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ABSTRACT

Cilia are cylindrical appendages that protrude out of the cell. Chlamydomonas reinhardtii
has 2 cilia which are named as trans and cis with respect to their location from eyespot. The trans
cilium extends from the older, mature basal body while the cis cilium extends from the daughter
basal body. The axonemes of the two flagella have known to demonstrate opposite beating pattern
in response to free Ca?*. We report here for the first time a biochemical marker — Carbonic
anhydrase 6, that preferentially localizes in the trans flagellum, a asymmetry established during
ciliogenesis. We show that both IFT and BBSomes are required for the protein to maintain its
asymmetric distribution. We propose that CAH6, a biochemical marker for cilia asymmetry
contributes towards the functional difference between the cis and trans and explore the

mechanisms utilized by the cell to establish this asymmetry.
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1.Introduction and Literature Review:

1.1 Cilia: Functions and ciliopathies

The eukaryotic cilium is a highly conserved organelle that is characterized by its microtubule-
based axoneme originating from the basal body and is enclosed by a ciliary membrane [1]. Cilia
participate in a range of functions which can be broadly classified into either functioning for
motility or sensing. Motile cilia help cells navigate towards more favorable photosynthetic
conditions (light, chemicals) as in Chlamydomonas or to find prey, like in Stentor. Cilia in
multiciliated cells beat in a coordinated fashion to clear the pathways from debris and mucus
(human trachea, human fallopian tube), to create physiological fluid movements (cerebrospinal
fluid in mouse brain ventricles) [2] and to establish left-right symmetry. Immotile primary cilia
enable cells to respond to a variety of extracellular stimuli by functioning as a center for a number
of signaling pathways. Signaling cascades including Hedgehog and GPCRs have been known to
originate in the primary cilia [3]. Cilia gained popularity and emerged as an essential organelle in
the past decades when its dysfunction was implicated in a myriad of diseases collectively referred
to as ciliopathies. Due to its ubiquitous nature, dysfunction of cilia manifests as a spectrum of
characteristics namely retinal degeneration, renal disease, cerebral anomalies, obesity, and skeletal
dysplasia. These features are common among ciliopathies as the predominant organs affected by
cilia dysfunction are the kidney, liver, eye, and brain [4].

1.2 Cilia: Ultrastructure and protein transport

The cilium lacks ribosomes yet requires proteins for its assembly and maintenance. This obstacle

IS overcome by a bidirectional protein transport system known as intraflagellar transport (IFT)



carried out by protein complexes termed IFT trains [5]. IFT trains are comprised of repeating large
multi-protein subcomplexes (IFT-A and IFT-B) that function as cargo carriers. These IFT
subcomplexes move along the microtubule with the aid of motors kinesin-2 and dynein 1b for
anterograde (base to tip) and retrograde (tip to base) transport respectively. The anterograde trains
and their cargo are assembled at the IFT pool present at each basal body and then enter the cilium.
At the tip, the cargoes dissociate while the IFT subcomplexes and the motors undergo a
rearrangement that enables their movement back to the base for recycling or degradation. Proteins
that are to be exported from the cilium associate with the retrograde trains [6-9].

IFT trains carry a wide variety of proteins, yet are composed of just 22 different protein.
Occasionally cargo adaptors, associate with IFT trains to enable them to carry specific cargoes to
carry out its full transport function. One such adaptor is an eight-subunit complex referred to as
the BBSome. Mutations in the genes encoding these proteins leads to a rare ciliopathy in humans
— Bardet-Biedl Syndrome, hence the name of the complex. The BBSome acts as an adaptor
primarily for the export of membrane and membrane associated proteins from the cilium [10, 11].

Present at the interface of cytoplasm and cilium is the transition zone (TZ) which behaves
as a size-dependent selective barrier, analogous to the nuclear pore complex. The transition fibers
and regulatory proteins that constitute the transition zone, control the movement of soluble proteins
between the cytoplasm and cilium, allowing small (40-70 kDa) protein complexes to diffuse in
and out of the cilium, making diffusion another method of transport of small protein complexes in
cilium [12, 13].

On the proximal end of TZ, the basal body is located which is composed of the triplet
microtubules, acting as a scaffold for the nine-fold symmetry maintained by the axoneme.

Chlamydomonas contains three generations of basal bodies, a pair of non-flagellated



granddaughter, which during mitosis transform into daughter basal body. The daughter basal body,
which during the next round of cell division is upgraded to the mother basal body. The younger
basal body nucleates the cis cilium while the parental one nucleates the trans cilium [14, 15]. The
daughter basal body is connected to the eyespot by the same bundle of microtubules thus placing
the eyespot closer to the cis cilium as compared to the trans cilium.

