrase 1) was
identified as a periplasmic carbonic anhydrase which is upregulated by 9-fold after
acclimation to low CO; for 3 hours (Brueggeman et al., 2012) and was proposed to be the
carbonic anhydrase equilibrating the external C; (Fujiwara et al., 1990; Moroney et al., 1985),
implicating CAH1’s involvement in the CCM. However, Van and colleagues (1999) later
found contradictory evidence as they observed a wild type like C; affinity in the CAH1 knock-
out strain and showed that this knock-out strain grows similar to wild type under low CO
condition. They suggested that despite being abundantly expressed into the periplasmic
space, CAH1’s carbonic anhydrase activity might not be required for C; uptake during CCM,
or is in fact compensated by other periplasmic carbonic anhydrases. Indeed, CAH2 and
CAHS8 have been similarly localised to the periplasm (Tachiki et al., 1992; Ynalvez et al.,
2008). Interestingly, CAH2, which shared a >90% amino acid sequence similarity with
CAH1, increased in RNA level during acclimation to high CO2 and is absent under low CO-
conditions (Fujiwara et al., 1990). However, mRNA evidence shows a moderate amount of
CAH2 transcripts are still present in low CO- conditions (Tachiki et al., 1992). With the in
vitro catalytic activity of CAH2 being 1.6 times greater-than that of CAH1 (Tachiki et al.,
1992), it is possible that CAH2 compensates for CAH1 function and carries the principal role
of allowing rapid interconversion of HCO3s  and CO; in the external environment despite its
low abundance. Similarly, a f-carbonic anhydrases CAH8 was identified with periplasmic
localisation (Ynalvez et al., 2008) and have also been proposed to associate with the
Chlamydomonas CCM and can therefore carry out this proposed role in the external
environment. However, as of now, no explicit evidence for periplasmic carbonic anhydrase
activity has been shown to be essential for Chlamydomonas CCM operation and their true
physiological role are yet to be fully elucidated despite obvious association with the CO,
acclimation states. There remains the possibility of their involvement in both increasing
delivery of CO; through locally converting abundant HCOs to CO, and perhaps replenishing
HCOjs that is transported into the cell.

Due to the membrane impermeability of HCO3s", Chlamydomonas expresses a system of
HCOs transporters/channels at each of its membranes to facilitate transport from the
external environment to Rubisco in the pyrenoid. In order to probe for the genes involved in
Chlamydomonas HCOs™ transport, several expression profiling and transcriptomic studies
have been carried out to identify genes induced by limiting CO. conditions (Brueggeman et
al., 2012; Fang et al., 2012; Im and Grossman 2002; Yamano et al., 2008). Nine high-light
acclimated proteins have been identified in a restriction fragment differential display
procedure (Im and Grossman 2002). High-Light Activated 3 (HLA3) was identified to encode
a putative ATP-binding cassette type (ABC-type) transporter belonging to the multi-drug
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resistance protein family. HLA3 was also shown to increase in its mMRNA transcript levels
during the transition from high CO; to low CO; in addition to a light-regulated manner (Im
and Grossman 2002). The up-regulation of HLA3 was later found to be regulated by CIA5, a
proposed master-regulator of the CCM in Chlamydomonas (Fukuzawa et al., 2001; Miura et
al., 2004) due to the inability of a ciab knockout mutant to grow under low CO; and non-
responsiveness of many known CCM related genes. Using an RNAi knockdown approach,
Duanmu and colleagues (2009) showed that HLA3 deficient cells exhibit impaired growth
under high pH conditions where dissolved C; exists primarily as HCOs and suffers
decreased C; affinity. Additionally, hla3 knock-out lines, made via insertional mutagenesis
also showed similar phenotypes and reduced inorganic carbon affinity at alkaline pH
(Yamano et al., 2015). The role of HLA3 as an C; transporter is further supported by
evidence from dTALE (designed transcription activator-like effector) lines with induced HLA3
expression leading to increased C; affinity when acclimated at high CO, condition (Gao et al.,
2015). The expression of HLA3 protein in Xenopus oocytes also exhibited an increase in
HCOs" uptake capability (Atinkinson et al., 2016). With fluorescent tagging and biochemical
evidence establishing HLA3 localisation at the plasma membrane (Yamano et al., 2015; Gao
et al., 2015). These results together strongly argue that HLA3 functions as a HCO3

transporter at the plasma membrane.

A second putative HCOgs transporter is also proposed at the plasma membrane. Low
inorganic carbon induced 1 (LCI1) was identified from a transcriptomic screen (Miura et al.,
2004). Like HLAS3, its expression increases under low CO; conditions and is regulated by
CIA5. The regulation of LCI1 by CIAS is found to be related to a myb-transcription factor like
protein, LCR1, that is proposed to function downstream of CIA5. Interestingly, LCR1 was
also shown to regulate the transcript response of CAH1 (Ohnishi et al., 2010). The lcr1
mutant exhibit impaired C; affinity at low CO; which can be rescued by induced expression of
LCI1 (Ohnishi et al., 2010). With the biochemical localisation of LCI1 at the plasma
membrane (Ohnishi et al., 2010), it was proposed that both HLA3 and LCI1 functions in
coordinating the flow of external C; into the cytosol. Interestingly, a recent fluorescence
protein tagging and proteomics study found that these two putative C; transporters strongly
interact with each other, hinting that they may form a protein complex (Mackinder et al.,
2017). However, a recent conference abstract suggests that LCI1 forms a trimeric assembly
and conducts flow of uncharged CO- species (Chou 2017), unlike the charged HCO3 which
HLAS3 is proposed to transport. While the current CCM model suggests that HCOs' is the
main transported species across membranes during CCM induction, the existence of an
active CO; transport system has also been suggested (Sultemeyer et al., 1989). Mackinder
et al., (2017) suggested that a P-type ABC transporter (Cre10.g459200) which interacts with
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both HLA3 and LCI1 can coordinate H* flow (Thever and Saier 2009) thus creating locally
alkaline regions that prevent HCO3 conversion to CO; and reduce diffusion. If such function
of Cre10.g459200 is true, it will similarly generate an acidic surface to facilitate CO. diffusion
into the cytosol via LCI1 allowing a CO./HCO3; co-uptake mechanism at the plasma-

membrane (Mackinder et al., 2017).

After crossing the plasma membrane, HCO3 must then be transported across the
chloroplast membranes to reach Rubisco. The capability of active HCOs™ transport at the
chloroplast envelope has been demonstrated in isolated chloroplasts of Chlamydomonas
(Amoroso et al., 1998). Multiple HCOs transporter candidates have been localized at the
chloroplast envelope and have been proposed to mediate HCO3 transport into the
chloroplast stroma. These candidates include CCP1, CCP2 were identified from a cia5-
deficient associated transcription pool screening (Pollock et al., 2004), however they were
recently found to localise to the mitochondria instead (Atkinson et al., 2016). The other
proposed candidate LCIA, is previously recognized as a nitrogen-regulated formate-nitrate
transporter NAR1.2 and is found to be upregulated under low CO- conditions (Mariscal et al.,
2006). The two knockout mutants of LCIA, Ain-1 and Ain-2, were found to exhibit significant
reduction in C; affinity at an alkaline pH (pH 7.8) but not at the acidic pH (pH 6.2), implicating
LCIA to HCOs -related function (Yamano et al., 2015). Interestingly, mRNA levels of HLA3
was also significantly reduced in the Ain-1/2 strain and is subsequently shown to be
regulated by the expression of LCIA. This retrograde regulation is likely to be mediated by a
recently discovered Calcium binding protein (CAS) which re-localises from the thylakoid
stroma to the pyrenoidal tubules under limiting CO2 conditions (Wang et al., 2016). As the
loss of HLA3 similarly reduces C; affinity at high pH conditions (Duanmu et al., 2009a/b), the
authors constructed HLA3/LCIA double insertion mutants and found that mutants exhibit
further reduction in C; affinity when compared to the LCIA single mutant. Additionally,
simultaneously over-expressing HLA3 and LCIA proteins in Chlamydomonas increased Ci
accumulation at low CO2 conditions. LCIA’s HCOg3™ transport activity was also shown when
recombinantly expressed in Xenopus oocytes (Atkinson et al., 2016). These lines of
evidence solidify the role of LCIA as the putative bicarbonate transporter at the chloroplast

envelope.
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CAH3 releases CO:in the pyrenoid

As Rubisco cannot utilise HCO3™ as a substrate for carbon fixation, accumulated HCOs'in the
chloroplast stroma must be dehydrated to CO. before fixation by Rubisco in the pyrenoid.
However, water oxidation driven by PSIl and the associated linear electron transport system
generates a proton gradient across the thylakoid membrane causing the pH environment of
the chloroplast stroma and thylakoid lumen to reach ~8.0 and ~5.8 respectively (Cruz et al.,
2005). These conditions are unfavourable for the conversion of HCO3 to CO: in the
chloroplast stroma. Karlsson and colleagues (1998) found that an a-carbonic anhydrase
(CAH3) located in the thylakoid fraction is crucial for growth in low CO; conditions. With the
evidence that membrane permeant carbonic anhydrase successfully inhibit CCM function
(Spalding et al., 1983; William and Turpin 1987), it was proposed that the dehydration of
HCOs3 occurs in the thylakoid lumen instead of the chloroplast stroma. This role of CAH3 is
further supported by the high intracellular Ci pool observed in low CO; acclimated cah3
mutants despite the low CO; lethality (Moroney et al., 1986; Duanmu et al., 2009). The cah3
mutant exhibits a phenotype that is consistent with the inability to dehydrate accumulated
HCOjs for carbon fixation. Interestingly, an alternative function of CAH3 was also suggested.
This is since a CAH3 deficient line, cia3, exhibit reduced in vitro PSII activity that is
rescuable by addition of CAH3 protein (Villarejo et al., 2002). It was therefore hypothesised
that instead of dehydrating HCOs", CAH3 facilitates hydration of CO2 and act as a proton
scavenger near the PSII assembly under high light. However, it was recently found by both
Sinetova (2012) and Blanco-Rivero (2012) that CAH3 localises to the thylakoid lumen in the
thylakoid minitubules that traverse the pyrenoid. Since PSII complexes are minimal in the
thylakoid minitubules (Schottkowski et al., 2012; Uniacke and Zerges 2007), it is unlikely that
CAHa3 functions solely in providing protection to PSII in high light. Hanson and colleagues
(2003) further demonstrated that the cia3 line in fact displayed excess in vivo PSII activity
when compared to wild type, therefore provided evidence that the CAH3 principal function in

vivo lies on providing CO- to the pyrenoid rather than protection to PSII during high light.

