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ABSTRACT
Cilia are organelles important for signaling and motility. They are composed of
microtubules ensheathed in plasma membrane. The mechanisms related to ciliogenesis also
require another cytoskeletal element, actin, which has been shown to be important for
organizing the basal bodies and transition zone at the base of cilia and for short- and long-range
trafficking. However, most studies of actin’s role in ciliogenesis have taken a broad approach by
knocking out all filamentous actin until now. Here, we more delicately dissect the interplay
between actin and cilia by specifically focusing on actin networks nucleated by the Arp2/3
complex in Chlamydomonas. We find that knocking out Arp2/3-mediated actin networks
dramatically impairs ciliary assembly and maintenance in these cells, and these defects are due
to a problem with incorporation and gating of existing ciliary proteins, particularly in the early
stages of assembly. We also show that cells lacking the Arp2/3 complex have more dramatic
defects in ciliary maintenance using material from non-Golgi sources. Finally, we find
relocalization of a ciliary membrane protein from the cell periphery to the cilia by
internalization is dependent on actin and the Arp2/3 complex. Based on these results, we
propose a new model of ciliary protein targeting during early ciliogenesis in which proteins
previously targeted from the Golgi to the plasma membrane are reclaimed from this reservoir
by Arp2/3-mediated networks.
INTRODUCTION
The microtubule-based cilium of the unicellular, green alga Chlamydomonas reinhardtii
has long been used as a model due to its structural and mechanistic conservation relative to the
cilia of mammalian cells. In fact, the cilia found on nearly every cell in the human body are
remarkably similar to those found in Chlamydomonas, and like the cilia of Chlamydomonas, the
cilia of human cells are also important for signaling and motility. Cilia consist primarily of
microtubules that extend from the surface of the cell and are ensheathed in plasma membrane.
Their assembly relies on microtubule dynamics and trafficking of protein and membrane
(Nachury, Seeley, and Jin 2010), as well as intraflagellar transport (IFT), a motor-based transport
system that moves tubulin and other cargo from the base of the cilium to the tip and back again
(Pedersen and Rosenbaum 2008).
Although cilia are composed of microtubules and depend on them for assembly, the
mechanisms governing ciliary maintenance and assembly extend to other cytoskeletal
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components, such as actin. In mammalian cells, actin disruption results in increased ciliary
length and percentage of ciliated cells (Kim et al. 2010; Park et al. 2008). In fact, the
microtubule organizing center of the cell, the centrosome, from which cilia are nucleated has
been found to function as an actin organizer (Farina et al. 2016; Inoue et al. 2019). Further, in
mammalian cells, when ciliogenesis is triggered by serum starvation, preciliary vesicles are
trafficked to the centriole where they fuse to form a ciliary vesicle around the budding cilium. It
has been shown that when Arp2/3-branched actin is lost, depletion of preciliary vesicles at the
centriole occurs, suggesting a role for branched actin in the initial steps of ciliogenesis in these
cells (Wu, Chen, and Tang 2018). Actin itself has even been found within cilia, further
suggesting that actin is a key protein involved in ciliary maintenance and assembly (Kiesel et al.
2020).
Chlamydomonas cells are an advantageous model due to their lack of a cortical actin
network and their ability to undergo more consistent and robust ciliogenesis than mammalian
cells without serum starvation. In Chlamydomonas, disruption of actin networks with
Cytochalasin D (CytoD) resulted in shorter steady-state cilia (W. L. Dentler and Adams 1992),
and disruption with Latrunculin B (LatB), which sequesters monomers leading to eventual
filament depolymerization, resulted in shortened cilia and impaired regeneration (Avasthi et al.
2014; Jack et al. 2019). Chlamydomonas actin networks are required for accumulation of IFT
machinery at the base of cilia and for entry of IFT material into cilia (Avasthi et al. 2014), as well
as for trafficking of post-Golgi vesicles to cilia, the synthesis of ciliary proteins, and the
organization of the gating region at the base of cilia (Jack et al. 2019). Many key advances in our
understanding of the relationship between cilia and actin have been discovered using
Chlamydomonas, which is proving to be a useful model for studying the actin cytoskeleton and
its ciliary functions.
The actin cytoskeleton of Chlamydomonas contains two actin genes: IDA5, a
conventional actin with 91% sequence identity to human b-actin; and NAP1, a divergent actin
that shares only 63% of its sequence with human b-actin (Hirono et al. 2003; Kato-Minoura et
al. 1998). We consider NAP1 to be an actin-like protein as opposed to an actin related protein
(ARP) because it has a higher sequency identity when compared to actin than to conventional
ARPs (Supplemental Figure 1), and because it is able to functionally compensate for the
conventional filamentous actin (Jack et al. 2019; M. Onishi et al. 2018; M. Onishi, Pringle, and
Cross 2016; Masayuki Onishi et al. 2019). Under normal, vegetative conditions the conventional
IDA5 is the primary actin expressed, but when cells are treated with LatB, the LatB-insensitive
NAP1 is upregulated (M. Onishi et al. 2018; M. Onishi, Pringle, and Cross 2016; Hirono et al.
2003). This separability of the two actins has led to the discovery that they can compensate for
each other in ciliary maintenance and assembly (Jack et al. 2019). While knocking out IDA5 and
NAP1 networks results in ciliary defects, studies of the role of actin in ciliary assembly have
used global disruption by knocking out either one of the filamentous actins or both, yet actin
networks have diverse compositions and topologies that lead to specific subfunctions within
cells.
Actin networks rely on the actin binding proteins that contribute to the formation,
arrangement, and function of the network. One such actin binding protein is the Arp2/3
complex, which nucleates branched or dendritic actin networks by nucleating a daughter
filament off the side of an existing mother filament. The dendritic networks nucleated by the
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Arp2/3 complex have been primarily found to be responsible for functions that involve
membrane remodeling, for example lamellipodia and endocytosis (Campellone and Welch
2010).
Here, using the chemical inhibitor CK-666 to inhibit the nucleating function of Arp2/3
(Hetrick et al. 2013) and a genetic mutant of a critical Arp2/3 complex member, ARPC4 (Cheng
et al. 2017; Li et al. 2019) we take a more delicate approach to investigating the role of actin in
ciliary assembly by separating different actin networks into their expected subfunctions based
on topology. Specifically, we probe the involvement of actin networks nucleated by the Arp2/3
complex in ciliary maintenance and assembly.
RESULTS
Arp2/3 complex nucleates diverse actin networks in Chlamydomonas:
The Arp2/3 complex from most eukaryotes consists of seven subunits: Arp2, Arp3, and
ARPC1-5 (Figure 1), and each subunit plays a specific role of varying importance in the
nucleation process. ARPC2 and ARPC4 form the core of the complex and the primary contacts
with the mother filament, Arp2 and Arp3 serve as the first subunits of the daughter filament,
and ARPC1 and ARPC3 play a role in nucleation but are not critical for branch formation
(Robinson et al. 2001; Gournier et al. 2001). Each of these subunits are found in
Chlamydomonas but have varying degrees of sequence homology compared with conventional
Arp2/3 (Figure 1). Interestingly, the ARPC5 subunit has yet to be found in Chlamydomonas.
ARPC5 is thought to be important for the association of ARPC1 to the complex, but a
mammalian complex lacking ARPC5 and ARPC1 maintains some nucleating and branching
activity and is able to cross-link actin normally (Gournier et al. 2001).