Enclosing the cilia is the ciliary membrane that is contiguous with the plasma membrane
but has a distinct protein and lipid composition that is affluent with sterols, glycolipids, and
sphingolipids. This highly enriched lipid composition suggests the possibility of an abundance of
lipid rafts in the cilium, for recruiting and retaining ciliary membrane proteins [16, 17]. Thus, there
exists a mechanism by which the proteins and lipids are targeted,recognized, and sorted to the cilia.
1.3 Cilia: Asymmetry and Chlamydomonas as a model organism.

For protists, having asymmetrical flagella in terms of ultrastructure and function is not
unconventional. The key feature of heterokonts (e.g. Ochromonas) flagella is the presence of two
structurally and functionally distinct flagella on each cell: a short and smooth flagellum and a
longer flagellum with mastigonemes. [18]. In multicellular animals, depending on the mélange of
factors expressed, the type of cilia varies between cells [19-21]. On the contrary, isokonts
(Chlamydomonas, Anaeramoeba) have flagella of equal length and morphology [22, 23]. In
mammalian cells, when more than one cilium is present, the cell first establishes the immotile cilia
hence referred to as primary cilium, followed by the development of numerous motile cilia [24,
25].

Our model organism, Chlamydomonas reinhardtii is a unicellular biflagellate that has been
used extensively to study eukaryotic flagella. The wide range of biochemical and imaging tools

present allows for studying the unanswered aspects of flagellar assembly in C. reinhardtii. The



haploid genome and a wide array of mutants present in the large open source Chlamydomonas
mutant library generated by the Chlamydomonas Library Project (CLiP) makes it an organism of
choice in the ciliary biology community [26, 27].

C. reinhardtii is bilaterally symmetrical except for the presence of a singular eyespot. The
eyespot, a photosensory organelle that is responsible for the directional light perception, is located
asymmetrically at the periphery of the cell via a bundle of four microtubule roots to the daughter
basal body (D4). A 300,000 Da protein, MIt1 was found to localize exclusively in these D4
microtubules putatively helping in the positioning of the eyespot onto these tubules [28]. This
gives rise to a rotational asymmetry wherein the flagellum closer to the eyespot is known as cis
while the one farther away is trans [29].

Furthermore, in reactivated cell models (cells that are stripped of their membrane and treated
with ATP) when flagella is exposed to low amount of free Ca?*, the axonemes beat highly
asymmetrical to each other [30]. Additionally, there exists the Chlamydomonas mutant uni-1,
which is uniflagellate with most (>95%) cells possessing only the trans flagellum. This
demonstrates the ability of the cell to coordinate flagella development with the position of eyespot
or the age of the basal body[31].

These studies together lend support to the hypothesis that the two flagella may be
compositionally different and points towards a mechanism utilized by the cell to differentiate
between them. However, biochemical markers to demonstrate this compositional difference have
yet to be identified. Here, we show that CAH6 (Carbonic anhydrase 6) prefers to localize in the
trans cilium, the first biochemical evidence for flagella asymmetry in Chlamydomonas. CAH6,
akin to other carbonic anhydrases, participates in the carbon concentrating mechanism in

photoautotrophs by reversibly catalyzing the conversion of CO> to bicarbonate and its subsequent



conversion to CO2 when in the proximity of Rubisco [32]. The carbon concentrating mechanism
kicks in as the survival mechanism enabling carbon fixation by the cells at low CO> conditions, in
order to survive and proliferate [33]. We now try to understand the functional significance of the

asymmetric distribution of this protein and the molecular basis of its establishment.



2. Results

2.1 CAH6-mNG shows an asymmetric distribution in the Chlamydomonas flagella

Previously, we had shown that Phospholipase-D (PLD) and adenosine 5’-monophosphate
activated protein kinase (AMPK) — two membrane-associated proteins, accumulate in the flagella
while CAH6- another membrane associated protein gradually depletes from the flagella in bbs
[11]. To understand the role played by BBSome in the transport of these proteins, we tagged both
PLD and CAH6 with mNeonGreen (MNG) on the C-terminal end. The N-terminal of these proteins
is dual lipidated with a myristoyl and palmitoyl group attached to the second amino acid -
glutamine at and the third amino acid - cysteine respectively. These lipid moieties are implicated
in the targeting and entry of these proteins in the cilium [34-36]. Using Total Internal Reflection
Fluorescence Microscopy (TIRFM) we observed that CAH6-mNG asymmetrically distributes
between the two flagella (Fig. 1A). We noted that CAH6 always preferentially localizes to the
trans flagellum (the flagellum further away from eyespot) in 97.4 % of wild type cells analyzed
(n=39). Interestingly, the asymmetry of CAH6-mNG is disturbed in the bbs4 mutant (FiglB). A
preference for trans flagellum was observed in 43% of the bbs4 cells of the 62 cells analysed. In
about 37% cells we observed the opposite pattern of distribution was observed i.e. the amount of
CAH6-mNG in cis was greater than that is trans. This is unsurprising as the axonemes of the bbs
mutants lose their asymmetric response when exposed to free calcium ions as compared to wild
type. To further understand the kinetics of CAH6-mNG transport, we performed Fluorescence