A putative CO: recapture system

Studies on the bona fide CCM components such as HLA3, LCIA, CAH3 and LCIB (Low-CO-
induced B) have provided evidence that Chlamydomonas contains distinct acclimation states
during limiting CO- conditions, with different CCM components operating under different
acclimation states. LCIB-deficient mutants; ad?1 and pmp1, exhibit an unusual air-dier
phenotype where they fail to grow in air level CO2 (~0.04% CO3) but survive under high and
very low CO- conditions (<0.03% CO,) (Wang and Spalding 2006). Their results clearly
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demonstrated the distinct acclimation states of the Chlamydomonas CCM and showed that
unique CCM components are involved at each state. Wang and Spalding (2014) also found
the impact of LCIB-mutation is exacerbated at pH 6 when CO; is the dominant C; species
which suggests that LCIB functions in a CO, dependent mechanism. Combined with the
observation that LCIB re-localises to the pyrenoid periphery when transitioning from high
COs to low CO2 (Yamano et al., 2010), This study proposed that LCIB facilitate a
unidirectional hydration of CO- leaked from the pyrenoid at low CO- condition. This CO,
recapture system is further supported by a recent report of LCIB crystal structure which
found that LCIB and LCIC form a hexameric complex that resembles classic 3-carbonic
anhydrases (Jin et al., 2016). However, the mechanistic detail of how an LCIB/LCIC
mediated CO; uptake system can operate remains largely ambiguous, as purified LCIB/LCIC
complex displays no in vitro carbonic anhydrase activity, and the discovery of loss of CAH3
function rescues lethal growth at low CO; but still display lethality at very low CO, (Duanmu
et al., 2009).

Project Aim

The aim of this study is to identify the transporter at the thylakoid membrane. As the
conversion of HCOs™ to CO is unfavourable in the light-driven alkaline environment of the
chloroplast stroma. The dehydration of accumulated HCOs' is likely to occur through the
cooperative action of the thylakoid luminal localised CAH3 and acidification of the thylakoid
lumen. Thus, the current models of the CCM propose that a HCO3 channel/transporter is
present in the thylakoid membrane in order to mobilise the accumulated stromal HCO3 and

acts to aid its subsequent release to the pyrenoid for efficient carbon fixation (Fig.3).
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Figure 3. The current CCM model in Chlamydomonas reinhardtii. During CCM induction, Rubisco
from chloroplast stroma concentrate to the pyrenoid at the centre of the chloroplast bowl. The HCOs-
transporters; HLA3, LCI1, and LCIA deliver HCOs to the chloroplast stroma. An unidentified HCOs-
transporter at the thylakoid membrane shuttles HCOs to the thylakoid lumen where it is released to
the pyrenoid matrix after conversion to CO2 by Carbonic anhydrase 3, (CAH3).

Previous reports have proposed that CIA8 (Inorganic carbon carrier 8) is a likely target due
to the reduction in intercellular and fixed Ci in cia8 knock-out line (Machingura et al., 2017).
However, the ambiguous localisation signals at the chloroplast is more reminiscent of a
chloroplast stromal localisation than that of a thylakoidal membrane despite it was predicted
to contain 10 transmembrane domains. However, the mutant cia8 line exhibit a relatively
weak CCM phenotype that is less comparable to other characterised mutants such as cia3
and /cib. Until biochemical function of this protein is elucidated, it remains questionable
whether CIA8 functions as a HCOg3 transporter at the thylakoid membrane or other CCM-
related processes. To screen for additional possible Chlamydomonas HCOg3 transporters, a
CCM phenotype screen was devised to identify mutants which display a low CO» growth
defect that was rescuable by high CO.. Identified mutants were subjected to further

investigation on their photosynthetic performance and cellular architecture.
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Materials and methods:
Cell culture and growth

Chlamydomonas reinhardtii wild type CW15 mt~ (CC-4533/CMJ030) and mutant strains
were obtained from the Chlamydomonas resource library. Tris-Acetate-Phosphate (TAP)
and Tris-minimal (TP) medium pH 7.4 were prepared as described in Gorman and Levine
(1965) with revised trace elements (Kropat et al., 2011). 1.5% (w/v) agar was added to TAP
and TP to make TAP-agar and TP-agar plates. Mutant strains were maintained on TAP-agar
plates containing 20 ug mL™' paromomycin. For liquid growth, starter cultures were grown by
streaking strains to single colonies on TAP-agar plates. A single colony was then picked to
inoculate 50 mL TAP medium in an Erlenmeyer flask under constant illumination at 50 ymol

photons m= s until reaching a cell density of 2—4x10° cells mL"".

Growth assay (Spot and liquid phase growth)

Starter cultures were harvested by centrifugation (600 g, 4 minutes, room temperature) and
washed with TP medium twice. Cells were then diluted in series on 96-well plates to 10°, 10*
and 103 cells mL™" with TP medium. 10 uL of diluted cultures at each concentration were
spotted onto TP plates adjusted to pH 8.0, 8.2, 8.4, 8.6 and 8.8 for the pH assay or pH 7.0
and pH 8.4 for mutant growth assay. For mutant growth assay, plates were put into air-tight
chambers and incubated in high (3% CO.), low (0.04% CO,) and very low CO, (0.01% COx)
conditions at the light intensity of 50 and 150 photons m= s™" for two consecutive days
before increasing light intensity to 500 umol photons m=2 s™'. Plates for the pH assay were

incubated only in low CO; condition. Images of plates were taken after 9 days of incubation.

For the liquid growth assay, the starter cultures were then used to inoculate a 400mL TP
medium to a cell density of 2x10° cells mL-' and were bubbled with 3% CO; at 150 umols
photons m=2 s™" for 48 hours, the high CO, acclimated cultures were then used to inoculate
separate 400mL TP medium to a cell density of 2x10° cells mL™'. These cultures were then
bubbled with 0.04% CO, for 6 days under continuous light of 50 and 400 umol photons m
s™'. The absorbance of cell culture was measured at 730nm with a spectrophotometer
(Jenway 6300) as well as their cell density were recorded using a digital haemocytometer
(Countess™ Il FL) each day. To calculate doubling time, the growth rate (k) of the

logarithmic growth phase is obtained from (Eq. 1):

Py = Pgye®t [Equation 1]
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Where P9 and P, is the starting and final cell density, and t is the duration of growth. The

doubling time is then calculated as (In 2)/k.

Insert confirmation

Genomic DNA was extracted from a single colony grown on a TAP-agar plate. The collected
colony was vortexed with 50uL of 5 mM EDTA for 30 seconds and then incubated at 100°C
for 10 minutes. Primer pairs were designed to flank the predicted insertion site, obtained
from the Chlamydomonas Library project (CLIP; https://www.chlamylibrary.org/) sequencing
results. Amplification of DNA fragments were carried out as previously described by Li et al.,
(2016). Amplified DNA fragments were purified with QlAquick PCR purification kit (Qiagen)
and sent for sequencing (GATC Bioscience). Sequencing reads were analysed using

Geneious software (Geneious 11.0.3)

Western blotting

Starter cultures of wild type and bst4 were used to inoculate 400 mL of TP-medium to 1x10°
cells mL™" and bubbled with high CO; for 48 hours. They were then transferred to low CO; for
48 hours for the low CO; acclimated culture. The protein extraction protocol was modified
from Wittkopp (Wittkopp et al., 2018). Briefly, culture equivalent to 50 ug chlorophyll
measured spectrophotometrically (Porra et al., 1989) was harvested by centrifugation (400
rom, 10 minutes; room temperature). The pellets were washed with wash buffer 1 (5 mM
HEPES-KOH, pH 7.5; 10 mM EDTA-NaOH, pH 7.5; 1 mM Benzamadine; 1 mM PMSF; 1
mM Aminocaproic acid) and pelleted (12000 rpm, 2 minutes, room temperature). The
washed pellet was re-suspended with extraction buffer 1 (5 mM HEPES-KOH, pH 7.5; 10
mM EDTA-NaOH, pH 7.5; 100 mM DTT; 100 mM Na»COs) by vortex and extraction buffer 2
(5% (w/w) SDS, 30% (w/w) Sucrose) was then added. The suspensions were then boiled for
1 minute before centrifugation (12000 rpm, 10 minutes; room temperature). Supernatants of

boiled sample were flashed frozen in liquid nitrogen and stored at -80 prior to use.

For western blotting, the extracted proteins were denatured at 95°C for 5 minutes in 1x
Laemmeli buffer and 357.5 mM 3-mercaptoethanol. The denatured proteins were separated
by SDS-PAGE with a 10% polyacrylamide gel (Biorad) in running buffer (25 mM Tris-base,
192 mM Glycine , 0.1% SDS (w/v)) for 30 minutes at 60 V and then 50 minutes at 100 V.
Separated proteins were electrophoretically transferred to FL-PVDF Membrane (Bio-rad)
with a semi-dry blotting unit (Biorad) with transfer buffer (23 mM Tris-base, 192 mM Glycine
0.1% SDS, 20% Methanol). The membrane was blocked overnight with 5% milk in Tris-
Buffered Saline supplemented with 0.1% Tween 20 (TBST). A Polyclonal antibody raised
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against BST4 protein C-terminal (residues 428—443) in rabbit and monoclonal anti-a-tubulin
(Sigma; T6074) raised in mouse were used to probe for their presence. The membrane was
incubated with primary antibodies diluted 1:1000 with 3% milk in TBST buffer in 4 °C
overnight, washed 3 times with TBST, then incubated with secondary antibodies, Alexa fluor
488 against rabbit and Alexa Fluor 555 against mouse (Thermo scientific) both diluted
1:1000 with 3% milk in TBST buffer in room temperature for 1 hour. The blotted membrane
was imaged using an Amersham™ Typhoon ™ Laser Scanner 5 (GE healthcare). The
excitation lasers were set at 488 and 532 with emissions from 525/50nm and 570/20

collected.

In silico modelling of bestrophin-like proteins

Peptide sequences of BST1-4 were obtained from Phytozome v12.1 database. Homology
modelling of BST1-4 was achieved with Swiss-model webserver using Klebsiella pneumonia
Bestrophin (PDB: 4DW8) as a template. For electrostatic potential calculation, the obtained
homo-pentamer model was first submitted to energy minimization with the gromos 43B1
forcefield (Van Gunsteren et al., 1996). The electrostatic potential was calculated using atom
partial charge using Swiss-PDBviewer (V4.01) (Schwede et al., 2003) with the solvent and
protein dielectric potential set as 80 and 4 respectively. The result visualized as the

electrostatic field was mapped on to the molecular surface with Swiss-PDBviewer (V4.01).