ARPC2 (p34)
16.7% Identity
29.1% Similarity

ARPC4 (p20)
50.0% Identity
68.0% Similarity

ARPC5 (p16)
No homolog

Arp3
45.7% Identity
61.5% Similarity

ARPC3 (p21)
29.4% Identity
52.6% Similarity

Arp2
55.7% Identity
75.1% Similarity

ARPC1A/B (p41)
23.5%/28.9% Identity
39.3%/44.1% Similarity

Figure 1. The actin-nucleating Arp2/3 Complex in Chlamydomonas reinhardtii lacks subunit ARPC5. Homology
model of the Chlamydomonas Arp2/3 created using Modeller in UCSF Chimera and the template PDB: 1U2V, the
bovine Arp2/3 complex. Percent identity and similarity is calculated in relation to the human Arp2/3 complex
members. The bovine ARPC5 was placed in the model for reference, but the Chlamydomonas Arp2/3 genome lacks
an ARPC5 subunit.
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In order to determine the functionality of the Arp2/3 complex lacking ARPC5 in
Chlamydomonas, we first looked directly at the effects of loss of Arp2/3 on the actin structures
in the cell. For years, the visualization of filamentous actin in these cells has eluded researchers.
However, recent advances from our lab have led to the ability to visualize the filamentous actin
of vegetative Chlamydomonas cells using phalloidin (Craig et al. 2019).
Using these methods, we stained untreated wild-type cells and arpc4 null mutants with
phalloidin (Figure 2A-B). In normal, vegetative cells, a filamentous actin structure is observed in
the middle of the cells, as well as apical spots around where cilia are docked (Figure 2A-A’). The
arpc4 mutant cells have a more condensed actin distribution in the middle of the cell with
occasional bundles leading toward the base of the cilium (Figure 2B-B’). This was quantified two
ways. First, line scans were taken through each cell from the apex between cilia to the farthest
point on the basal surface (Figure 2C-D). Line scans show increased consistency and a more
condensed nature of the actin signal in the arpc4 mutants (Figure 2C-D). We further quantified
this by fitting each line scan with a curve and uniformly measuring the width of the curves at
half the maximum to show the width of the signal in the apical to basal plane (Figure 2E). This
quantification shows that the arpc4 mutants do indeed have a more condensed mid-cell actin in
the axis measured (Figure 2F). We also quantified the ratio of the mid-cell actin area to the
total cell area to determine if the actin signal of the arpc4 mutant cells was more compact in all
planes (Figure 2G-H). Mid-cell actin area was determined by uniformly thresholding all images
so that only the actin signal in the mid-cell is visible. This quantification confirms arpc4 mutant
cells have a more compact mid-cell actin structure (Figure 2H). Furthermore, the actual
intensity of the signal was found to be increased in the arpc4 mutant cells (Figure 2I), while the
fluorescence of the total cell, which was corrected for background fluorescence, is increased in
the wild-type cells (Figure 2J).
Besides the actin signal seen in the mid-cell region of wild-type cells, apical dots are also
typically seen near the base of cilia (Figure 2A). We quantified the presence of these dots in the
wild-type cells compared to the arpc4 mutant cells (Figure 2K). We found that while about 70%
of wild-type cells contain the dots, hardly any (~5%) of the arpc4 mutant cells had dots (Figure
2K). These results suggest that the Arp2/3 complex is involved in assembly of an actin-based
structure at the base of the cilium, perhaps required for some sort of membrane remodeling.
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Figure 2. Loss of a functional Arp2/3 complex results in changes in actin distribution. A) Wild-type stained with
phalloidin to visualize the actin network. Images were taken as a z-stack using spinning disk confocal imaging and
are shown as a maximum intensity projection. Scale bar represents 10µm. A’ shows the mid-cell actin network of
the wild-type cells. The actin distribution is highlighted using the Fire LUT which highlights regions with the brightest
intensity in yellow/orange and the areas with less intensity in blue. Grey arrow is pointing to the apex of the cell.
Scale bar represents 2µm. B) arpc4 mutant cells stained with phalloidin to visualize actin. Cells were imaged and are
shown in the same way as A. Scale bar represents 10µm. B’ shows lack of apical dots and the mid-cell actin staining
of arpc4 mutant cells. Image is shown in the same way as A’. Grey arrow is pointing to the apex of the cell. Scale bar
represents 2µm. C) For wild-type cells, line scans were taken through the longest part of the cell from apical to basal.
Background was subtracted and the length was normalized, then each line scan was plotted. n=25 for 3 separate
experiments. D) For arpc4 mutant cells, line scans were also taken through the longest part of the cell from apical to
basal. Background was subtracted and the length was normalized, then each line scan was plotted in the graph. Note
the width of the peaks and the consistency between the scans. n=25 for 3 separate experiments. E) Example of a
line scan (grey) and fitted Gaussian curve (black) showing how to calculate the full width at half max shown in F. F)
The full width at half max was calculated for the wild-type cells and the arpc4 mutant cells based on line scans of C
and D. Error bars represent standard deviation. n=25 for 3 separate experiments in each strain. P<0.001. G) Diagram
demonstrating how the mid-cell actin/total cell actin was calculated in ImageJ. H) The ratio of mid-cell actin to total
cell actin for wild-type and arpc4 mutant cells. Error bars represent standard deviation. n=75 in 3 separate
experiments for each strain. P=0.0002. I) The background-subtracted intensity of the mid-cell actin networks. Error
bars represent standard deviation. n=75 for 3 separate experiments. P<0.01. J) Corrected total cell fluorescence of
wild-type cells and arpc4 mutant cells. Error bars represent standard deviation. n=75 in 3 separate experiments for
each strain. P>0.0001. K) Percentage of cells with apical dots as shown in A’. Percentages taken from 3 separate
experiments where n=100. P<0.0001.
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Arp2/3 is required for the endocytosis-reminiscent relocalization of a membrane protein from
the periphery of the cell to cilia:
The Arp2/3-dependent dots seen in Chlamydomonas resemble endocytic pits seen in
yeast (Goode, Eskin, and Wendland 2015; Adams and Pringle 1984; Ayscough et al. 1997).
Further, Arp2/3 is conventionally thought to be involved in endocytosis in cell-walled yeast to
overcome turgor pressure (Aghamohammadzadeh and Ayscough 2009; Basu, Munteanu, and
Chang 2014; Carlsson and Bayly 2014). Chlamydomonas cells also have a cell wall and since the
apical actin dots resemble these endocytic pits, we hypothesized that Arp2/3 and actindependent endocytosis might be occurring in Chlamydomonas even though this process has not
yet been directly demonstrated in this organism. We first investigated the presence of other
proteins typically involved in different types of endocytosis (Figure 3). We compared the
endocytosis proteins expressed in mammals and plants to those expressed in Chlamydomonas,
and its closest relative, Volvox carteri. Both of the green algae were lacking the important
machinery for almost all typical endocytosis processes, including caveolin for caveolin-mediated
endocytosis, flotillin for flotillin-dependent endocytosis, and endophilin for endophilindependent endocytosis (Figure 3). However, most of the canonical clathrin-related endocytosis
proteins could be found in both Chlamydomonas and Volvox, suggesting that clathrin-mediated
endocytosis is conserved to a higher extent.
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Figure 3. Comparison of endocytosis genes expressed in plants, animals, and 2 Green Algae. Presence of genes
was determined using conventional mammalian genes and doing a BLAST search to identify similar genes in Volvox
carteri, the closest relative of Chlamydomonas, and in Chlamydomonas itself. Colors of the words correspond to
the color the protein represented in the diagrams.