Recovery after Photobleaching (FRAP). CAH6-mNG reestablished its asymmetric distribution in
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Figure 1: CAH6-mNG localizes preferentially in the trans cilium which is disturbed in the
absence of BBSomes (A) DIC and TIRFM images showing the location of the eyespot(red) and the
localization of CAH6-mNG (green) with respect to it in wild-type cells. The filled arrow points to the
eyespot, the empty arrow points to the trans cilium and the empty arrowhead points to the cis cilium
(B) DIC and TIRFM images showing the location of the eyespot(red) and the absence of asymmetry
of CAH6-mNG (green) in bbs4. The second panel demonstrates the three distribution patterns
observed. (C) Quantitative representation of the asymmetry observed in wild-type (n=39) and bbs4
(n=62). (D) FRAP analysis on wild type cells showing recovery of signal at 5 mins after
photobleaching. (E) TIRFM images of wild type cells showing the localization of cah6-mng at various
time points after deciliation. We see the asymmetry is established as the cilia regenerates. n= number
of cells analyzed.

five minutes in wild-type cells showing a continuous exchange of CAH6-mNG between the cilium
and cell body (Fig 1D). Next, to investigate if this asymmetry is established during the initial
assembly of cilia

or occurs as the cilia ages, we utilized the ability of Chlamydomonas to regenerate a full-length
cilium in ~60 minutes. After deciliation, we observe that in a regenerating cilium (30 minutes) the
asymmetry is already established. We next used immunofluorescence to observe the localization
of endogenous CAHG6 (data not shown) and observed background signal in our mutant. We used
the same antibody used to identify the localization of CAH6 in chloroplast by immunogold
electron microscopy [37]. This antibody while able to work in western blot to detect endogenous

CAHG6 (Fig 2C) in isolated cilia was not robust enough to detect the Neon-Green tagged version



(not shown) or for immunofluorescence experiments. We suspect that the antibody was raised
against the C-terminal hence could not detect the tagged version due to the presence of the NG tag
on the C-terminal. We now are in the process of generating a new antibody for CAH6. Thus, the
asymmetric distribution is seen only for the -NG tagged version of CAH6 expressed in both wild
type (with endogenous CAHG6) and in the cah6 mutant (only CAH6-mNG present).

2.2 Loss of CAH6 does not affect flagella length, swimming speed and phototactic ability of
Chlamydomonas

To identify the role of the CAH6 and better understand its unique distribution we obtained a
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Figure 2: Loss of CAH6 does not have a severe phenotype in Chlamydomonas. (A) A
schematic representation of CAH6.The primers used to identify the mutant are shown. The site of
insertion for the mutation has been identified at the end of exon 1. (B) Identification of the cah6
with PCR using the primer pairs (top). (C)Western blot analysis of the isolated flagella from wild-
type and cah6 cilia. The antibodies used to probe were anti-CAHG6 and anti-IFT81 as a loading
control. (D-G) Phenotypic analysis of the mutant by assaying the flagella length, swimming speed,
phototaxis and chemotaxis between the parental (cc5325) and cah6.

putative insertional mutant in CAH6 gene from the CLiP mutant library[27]. We confirmed the

insertion site of the CIB1 cassette (confers paromomycin resistance) to be directly after the start



codon of CAH6 (Fig 2A and B). Using western blotting, we also confirmed that cah6 is a null
mutant (Fig. 2C). We compared several Chlamydomonas flagella characteristics such as flagella
length and swimming velocity between the mutant and its parental strain (cc-5325) (Fig 2D and
E) but failed to observe a discernible phenotype. We also looked at the phototactic (Fig 2F) and
chemotactic ability (Fig 2G) of the strains, the latter was carried out in collaboration with Dr.S.J
Sim (Korea University) using an agarose gel based microfluidic device. The chemotactic index
was calculated by calculating the ratio of number of cells present in the observation region in
response to 30mM sodium bicarbonate to that observed in response to the negative control. We
discovered that the parental strain in itself is defective in chemotaxis. Thus, to determine the true
phenotype of cah6 we are in the process of repeatedly backcrossing cah6 with the wild-type strain
(91). This will help us eliminate other possible mutations and place CAH6 into a typical control
background rather than the parental strain.