Protein Sequence analysis

Chlamydomonas Bestrophin genes were run in BLAST using NCBI genome database to
probe for related genetic sequences and the bestrophin domain (Altschul et al., 1990). The
Chlamydomonas, Klebsiella pneumoniae and human bestrophin protein sequences were
aligned with Geneious (V.11) using the CLUSTALW matrix. The targeting of
Chlamydomonas was predicted by the LOCALIZER (Sperchneider et al., 2017), ChloroP
(Emanueisson et al., 1999) and PredAlgo (Tardiff et al., 2012) webservers using their full-
length protein sequence. The Maximum-likelihood phylogenetic tree was generated by
curating proteins with bestrophin domain annotation, the conserved bestrophin domain of
each protein was isolated and aligned with Muscle-alignment software (Edgar 2004).
Phylogenetic tree was constructed using the neighbour-joining method with a bootstrapping
sample of 100 in the MEGAX software (Kumar et al., 2018).
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Inorganic carbon affinity

The photosynthetic characteristics of cell lines (total Oz evolution and C; affinity) were
determined as previously described by Badger et al., (1980). High and low CO- acclimated
cultures were harvested by centrifugation (1000 g, 5 minutes, 4°C) and re-suspend in
degassed 25 mM HEPES-KOH buffer solution (pH 7.4) to a density of 1.5x107 cells mL™.
Cell suspension was added to a Clark-type oxygen electrode chamber (Hansatech)
maintained at 25°C by a circulating water jacket. Suspensions were incubated under
illumination at 400 pmol photons m™ s with constant stirring to deplete the internal carbon
inorganic pool before addition of 10 ul NaHCO3 at 60 second intervals. The cumulative
concentrations after each NaHCO3 additions were: 2.5, 5, 10, 25, 50, 100, 250, 500, 1000,
and 2000 uM. The measured O, content in the chamber was used to calculate the rate of O,
evolution. The measured rates were fitted using non-linear least square method to the
Michaelis-Menten equation (Eq. 2) where Ky, is the C; affinity; Vmax is the maximal O
evolution and [S] is the Ci concentration.

VO — Vmax[S]

ot [5] [Equation 2]

Chlorophyll content of the cell suspension was determined spectrophotometrically. Briefly,
1mL of the cell suspension were harvested by centrifugation (x20320 g, 5 minutes, room
temperature). Supernatants were removed and replaced by an equal amount of 100%
Methanol to re-suspend the pellets before wrapping with aluminium foil. The re-suspended
pellets were vortexed for 1 minute and left on ice for 10 minutes prior to harvesting as
before. The chlorophyll extraction was then measured at 652 nm and 655 nm on a
spectrophotometer (Jenway 6300). Total Chlorophyll content was then calculated using the

empirical equation derived from Porra et al., 1989.

Fluorescent-protein tagging

The BST1, 3-YFP tagged construct were provided by my supervisor Dr. Luke Mackinder,
BST4-YFP tagged construct were provided by my colleague Thomas Emrich-Mills (Now at
University of Sheffield) while BST2-YFP tagged construct was obtained from a collaborator,
Dr. James Moroney of Louisiana State University. Transformation of wild type
Chlamydomonas with BST1-4 fluorescent protein tagged constructs via electroporation was
performed as previously described in Mackinder et al., (2017). Briefly, wild type cultures

were grown in TAP-liquid media under 50 umol photons m2 s! and were harvested at mid-
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log phase. After discarding the supernatant cell pellets were diluted to 2x108 cells mL"' TAP-
media supplemented with 40 mM sucrose. 250 ul of the cell suspension was aliquoted into 1
mm gap electroporation cuvettes. The cell suspensions were subsequently electroporated at
800V, 20uF with a Gene Pulser II™ (Biorad). Transformants were diluted to 6x10° cells mL""
with TAP-40 mM sucrose media and incubated in the dark for 16 hours under constant
shaking. The transformants were then plated on TAP-agar containing 20 ug mL""
paromomycin. Paromomycin resistant colonies were re-plated into a 96 array format and
screened for fluorescence using a Typhoon 8610 (GE healthcare) with the laser set at
633nm and 532nm for chlorophyll autofluorescence, and Venus fluorescence where

emissions of 670/30 and 555/20 were collected correspondingly.

Confocal microscopy

Fluorescent colonies were inoculated in TAP medium to grow heterotrophically until reaching
2-4x10° cells mL™. The cell cultures were then harvested and re-suspended in TP medium
overnight before imaging preparation. For DIC microscopy, cells were stained with Lugol’s
solution (Kl/I2) for 15 minutes before mounted on a poly-L-lysine treated glass slide. Images
were captured with a LSM510 (Zeiss) with a x63 objective (1.4 NA). Confocal Images were
collected on a LSM880 (Zeiss) equipped with an Airyscan module using x63 objective. An
argon laser at 514 nm and 561 nm were used for Venus and chlorophyll excitation
respectively. Emission at 525-550nm and 620—-670nm were collected for Venus and
chlorophyll signal, respectively. Images were deconvoluted via Airyscan processing with a
filtering strength of 6 (Korobchevskaya et al., 2017) in the Zeiss software. All processed

images were analysed by the FlJI software.

Electron Microscopy

Starter cultures of Wild type and bst4 were rinsed with TP medium by centrifugation (1000g,
4 minutes, 20°C). The washed cultures were then used to inoculate 400 mL TP medium to a
cell density of 1x10° cells mL™". Diluted cultures were grown under constant illumination at
150 umol photons m2 s and bubbled with 3% CO- for 48 hours to be collected as the high
CO- acclimated cells. The cultures were then transferred to 0.04% CO2 for another 48 hours
for the low CO; acclimated cells. The high and low CO- acclimated cells were harvested by
centrifugation (x1000g, 4 minutes, 20°C). Primary fixation was carried out on a rotating
mixer, samples were fixed in 1.25% glutaraldehyde in 50 mM sodium cacodylate (pH 7.15) in
TP medium for 15 minutes and were then transferred to 2.5% Glutaraldehyde in 50 mM
cacodylate for 2 hours. Fixed samples were washed three times with 50 mM sodium

cacodylate by centrifugation. Samples were then osmicated with 1% OsO4in 50 mM sodium
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cacodylate for 1 hour on ice and washed with de-ionised water. 1% uranyl acetate in de-
ionised water was used to block stain sample in the dark for 1 hour. The blocked samples
were washed twice with de-ionised water and twice with 50 mM sodium cacodylate. Fixed
samples were dehydrated in an acetone series (25%, 50, 75%, 90% and 100%)
approximately 20 minutes each step. Dehydrated samples were infiltrated with Spurr’s resin
by incubating in 25% then 50% Spurr resin in acetone for 30 minutes and transferred to 75%
Spurr resin in acetone for 45 minutes at room temperature. They were then incubated in
100% Spurr resin overnight before polymerising at 70 °C for 24 hours. Sections
approximately 70 nm thick were collected on Copper grids and stained with saturated uranyl
acetate and lead citrate. Images were collected with a FEI Tecnai 12 BT at 120kV using a
Ceta camera. FIJI was used for image analysis where the area, perimeter, length of the cell,
pyrenoid and thylakoids were measured. The circularity of pyrenoid is calculated by Equation
3:

4m(Area)

Circularity = — >
Perimeter

[Equation 3]

25



Results
1. Screening for High CO:2 requiring phenotypes

To identify new components that are required for a fully operating Chlamydomonas CCM, we
shortlisted potential targets using a recent protein interactome study which identified novel
interactors of known CCM functioning proteins such as CAH3, LCIB and HLA3 etc.
(Mackinder et al., 2017). In total 17 candidate genes were shortlisted and their mutants were
obtained from the Chlamydomonas Library Project (CLiP; Li et al., 2016).

Previous work on the growth of Chlamydomonas at high pH has shown contradicting
conclusions on their viability above pH 8 (Messerli et al., 2005; Hirooka et al., 2017). As the
the light intensity intended to be used in the mutant screening differs from these growth
experiments mentioned above. A pH growth assay was carried out to determine the
appropriate high pH condition for screening which also allowed robust growth of
Chlamydomonas. Wild type was grown on TP-agar plates adjusted to pH 8.0-8.8 and then
incubated under low CO: conditions. Consistent with Messerli et al. (2005), our wild type
Chlamydomonas was found to be viable at all of the pH levels tested. However, an apparent
reduction in growth was observed at pH condition >8.6 (Fig.4). Consequently, the pH
condition of 8.4 was then chosen as the alkaline pH condition used to contrast the neutral pH
7 such that the HCO3: CO; ratio was dramatically altered while maintaining a similar amount

of growth.

To screen for a CCM-related phenotype, we incubated the obtained mutants in three CO-
concentrations (Fig. 5a): 3% CO2 (High CO.), 0.04% (Low CO2) and 0.01% (very low COy)
as well as adjusted pH condition of growth medium to sift the equilibrium of dissolved C;

species (as outlined above in Fig. 1).
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Figure 4. The pH growth assay. Starter culture of wild type were grown heterotrophically and diluted
to 105 cells'mL- 10 cells''mL and 103 cells"'mL before spotting on to the TP plates adjusted to pH
8.0-8.8. Colonies spotted with 102 cells was shown.

A large proportion of the screened mutants showed a CCM-related phenotype (Fig. 5b): of
the 27 mutants screened, 14 were found to exhibit a high CO2 requiring phenotype (Table 1:
highlighted in blue), of which five mutants in this class exhibit a high CO. requiring
phenotype independent of the pH environment during screening. cLM089 failed to grow
phototrophically despite displaying no apparent growth defect in heterotrophic conditions
(Supplementary Fig. 2). We found no mutants displaying phenotype exclusive to one
acclimation state. Mutants which failed to grow or exhibit impaired growth under low CO
condition simultaneously showed similar or worse growth phenotype at very low CO-
conditions. This includes the LCIB insertion mutants designated as /cib (cLM115), cLM114
and cLM116. The three LCIB insertion mutants displayed a clear growth defect at both low
and very low CO- conditions, contrary to the expected air-dier phenotype that is observed in
LCIB knockout line ad? (Duanmu et al., 2009). This difference might be a result of
incomplete disruption of the LCIB locus by the CIB1 cassette insertion, screening condition
used and incorrect mapping of cassette insertion such that LCIB expression remained

unaffected in the cells.
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Figure 5. CCM screening of shortlisted mutants. a) The drawn schematics of the screening setup.
Number of cells spotted is indicated. Plates made to pH 7.0 and 8.4 were subject to the 3 different
CO:2 condition. b) Picture of screened mutants. Images of each plate were split to two halves where
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the top and bottom half are shown adjacently. Strains were grown under 500 pmol photons m=2 s -1
light.

To confirm that the mutants ordered from the CLIP collection contained the CIB1 cassette in
the correct genomic region, the proposed disrupted region was amplified to check for the
presence of the CIB1 cassette. Primers designed to flank the predicted insert location
~200bp—500bp on both sides were used to amplify fragments using the genomic DNA
(gDNA) extracted from wild type and mutant strains. PCR with wild type DNA generally yield
a short 500-1000bp product in contrast to a ~3000bp product when mutant gDNA was used
due to the CIB1 cassette insert. Using an elongation time of ~1 minute, amplification of
fragments including the CIB1 cassette is inhibited. Comparison of amplified product size (or
lack thereof) is used to determine whether mutants contain the correct CIB1 cassette insert
(see below for confirmation of the CIB1 insertion site of cLM075). With the candidate genes
identified with a high CO; requiring phenotype, mutants which correspond to Cre06.9g261750
which encode for a protein containing a bestrophin domain were choose for further study.
Since bestrophins have been previously reported to mediate HCOs3™ transport activity (Qu
and Hartzell 2008).