We next determined the involvement of the Arp2/3 complex and actin in an
endocytosis-reminiscent process by measuring the relocalization and internalization of a known
ciliary protein. SAG1 is a membrane protein that relocalizes to cilia and is important for
agglutination in mating Chlamydomonas cells (Belzile et al. 2013). When cells are induced for
mating with dibutyryl-cAMP (db-cAMP), SAG1 must relocalize from the cell periphery to cilia,
where it facilitates ciliary adhesion between mating cells. This relocalizaiton of SAG1 is thought
to occur through internalization of the protein followed by internal trafficking on microtubules
to the base of cilia (Belzile et al. 2013).

7

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.24.396002; this version posted November 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

We examined whether actin and Arp2/3 were required for the transport of HA-tagged
SAG1 to the apex of the cell and cilia for agglutination during mating (Figure 4A). Using
immunofluorescence, we observed cells treated with either 10µM LatB to depolymerize IDA5
or 250µM CK-666 to perturb the Arp2/3 complex. Before induction SAG1-HA localized to the
periphery of the cell (Figure 4B). 30 minutes after induction with db-cAMP, SAG1-HA relocalized
to the apex of the cell and to cilia in untreated cells (Figure 4B, left). In both LatB and CK-666
treated cells, this apical enrichment was greatly decreased (Figure 4B, middle and right). To
quantify this, line scans were drawn through the cell from the apex to the basal region (Figure
4C-D). The percentage of cells with apical enrichment was calculated, and it was found that
untreated cells had a higher percent of apical enrichment when compared with LatB or CK-666
treated cells (Figure 4E). Thus, cells with perturbed Arp2/3-mediated filamentous actin show
decreased efficiency of SAG1-HA relocalization.
We next asked if this decrease in efficiency of relocalization in cells with actin and
Arp2/3 inhibition could be due to a decrease in the internalization of SAG1-HA through a
process thought to be endocytosis. In order to investigate this, we used a method first
described by Belzile et al. 2013, where cells were induced and treated with a low percentage
(0.01%) of trypsin which will hydrolyze exterior proteins but cannot enter the cell. This assay
allows us to determine the efficiency of internalization of SAG1-HA. In untreated cells, we see
an increase in SAG1-HA protein levels following induction because SAG1-HA is internalized and
becomes protected from trypsin (Figure 4F). In cells treated with either 10µM LatB or 250µM
CK-666 we see a decrease in this trypsin protection as shown in the western blot (Figure 4F).
This was further quantified by subtracting the amount of protein before induction from the
amount of protein present after induction which gives a value representing the amount of
SAG1-HA protected from trypsin due to induction in these cells (Figure 4G). The decrease in
SAG1-HA following induction in cells with decreased filamentous actin and Arp2/3 complex
function indicates a role for Arp2/3-mediated actin networks in internalization of a ciliary
protein.
Finally, we tested endocytosis in these cells using the FM 4-46FX membrane dyes that
are quickly endocytosed into cells showing bright foci within cells where dye is enriched in
endocytosed compartments.. Wild-type and arpc4 mutant cells were treated with these dyes
and allowed to internalize dye for 1 minute. After a minute, cells were fixed and imaged. The
background-corrected total cell fluorescence was calculated. Cells lacking a functional Arp2/3
complex have decreased total cell fluorescence (Figure 4H-I) suggesting they have decreased
internalization of membrane in addition to protein.
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Figure 4. Arp2/3 is required for the relocalization and internalization of the ciliary protein SAG1 for mating. A)
When mating is induced SAG1-HA is internalized and relocalized to the apex of the cells and cilia for agglutination.
B) Maximum intensity projections of z-stacks taken using spinning disk confocal microscopy of SAG1-HA. Left is
untreated, middle is treated with 10µM LatB, and right is treated with 250µM CK-666. Top row of images are
uninduced and bottom row of images are induced with db-cAMP. Scale bar represents 10µm in full images and 2µm
in the insets next to the images. C) Diagram representing line scans taken through the cells in z-stack sum images.
D) Line scans for from the apex of the cell to the basal region of the cell in untreated cells (left), LatB treated cells
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Western blot showing amount of SAG1-HA in uninduced and induced cells in each treatment group all treated with
0.01% trypsin. G) Intensity of the bands in H were normalized to the total protein as determined by amido black
staining and quantified in ImageJ was used to subtract uninduced from induced to give a representation of the
amount of SAG1-HA internalized with induction. N=3. H) FM 4-64FX is a membrane dye that is quickly endocytosed.
Wild-type and arpc4 mutant cells were treated with this dye and imaged on a spinning disk confocal. Maximum
intensity projections of z-stacks are shown here. Scale bars represent 2µm. I) The background corrected total cell
fluorescence was calculated for membrane dye treated cells. Error bars represent standard deviation. n=30 for 3
separate experiments. P<0.0001.