2.3 Loss of IFT disturbs the asymmetric distribution of CAH6-mNG in Chlamydomonas
flagella

In-vivo imaging of CAH6-mNG in flagella revealed that the majority of its movement inside the
cilia is by diffusion, with occasional events of IFT. However, since CAH6- is comparatively a
protein of low abundance, this does not exclude that possibility that IFT establishes or maintains
the flagellar asymmetry of CAH6. To determine if IFT contributes to this asymmetry, for example
by depleting the cis cilium of CAH6, we expressed CAH6-mNG in flal0-1. flal0-1 are
temperature sensitive mutants of kinesin Il which, at their restrictive temperature (32°C) stops IFT.
Using TIRFM we observed that on incubation of flal0-1 CAH6-mNG cells at 32°C for 3 hours, t
CAH6-mNG requires IFT to maintain its asymmetry. We next determined the levels of the

endogenous CAH6lost (n=16) while the wild-type cells retained the asymmetry (Fig 3A). This



suggests that CAH6 requires IFT to maintain its asymmetry (n=16). We next determined the levels

of endogenous CAHG6 in the wild-type and flal0-1 to understand how the loss of IFT affects the
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Figure 3: IFT is required for CAH6 to maintain its asymmetric flagella distribution. (A) TIRFM
images showing the distribution of CAH6-mNG in g1 and flal0-1 at the permissive (22°C) and restrictive
temperature (32°C). (B) Western blot of the isolated flagella of wild-type and flal0-1 cells incubated and
the temperature (top) for 3 hours and probed with anti-CAH6. Anti-IFT81 was used as the fla10-1 control
and its absence at the restrictive temperature confirms shut down of IFT. Anti-IC2 was used as the loading
control. (C) Quantitative representation of the ratio of signal intensity of CAH6-mNG in trans cilium to
the cis cilium for wild type and flal0-1 mutants at the two temperatures. (D) Kymograms showing the rare
IFT transport of CAH6-mNG in g1 and bbsl cells. (E) IFT events observed in g1 and bbslflagella were
quantified as events per minute.(F) Table depicting the breakdown of anterograde and retrograde events
of CAH6-mNG in gl and bbs1 for cis and trans flagellum individually. n= number of cells analyzed.

presence of CAHG6 in the flagella (Fig. 3B). The cells were incubated at 32°C for 2.5 hours and

then cilia were isolated. Loss of IFT81 at the restrictive temperature confirms the shut-down of
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IFT, and we observe an accumulation of CAH6. The increase of CAHG6 at the restrictive
temperature suggests that CAH6 export from the cilia by IFT contributes to its asymmetric
distribution observed by TIRFM.. We further quantified the ratio of the signal intensities of CAH6-
mNG in trans to cis (Fig. 3C). We observe a 3-fold decrease in the ratio for the flal0-1 at the
restrictive temperature in comparison to the wild-type. The data indicated that IFT is involved in
establishing the distribution of CAH6. Next, we quantified the IFT events/min for the wild type
and bbs1 cells (Fig. 3D-E). We observed a slightly higher number of IFT events in bbs that were
predominantly observed in the cis flagellum and in the trans flagellum the anterograde events were
higher. The near absence of IFT transport events in the cis flagellum of g1 is because these cilia
are devoid of CAH6. One possible explanation is that CAH6 is exported out by IFT from the cis
flagella in a BBSome dependent manner.

2.4 CAH6-mNG distribution in uni-1 and vfl-2

There are a number of physical characteristic that can be utilized by the cell to divert CAH6 toward
the trans flagellum for e.g., age of the cilium, age of the basal body, position or number of the
eyespot. To identify this we took advantage of the availability of various basal body mutants.
CAHG6-mNG was expressed in a uniflagellate mutant (uni-1) and in a variable flagella mutant(vfl-
2) (Fig.4A and 4B). We observed that when only the trans flagellum is present as in the case of
uni-1, CAH6-mNG is present in the flagellum. In the case of vfl-2 due to segregation defects, the
cells have any number of flagella ranging from zero to four and can have one or more eyespots. A
consistent pattern of localization of CAH6 with respect to the eyespots position and flagella

number was not observed.
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uni-1 CAH6-mNG

vfl-2 CAH6-mNG

Figure 4: CAHG6 is always present in uni-1 flagella and has no discernible pattern of
localization in vfl-2. (A) CAH6-mNG always localizes to the trans flagella in the
uniflagellate mutant, uni-1 (n=13) (B) Localization pattern of CAH6-mNG in vfl-2 mutant
showing the various combinations of eyespot and flagella number (n=40). The distribution
of CAH6-mNG does not seem to follow a clear pattern. Black arrows on the left most panel
points to the eyespot
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3. Discussion