Table 1. Summary of CCM phenotype screening. The growth phenotype of strains were denoted by
“++” which represent no visible difference to wild type; “+” representing slight reduction in growth
relative to wild type and “~” where no growth was observed. The proposed insert location of the CIB1
cassette was obtained from the CLiP database and indicated under the location column, and the
results of PCR amplification flanking the proposed region is denoted under PCR column. Rows
highlighted in blue represent mutants exhibiting high-CO:z requiring phenotype where CIB1 cassette
insertion was also verified.

Strain Growth Insertion
Gene number Strain ID pH7 pH 8.4 )
(cLM) HC C VLC HC LC Location PCR
RBCS1/2 interactor
080 LMJ.RY0402.051387 ++ - - ++ - Intron Y
Cre16.9655050
091 LMJ.RY0402.121213 ++ + + ++ - Exon Y
Cre13.g575800 102 LMJ.RY0402.207432 ++ + + ++ - Intron Y
075 LMJ.RY0402.159478 + + + ++ - CDS Y
076 LMJ.RY0402.184445 ++ ++ + ++ - JUTR N
Cre06.9261750
101 LMJ.RY0402.186869 ++ ++ + ++ + Intron N
084 LMJ.RY0402.065355 ++ ++  ++ Intron Y
103 LMJ.RY0402.208223 ++ ++ o+t - Intron N
Cre08.9373450
079 LMJ.RY0402.048029 ++ + + ++ + Intron Y
Cre06.g249750 081 LMJ.RY0402.058741 ++ + + ++ - Intron N
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085 LMJ.RY0402.069506 + + + ++ - Intron Y
Cre06.9271850

088 LMJ.RY0402.085942 ++ + - ++ - Exon Y
Cre06.g273050 089 LMJ.RY0402.094238 + - - - - Exon Y
Cre12.g559250 095 LMJ.RY0402.051387 ++ ++  ++ Intron Y
Cre16.9663150 105 LMJ.RY0402.208438 ++ + + ++ - Exon Y
EPYC1 interactor

096 LMJ.RY0402.153726 ++ - - + - Exon Y
Cre03.g202000

106 LMJ.RY0402.0211375 ++ ++  ++ Intron
HLAZ3 interactor
Cre13.g571700 108 LMJ.RY0402.235547 ++ - - ++ - 5 UTR Y
LCIB interactor
Cre03.g206600 086 LMJ.RY0402.069780 ++ ++ + ++ - 3UTR Y
Cre01.g053950 98 LMJ.RY0402.164261 + + + + + Intron Y

114 LMJ.RY0402.154803 ++ - - - - Exon N
Cre10.g452800 115 LMJ.RY0402.215132 ++ - - - - 5UTR Y

116 LMJ.RY0402.173287 ++ - - - - Exon N
Other
Cre10.g444700 052 / ++ - - ++ - Exon Y

050 / ++ ++ ++ ++ + Exon
Cre09.9394473

051 / s ++  ++ 44 - Intron
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2. cLMO075 is a BST4-deficient mutant

Bestrophin-like proteins have previously been proposed to be potential HCO3™ transporter
candidates at the thylakoid membrane in Chlamydomonas (Jungnick et al., 2014). The CLiP
mutants of this gene including cLM075, cLM076, cLM084 and cLM101 (Table 1) were
obtained and subjected to the CCM screen. cLM0O75 grew poorly in low CO- conditions and
this phenotype was further exacerbated at more alkaline pH (Fig 5). This increased the
HCO3:CO; ratio, which reduces the passive influx of CO, towards cells and therefore
increase the requirement of a functioning HCO3™ transport chain to allow efficient
accumulation of C; for growth. The growth defect observed hence likely reflects an impaired
ability for HCOgs-related processes. However, the amount of cells spotted were lower due to

spotting error.

PCR ampilification of the cLM101 and cLMO076 proposed insertion sites (Fig. 6) gave
products of the identical size with wild type, while no products were observed when
amplifying the predicted site of cLM075 and cLM084 no bands (Fig. 7a) which suggests a
CIB1 cassette was inserted at the amplified region of cLM75 and 84.

075 084 101 076
BST4 i - —
CIB1 cassette 5UTR I 3'UTR I Exon
=|r‘=> ‘ e | > | B i = 4—1T
PSAD HSP70- RBCS2 AphVill  PSAD 3'IB
Promoter RBCS2 first Terminator
Remnant Promoter Intron
518 RPL12
Terminator

Figure 6. The proposed CIB1 cassette insert location of strains cLM075, cLM076, cLM084 and
cLM101 obtained from the CLiP database.

Shown not to contain the insert at the BST4 gene, strains cLM76 and cLM101 were not used
for subsequent characterisation. To further validate the insertion location for cLM075, a
~400bp product was amplified from the 5’ and 3’ ends of CIB1 cassette were purified and
submitted to sequencing. While the 5" amplification of CIB1 cassette was not successful (Fig.
7b). Mapping of the sequence of the purified 3’ end product to the BST4 locus showed that
cLMO75 contains the CIB1 cassette insert in its third exon (Fig. 7c¢).
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Figure 7. CIB1 cassette insert validation. a) The amplification of proposed CIB1 cassette insertion
cassette site. Amplification of mutant gDNA (M) and wild type gDNA (WT) at the proposed CIB1
cassette insertion site for the corresponding mutant indicated. b) The ampilification of cassette junction
spanning the CIB1 cassettes and genomic DNA at both 5’ and 3’ sides. ¢) Sequencing reads of the
amplified 3’ cassette junction mapped on the third exon of Cre06.9g261750 (BST4). Flanking sequence
denotes the sequence predicted to flank inserted CIB1 cassette (Li et al., 2014). No additional
mutation was found on the sequencing read.

While insertion of the CIB1 cassette was validated, the insertion might not completely
abolish transcription and may result in a reduced amount of BST4 protein present in the
mutant line. To demonstrate that BST4 is absent in cLM075, the protein extracted from low
CO2 grown Wild type was separated by denaturing gel electrophoresis and immuno-blotting
showed that BST4 protein migrates as a single band at ~71 kDa, matching its predicted
molecular weight. This band is absent in strain cLM075 and demonstrates that BST4 is at
undetectable levels in this mutant strain (Fig. 8). cLM075 was subsequently designated as
bst4.
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Figure 8. Western-blot analysis of total protein extracted from wild type and bst4 strains. Wild type
and bst4 strains were grown in high CO2 and then transferred to low CO2 conditions for at least 36
hours prior to protein extraction. The total soluble proteins were probed with anti-BST4 antibody with
alpha-tubulin as loading control. WT, Wild type.

3. The bst4 mutant exhibits slower liquid growth in high light intensity

To further investigate the growth characteristics of the bst4 strains, we assayed the growth
of the bst4 mutant line under low CO; conditions in a liquid culture. bst4 showed slightly
reduced growth compared to wild type at ~50 umol photons m= s*' (Fig.9a) with the doubling
time of wild type and bst4 calculated to be 34.65 + 5.98 hours and 33.96 + 6.01 hours
respectively. The light intensity used here was found to be far below the light saturation level
(>500 pumol photons m s') previously determined (Kirst et al., 2012). This led to hypothesis
that differences in growth rate can be masked by a low photosynthetic rate, as little energy is
generated by the low light intensity, even suboptimal efficiency for carbon assimilation will be
sufficient to consume the energy generated and negate photoinhibition. The experiment was
therefore subsequently repeated at a high light intensity to increase the photosynthetic rate.
Indeed, when grown under the light intensity of ~400 umol photons m? s, the growth rate of
the bst4 strain was found to be lower than wild type (Fig 9b). The doubling time of bst4 was
calculated as 28.178 £ 3.00 hours (n=4, p=0.046, two-sample t-test), which was 1.4 times
slower than that of wild type, which is 19.6825 £ 0.969 hours. It is interesting to note that
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both the failure to maintain sufficient HCO3 transport for carbon fixation, and photoinhibition

would result in the growth difference here. Regardless, the bst4 strains showed a clear

defective growth rate under low CO; conditions.
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Figure 9. Liquid growth assay of bst4 strain under low CO2 condition. a) Growth of Wild type (closed
circle, solid line) and bst4 (open circle, dashed line) at low CO2 under 50 pymol photons m-2 s light.

Data represents the mean cell density + standard error (n=3). b) Growth of Wild type (closed circle,

solid line) and bst4 (open circle, dashed line) under 400 umol photons m=2 s-' light at low CO.. Data
represent the means * standard error (n=5) of the absorbance recorded at 730 nm of usinga 1 mL

culture suspension.
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4. Sequence analysis of Chlamydomonas bestrophins

The bestrophin protein lineage is widely conserved across all kingdoms (Milenkovic et al.,
2008; Herdean et al., 2016; Fig.10). They are commonly known as chloride channels that

typically contain 4 transmembrane domains. Reports on a bestrophin homolog in mouse

(mBEST1) found that mBest1 displayed similar capability to transport HCO3™ as well as CI

showing that bestrophins can potentially function as a HCO3s  and CI- channel
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Figure 10. The molecular phylogenetic tree of Bestrophin proteins. The human bestrophin protein 1
was used as an outgroup. Phylogenies were created using neighbour-joining method with 100
bootstrapping value in MEGAX software (Kumar et al., 2018). BST4 is represented by cre06.g261750.
Labels at branch tip represents the Genebank/UnitProt accession number. AT: Arabidopsis thaliana;
AL: Arabidopsis lyrata; Brara: Brassica rapa; Cagra: Capsella grandiflora ; Carubv: Capsella rubella ;
CDY: ; Cre: Chlamydomonas reinhardtii ; Gax: Chlamydomonas eustigma ; Glyma: Glycine max ;
KCW: Eucalyptus grandis ; Pp: Physcomitrella patens; Vocar: Volvox carterii.

simultaneously (Qu and Hartzell 2008). 10 genes are predicted to encode proteins annotated
with a bestrophin domain in the Chlamydomonas reinhardtii genome (version 5.5). Three of
the identified proteins, which were designated as BST1 (Cre06.9g662600), BST2
(Cre06.9663400), and BST3 (Cre06.9g663450) have been found to interact with LCIC/LCIB,
where BST4 (Cre16.9g261750) was found to interact with Rubisco (Mackinder et al., 2017).
To analyse the potential function of BST1-4, the characterised human (Hbest1) and
klebsiella pneumoniae bestrophins (Kpbest) were aligned with the peptide sequences of the
4 Chlamydomonas proteins (Fig. 11). The annotated bestrophin domains of BST1—-4 shared
a high pairwise identity of 68.3% between each other. BST2 and BST3 exhibit a particularly
high degree of homology, where they shared a pairwise identity of 87.9%. Additionally, BST2
and BST3 were arranged in a “head-to-tail” orientation on the genome that often
corresponds to correlated expression (Li et al., 2006) and is a commonly observed in gene
duplication events (Reams and Roth 2015). While the bestrophin domains between BST1-4
were similar, BST4 contains an extended C-terminal tail that is ~200 residues longer than
BST1-3. Previous studies on human and chicken bestrophins have suggested that
bestrophin C-terminals are highly diverse and might demonstrated a regulatory role (Yang et
al., 2014). The long C-terminal tail in BST4 might indicate that BST4 function is distinct from
BST1-3’s. The alignment of BST1-4 with Kpbest and Hbest1 showed a low Pairwise identity
of 38.1%. Interestingly, the human and chicken bestrophins were characterised to be
activated by Ca?* ions likely mediated by a calcium-clasp motif (EDDDFETNW) (Vaisey et
al., 2016; Dickson et al., 2014). This motif (Fig. 11; highlight in red) was previously shown to
be absent in the Ca?* unresponsive Kpbest (Yang et al., 2014). Similar to Kpbest, BST1-4
showed no sequence homology at this motif which suggests that Chlamydomonas

bestrophins were unlikely to be regulated by Ca?*.

