
1Scientific Reports | 7:43692 | DOI: 10.1038/srep43692

www.nature.com/scientificreports

The molecular motor Myosin Va 
interacts with the cilia-centrosomal 
protein RPGRIP1L
L. H. P. Assis1,2,*, R. M. P. Silva-Junior3,*, L. G. Dolce1,2, M. R. Alborghetti1, R. V. Honorato1, 
A. F. Z. Nascimento1,2, T. D. Melo-Hanchuk4, D. M. Trindade1, C. C. C. Tonoli1, C. T. Santos3, 
P. S. L. Oliveira1, R. E. Larson3, J. Kobarg4, E. M. Espreafico3, P. O. Giuseppe1 & 
M. T. Murakami1

Myosin Va (MyoVa) is an actin-based molecular motor abundantly found at the centrosome. However, 
the role of MyoVa at this organelle has been elusive due to the lack of evidence on interacting partners 
or functional data. Herein, we combined yeast two-hybrid screen, biochemical studies and cellular 
assays to demonstrate that MyoVa interacts with RPGRIP1L, a cilia-centrosomal protein that controls 
ciliary signaling and positioning. MyoVa binds to the C2 domains of RPGRIP1L via residues located near 
or in the Rab11a-binding site, a conserved site in the globular tail domain (GTD) from class V myosins. 
According to proximity ligation assays, MyoVa and RPGRIP1L can interact near the cilium base in 
ciliated RPE cells. Furthermore, we showed that RPE cells expressing dominant-negative constructs of 
MyoVa are mostly unciliated, providing the first experimental evidence about a possible link between 
this molecular motor and cilia-related processes.

Class V myosins are motor proteins that transport and/or tether vesicles, organelles and macromolecules, using 
the energy of ATP hydrolysis to walk toward the plus end of actin filaments1. They are found from fungi to ver-
tebrates2 and are involved in important cellular processes such as organelle inheritance in budding yeast3 and 
organelle transport into neuronal dendritic spines4. Three class V myosin genes (MYO5A, MYO5B, and MYO5C) 
are present in vertebrates5, of which MYO5A has crucial roles in melanocytes and neurons6.

Loss-of-function mutations in MYO5A are associated with the Griscelli syndrome type 1 in humans, charac-
terized by partial albinism and severe neurological disorders7. The partial albinism is due to a defect in the capture 
and transport of melanosomes by the protein myosin Va (MyoVa) in melanocytes3,8, whereas the neurological 
impairment has probably pleiotropic origins, considering the several functions reported for MyoVa in the brain6. 
These functions include regulation of the exocytosis of large dense-core vesicles9,10, the transport of endoplasmic 
reticulum into Purkinje cell dendritic spines11 and the targeting of proteins involved in signaling pathways that 
control neuronal cell size and shape, such as PTEN12 and RILPL213.

Interestingly, PTEN and RILPL2 have been demonstrated to control cilia assembly/disassembly and to reg-
ulate ciliary membrane content, respectively14,15. Cilia are microtubule-based organelles that emerge from the 
centrosome to form a cell surface projection when cells exit mitosis16. Neuronal cells usually exhibit a single 
non-motile cilium, called primary cilium, which modulates key processes such as neurogenesis, cell polarity, 
axonal guidance and possibly adult neuronal function17. Besides PTEN and RILPL2, other binding partners of 
MyoVa, such as the small GTPases Rab11 and Rab8, also play a role in cilia, by coordinating the assembly of the 
primary cilium membrane18. However, whether MyoVa participates in processes related to the primary cilium 
function has not previously been investigated.

Studies on several cell lines have shown that a subpopulation of MyoVa localizes to the centrosome dur-
ing interphase and to the mitotic spindle poles and fibers during cell division19–22. These have been intriguing 
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observations, because, for several decades, the centrosome was viewed as a center devoted to nucleate, anchor and 
release microtubules23. However, this paradox has been changing with the recent discovery that the centrosome is 
also an actin-organizing center24, which correlates with the abundant presence of the actin-based motor MyoVa 
at this organelle.

The centrosomal targeting of MyoVa depends on its globular tail domain (GTD)19,20, but the molecular 
mechanisms linking this motor protein to the centrosome have been elusive. Here, we show that the GTD of 
MyoVa binds to the C2 domains of RPGRIP1L, a cilia-centrosomal protein that regulates basal body positioning 
and ciliary signaling pathways, such as Wnt and sonic hedgehog25–28. Moreover, we provide the first evidence 
that dominant-negative constructs of MyoVa interfere with ciliogenesis, paving new connections between the 
actin-based transport machinery and centrosome-regulated processes.

Results
MyoVa-GTD interacts with the C2 domains of RPGRIP1L.  Yeast two-hybrid (YTH) screen using 
MyoVa-GTD as bait and a cDNA library of human fetal brain as prey revealed RPGRIP1L, among other proteins, 
as a potential binding partner of MyoVa (Fig. 1, Supplementary Table S1). The transcript identified in the screen-
ing comprises the whole open reading frame of RPGRIP1L variant 3 (NCBI accession number: NM_001308334.2). 
This variant encodes the RPGRIP1L isoform c, a multi-domain protein composed of a region predicted to form 
coiled-coils followed by three C2 domains, named here as C2NTERM, C2MED and C2CTERM (Fig. 1b). Compared to 
the longest isoform reported for RPGRIP1L (isoform a, NCBI accession number: NP_056087.2), the isoform c 
lacks only 46 amino-acid residues (encoded by the exon 23) between the last two C2 domains (Fig. 1b).