For long it has been known that heterokont cells establish two distinct cilia, but how the cell
achieves this is yet to be understood. Flagella of Chlamydomonas, an isokont, are superficially
identical but are different in terms of development (age of the basal body they arise from,
development of singular flagella in uni mutants) and function (axonemal response to Ca2*) [29,
30]. Evidence of compositional difference between the two flagella are not yet known and CAH6
is the first biochemical marker identified in Chlamydomonas illustrating this difference. With the
tools already established in Chlamydomonas, genetic and biochemical imaging of CAH6 allows
us to utilize it as a tool to understand the means by which a cell proceeds to establish a
compositional difference between the two flagella. Studying the transport mechanism of CAH6
will help us elucidate the ciliary targeting of proteins and how the cells control entry of protein in
cilia.

Cilia react to multiple environmental signals thus acting as a hub of signaling proteins and
their secondary messengers. Defect in the cilia can lead to a group of diseases that falls under the
umbrella of ciliopathies such as Bardet-Biedel Syndrome (BBSome). The BBSome helps in the
cycling of membrane and membrane associated proteins in the cilia through IFT. In
Chlamydomonas bbs mutants, the levels of flagellar membrane-associated proteins have shown to
be affected. CAHG6, a dual lipidated membrane associated protein had been shown to gradually
decrease in the flagella of bbs 4-1 mutants [11]. CAH6 localizes to both the flagella in bbs mutants
in contrast to its asymmetrical distribution in wild type. This suggests that BBSome plays a role in

enabling CAHG to selectively localize in the trans flagellum. Similarly, when flal0-1 cells were

14



incubated at the restrictive temperature to switch off IFT, the asymmetry was lost. Thus, shutting
off IFT interfered with the selective localization of CAHG6 suggesting its role in maintaining this
asymmetry. However, majority of CAH6 diffuses in and out of the cilium yet IFT and BBSome
are responsible for its asymmetric localization. One hypothesis could be that CAHG6 is specifically
depleted from the cis cilium by IFT and BBSomes. Analyzing dikaryons of bbs CAH6-mNG and
gl CAH6-mNG might help us test this hypothesis. If the re-introduction of BBSomes in the bbs
deficient cilia helps in restoring the asymmetry originally observed in wild-type our hypothesis
might be tested true. Additionally, we know that lack of IFT or BBSome effects the distribution
of a large number of proteins. Therefore, the mislocalization of other membrane components could
lead to the shift in CAH6 asymmetry. A further study ascertaining interacting partners of CAH6
might help us understand the method of its establishment.

There are a number of characteristics of the transition zone and basal body for example,
the age of the basal body, position of the eyespot that could potentially be recognised by IFT to
differentiate between the two flagella. These characteristics can be utilized by IFT to preferentially
upregulate or downregulate their cargo or the transition zone could have selective permissivity
which could be related to the age of the basal body. The two cilia in Chlamydomonas arise from
basal bodies of different ages, but the compositional difference between the basal bodies is yet to
determined [29, 38] . The eyespot is connected to the daughter basal body by microtubule roots,
which could be another element that could help guide IFT away from that particular cilium. Thus,
we looked at the localization of CAH6-mNG in two basal body mutants — vfl-2 and uni-1.

vfl-2 lacks centrin and nucleus- basal body connectors thus affecting the centriole
duplication and segregation [39]. This leads to cells with flagella number ranging from 0 to 4 with

one or more eyespots. The increasing number of variables in vfl-2 including the presence of
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multiple eyespots and their various positions, difference in flagella segregation made it
complicated for us to identify a distinct pattern. Thus, we have decided to eliminate as many of
these variables using other Chlamydomonas mutants such as the mit-1 (multiple eyespots) and eye-
1 (no eyespots). This might help us understand the role the eyespot and/or its location plays in this
distribution [40].

uni-1 has a defect in the transition of the triple microtubules to doublet microtubules which
has been deemed essential for assembly of flagella. It is likely that this has a severe effect on the
younger basal body thus causing a failure of cis flagellum assembly while the trans cilium is
assembled and functional. Thus, seeing if this structural defect in the younger basal body has an
effect on CAH6 localization might help us identify or eliminate a factor involved in this selective
targeting of CAH6.