Using the full peptide sequence of BST1-4, membrane spanning domains were searched
using MEMSAT-SVM server (Nugent and Jones 2009). In total, 4 transmembrane domains
were predicted in each protein. The 4 transmembrane domains were all located within the
bestrophin domain (Fig. 11; high light in orange). Despite the poor sequence conservation,
BST1—4 shared an identical number of transmembrane domains with Kpbest and Hbest1

and exhibit similar spacing between transmembrane domains (Fig. 11 high light in orange).
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Additionally, the predicted secondary structure was also found to be largely similar to the

determined crystal structure of Kpbest. (Fig. 11; Jones et al., 1999).
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Figure 11. Amino acid sequence alignments of the bestrophin domain of Chlamydomonas bestrophins
BST1-4 with the Klebsiella pneumoniaea (Kpbest) and human bestrophin 1 (Hbest1). Predicted
transmembrane domains obtained via MEMSAT-SVM (Nugent and jones 2009) are highlighted in
orange. Transmembrane domains of Kpbest (orange) were taken from Yang et al. (2015). Calcium
motif (red) was obtained from Vaisey et al., 2016. Secondary structure was predicted via PSIPRED
V3.3. The predicted helicies of BST1—4 are represented by blue, where the solved structural helicies
of Kpbest are represented by purple. Black background, identical residue in all sequences; Grey
background, identical residues in >3 sequences.

To date, two bestrophin crystal structures, Klebsiella pneumoniae and Gallus gallus
bestrophin, have been resolved by X-ray crystallography (Yang et al., 2014; Dickson et al.,
2014). Using the Klebsiella bestrophin (Kpbest) structure as a template (Yang et al., 2014),
the structure of BST1—-4 was modelled via the Swiss-modelling server (Fig. 12a; Waterhouse
et al., 2018). The calculated local QMEAN score (Qualitative Model energy Analysis; Benkert
et al., 2008) was used to assess (Fig. 12d) model structure quality and showed that the
output structural model was of high quality. The obtained modelled structures resemble
Kpbest and formed a homopentameric protein which displayed a clear central channel for
ion permeation (Fig, 12b). The vase-like channel starts with the entry pocket which narrowed
to a selective-pore. The selective pore then lead to a large inner cavity before narrowing

again to form the aperture (Vaisey et al., 2016).

Previously work on the Drosophila bestrophin using site-directed mutagenesis suggested
that the residues that are lining the selective pore are crucial in mediating ion selectivity
(Chien & Hartzell 2008). This is further illustrated in Kpbest where the ion conductance were
abolished by point mutation of the pore-lining residues (Yang et al., 2014). In
Chlamydomonas, these pore-lining residues generally correspond to Leucine, Valine and

Phenylalanine (Fig.12a) which are similar to those found in Kpbest (162, 166 and F70) and in
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Hbest1 (176, F80 and F84). Interestingly, the phenylalanine at the pore lining were
conserved between all the modelled Chlamydomonas bestrophin structures. It has been
suggested that phenylalanine potentially mediates an anion-quadrupole interaction with the
transporting anion which improves ion selectivity (Vaisey et al., 2016; Kapoor et al., 2016).
The possible anion permeability of BST1—4 channels were also supported by the
electrostatic potential calculation, which showed a positive electrostatic potential surface on

the ion permeation channel (Fig. 12c).

BST3 BST4 Kpbest
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Figure 12. Modelled structure of Chlamydomonas bestrophins BST1-4 via Swiss-modelling server
using kpbest (PDB:4WD8) as template. a) Monomer structures of BST1—4 with the critical residues
highlighted as red.b) Drawn representation of the channel cavity cross-section formed from the
pentameric assembly of bestrophin proteins. ¢) The calculated electrostatic potential of bestrophin via
the Swiss-PDB viewer using partial charge with Poisson-Boltzman equation. The dielectric constant
for medium and the protein was set to 80 and 4 respectively. d) BST1 pentamer structure with
secondary structures coloured by the local QMEAN score, a structure quality scoring matrix.
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5. BST1-4 localise to different regions of the thylakoid membrane

The full-length peptide sequences of Chlamydomonas bestrophins were submitted to
localisation prediction webserver PredAlgo (Tardiff et al., 2012), ChloroP (Emanuelsson et
al., 1999) and LOCALIZER (Sperchneider et al., 2017). The localisation prediction of
Chlamydomonas bestrophins largely agreed between the three prediction webservers (Table
2). All three prediction algorithms inferred that BST1, 2, 3 and 5 were localised to the
chloroplast. BST4, was similarly predicted to localise to the chloroplast by PredAlgo and
ChloroP, but was predicted to localise to the mitochondria by LOCALIZER. To determine the
sub-cellular and organelle localisation, we fused BST1—4 with yellow fluorescent protein

(YFP) and examined the fluorescent signals with confocal microscopy.

Table 2. Predicted localisation of Bestrophin proteins in Chlamydomonas reinhardtii bestrophins. Full
length peptide sequences of Bestrophins were obtained from the Phytozhome v5.1 database. The
sequences were then submitted to Predalgo, ChloroP and LOCALIZER webservers where the highest
scoring prediction were listed above.

Prediction Server

Locus Name PredAlgo ChloroP LOCALIZER
Cre06.9662600 BST1 Chloroplast Chloroplast Chloroplast
Cre06.9663400 BST2 Chloroplast Chloroplast Chloroplast
Cre06.9663450 BST3 Chloroplast Chloroplast Chloroplast
Cre16.9261750 BST4 Chloroplast Chloroplast Mitochondria
Cre01.g038100 BSTS5 Chloroplast Chloroplast Chloroplast
Cre11.g467611 BST6 Mitochondria Other Other
Cre03.9199600 BST7 Other Other Mitochondria
Ce06.9277650 BST8 Other Other Nucleus
Cre07.9355300 BST9 Other Other Nucleus
Cre11.g474700 BST10 Other Other Nucleus

To localise the BST1—4 proteins, BST1-3 open reading frame was cloned to a construct
containing the PSAD promoter and the C-terminal Venus tag (YFP). The BST4 open reading
frame was cloned with its native promoter region and with a C-terminal Venus tag. All the
constructed plasmids were transformed into wild type Chlamydomonas via electroporation
(Fig.13a). The transformants were plated and then scanned for fluorescent colonies to be

grown in TP medium (Fig.13b).

40



a) b) A1 > A12

TAP-grown culture ———p- Electroparalion BST1-YFP O

at 800V, 25uF
14.5ng/Kb
Overnight recovery BST2-YFPI O
— 1 inthedark
Digest with * BST3-YFPI O
plasmid EcoRV Plate and screen

RBCS1-YFP< WT<

Figure 13. Transformation of fluorescent protein tagged construct into Wild type Chlamydomonas. (a)
The transformation workflow of fluorescent tagging plasmid. (b) Fluorescent colonies pooled from the
selection plate after transformation. Selection plates were screened with Typhoon 8610 with laser set
at 532 and laser setting of 525/50nm. Colonies circled indicate colonies selected for confocal imaging.
RBCS1 (Rubisco small subunit 1)-YFP tagged lines and Wild type were used as controls.

Confocal imaging of these fluorescent lines showed that the localisation of BST1—4 agrees
with the chloroplastic localisation prediction (Table 2). Both BST1-3 and BST4 YFP-tagged
lines were devoid of signals at the chloroplast membrane, however they were localised to
different regions of the thylakoid membrane. For BST1-3-YFP tagged lines, | observed a
non-homogenous chloroplastic signal that vastly overlap with the chlorophyll signals, which
infer their location on the thylakoid membrane. The observed signals were also enriched
around the pyrenoid and extend towards the pyrenoid matrix (Fig.14b; Blue arrows). Albeit to
a smaller extent, the fluorescence signals of tagged BST proteins formed a tubule-like/spot
structure that was reminiscent of the thylakoid tubules that traverse the pyrenoid matrix
(Engel et al, 2015) much like the outer-pyrenoidal signal observed from the PSAH YFP-
tagged line (Fig. 14a). These fluorescent patterns strongly suggested that BST1-3 are
localised in the thylakoid membrane. Signals observed from the BST4 YFP-tagged lines
were shown to concentrate at the pyrenoid. However, unlike the signals observed from
Rubisco small subunit (Fig.14a; RBCS1-YFP) which occupies the whole of pyrenoid. The
BST4 signals were much less extensive at the pyrenoid, restricting to only the central area.
Strikingly, the BST4-signals seemed to form a star-shaped resembling the Calcium
Signalling Peptide, CAS, which is localised to the thylakoid (Wang et al., 2016). With its
transmembrane domain, BST4 is most likely localised to the thylakoid tubules that traverse

the pyrenoid matrix.
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Figure 14. Localisation of the fluorescently tagged bestrophin proteins. a) BST1-4 localisation images
and representative images of proteins localised to the chloroplast. Scale bar 5um. b) Representative
images of BST1-4 with the regions of pyrenoid enlarged. Scale bar: 1um. ¢) The drawn
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representation of the BST1-4 signals at the thylakoid knot (Red arrow), thylakoid traversing pyrenoid
matrix (blue arrow) and pyrenoid periphery (yellow arrow).

The similarity between CAS and BST4-YFP signals pattern prompted us to examine whether
BST4 exhibits similar re-localisation behaviour under dark where the CCM is suppressed.
The BST4-YFP tagged strains were grown as described above. The strain was mounted and
kept under moderate light (150 umol photons m2 s™) briefly for 10 minutes before being
imaged such that cells recover from the temporary shading during sample preparation. Cells
were initially imaged in the light and were then left in complete darkness for 10 minutes
before the next image was captured. Four images were taken sequentially every 10 minutes.
It was found that, other than the sequentially decreasing fluorescence intensity of BST4-YFP
signals that was likely due to photobleaching, no re-localisation of BST4-signals was

observed during a light to dark transition. (Fig.15).