Figure 1.  MyoVa interacts with the isoform c of RPGRIP1L. (a) Schematic representation of the human 
MyoVa domain architecture highlighting the Motor domain (MD, yellow), the IQ motifs (blue), the alternatively 
spliced exons at the medial tail (A–E, exon F was omitted), and the GTD (pink) as well as the phosphorylation 
site at S1652 (top). (b) Comparison between the longest isoform of RPGRIP1L (isoform a) with that identified 
in this work (full-length isoform c). The isoform a is encoded by all the 27 exons of RPGRIP1L gene whereas 
isoform c lacks 46 residues (yellow) encoded by the exon 23. Both isoforms contain three C2 domains (green). 
(c) Activation of the LacZ and HIS3 reporter genes in YTH assays indicates that MyoVa-GTD interacts with the 
isoform c of RPGRIP1L. Yeast cells expressing only Gal4 Activation domain and/or LexA DNA-binding domain 
were used as negative controls.
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To validate this interaction in the YTH system, we co-transformed the yeast strain L40 with the bait 
(pBTM116 or pBTM116_MyoVa-GTD) and prey plasmids (pACT2 or pACT2_RPGRIP1L) and evaluated the 
activation of two reporter genes, LacZ and HIS3. As expected, only the colonies expressing both MyoVa-GTD and 
RPGRIP1L displayed β​-galactosidase activity and grew in presence of 10 mM 3-AT, indicating that RPGRIP1L 
binds to MyoVa-GTD (Fig. 1c).

As aforementioned, RPGRIP1L contains three C2 domains and there is increasing evidence that they can 
mediate protein-protein interactions, especially in the ciliary transition zone28,29. Therefore, to characterize 
the RPGRIP1L∙​​MyoVa interaction and to evaluate the role of these C2 domains in MyoVa binding, we per-
formed pull-down assays (Fig. 2a). The three C2 domains were able to interact with MyoVa-GTD, despite their 
low sequence identity (Fig. 2a,b). Microscale thermophoresis (MST) experiments showed that RPGRIP1L-C2 
domains bind to MyoVa-GTD with dissociation constants in the 3–9 μ​M range, with the C2NTERM and C2CTERM 
displaying the highest affinity for MyoVa-GTD (Fig. 2c).

RPGRIP1L binds to a conserved site of MyoVa and Vb GTDs.  The GTDs of MyoVa and Vb share a 
protein-binding site at the face C of lobule II, which is also conserved in the class V myosin Myo2p from yeast30. 
To investigate if RPGRIP1L also binds to this region, we mutated some conserved residues at this site to alanine 
and performed YTH assays (Fig. 3a), following a strategy similar to that used to map the protein-binding sites 
of Myo2p31. Additionally, we evaluated alanine mutants of residues involved in PTEN recognition (K1757 and 
K1759)12. As a control, residues from the other face of the MyoVa-GTD (face M), including one that is crucial for 
the binding of MyoVa motor domain (K1781) in the auto-inhibited state32, were also mutated. Analysis of these 
mutants indicated that the residues W1713, Y1721, Q1755 and F1792 are required for the interaction between 
MyoVa and RPGRIP1L (Fig. 3a). Based on these data, we suggest that the RPGRIP1L-binding site overlaps with 
those of Kar9 and Inp2 to Myo2p and that of Rab11a to MyoVb31,33 (Fig. 3b). In agreement with this result, YTH 
assays showed that RPGRIP1L also interacts with MyoVb-GTD (Fig. 3c), indicating a redundant role for MyoVa 
and Vb in RPGRIP1L binding.

As MyoVa-GTD can be phosphorylated on residue S1652 by calcium/calmodulin-dependent protein kinase 
II (CaMKII)34,35, which results in its release from melanosomes and inhibition of melanosome transport36, we 
also investigated whether S1652 phosphorylation could affect RPGRIP1L binding. For this purpose, we used 
phospho-mimetic (S1652E and S1651E/S1652E) and non-phospho-mimetic (S1652A and S1651A/S1652A) 
mutations previously validated by Karcher and co-workers36. YTH analyses showed that RPGRIP1L was capable 
to interact with both mimetic mutants, indicating that S1652 phosphorylation does not prevent the binding of 
RPGRIP1L to MyoVa-GTD (Fig. 3d).