Loss of Arp2/3 inhibits normal regeneration and maintenance of cilia:
Knowing the roles of the Arp2/3 complex in maintaining actin distribution and in ciliary
protein internalization, we asked what specific functions these networks had in ciliary
assembly. We first investigated the requirement for Arp2/3 in maintenance of cilia by treating
cells with either 100µM CK-666, 250µM CK-666, or the inactive control CK-689 (250µM) for 2
hours and looking at the effect on steady state ciliary length. Consistent with previous results
(Avasthi et al. 2014), we found that treating cells with CK-666 created a decrease in ciliary
length, suggesting that Arp2/3 is required for maintaining cilia (Figure 5A). We saw no changes
in ciliary length with the inactive CK-689 (Figure 5A) or when arpc4 mutant cells were treated
with CK-666 (Supplemental Figure 2). However, untreated arpc4 mutants do have a decreased
ciliary length when compared with wild-type cells (Figure 5B) again suggesting Arp2/3 is
required for normal ciliary length maintenance.
Next, we investigated the requirement for Arp2/3-nucleated actin in the more
complicated process of ciliary assembly where there is a high demand for protein and
membrane both from pools of protein already existing in the cell and from new protein
synthesis (Wingfield et al. 2017; Nachury, Seeley, and Jin 2010; Rohatgi and Snell 2010; Jack et
al. 2019; Diener, Lupetti, and Rosenbaum 2015). In order to investigate assembly, cells were
deciliated by low pH shock and then allowed to synchronously regenerate cilia after being
returned to normal pH (Paul A. Lefebvre 1995). We found that cells lacking a functional Arp2/3
complex were slow to regenerate their cilia, and in fact, two-thirds of cells did not regrow cilia
at all (Figure 5C). Importantly, the initial steps are the slowest portion of assembly.
This result is puzzling because the loss of Arp2/3 results in a more dramatic phenotype
than that of the nap1 mutants treated with LatB, which are lacking all filamentous actins (Jack
et al. 2019). However, in the arpc4 mutant cells, a functional Arp2/3 complex never exists and
therefore, they never have Arp2/3-mediated actin networks. In nap1 mutant cells treated with
LatB, the treatment begins shortly after deciliation causing an acute perturbation. Further, LatB
functions by sequestering actin monomers to promote filament disassembly, and thus the
effects may not be immediate (Spector et al. 1989). Therefore, it is likely that there is a brief
window where actin can assert its initial role in ciliary regeneration before being
depolymerized. To avoid this, we began the LatB treatment in nap1 mutants 30 minutes before
deciliation. This pre-treatment allows us to observe what happens when actin is not present
immediately after deciliation. (Figure 5D-E). In this case, we see decreased ciliary length and
dramatically decreased percent ciliation, which is consistent with our arpc4 mutant results.
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Figure 5. Arp2/3 is required for normal ciliary maintenance and assembly. A) Wild-type cells were treated with
100µM or 250µM of CK-666 or the inactive CK-689 for 2 hours. Cells were then imaged using a DIC microscope and
cilia were measure in ImageJ. Error bars represent standard deviation. n=30 for each treatment in 3 separate
experiments. P<0.0001. B) Wild-type cells and arpc4 mutant cells steady state cilia were also measured with no
treatment. Error bars represent standard deviation. n=30 for each strain for 3 separate experiments. P<0.0001. C)
Wild-type cells and arpc4 mutant cells were deciliated using a pH shock and then allowed to regrow. The black line
represents wild-type, while the grey line represents the arpc4 mutant. The numbers above or below each point show
the percent ciliation for the wild-type and arpc4 mutant cells respectively. Error bars represent 95% confidence
interval. n=30 for each strain and each time point in 3 separate experiments. For every time point except 0 min,
P<0.0001 in terms of both length and percent ciliation. D) Wild-type cells were pre-treated with 10µM LatB for 30
minutes before deciliation or treated with LatB upon the return to neutral pH following deciliation. The black line
represents untreated cells, while the light grey line represents cells treated with LatB following deciliation and the
dark grey line represents cells pre-treated with LatB. Error bars represent standard deviation. N=3 separate
experiments. For every time point except 0 min. *P<0.1, **P<0.01, ***P<0.001, ****P<0.0001. Asterisks for the
pretreatment are located below the graph, while asterisks for the post treatment are located above the line. E)
Percent ciliation for the experiment in E. Line color is the same as E. Error bars represent standard deviation.
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Arp2/3 is required for the incorporation of existing membrane and proteins for ciliary
assembly:
There are several distinct steps of ciliary assembly after severing, all of which require
actin filaments. The first step requires that a pool of existing proteins are incorporated into cilia
in an actin-dependent manner (Jack et al. 2019). The finding that Arp2/3-mediated actin
networks result in slow initial ciliary assembly, when it is likely that existing protein is being
incorporated, led us to question the involvement of Arp2/3-dependent actin networks in the
incorporation of existing ciliary protein.
By treating regenerating cells with cycloheximide, a protein synthesis inhibitor, we can
eliminate two steps of the process of ciliary assembly (Figure 6A) (Rosenbaum, Moulder, and
Ringo 1969). Without protein synthesis, there is no trafficking or incorporation of new proteins.
Therefore, any ciliary growth we see is due to the incorporation of the existing protein alone.
Under normal conditions, cells that are deciliated and treated with cycloheximide typically grow
to about half-length, or 6µm, within 2 hours (Figure 6B). We also saw cells growing to halflength after 2 hours when treated with the inactive CK-689 and cycloheximide (Figure 6B).
However, when treated with either 100µM or 250µM CK-666 and cycloheximide, cells exhibit a
dose-dependent decrease in ciliary length after 2 hours of regeneration (Figure 6B).
To confirm the results of chemical perturbation, we used the arpc4 mutant strain to
genetically test the role of Arp2/3 in incorporation of existing protein. When arpc4 mutant cells
were deciliated and treated with cycloheximide, they barely show any growth at all (Figure 6C).
In fact, throughout a five-hour period, we never saw above 6% of cells with cilia (Figure 6C).
This suggests that the Arp2/3 complex and the actin networks nucleated by the complex are
indispensable for the incorporation of existing protein in ciliary assembly. However, we have
not ruled out that the normal excess of ciliary proteins may be affected in arpc4 mutant cells.
To investigate why loss of Arp2/3 results in incorporation defects, we turned to the
transition zone, the region at the base of cilia responsible for gating (Szymanska and Johnson
2012). We observed the localization of a known transition zone protein, NPHP4 (Awata et al.
2014). In wild-type cells, NPHP4 localizes in two dots at the base of cilia (Figure 6D-E). When
cells are treated with LatB for a short period of time (30 minutes), the conventional actin IDA5
depolymerizes and the localization of NPHP4 is lost (Figure 6D-E) (Jack et al. 2019). After 2
hours, the divergent actin NAP1 is upregulated and the localization of NPHP4 is restored (Figure
6D-E) (Jack et al. 2019). When cells are treated with LatB to disrupt the conventional actin
network and with CK-666 to prevent Arp2/3 nucleation, the NAP1-dependent restoration of
NPHP4 localization is blocked (Figure 6D-E), suggesting Arp2/3 is required for the organization
of the transition zone particularly when it relies on the divergent actin, NAP1. This led us to
question whether Arp2/3 could interact with the divergent actin.
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Figure 6. Arp2/3 is required for incorporation of existing protein during ciliary assembly. A) Treating cells with
cycloheximide stops protein synthesis, which means only incorporation of existing protein is observed. B) Wild-type
cells were deciliated and then treated with a combination of 10µM cycloheximide (CHX) and CK-666 (100µM or
250µM) or CK-689 (the inactive control) at the same concentration during regrowth. The graph shows the length of
their cilia after 2 hours of treatment and regrowth. Error bars represent standard deviation. n=30 for each treatment
group at each time point in 3 separate experiments. For both the 100µM and 250µM CK-666 treatments with CHX,
P<0.0001. C) Wild-type cells and arpc4 mutants were deciliated and then allowed to regrow in 10µM CHX. The
percentages above the lines represent the percent of cells with cilia at the indicated time points. Error bars represent
95% confidence interval. n=30 for each strain and each time point in 3 separate experiments. For every time point
besides 0 min, P<0.0001 for both length and percent ciliation. D) Maximum intensity projections of deconvolved
widefield immunofluorescence images of NPHP4-HA. Arrows point to localization of NPHP4-HA at the base of cilia.
E) Percentage of cells with either 1 apical dot (grey) or 2 (black) representing NPHP4 localizing to the base of cilia.
Error bars represent standard deviation. n=100 for each sample in 3 separate experiments. **** represents
P<0.0001.