Light Dark

0 min 10 min 20 min 30 min 40 min

BST4-YFP

Figure 15. Localisation of BST4 during light to dark transition. BST4-YFP tagged strains were grown
in low CO2 under moderate light condition (50 umol photons s*' m-2). Cells were mounted to and first
imaged in the light and were then kept under dark for the remainder of imaging. Two representative
cells are shown. Scale bar: 5 ym.
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6. bst4 exhibits reduced Ci affinity under Low CO: conditions

Operation of the CCM promotes active HCOs™ transport and accumulation of CO; at the site
of rubisco, this is reflected by the drastically increased whole cell affinity towards C; by
approximately 10—-20 fold as cells encounter C; limiting conditions (Amoroso et al., 1998). To
evaluate whether the inability of bst4 mutant to grow under low CO- at high pH stems from
an impaired CCM, its photosynthetic characteristics was probed via C; dependent
photosynthetic O, evolution. Wild type and bst4 cells were grown phototrophically in high
CO; until the cell density reached early mid-log phase prior to their O evolution
measurement, cultures were then acclimated to low CO; by bubbling with 0.04% CO- for a

further 36 hours before additional measurements.

Table 3. The photosynthetic characteristics of Wild type and bst4. Maximal Oz evolution activity (Vmax)
and C; affinity Ko.s of Wild type and bst4 cells were calculated by a least square fitting method with the
Michaelis-Menten equation. Results were calculated from two independent experiments for a total of
six technical replicates. Data below represented the mean value + standard error.

CO, acclimation Vimax (umol O2 mg Chl! hr?) Ko [Ci] (uM)
condition Wild type bst4 Wild type bst4
High CO, 31654135  29.19+2.04  2068749.14  254.53+3531
Low CO; 18.17 + 0.84 18174090 20234378  58.67+926

The Ko value, corresponding to the C; concentration required to reach half maximal O
evolution rate were found to be similar between the High CO; acclimated cells of Wild type
and bst4 strains (Table 3). This is different under low CO; condition, where the Kqs value for
bst4 strains, 58.68 + 9.26 (Mean + SE), was almost three times higher than that of the wild
type, which has a Ko s of 20.23 + 3.78. This shows that the bst4 strains displays a lower
affinity to C; compared to wild type once the CCM is induced (p=0.0049, n=6, two-sample t-
test) and suggests that the bst4 mutant has a defective CCM.
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Figure 16. Ci dependent photosynthetic Oz evolution assay at pH 7.4. (a) High CO: acclimated and (b)
Low CO2 acclimated cultures were assayed across a range of Ci concentrations, with wild type
represented as closed circles and bst4 represented by open circles. To facilitate analysis, the squared
region denoting the lower Ci concentration region was re-plotted adjacently. Data points represent the
mean calculated Oz evolution rate and their standard error, where the plotted lines represent the
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modelled Michaelis-Menten curve. (c) Difference in mean O: evolution rate between wild type and
bst4 across the lower Ci range.

A closer look at the O, evolution rates between the two strains showed that the bst4 strains
were particularly inhibited at the C; concentration in the range of 25 uM — 100 uM, as shown
by the large difference between wild type and bst4 activity (Fig. 16c). The C; concentration
range indicated above is equivalent to the low CO; condition. This inhibition at the 25 uM —
100 uM [Cj] range was minimal in high CO- acclimated cells (Fig 16a) and was alleviated in
low CO; acclimated cells when the Ci concentration increased to 200 uM and returned to a
wild type rates at a C; concentration range >500 uM, where a saturating amount of Ci is
present (Fig 16d). Additionally, the inhibition of O, evolution rate was found to be less
prominent when C; concentration <25 uM, which suggests that the loss of BST4 has caused

a defect most pronounced at the low CO; condition.

The maximal O evolution activity (Vmax) did not differ between strains in high CO,
acclimated (p=0.3381, n=6, two-sample t-test) and low CO; (p=0.977, n=6, two-sample t-
test) acclimated conditions (Table 3). This showed that once a saturating amount of C; was
present, where carbon assimilation was not limited by C; transport, the photosynthetic
capability between the two strains were similar. This also suggests that the photosynthetic
mechanism and the associated apparatus of both strains were unimpaired and argues that
the observed deficiency at low CO- condition in bst4 strains is likely due to a CCM-related

defects.

Next, the total chlorophyll content and the chlorophyll a/b ratio were measured, as defect in
the photosynthetic apparatus could similarly result in growth defect observed. Chlorophyli
content and the chlorophyll a/b ratio were determined by spectrophotometry with empirical
equation derived from Porra et al., 1989. Our calculations showed that on a per cell basis,
the chlorophyll content between both strains were similar (Fig. 17b; p=0.7420, n=6, two-
sample t-test). The chlorophyll a/b ratio of both wild type and bst4 strains decreased after
transition to low CO; conditions and their values aligned with those previously reported (2.7-
2.9) at low COzand (3.0-3.5) at high CO; acclimated conditions (Fig.17a; Polukhina et al.,
2016). As chlorophyll a/b ratio often reflects the state of light harvesting complexes where
high a/b ratio is thought to indicate a smaller photosystem antenna size (Polukhina et al.,
2016), the lack of difference in pigment composition between wild type and bst4 showed that
the photosynthetic components are not altered in bst4. However, to truly gauge whether
difference in light reaction exists between the two strains, a more detailed investigation to

measure the chlorophyll fluorescence as well as PSII/PSI ratio will be required.
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Figure 17. Pigment analysis of wild type and bst4 strains. a) Chlorophyll a/b ratio of wild type (grey)
and bst4 (white) strains at high and low CO2 acclimated condition. High and low CO: acclimated cells
were grown as previously described. b) Chlorophyll content of low CO2—grown cells taken from the
liquid growth assay. Chlorophyll extraction was performed by re-suspending harvested cell pellets
with 100% methanol. Chlorophyll content was measured with a spectrophotometer. The cell density
was measured with haemocytometer.

7. The bst4 mutant shows no change in pyrenoid size

The C-terminal of bestrophin proteins showed very little conservation in amino acid
sequence. Bestrophin C-terminals have been proposed to function in regulatory roles such
as the calcium responsive loops in Hbest1 and have even been hypothesised to mediate
protein-protein interactions (Tsunenari et al., 2003, Xiao et al., 2008). Using a sequence
repeat prediction webserver called RADAR (Heger and Holm 2000), four repeats were
recognised with high confidence (Fig. 18a) at the extended C-terminal of the BST4 protein
that were not conserved in BST1-3 (Fig. 11). The identified repeats were predicted to be
structurally disordered through DisEMBL (Linding et al., 2003) programme with the remark
465 algorithm which utilise missing coordinates in the protein data bank files that likely infer
disordered structure (Fig 18b). These identified disorder repeats in BST4 is similar to the
rubisco linker protein, EPYC1 which consists of four almost identical repeats that are
predicted to be disordered. The repeats identified from EPYC1 and BST4 protein were
aligned and showed low sequence conservation between each other. Additionally, the BST4
repeats exhibited low sequence conservation to each other (Fig. 18a). Despite the low
conservation found, the BST4’s repeats exhibit low residue complexity where 63.1% of the
residues are Alanine (26.7%), Proline (22.0%) and Serine (14.9%). This residue profile was
highly reminiscent to that of EPYC1 where Serine (29.7%), Alanine (20.7%) and Proline
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(10.6%) similarly take up 61.2% of the entire sequence (Fig 18c). The similarity between
BST4 C-terminus and EPYC1 in their structural prediction and residue profile might suggest
that they exhibit similar physiochemical properties such as the ability to mediate the liquid-

like properties of the pyrenoid.
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Figure 18. Sequence analysis of the C-terminal of BST4. a) Alignment of the predicted repeats of
BST4 C-terminal with the four repeats from rubisco linker protein, EPYC1. 4-5 conserved residues
are shown with a grey background, and identical residues across all sequence are indicated with a
black background. b) Prediction of structural disorder by the 465 remark algorithm from DisEMBL-
server. The benchmark score of 0.6 (broken line) was used where residues with scoring higher than
that of the benchmark is considered positive. The BST4 protein sequence represented as a cartoon in
proportion to the residue number was overlaid on the plot. This blocks noted as 1, 2, 3 and 4 indicate
the 4 predicted repeats identified from the C-terminal domain of BST4. C) The residue profile of BST4
and EPYC1, Alanine, Proline, Arginine, Serine and other residue were coloured as sky blue, cerulean,
green-blue, navy blue and grey respectively.

To investigate whether the loss of BST4 leads to altered pyrenoid structure, wild type and
bst4 strains were examined by bright-field microscopy to explore CCM associated structural
changes. Wild type and bst4 cells were grown in photoautotrophic conditions and were
stained with Lugol’s solution to darken the starch sheath prior to imaging. The bst4 strains
showed a clear boundary between the pyrenoid and the starch sheath (Fig 19), which was
expected of the cells with a successful CCM induction as seen in wild type cells. In contrast,
the epyc1 strain which is known to fail in pyrenoid assembly exhibited no discernible
boundaries between the pyrenoid and starch sheath (Fig. 19), suggesting a disrupted

pyrenoid as previously described (Mackinder et al, 2016). From the bright-field images
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alone, no significant differences in the CCM-related pyrenoid structure can be found
between the wild type and bst4 strain. However, subtle distinctions such as thylakoid
stacking and pyrenoid size cannot be sufficiently quantify using bright-field microscopy. To
examine these parameters, | grew both strains under high CO; and low CO; conditions as

previously described and prepared them for transmission electron microscopy (TEM).

Wild type bst4 epyc1

Pyrenoid
Starch

chloroplast

Figure 19. Bright-Field images of the Chlamydomonas wild type, bst4 and epyc1 strains. Starter
cultures of wild type, bst4 and epyc1 were grown in TAP medium and were transferred to Tris-minimal
medium to induce photosynthesis at least 24 hours prior to imaging. The cells were harvested and
resuspended in Lugol’s solution diluted with TP for 15 minutes and mounted on glass slides for
imaging. The red arrow indicate the starch sheath, and the white arrow indicate the pyrenoid.

For quantitative analysis of the cellular architecture in Chlamydomonas, cells must be
viewed at a comparable orientation to reduce bias due to the cell section angle. This was
achieved by identifying cells that represent the longitudinal mid-section. Cells sectioned this
way are likely to exhibit three distinct organelles simultaneously, including the electron-
dense pyrenoid (Fig. 20a; red arrow), nucleus (Fig.20a; black arrow) and basal body (Fig.
20a; White arrow) which connects to the flagella.
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Figure 20. Representative TEM micrographs of wild type and bst4 strain. Wild type (a, ¢) and bst4 (b,
d) were acclimated to High and Low CO: conditions. Comparable cross-section of cells were indicated
by the presence of the pyrenoid (red arrow), nucleus (black arrow) and basal body (white arrow).
Scale bar represents 1ym. WT — Wild type.