Carbonic anhydrases are a family of zinc metalloenzymes that are responsible for the
carbon concentrating mechanism (CCM) which helps photoautotrophs to increase the CO2: O
ratio. This enables the cells to acclimatize to environments that have low carbon dioxide
concentrations. Carbonic anhydrases have been previously implicated in the regulation of pH,
transport of CO2 and HCOgz, ions and maintaining the water-electrolyte balance [41, 42]. In
humans, they have been involved directly and indirectly in the metabolic processes such as
ureagenesis, lipogenesis, and gluconeogenesis along with production of agueous humor,
cerebrospinal fluid and pancreatic juice [43].

In Chlamydomonas, carbonic anhydrases are associated with the pyrenoid tubules in the
pyrenoid. The pyrenoid is located in the chloroplast and is brimming with Rubisco, the carbon-
fixing enzyme [32]. Out of the twelve carbonic anhydrases present in Chlamydomonas, CAH6 is

the only one present in the cilia. In response to light, a Ca?* influx is observed in Chlamydomonas
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[44]. As mentioned before, the two flagella demonstrate opposite response to Ca* thus helping the
cell negatively or positively phototax. bbs mutants, lose this asymmetric response to Ca?* hence
are unable to phototax. Moreover, the asymmetry of CAHG6 distribution is also lost in bbs but cah6
can phototax. This might suggest that CAH6 might contribute to other behaviours in
Chlamydomonas. To see if it functions as a carbon sensor, the chemotactic activity of cah6
expressed in a typical wild-type background needs to be assayed. A lack of severe phenotype can
be possibly explained by the redundancy of carbonic anhydrases. This is not unusual as in humans,
Carbonic anhydrase 1 is the most abundant non-hemoglobin protein in erythrocytes, yet its absence
does not seem to affect the erythrocytes [43]. Determining if CAH6 is functionally active in the
cilia and if so its role will help us elucidate the mechanism involved in its selective targeting and

confirming that CAH6 is a biochemical marker for the trans cilium.
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MATERIALS AND METHODS

Strains and culture conditions

C. reinhardtii was maintained in batch cultures in a modified M (minimal media) at 21°C with a light/dark
cycle of 14:10 h; larger cultures were aerated and supplemented with 0.5% CO2. The strains used in this
study are listed in Table 1

The following strains were used in this study: wild-type (cc-620 and cc-621), cah6 (LMJ.RY0402.174362),
bbs4-1(Lechtreck et al.2009), cah6(CAHEFLNG), flal0-1 (cc-1919), vfl-2(cc-1388), unil(cc-1926),
Identification and characterizarion of C. reinhardtii cah6 mutant

Primer pairs 1-2,1-3 and 4-5,4-6 were used to map the insertion in the cah6 mutant. PCR was performed
using the BioRad thermocycler using the following cycle conditions: Primer pair 1-3 was used to confirm
the location of insertion by sequencing (Genewiz).

Transgenetic strain generation

Primers pair 7 and 8 were used to PCR amplify the coding portions of the CAH6 using CC-620 genomic
DNA as a template and the PCR fragment was cloned into the Hpal and Xhol sites of the ipBR vector. This
placed CAH6 downstream of the HSP70A-rbcS2 fusion promoter and upstream of the mMNG gene the 2A
sequence, the zeocine resistance selectable marker and the tubulin terminator [45].

Isolation of cilia and sample preparation

To isolate flagella, cells were concentrated and washed with 10 mM Hepes (pH 7.4) and 10 mL of ice-cold
HMS (10 mM Hepes, pH 7.4, 5 mM MgSO4, and 4% sucrose wt/vol) was added gentlyand care was taken
that the cells weren’t mixed with HMS. Then, 2 mL of dibucaine (25 mM in H20; Sigma) was added, and
cells were deciliated by pipetting on ice. Next, 20 mL of 0.7 mM EGTA (pH 8.0) in HMS were added, and
the cell bodies were removed by centrifugation (2,500 rpm, 3 min, 4 °C; Sorvall Legend XTR; Thermo