Arp2/3 interacts with both IDA5 and NAP1 despite sequence divergence:
The actin cytoskeleton of Chlamydomonas is unique in that it has 2 very different actins:
IDA5, a conventional actin, and NAP1, a divergent actin (Hirono et al. 2003; Kato-Minoura et al.
1998; M. Onishi, Pringle, and Cross 2016). The region of actin on the mother filament that binds
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ARPC2 and ARPC4 (Goley et al. 2010), the core of the Arp2/3 complex, is well-conserved in
IDA5. However, this region in NAP1 is quite divergent with only 43% of the 30 residues thought
to bind ARPC2 and ARPC4 conserved in NAP1. This leads us to hypothesize that Arp2/3 can
interact with IDA5 normally but not with NAP1 (Figure 7A-B).
Despite the sequence divergence, previous work from our lab has found that the two
actins function redundantly in ciliary assembly (Jack et al. 2019). This led us to question
whether the two actins could interact with Arp2/3 for actin-dependent ciliary maintenance and
assembly functions. We answer this question using the nap1 null mutant that only contains
IDA5 and the ida5 null mutant that only contains NAP1 (Kato et al. 1993; Kato-Minoura, Hirono,
and Kamiya 1997). In this assay, cells are treated with an inhibitor, and because intact actin
filaments are required to maintain cilia, the ciliary length can be used as a readout of actin
network integrity. This is illustrated in the case of LatB (Avasthi et al. 2014). When wild-type
cells containing both IDA5 and NAP1 are treated with LatB, cilia shorten but are able to restore
their length. This is because NAP1 is upregulated and resistant to LatB, and therefore, can
compensate for the lost IDA5. When nap1 mutant cells containing only IDA5 are treated with
LatB, cilia shorten because NAP1 is not present to compensate for depolymerized IDA5. When
ida5 cells containing only NAP1 are treated with LatB, there is no effect as NAP1 is insensitive to
LatB (Figure 7C) (Avasthi et al. 2014). We modified this assay by treating wild-type cells, nap1
mutants, and ida5 mutants with the Arp2/3 inhibitor CK-666 or the inactive CK-689. Unlike
what was seen with LatB, which affects NAP1 and IDA5 differently, we found that in all three
strains, cilia of cells treated with CK-666 shorten, so inhibiting Arp2/3 affects cells that express
either actin (Figure 7C). Thus, Arp2/3 may interact with both IDA5 and NAP1 to maintain ciliary
length despite the sequence divergence of NAP1 in the Arp2/3 binding region.
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Conservation map based on the sequence alignment between IDA5, NAP1, and human actin generated in Geneious
using MUSCLE. Black residues are conserved, grey residues are similar, and cyan residues are divergent. The
regions of actin that bind ARPC2/ARPC4 are annotated above the alignment, with grey bars connected by lines.
43% of residues that interact with Arp2/3 are conserved in NAP1. The full alignment containing IDA5 and NAP1
with human actin and actin related proteins can be found in Supplemental Figure 1. B) Homology model of IDA5
based on the structure PDB 2ZWH with conservation of NAP1 mapped on the surface. Grey (transparent) residues
are conserved between IDA5 and NAP1, while cyan residues are divergent. The darker cyan and black regions (nontransparent) interact with ARPC2/ARPC3, while the more transparent regions do not. C) Wild-type cells, nap1
mutant cells, and ida5 mutant cells were treated with either LatB, CK-666, or the inactive CK-689 (Supplemental
Figure 2A) for 2 hours and then cilia were measured. Error bars represent standard deviation. n=30 for each
treatment and each strain in three separate experiments. **** represents P<0.0001.
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Cilia of Arp2/3 mutant cells collapse in the absence of the Golgi:
Because we see defects in ciliary assembly and maintenance when cells are likely
incorporating existing protein we wanted to tease apart the mechanism that is perturbed when
Arp2/3 is lost. Arp2/3 is canonically thought to be involved in membrane remodeling functions,
so we were interested in investigating membrane delivery to cilia. The Golgi is known to be the
main source of membrane for cilia (Nachury, Seeley, and Jin 2010; Rohatgi and Snell 2010). In
Chlamydomonas, this has been demonstrated by the ciliary shortening of cells treated with
Brefeldin A (BFA), a drug that causes Golgi collapse (W. Dentler 2013). In order to determine if
Arp2/3 is involved in the trafficking of new protein from the Golgi to cilia, we looked at the
Golgi following deciliation using transmission electron microscopy (TEM) (Supplemental Figure
3A). The Golgi appeared grossly normal, and in all cases had approximately the same number of
cisternae (Supplemental Figure 3A-B). However, alternative pathways for ciliary material have
also been found by biotinylating the surface proteins and then deciliating the cells, meaning the
membrane and proteins within cilia were lost. When cilia were allowed to regrow, biotinylated
proteins were found to reside within the new cilia suggesting they came from the plasma
membrane (W. Dentler 2013). Therefore, we hypothesized that due to its role in membrane
remodeling, and particularly endocytosis, Arp2/3 is part of an endocytic pathway that provides
membranes and perhaps membrane proteins to cilia (Figure 8A). In order to test this, we
treated cells with 36µM BFA, so that Golgi-derived membrane would no longer be available,
and cells would be forced to utilize other sources of ciliary proteins and membranes. Wild-type
cells treated with BFA resorb slowly, but arpc4 mutant cells had a faster speed of resorption
(Figure 8B and D). Further, the number of cells with cilia in the arpc4 mutant cells dramatically
decreases with BFA treatment (Figure 8C). Additionally, cells treated with known-ciliary
resorption-inducing drugs, 3-isobutyl-1-methylxanthine (IBMX) (Pasquale and Goodenough
1987) or sodium pyrophosphate (NaPPi) (P. A. Lefebvre et al. 1978) resorb cilia through a
different mechanism and do not show this change in velocity (Supplemental Figure 4). Thus,
cells lacking Arp2/3 have a higher reliance on the Golgi for ciliary membrane and protein, which
suggests an alternative route of membrane and protein delivery in wild-type cells.
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determined by fitting a line to the first 4 time points before washout and determining the slope of the line. N=3.
P>0.0001.