Analysis of the electron micrographs collected showed that wild type cells exhibit clear CCM-
related structural changes. The thickening of starch sheath along with disappearance of free
starch granules in the chloroplast can be clearly observed in the low CO; acclimated cells
(Fig 20) when compared to high CO. acclimated cells. Additionally, the pyrenoid size, as
indicated by the ratio of pyrenoid area to cell area (Pa:Ca), was shown to increase from
2.5+0.12 at high CO; acclimated condition to 3.50 £ 0.12 for low CO. acclimated condition
(Fig. 21a, closed). Consistent with wild type, bst4 strains showed similar increase in the
Pa:Ca where it increases from 2.55 + 0.135 to 3.22 + 0.256 when transferred from high to
low CO- condition (Fig. 21b; open). The Pa:Ca between wild type and bst4 strains were not

different in low CO, condition.
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Interestingly, despite exhibiting similar pyrenoid sizes on average, the variability of Pa:Ca is

much higher in bst4 than in wild type (Figure. 21a,c). The recorded standard deviation of

data collected from bst4 strains has reached 1.15 (n=50) in comparison to 0.62 in wild type

(n=41).
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Figure 21. The pyrenoid of bst4 strains at high and low CO2 acclimation state. a) The pyrenoid area to
cell area ratio of wild type (closed) and bst4 (open) strains at high and low CO: condition. Each bar
represents the mean value + Standard Error (n=40-50), data between wild type and bst4 strains were
tested in two sample T-test and the p-values are displayed above the bars. b) The calculated
circularity of pyrenoid in the wild type and bst4 in the low CO2 condition c) The pyrenoid area at low

CO:z2 condition plotted against cell sizes.

Thylakoids in higher plants are known to undergo re-organisation in response to changes in

light condition. This is evident by the apparent increase in size and stacking efficiency of

grana lamella in higher plants when switched from a dark to a light condition (Pribil et al.,

2014; Wood et al., 2018). Despite difference in thylakoid ultrastructure, Chlamydomonas

was also found to exhibit similarly light-driven changes in thylakoid where the stacking
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efficiencies increases upon high light (Polukhina et al., 2016). However, no thylakoid
structural change has been found between cells grown in high CO, and low CO- condition

suggesting that thylakoid restructuring is not required in CCM functioning. An Arabidopsis

bestrophin-like protein AtVCCN1 (previously known as AtBest1) were found to alter thylakoid

ultrastructure if absent (Herdean et al., 2016). To explore whether bst4 exhibit similar
thylakoid structural alteration, the thylakoid stacking efficiencies and the length of each
thylakoids between bst4 and wild type were compared. Interestingly, no observable

difference was found between the length and stacking efficiencies of the two strains. (Fig.

22).
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Figure 22. Thylakoid stacking characteristics of wild type and bst4. a) The numbers of thylakoid found

in each thylakoid stacks. b) The length of each thylakoid stacks recorded. The high and low CO2

acclimated Wild type (Black) and bst4 (White) was grown as previously mentioned.
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Discussion

Newly identified CCM mutants give novel insights to the
Chlamydomonas CCM

In the present work, novel mutants exhibiting a high-CO: requiring phenotypes, suggesting
possible defects in their CCM, were identified. These mutants were previously identified as
interactors of known CCM components and their further characterisation will likely shed light
on the mechanistic details of the CCM. Among the identified high-CO- requiring mutants, 8
are potentially deficient in Rubisco-interacting proteins. Annotations of these rubisco-
interacting proteins were widely varied and not limited to the traditional carbon-fixation role,
such as Cre13.g575800 which was annotated as indole-3-glycerol-phosphate synthase
which is a tryptophan and auxin precursor in higher plants (Ouyang et al., 2000),
Cre06.g271850 which contains an ABC-F type transporter domain as well as
Cre08.g373450, also known as starch binding enzyme 4 (SBE4). SBE4 is particularly
interesting, as a starch branching enzyme, and due to its high-CO; requiring phenotype, it is
likely that starch biosynthesis is involved in the Chlamydomonas CCM. This is contrary to
previous evidence which found that a starch-less mutant of Chlamydomonas and a closely
related pyrenoid containing green algae, Chlorella pyrenoidosa exhibit no change in CCM
activity relative to wild type despite the complete loss of starch sheath. (Villarejo et al., 1996;
del Pino Plumed 1996). In the pyrenoid, there are pyrenoid minitubules that were similar to
invagination of thylakoid tubules connecting the chloroplast stroma and pyrenoid matrix
(Engel et al., 2015). These pyrenoid minitubules first emerge in close proximity to the starch
sheath and are crucial to the metabolite fluxes between pyrenoid matrix and chloroplast
stroma, therefore the formation and expansion of starch sheath must be tightly regulated to
prevent blockage. Further efforts to characterise this mutants might allow a better
understanding of the relationship between starch plate development and pyrenoid minitubule

formation.

BST4 contributes to operation of the CCM at low CO;

From the CCM screen we identified bst4 to exhibit a growth defect that is exacerbated at
high pH under low CO- conditions. The high pH used in the medium tilts the equilibrium of
HCO3:CO- with a calculated one hundred fold increase in HCO3:CO; at pH 8.4 compared to
pH 7. This suggests that not only does the bst4 mutant exhibit a high-CO: requiring
phenotype, but also hints that its growth deficiency might be associated with HCOs™ transport

processes. Bestrophins are widely conserved proteins occurring in many organisms and
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have been implicated as the primary cause of the Best Vitelliform Macular Dystrophy
(BVMD), a degenerative eye disease, in humans (Xiao et al., 2010). Bestrophins were first
proposed to act as Cl-ion channels in human retinal pigment epithelium cells and the
disruption of this chloride flow is the primary cause of BVMD. However, a study investigating
mouse bestrophin showed that they are capable of mediating HCOg3™ transport activity to a
similar extent to CI". (Qu and Hartzell et al., 2008). The identified HCOs transport activity
prompted questions in whether Chlamydomonas bestrophins mediate HCO3™ and whether

they can act as the enigmatic HCOs™ in the thylakoid membranes.

To confirm the involvement of BST4 in the CCM, the bst4 mutant line was grown in liquid
under low CO: conditions. We found that the bst4 strain does not exhibit any growth
difference from wild type when grown under low CO; at a low light intensity of 50 umols
photons m? s™'. However, increasing the light intensity to 400 umols photons m= s
significantly alters their growth rate. At this high light intensity, bst4 exhibits a clear reduced
growth rate (Fig 8). The apparent difference in growth phenotype corresponding to the light
condition used in growth assays can be reasoned due to sub-optimally operating
photosynthesis masking any deficiency in the carbon-fixation pathway. As the saturating light
intensity Chlamydomonas have been previously reported to be at 500 pmol photons m? s™
(Kirst et al., 2012; Perrine et al., 2012), the lack of discernible difference between growth
rate was likely the result of minimal requirement in carbon fixation at low light intensity.
Similarly, light-dependent CCM related proteins have also been reported, such as in HLA3
where gene expression is activated by both action of limiting CO2 and strong light condition
(~1200 uE) which further indicates that high light intensity possibly drives a strong
requirement for carbon fixation in order to compensate for energy generated by light

reactions (Im and Grossman 2002).

Aside from the low CO, growth phenotype, bst4 also showed physiological defects under low
CO- conditions that support the theory that BST4 is involved in the CCM. We demonstrated
the bst4 mutant exhibit lowered C; affinity in comparison to wild type under the low CO
acclimation state (Table 3). As external C; concentration approaches saturation (>500 uM),
the difference between O, evolution rates between strains is minimal at both acclimation
states showing that bst4 exhibits a similar photosynthetic capability to wild type under non-
limiting C; conditions (Fig. 16). This capability is further exemplified by the similar chlorophyll
content and chlorophyll a/b ratio measured (Fig. 17) which demonstrate that the light-
dependent reaction in bst4 is unlikely to be impaired. The low CO; acclimated specific
photosynthetic defect detected therefore implicates its involvement in the CCM. As opposed

to previous discoveries which found LCIA’s contribution to O evolution to be most
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pronounced at the very low CO; range (Wang and Spalding 2014), the reduced O- evolution
found in bst4 is most pronounced at the low COzrange instead (Fig. 16¢; 10 uM-50 uM [Ci]).
This suggests that the BST4 protein is not only involved in the CCM, but also has

preferential importance at the low CO, acclimation state.

The bestrophin proteins are structurally similar to their CI/HCO3z

transporting homologs.

Comparison of the Chlamydomonas bestrophin protein sequences showed that they are
highly homologous in the annotated bestrophin domain (Fig. 11) but possess a highly
diverse C-terminal tail that is similar to that previously reported of human bestrophins
(Tsunenari et al., 2003). Additionally, the conservation of the 4 predicted transmembrane
domains and their corresponding spacing were highly reminiscent of their mammal and
bacterial counterparts despite the poor sequence identity conservation between themselves
(<18%).

Previous reports have demonstrated that ion selectivity and permeation in bestrophins are
partly influenced by the critical residues that are located at the channel pore-lining possibly
through a size-restriction mechanism or electrostatic potential (Yang et al., 2014, Qu et al.,
2006). Using homology modelling, we obtained structural models of BST1—4 proteins using
the Klebsiella pneumonia bestrophin template (PDB: 4WD8). Analysis of the pore-lining
residues in the modelled structures of BST1—4 revealed that these residues generally
correspond to alanine, leucine and phenylalanine (Fig. 12a). The last residue leading to the
inner cavity region of Bestrophin channel (Fig 12a) was found to be conserved as
phenylalanine in all the bestrophins examined. This residue has been proposed to exhibit a
weak positive electric potential due to its aromatic ring which aids in anion-transport (Vaisey
et al., 2016). This was in agreement with the electrostatic potential calculation using the
Poisson-Boltzman equation, which suggested that the pore-lining of the channel exhibits a
positive electrostatic potential (Fig. 12c), and was also consistent to the electrostatic
potential calculated on the modelled structure of human bestrophins (Yang et al, 2014).
While homology modelling of proteins is prone to error as it relies heavily on the resolution of
template used during modelling where poor sequence conservation might lead to poor fitting.
The local Q-mean scores, which assess structural model quality, has remained high at the
pore linings and the overall structure for all modelled structures (Fig. 12d). This suggests the
modelled structures adhere well to the geometric restrains that stems from the residue
torsion angle and solvation energy (Benkert et al., 2008). Along with the overlap of the

predicted secondary structure found between Kpbest, and BST1—4 (Fig.11), the obtained
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structure model and sequence analysis suggests that the BST1—4 are likely structural

homologs to the CI/HCOs transporting bestrophins.

The distribution of the Chlamydomonas bestrophins

Expression of the chimeric BST1—4 and YFP construct in wild type strains demonstrate that
BST1-4 proteins were localised to the chloroplast, more specifically, BST1-3 were found at
the thylakoids aggregating around the pyrenoid whereas BST4 was found at the pyrenoid
tubules. The localisation pattern of the bestrophins support their hypothetical role as HCOs
transporters. As the presence of BST1-3 preferentially localised at the thylakoids
surrounding pyrenoid, a relatively high proportion of HCO3 can be shuttled to the pyrenoid
central localised CAH3 via a short diffusion distance. This short diffusion distance minimised
the duration in which HCO3 was exposed to the acidity in thylakoid lumen, such that leakage
of CO- can be reduced. (Fig. 23). Similarly, the dehydration of HCO3; by CAH3 should create
a HCOgs sink which drives the movement of HCOs™. The localisation of BST1-3 were

therefore prime location for HCOjs transport.
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Figure 23. Potential role of BST1-3. HCOs- transported from the bestrophin located further from
pyrenoid (dashed rectangle) experience long diffusion distance from CAH3 and were likely converted
to CO2 by the acidity of thylakoid lumen. The localisation of BST1-3 (solid rectangle) enriched
surrounding pyrenoid represents a strategic position which allow short-diffusion distance between
HCOs sink.