Scientific). The supernatant was underlaid with a sucrose cushion (10 mL of 25% sucrose in HMS) and
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centrifuged (2,800 rpm, 4 °C, 10 min) to remove the remaining cell bodies. The flagella were harvested
from the supernatant by centrifugation (12,000 rpm, 4°C, 15 min) (Avanti JXN26; Beckman Coulter),
resuspended in HMEK+PI (30 mM Hepes, 5 mM MgS0O4, 0.5 mM EGTA, 25 mM KCI, 1% protease
inhibitor mixture P9599; SigmaAldrich). The isolated flagella were extracted with Nonidet P-40 Alternative
(1% final concentration, CAT no. 492016; CalBiochem) for 20 min on ice. The axonemal and
membrane+matrix fractions were separated by centrifugation (16,000 rpm, 4 °C, 15 min). Alternatively,
flagella were extracted with 1% final concentration Triton X-114 (CAT no. 9036-19-5; Sigma-Aldrich),
the axonemes were removed centrifugation (12,000 rpm, 4°C, 10 min), and the supernatant was incubated
at 30 °C for 5 min to induce phase separation. The aqueous phase (Matrix)and detergent phase (Membrane)
were separated by centrifugation (6,000 rpm, 15 min). The aqueous phase was treated with 1% Triton X-
114, the detergent phase was diluted with HMEK+PI, and the phase separation was repeated to yield the
final matrix and membrane fractions. The proteins in the membrane fraction were extracted using
methanol/chloroform. To the detergent phase, 400uL 100% Methanol was added and vortexed briefly. Next,
100uL of chloroform was added and vortexed again. This was followed by 300uL of water and
centrifugation (14,000rpm, 5 min). The top layer was discarded and another 300uL 100% Methanol was
added. The sample was centrifuged again and the resultant supernatant was discarded and the pellet was
air-dried. All the samples were resuspended in Lamelli’s Sample Buffer and incubated at 80°C for 10min.
Antibody purification, production and Western Blotting

Primers 9 and 10 were used to amplify a partial cDNA encoding the first 100 residues of exon 4 of CAHS6;
after digestion with EcoRl, the fragment was inserted into the EcoRI site of the bacterial expression vector
pPMAL-cR1(NEB). The vector was then transformed into ElectroTen-Blue Electroporation Competent Cells
(Cat # 200159, Agilent Technologies). The cells were grown in 500ml of Rich Medium +glucose and
ampicillin (10g tryptone, 5g yeast extract, 5g NaCl, 2g glucose, ampicillin to 100ug/ml per 1L). 0.3mM
IPTG was added to the culture when the absorbance at 260nm was around 0.5. The cells were harvested at
5,000 rpm for 20 minutes and resuspended in 20 ml of Column Buffer (20mM Tris-HCI, 200mM NacCl,

1mM EDTA, 1mM DTT). The cells were then lysed using a French press at 20 kPa. The lysed solution was
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centrifuged at 15,000 rpm for 20 mins and the supernatant and pellet were separated. The supernatant was
run on a PAGE gel, immobilized on nitrocellulose membrane and stained with Ponceau. The strip
containing the fusion protein above 50kDa was excised and then blocked with 1%BSA for 1 hour. It was
then rotated overnight at 4°C with anti-CAH6 (150ul sera in 350 ul of 1% BSA) antibody provided by J.V.
Moroney (Louisiana State University). The strip was washed 4-6 times with 1% BSA. The strip was then
incubated in a tube with 100ul of 0.2M Glycine inlmM EDTA at pH 2.16 for 2 mins to release the bound
antibody. The extracted antibody was neutralized by adding it to a tube with 100uL of 0.6% BSA, 0.2M
Tris in 1X TBST. 0.01% Sodium azide was added to the purified antibody and then used at a dilution of
1:500. The same supernatant was used to purify the fusion protein by affinity purification. 2mL of amylose
resin was added to a column and washed with 10mL of column buffer at a flow rate of ImL/minute. The
supernatant was loaded and incubated for 10 minutes and then washed with 15mL of column buffer. The
elution buffer (20mM Tris-HCI, 200mM NaCl, 1ImM EDTA, 1mM DTT, 10mM Maltose) was then passed
through the column and 10 samples of 0.5mL were collected. The purified fusion protein was used for
antibody production in rabbits (Pocono Rabbit Farm & Laboratory). Western blots were developed using
anti-mouse and anti-rabbit 1gG conjugated to horseradish peroxidase (Syngene Femto) and
chemiluminescence images were captured and documented using a UVP Autochemi Bioimaging System
(Cambridge, UK). Other polyclonal antibodies used were FAP12(1:1000), 1C2(1:1000) and IFT-81(1:500)
Mating experiments

To generate gametes, cells were grown for 10 d on Tris-acetate-phosphate medium plates [46] and
resuspended in modified M medium without nitrogen (10 ml/plate; M-N), and the suspension was incubated
overnight in constant light with gentle agitation. The next morning, cells were incubated in 20% M-N
supplemented with 10 mM Hepes. Smaller aliquots of gametes were mixed every 30 minutes and then
subsequently checked for their vis-a-vis configuration. When the configurations were attained, larger
aliquots of gametes were mixed and left under constant light without shaking for 4 hours. The gametes were
plated on phytagel plates () and let dry under light overnight. The following day, the plates were wrapped

in aluminum foil and incubated in dark for 4 weeks. After 4 weeks, the plates were placed in -20°C. 2 days
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later, the plates were let thaw under, after which they were placed under constant light.
Immunofluorescence microscopy