DISCUSSION
In this study, we introduce the Arp2/3 complex of Chlamydomonas reinhardtii that
despite being incomplete functions to maintain and assemble cilia. This incomplete complex
lacks the ARPC5 subunit. In yeast, deletion of any of the genes encoding Arp2/3 cause severe
defects and even lethality, but these defects differ in severity depending on the complex
members deleted, suggesting that the complex members have varying degrees of importance in
Arp2/3 function (Winter, Choe, and Li 1999). Incomplete complexes have also been described
for specific functions. Hybrid Arp2/3 complexes that have vinculin and a-actinin substituted for
ARPC1, ARPC4, and ARPC5 have been found to be important in focal adhesion formation
(Chorev et al. 2014). Complexes containing only Arp2, Arp3, ARPC2, and ARPC4 are needed for
invasion of Listeria, while complexes lacking only ARPC5 were required for comet tail formation
(Kühbacher et al. 2015). This suggests not only that the complex can function lacking ARPC5 and
other subunits, but that different combinations of subunits form Arp2/3 complexes that are
required for different functions in the same overall process.
The role of ARPC5 in actin nucleation is being investigated by various groups. This
subunit is potentially important for the association of ARPC1 to the complex, but a complex
lacking ARPC5 can nucleate filaments and is able to cross-link (Gournier et al. 2001). More
recent work suggests that ARPC5 is present primarily to regulate nucleation activity, as
substituting isoforms of ARPC5 causes the nucleation activity to vary (von Loeffelholz et al.
2020). Thus, we believe that the lack of ARPC5 in this complex does not render it inactive.
Furthermore, the data suggest that knocking out function of the Arp2/3 complex genetically or
chemically does result in phenotypes, including altered mid-cell actin networks, defects in
endocytosis, and problems with ciliary assembly and maintenance (Figures 2-8). However, it is
not clear whether there is actually a 6-member complex in Chlamydomonas or whether a highly
divergent ARPC5 exists because the overall homology of the Arp2/3 complex in
Chlamydomonas is not high. Specifically, ARPC5 is thought to interact with ARPC4, which has
50% sequence identity compared to mammalian ARPC4, and with ARPC1, which has only 30%
sequence identity compared to mammalian ARPC1B (Figure 1A). Further, we have yet to
determine if the Arp2/3 complex of Chlamydomonas is able to nucleate branched or dendritic
actin networks like conventional Arp2/3 complexes.
We do find the Arp2/3 loss disrupts actin localization in the cell, and that cells lacking a
functional Arp2/3 complex have a more compact centrally located filamentous actin signal. This
may be due to an increase in formin or bundler activity in the absence of Arp2/3. It has been
proposed that actin binding proteins compete for a monomer pool (Christensen et al. 2017;
Suarez and Kovar 2016). In the absence of Arp2/3-nucleated actin filaments, the competition
for monomers is decreased allowing formin-mediated polymerization to increase. Additionally,
the less spread out actin signal may indicate that the actin required for Golgi-independent
trafficking is unavailable. Further, the accumulation of actin filaments near the Golgi in these
cells may suggest Golgi-dependent trafficking is compensating for the loss of protein and
membrane from other places. Additionally, in the cells lacking the Arp2/3 complex, we see a
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near-complete loss of actin patches or dots that are reminiscent of endocytic patches seen in
yeast. This suggests Arp2/3 is required for some sort of membrane remodeling occurring at the
periphery of the cell.
A membrane protein internalization-requiring mechanism was reported in
Chlamydomonas where relocalization of the known ciliary protein SAG1 from the periphery of
the cell to the apex and ciliary region occurs (Belzile et al. 2013). Here, we show that this
process is actin and Arp2/3-dependent. Because actin and Arp2/3 are required for endocytosis
in other cells, this supports the possibility that endocytosis is happening in Chlamydomonas.
We have also shown that while wild-type cells readily endocytose membrane dyes, the arpc4
mutant does so less efficiently. This is further supported by the presence of the important
clathrin-mediated endocytosis genes found in Chlamydomonas.
Finally, we find that Arp2/3 mediates ciliary assembly and maintenance in these cells.
Ciliary assembly depends on incorporation of existing protein and membrane as well as
synthesis and trafficking of new protein. Here, we have not ruled out that synthesis and
trafficking of new protein are altered by Arp2/3 inhibition. However, the slow initial
regeneration of cilia, which is likely utilizing existing proteins, and the almost complete lack of
growth when new protein synthesis is blocked in Arp2/3-deficient cells suggests a model where
Arp2/3 is required for the incorporation of existing ciliary components. We hypothesize that
this is due to a problem with reclaiming of membrane and membrane protein from the plasma
membrane, but we have also not yet ruled out defects in the size of the pool containing preexisting proteins for ciliary assembly and maintenance. Any of these may be the cause of the
assembly problems seen in the arpc4 mutants, but as actin is widely functioning in the cell
these causes are not mutually exclusive. In addition to the problems we see in ciliary assembly
in arpc4 mutants, collapsing the Golgi with BFA causes cells lacking Arp2/3 to resorb their cilia
faster. In other words, cells with functioning Arp2/3 complexes are able to maintain their cilia
from other sources of protein and membrane, supporting a role for Arp2/3 in membrane and
membrane protein recruitment from the plasma membrane.
Three models for the trafficking of membrane proteins to cilia have been proposed: 1)
Golgi vesicles containing ciliary proteins are docked at the base of the cilium and fuse with the
ciliary membrane inside the cilium itself; 2) Golgi vesicles containing ciliary proteins are docked
near the base of the cilium still within the diffusion barrier; and 3) Golgi vesicles containing
proteins fuse with the plasma membrane barrier and membrane proteins are then somehow
moved across this barrier within the plasma membrane (Nachury, Seeley, and Jin 2010). Based
on the data presented here, we propose a fourth model for the recruitment of a reservoir of
membrane proteins to the cilium. We hypothesize that ciliary membrane proteins targeted to
the plasma membrane of the cell outside the diffusion barrier can be endocytosed and
trafficked to cilia, either within or outside of the diffusion barrier in an actin and Arp2/3
dependent manner. An endocytic mechanism of trafficking in ciliogenesis has been investigated
previously in mammalian cells. The ciliary pocket found at the base of primary and motile cilia
has been found to be an endocytically active region (Molla-Herman et al. 2010). Many
endocytosis genes have been found to be involved in ciliogenesis, and in fact, in
Chlamydomonas, clathrin heavy chain has been found to localize at the base of cilia (Kaplan et
al. 2012). Even in Chlamydomonas, it has been shown that plasma membrane surface-exposed
proteins are relocalized to cilia during ciliary regeneration (W. Dentler 2013). Additionally, the
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BBsome complex (Bardet Biedl Syndrome complex), which is involved in regulation of ciliary
membrane protein composition, has been shown to interact with clathrin itself at the ciliary
pocket to facilitate membrane sorting (Langousis et al. 2016), and in fact, some BBsome
complex members resemble coat proteins such as clathrin (Jin et al. 2010).
Altogether, this leads us to hypothesize that the role Arp2/3 plays in ciliary assembly is
related to an endocytic-dependent recruitment of a ciliary protein reservoir in the plasma
membrane, particularly at the initial stages of ciliogenesis before Golgi-derived membrane and
newly synthesized protein are required (Figure 9).
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Figure 9. Arp2/3 is required for membrane and protein delivery via a Golgi-independent, endocytosis-like process.
Model showing steps of ciliogenesis mediated by the Arp2/3 complex. These steps include incorporation of existing
proteins and membrane, transition zone organization, and membrane delivery via an endocytic route as indicated
by red symbols. Green symbols show steps of ciliogenesis not believed to be affected by Arp2/3.