Since known CCM components such as CAS and LCIB proteins have been shown to re-
localises in response to CCM induction (Yamano et al., 2010; Wang et al., 2016), we
investigated whether BST4 re-localises after dark incubation which suppresses the CCM.

Interestingly, we saw no re-localisation even after incubation in the dark for 50 minutes. It
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might be argued that the intermittent laser during the imaging period possibly disturbs the re-
localisation since it stimulates photosynthesis. However, the short laser pulse used (514nm)
is on the relatively low absorption region over the Chlamydomonas absorption spectrum
(Mooiji et al., 2016), such that the short pulse is unlikely to sufficiently induce the CCM.
Additionally, the re-localisation of the LCIB-LCIC complex in dark-incubated cells was also
shown to occur within 1 hour, which was consistent to the time-scale used here. Hence, we

conclude that BST4 does not re-localise in response to the CCM induction state

BST4 potentially has a dual function in the Chlamydomoas CCM

The BST4 amino acid sequence contains a bestrophin domain and a potential rubisco
binding domain. These domains suggests that BST4 potentially exhibits dual function as a
HCOs transport component and pyrenoid-interacting protein. In this work, BST4 was
implicated to participate in CCM operation. With its similarity to the HCOs transporting
bestrophins, we proposed that BST4 functions as a HCO3 channel which recycles the free
HCOs" at the pyrenoid matrix. As shown by a Cryo-EM study of Chlamydomonas, the
pyrenoid matrix is continuous with the chloroplast stroma through a connection lead by the
pyrenoid minitubules (Engel et al., 2015). The continuous environment and dynamic nature
of the pyrenoid suggests that the pyrenoid likely exhibits an alkaline pH environment.
Indeed, a recent study determined that the pH environment in the pyrenoid matrix would rise
to >pH 8.2 under light, which was consistent with that of the chloroplast stroma under light
(Freeman-Rosenzweig 2017). The alkaline environment in the pyrenoid matrix poses a
problem during the CCM, as the CCM drives the rapid release of CO, at the pyrenoid matrix
to saturate Rubisco, likely leaving a proportion of CO; unfixed. This unfixed CO; will be
favourably converted to HCOs' in the aforementioned alkaline environment of the pyrenoid
matrix. The conversion creates a local concentration spike of HCOj3 at the pyrenoid matrix
that unless recycled, will disperse from the pyrenoid resulting in a ‘leaky’ CCM. Located at
the centre of the pyrenoid, BST4 is primed to deliver this locally concentrated HCO3™ back to
the thylakoid lumen for dehydration, hence forming a pH-dependent recycling pathway (Fig.
25). This idea is supported by the O, evolution results. As the contribution of BST4 in O;
evolution in low CO; acclimated state which is calculated by subtracting bst4 O evolution
rate from that of wild type showed the BST4 predominantly contribute in the low C; range
(<50 uM; Fig. 16c). In the low C; condition, the leakage will critically impact the CCM
efficiency since it leads to the loss of energy that were used to actively concentrate C; as
well the loss of accumulated C; through passive diffusion. As opposed to a high Ci condition

where this loss of Ci from CCM can be compensated by the high external C; which drives
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passive diffusion. Indeed, the contribution of bst4 reduced once C; concentration approaches
saturation (>500 pM).

Similarly, the BST1-3 might also participate in a HCO3™ recycling mechanism due to their
interaction with the LCIB-LCIC complex (Mackinder et al., 2017). The LCIB-LCIC complex
has been hypothesised to participate in a CO; recapture system by rehydrating the leaked
CO, to HCO3 at the pyrenoid periphery. Since BST1-3 were shown to be enriched at the
thylakoids surrounding the pyrenoid periphery (Fig. 14), this can allow quick re-shuttling of
HCOs" to the thylakoid lumen, therefore constituting a HCOs™ recycling pathway.

In comparison to the CCM operating cyanobacteria where CO- release is directly within the
gas-impermeable carboxysomes to avoid potential leakage (Long et al., 2018), the
Chlamydomonas pyrenoid is dynamic with mixing and is continuous with the chloroplast
stroma (Freeman-Rosenzweigh 2017; Engel et al., 2015). While encapsulated by a starch
sheath, there are apparent openings where thylakoid tubules penetrate, that would enable
CO- leakage, reducing CCM-operating efficiency. The presence of a scavenger/recycling
system surrounding the pyrenoid provides a logical solution to recover leaked CO.. Rapidly
released CO; delivered by the CCM, lost either as CO; or HCO3™ can be recycled through

the proposed recycling mechanism provided by the strategically localised bestrophin family.
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Figure 24. The potential HCOs recycling pathway mediated by bestrophin proteins in
Chlamydomonas. CO2 released by the accumulated HCOs is used predominantly by Rubisco in the
pyrenoid for carbon fixation. As the released CO: saturates Rubisco, a proportion of CO:2 is converted
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to HCOs due to the alkaline environment, this is recycled by the BST4 protein and re-shuttled to
thylakoid lumen for dehydration. The remaining proportion of COz is captured by the LCIB-LCIC
complex that situates at the pyrenoid-periphery. LCIB-LCIC complex rehydrate the leaked CO2 and
allow HCOs" to reach the thylakoid lumen via BST1-3.

Despite the similarity between residue profile and secondary structure of BST4 and EPYCH1,
the TEM analysis of bst4 strains showed that the pyrenoid sizes does not differ from wild
type. When expressed as a ratio of pyrenoid size to cell size (Pa:Ca), the wild type pyrenoids
have consistently remained close to a ratio of 3.5 in all cell sizes measured. In bst4 however,
the pyrenoid size appeared significantly more variable, and the shape of bst4’s pyrenoid
appeared less rounded (Fig. 21). The lack of consistent Pa:Ca in bst4 could stem from a
weak association of pyrenoid to thylakoid membrane. While the pyrenoid assembles at the
thylakoid knot, neither Rubisco nor EPYC1 contain any transmembrane domains that allow
the pyrenoid to be anchored to the thylakoid knot. Known to interact with Rubisco through a
proteomics study (Mackinder et al., 2017), the membrane-bound BST4 could enable the
pyrenoid to adhere to the thylakoid knot via interaction of Rubisco and BST4’s disordered
tail. Nevertheless, the subtlety of bst4 phenotype preclude BST4 functioning as the sole
operator that anchors the pyrenoid to the thylakoid. It is highly like that multiple different
proteins engage in the liquid-behaviour in Chlamydomonas pyrenoid, as Mackinder et al
(2016) showed that a residual amount of pyrenoid assembles at the thylakoids in epyc?
despite the lack of EPYC1 protein. However, it is also possible that BST4’s disordered tail
exhibit no structural role to the anchoring of pyrenoid to the thylakoid knot. Since BST4’s
localisation differs from BST1, 2 and 3, the EPYC1-like C-terminal of BST4 might act as a
localising signal instead. This can allow BST4 to be localised to the thylakoid knot rather
than the thylakoid membrane despite the high degree of homology shared between BST4
and the other bestrophin sequences. Nevertheless, the bst4 phenotypes were subtle and
difficult to interpret in the in vivo system. The use of heterologous systems such as Yeast-2-
hybrid screening or an in vitro systems such as the one used in Wunder et al., (2018) where
the binding ability of BST4 to Rubisco can be directly assessed will greatly benefit the

characterisation of BST4’s disordered tail.

Under light, the photosynthetic electron transfer generates a proton motive force (PMF) that
is used to drive ATP-synthesis. The PMF can partitioned into proton gradient (ApH) and
membrane potential (AW) across the thylakoid membrane. Under steady state, the ApH is
the predominant component of PMF while AW is quickly dissipated to avoid photoinhibition
(Johnson and Ruban 2014). A bestrophin-like protein in Arabidopsis thaliana, termed
AtVCCN1 has recently been shown to function as a voltage-gated CI- channel located at the

thylakoid membrane. It was suggested that the CI- channel allows rapid dissipation of AW as
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PMF builds up under light (Herdean et al., 2016). Alongside with the increased partitioning of
PMF into AW, they observed increased stacking efficiency of thylakoids in the knockout lines
likely due to the ion-imbalance in the thylakoid lumen. The change in thylakoid structure was
also seen in a knock-out of a paralogous gene, which resulted in the thylakoid lumen
thickness being almost double from that of wild type (Duan et al., 2016). In bst4, we found
that the thylakoid structure does not differ from that of wild type at low CO.. The stacking
efficiency of bst4 and wild type similarly contain approximately 3.4—3.5 thylakoids per stack
and that the thylakoid thickness was calculated to be approximately 17—18 nm per thylakoids
(Fig. 22). While Chlamydomonas thylakoid does not segregate to grana and stroma lamella,
the lack of thylakoid structural changes suggests that BST4 does not function similarly to its
higher plant counterparts. This is also supported by its localisation at the thylakoid
membrane traversing the pyrenoid matrix. As despite the highly dynamic nature of the
pyrenoid, BST4 lack immediate contact to the stroma space, this does not support the rapid

CI influx into thylakoid lumen required to dissipating AW under light.

In conclusion, this work presents the discovery of multiple additional proteins involved in the
CCM. More prominently, the localisation of novel bestrophin proteins BST1-4, the BST4
deficient strain exhibit a clear defect in the CCM. From the peptide analysis of the bestrophin
proteins, we proposed that the BST4 potentially functions as a HCOs channel at the
thylakoid membrane which allows pH dependent recycling of HCOs™ in the pyrenoid under
light. It is important for regulating pyrenoid assembly possibly through its C-terminal

interactions.
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Supplementary materials

pH level

8.6

Supplementary Figure 1. Full plates of pH assay. The corresponding pH condition of each plate is
indicated above the plate. Cultures spotted on TAP plates were used as a loading control and shown
on the dashed region.
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Plate 1 Plate 2 Plate 3

WT lcib epyc1 080 091 102

WT Jcib epyc? 052 050 051 WT Icib epyc? 081 088 085

Supplementary Figure 2. TAP plates of CCM mutant screen. Cell suspension were spotted on TAP

plate as loading control for the CCM screening. The strain number is denoted on top of each spots.
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List of abbreviations
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TAP: Tris-acetate-phosphate medium

TP: Tris-minimal medium

BVMD: Best Vitelliform Macular Dystrophy

Ci: Inorganic carbon

CCM: Carbon Concentrating Mechanism
Chlamydomonas: Chlamydomonas reinhardftii
CO2: Carbon dioxide

CI': Chloride ion

CO.: Carbon dioxide

. Cryo-EM: Cryogenic Electron Microscopy
11.

HCOg3": Bicarbonate ion

. TEM: Transmission Electron Microscopy
13.
14,
15.
16.

PSI: Photosystem 1

PSIl: Photosystem 2

Pa:Ca Pyrenoid area: Cell area
RuBP: Ribulose-Bisphosphate
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