Fresh grown cells were harvested (3 min at 2,300 rpm, at room temperature) and resuspended in ice-cold
HMEK (10 mM Hepes, 5 mM MgS0O4, 5 mM EGTA, and 25 mM KCI). One aliquot of cells was mixed
with an equal volume of 3% formaldehyde + 0.5% Nonidet P-40 in HMEK while the other aliquot had no
fixative. The cells were allowed to settle onto poly-I-lysine—coated multi-well slides for 5 min and then
submerged into -20°C methanol for 8 min and air dried. The slides were then blocked in 1% BSA/PBS.
Purified anti-CAH®6 (see above in antibody purification) was used at a dilution of 1:100, 1:20 and 1:1; and
anti—acetylated a-tubulin (1:1000, mouse; Sigma-Aldrich). Specimens were incubated overnight at 4°C
with primary antibodies in 1% BSA/PBS. Secondary anti-rabbit linked to Alexa Fluor 488 and anti-rabbit
linked to Alexa Fluor 568(1:1,000; Invitrogen) were applied for 90-120 min at room temperature.
Specimens were mounted with ProlongGold (Invitrogen). Images were acquired using Axiovision software
(Carl Zeiss) and an AxioCam MRm camera (Carl Zeiss) on a microscope (Axioskop 2 plus; Carl Zeiss)
equipped with a 100x NA 1.4 oil DIC Plan-Apochromat objective (Carl Zeiss) and epifluorescence. Image
brightness and contrast were adjusted using Photoshop (CS5.1; Adobe), and figures were assembled using
Ilustrator (CS5.1; Adobe). Capture times and adjustments were similar for images mounted together. An
Axio Imager.Z1 equipped with a 100x NA 1.3 EC PlanNeofluar objective, an Apotome, an axiocam MRm,
and Axiovision software (all from Carl Zeiss) was used to obtain optical sections of the immunostained cell
shown in Fig. 1 G. Figures were prepared using Adobe Photoshop and Illustrator.

Observation of IFT

IFT in the flagella was observed using TIRFM at RT. Cells in medium allowed to adhere for ~0.25-1 min
and covered with a coverslip to form a chamber enclosed by a Vaseline ring. The fluorescence images were
captured using a custom-built TIRF microscope based on an inverted microscope (IX71; Olympus)
equipped with a Plan-Apochromat 60x NA 1.4 objective (Olympus). Multiline argon/krypton lasers (CVI
Melles Griot) provided excitation light at 488 and 568 nm. Both lasers were cleaned up with appropriate

MaxLine Laser-line filters (Semrock Inc.). A 488-nm RazorEdge beam splitter (Semrock, Inc.) was used

21



for the GFP signal. An FF498/581 beam splitter (Semrock Inc.) was used for the GFP/mCherry signals.
The resulting two-color emission signals were separated using a custom-built dual-view system equipped
with an FF562-Di01 dichroic mirror (Semrock Inc.) and 525/50-nm and 630/69-nm emission filters
(Semrock Inc.). Signals were recorded using a back-illuminated electron-multiplying charge-coupled
device camera (iXon DV860; Andor Technology). Data were analyzed using ImageJ (National Institutes
of Health) and Photoshop.

Measurement of flagellar length and assessment of swimming velocity

Cells were washed and resuspended in fresh M medium and observed by using an inverted microscope.
One flagellum each on cells were measured using ImageJ and the average flagella length was calculated.
Swimming velocity was measured by tracking images of moving cells recorded by means of bright-field
microscopy using a 40x objective, 5% eyepiece and a digital camera incorporating a charge-coupled device.
Recorded movies were processed using ImageJ to obtain average swimming velocities

Sequence of Primers used

1-5>’ACACTTATCTTACCACACGCGC-3’

2-5> ACTCCTCCACCATTCTGAGGC-3’

3-5’TTGCTCGTCGACTTACCTGGC-3’

4-5’-AATTCCTTTCCGTCGCAGGG - 3’

5-5’- CTTGGTCGAACACAATTTCCGC-3°

6-5’- TTGCTCGTCGACTTACCTGGC-3’

7-5’-CGCCTCGAGCTCGGCGCTGCTGLCCGLC-3°

8-5’- CGCGTTAACATGGTGAGCGAAGACCGGCG-3’
9-5°CGCGAATTCAAGGCGTTCCCCGGCTTC-3’

10-5’-CGCGAATTCCTACTCGGCGCTGCTGCCG-3’
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