METHODS
Strains:
The wild-type Chlamydomonas strain (CC-5325), the arpc4 mutant (LMJ.RY0402.232713), the
IDA5 mutant (CC-3420), and the NPHP4-HA strain (CC-5115) are from the Chlamydomonas
resource center. The nap1 mutant was a gift from Fred Cross, Masayuki Onishi, and John
Pringle. The SAG1-HA strain was a gift from William Snell. Cells were grown and maintained on
1.5% Tris-Acetate Phosphate Agar (TAP) plates under constant blue (450- 475 nm) and red light
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(625-660 nm). For experiments, cells were grown in liquid TAP media overnight under constant
red and blue light with agitation from a rotator. To induce gametes for mating for the SAG1-HA
experiments, cells were grown in liquid M-N media overnight with constant red and blue light
and agitation.
Homology modeling and sequence studies:
Arp2/3 homology model was created using the Modeller plugin in UCSF Chimera. The template
used was 1U2Z (Nolen, Littlefield, and Pollard 2004; Sali and Blundell 1993; Pettersen et al.
2004). Percent identity and similarity is calculated in relation to the human Arp2/3 complex
members. Conservation map of the Chlamydomonas actins is based on the sequence alignment
between IDA5, NAP1, and human actin generated in Geneious using MUSCLE. The regions of
actin that bind ARPC2/ARPC4 were determined previously (Goley et al. 2010). Swiss-model was
used to generate a homology model of IDA5 based on the structure PDB 2ZWH (Waterhouse et
al. 2018; Oda et al. 2009). The homology model was visualized and conservation was mapped
on the protein surface using Chimera (Pettersen et al. 2004).
Ciliary studies:
For steady state experiments, cells were treated with specified drugs (either 100µM CK-666,
250µM CK-666, 250µM CK-689, 10µM LatB, 10µM CHX, or 36µM BFA) and incubated with
agitation for the allotted times. Following any incubation (as well as a pre sample) cells were
diluted in an equal volume of 2% glutaraldehyde and incubated at 4 degrees until they
sediment. Following sedimentation, cells were imaged using a Zeiss DIC scope with a 40X
objective. Cilia were then measured using the segmented line function in ImageJ.
For regeneration experiments, a pre sample was taken by adding cells to an equal volume of 2%
glutaraldehyde. Then cells were deciliated with 115µL of 0.5N acetic acid for 45 seconds. After
this short incubation, the pH was returned to normal by adding 120µL of 0.5N KOH. A 0 sample
was again taken by adding cells to an equal volume of 2% glutaraldehyde. Then cells were
incubated with agitation and allowed to regrow cilia for the allotted time period with samples
taken at the indicated time points by adding cells to an equal volume of 2% glutaraldehyde.
Cells in glutaraldehyde were allowed to incubate at 4 degrees until sedimentation. Then, cells
were imaged using the same Zeiss DIC scope with a 40X objective. Cilia were then measured
using the segmented line function in ImageJ. (Jack and Avasthi 2018; Paul A. Lefebvre 1995)
Phalloidin staining and quantification:
Cells were mounted onto poly-lysine coverslips and fixed with fresh 4% paraformaldehyde in
1X HEPES. Coverslips with cells were then permeabilized with acetone and allowed to dry. Cells
were rehydrated with PBS, stained with atto-phalloidin-488, and finally washed with PBS and
allowed to dry before mounting with Fluoromount-G (Craig et al. 2019). Cells were then imaged
using Nikon Spinning Disk Confocal. Z-stacks were obtained, and in ImageJ, sum projections
were created for quantification purposes, while maximum intensity projections were created
for viewing. Using sum slices in ImageJ, lines were drawn for line scans from the apex of the cell
between cilia to furthest away basal position. Line scans were then normalized to each other
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and background was subtracted. A gaussian curve was fit to each scan for full width at half max
quantification.
Next, images in ImageJ were thresholded to the point to where either the whole cell was visible
or just the mid-cell actin was visible. From these thresholded images, the area of the particle
was obtained as well as the mean intensity and integrated density. The area of the mid-cell
actin signal was divided by the area of the full cell to give a ratio. The mid-cell intensity was
taken by using the mean signal and subtracting the background. The background corrected
total cell fluorescence was calculated by taking the integrated density and subtracting the sum
of the area and the background mean intensity.
NPHP4 Immunofluorescence:
Cells grown overnight in TAP medium were treated with either 10µM of LatB, 250µM of CK666, or both. A pre sample, a 30-minute treatment sample, and a 2-hour treatment sample
were adhered to poly-lysine coated coverslips. These cells were then fixed and permeabilized
with methanol and allowed to dry. Cells were rehydrated with PBS and incubated with 100%
block (1% BSA, 3% fish gelatin) for 30 minutes. The 100% block was replaced with new 100%
block containing 10% normal goat serum for another 30-minute incubation. The primary
antibody (rat anti-HA, Sigma) was diluted 1:1000 in 20% block in PBS. Coverslips were incubated
at 4 degrees in a humidified chamber overnight. The primary antibody was then removed and
washed away with 3 10-minute PBS washes. The secondary (anti-rat IgG-Alexafluor 488) was
added and coverslips were incubated at room temperature for 1 hour. This was followed by 3
more 10-minute PBS washes and finally mounting with Fluoromount-G. Cells were imaged using
a Nikon widefield microscope. Z-stacks were obtained, and maximum intensity projections were
created using ImageJ and the presence or absence of dots was noted.
Electron microscopy:
Cells (1mL of each strain) were deciliated via pH shock by adding 115µL of 0.5N acetic acid for
45 seconds followed by 120µL of 0.5N KOH to bring cells back to neutral pH. Cells were allowed
to regrow cilia for 30 minutes. A pre sample and a 30-minute post-deciliation sample were fixed
in an equal volume of 2% glutaraldehyde for 20 minutes at room temperature. Samples were
then pelleted using gentle centrifugation for 10 minutes. The supernatant was removed, and
cells were resuspended in 1% glutaraldehyde, 20mM sodium cacodylate. Cells were incubated
for 1 hour at room temperature and then overnight at 4 degrees. The staining protocol was first
described in (W. L. Dentler and Adams 1992).
SAG1-HA Immunofluorescence:
SAG1-HA cells were grown overnight in M-N media to induce gametes. These cells are then
treated with either 10µM LatB for 1 hour or 250µM CK-666 for 2 hours. Following treatment
mating induction is done by adding db-cAMP to a final concentration of 13.5mM and incubating
for 30 minutes. Cells are then adhered to coverslips and fixed with methanol. Cells were then
dried and rehydrated with PBS and incubated with 100% block (5% BSA, 1% fish gelatin) for 30
minutes. The 100% block was replaced with new 100% block containing 10% normal goat serum
for another 30-minute incubation. The primary antibody (rat anti-HA, Sigma) was diluted
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1:1000 in 20% block in PBS. Coverslips were incubated at 4 degrees in a humidified chamber
overnight. The primary antibody was removed and washed away with 3 10-minute PBS washes.
The secondary (anti-rat IgG-Alexafluor 488) was added and coverslips were incubated at room
temperature for 1 hour. This was followed by 3 more 10-minute PBS washes and finally
mounting with Fluoromount-G. Cells were imaged using a Nikon widefield microscope. Z-stacks
were obtained, and maximum intensity projections were created for visualization and sum
slices were created for quantification using ImageJ.
Images were quantified by using line scans from the apex of the cells to the basal region of the
cells farthest away from the apex. Line scans were then normalized, and background subtracted
before being combined into single graphs. Using the line scans, the intensity of signal at the
basal region of the cells was subtracted from the signal at the apical region. Finally, cells with a
difference over 30 were considered to be apically enriched and this was quantified as
percentage of cells with apical staining.
SAG1-HA western blot:
SAG1-HA cells were grown overnight in M-N media to induce gametes. These cells are then
treated with either 10µM LatB for 1 hour or 250µM CK-666 for 2 hours. Following treatment
mating induction is done by adding db-cAMP to a final concentration of 13.5mM and incubating
for 10 minutes. Cells were then treated with 0.01% trypsin for 5 minutes. Cells were then
pelleted (at 500xg for 2 minutes), resuspended in lysis buffer (5% glycerol, 1% NP-40, 1mM DTT,
1X protease inhibitors), and then lysed with bead beating. Cell debris was spun down at
14000rpm for 15 minutes. An equal amount of protein was loaded to a 10% SDS-PAGE gel. The
resulting gel was transferred to membrane which was then blocked with 5% milk in PBST. The
primary antibody (rabbit anti-HA, cell signaling) diluted to 1:1000 in 1% BSA, 1% milk was added
and incubated overnight at 4 degrees. Primary antibody washed off with 3 10-minute PBST
washes. Secondary antibody (anti rabbit IgG, cell signaling) diluted 1:5000 in 1% milk, 1% BSA
was added and the blot was incubated for 1 hour. Membrane was probed with West Pico
Chemiluminescent Pico Substrate. Total protein was determined with amido black staining.
Band intensity was measured in ImageJ and normalized to total protein
Membrane stain:
FM 4-64FX membrane stain (Thermo) was diluted to a stock concentration of 200ug/mL. Cells
were adhered to poly-lysine coverslips. After a 5-minute incubation, cells were tilted off and
5ug/mL of ice-cold stain in Hank’s Buffered Salt Solution (HBSS) without magnesium or calcium
was added for 1 minute. The stain was tilted off and cells were fixed with ice cold 4%
paraformaldehyde in HBSS without magnesium or calcium for 15 minutes. Coverslips were then
rinsed 3 times for 10 minutes each in ice cold HBSS without magnesium or calcium. Finally, cells
were mounted with Fluoromount-G and imaged using the Nikon Spinning Disk Confocal. Zstacks were taken and combined into sum projections using ImageJ. The background corrected
total cell fluorescence was then calculated by taking the integrated density and subtracting the
sum of the area and the mean background intensity.
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