MyoVa interacts with RPGRIP1L at the centrosome.  To validate the interaction between endogenous 
MyoVa and RPGRIP1L, we performed proximity ligation assays (PLA) in RPE cells, a model system for studying 
primary cilium formation and function18. Since it is well known that a pool of MyoVa19–22 and of RPGRIP1L25,28,37 
localize at the centrosome, we investigated whether they interact at this microenvironment in ciliated cells. As 

Figure 2.  MyoVa-GTD binds to the C2 domains of RPGRIP1L. (a) Pull-down assays showing that 6xHis-
MyoVa-GTD construct interacts with the three C2 domains of RPGRIP1L fused to GST. Bacteria expressing 
only 6xHis-MyoVa-GTD and GST were used as negative control. (b) Amino acid sequence identity and 
similarity between the C2 domains of human RPGRIP1L, according to structural alignment of the homology 
models of C2MED and C2CTERM (predicted using the HHPred server54) and the RMN structure of C2NTERM (PDB 
ID: 2YRB) using the service PDBeFold55. (c) MST assays showing that MyoVa-GTD binds to C2NTERM (left), 
C2MED (center) and C2CTERM (right).
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expected, the presence of PLA dots evidenced the physical interaction between MyoVa and RPGRIP1L near the 
primary cilium base (Fig. 4), indicating that the binding of MyoVa to RPGRIP1L can occur at the centrosome and 
might be involved in cilia-related processes.

Dominant-negative expression of MyoVa inhibits ciliogenesis.  The fact that RPGRIP1L, as well 
as other MyoVa-binding proteins (PTEN, Rab8, Rab11 and RILPL2), is involved with the regulation of the pri-
mary cilium structure and or composition14,15,18,38 prompted us to investigate the effect of overexpressing two 
dominant-negative constructs of MyoVa in ciliogenesis, EGFP-GTD and EGFP-mGTD (GTD +​ 45 upstream 
amino-acid residues from the medial tail) (Supplementary Figure S1). Interestingly, these two constructs dis-
played different distribution patterns, being EGFP-mGTD localized in discrete foci near the nucleus, whereas 

Figure 3.  RPGRIP1L binds to a conserved binding site of class V myosins. (a) YTH assays showing that 
mutations on the face C of MyoVa-GTD (W1713A, Y1721A, Q1755A and F1792A) disrupt the interaction 
between MyoVa-GTD and RPGRIP1L. (b) Surface representation of MyoVa-GTD30 (PDB ID: 4J5L) 
highlighting the residues identified as being involved in RPGRIP1L binding (pink), and other residues whose 
Ala mutants displayed auto-activation (K1757A, K1759A; grey) or a result similar to the wild-type MyoVa-
GTD (yellow) in the YTH assay (panel A). The Rab11a-binding site, inferred from the crystal structure of 
MyoVb∙​Rab11a complex33 (PDB ID: 4LX0), as well as the N- and C-termini of MyoVa-GTD (N-t and C-t) are 
indicated. (c) YTH assays showing that the isoform c of RPGRIP1L also interacts with MyoVb-GTD. Yeast cells 
expressing only Gal4 Activation domain and/or LexA DNA-binding domain were used as negative controls. 
(d) Phospho-mimetic (Ser to Glu) and non-phospho-mimetic (Ser to Ala) mutants of MyoVa-GTD interacted 
with RPGRIP1L in YTH assays, similarly to the wild-type protein. Yeast cells expressing only Gal4 Activation 
domain and/or LexA DNA-binding domain were used as negative controls.
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EGFP-GTD was diffusely distributed at the cytoplasm (Fig. 5a and b), indicating that these additional residues 
might be critical for GTD targeting. Despite this observation, the overexpression of both constructs strongly sup-
pressed the assembly of primary cilium in RPE cells (Fig. 5a and b), which did not occur in cells expressing EGFP 
alone (Fig. 5c). The same phenotype was also observed in melanoma B16 cells (data not shown), indicating that 
MyoVa might play a role in cilia-related processes.

Discussion
In the present work, we revealed that MyoVa interacts with the cilia-centrosomal protein RPGRIP1L at the cen-
trosome. Moreover, we showed structural features of MyoVa required for RPGRIP1L recognition and provided 
the earliest evidence for a role of MyoVa in the primary cilium development, a centrosome-regulated process.

We demonstrated in vitro that the three C2 domains of RPGRIP1L can recruit the GTD of MyoVa with affinity 
typical of transient protein-protein interactions (low micromolar Kd), being the C2NTERM and C2CTERM domains 
those that best recognize MyoVa-GTD. In vivo, the affinity between RPGRIP1L and MyoVa might be further 
enhanced by MyoVa dimerization and the tandem disposition of the three C2 domains in RPGRIP1L, which 
likely increase the probability of their binding. Attempts to identify residues of RPGRIP1L involved in MyoVa 

Figure 4.  MyoVa interacts with RPGRIP1L at the centrosome. (a) PLA indicate the presence of endogenous 
complexes between MyoVa and RPGRIP1L (red dots) in a radius of 2 μ​m from the center of primary cilium  
base in 16% of hTERT RPE-1 ciliated cells (n =​ 522). Primary cilium axoneme is marked with acetylated- 
α​-tubulin antibody (green). (b) The mean PLA dot count per cell was 2.12 ±​ 0.17 (mean ±​ SEM) in the assay and 
0.26 ±​ 0.08 (mean ±​ SEM) in the control without primary antibodies (P <​ 0.005, two-tailed Student’s t-test).

Figure 5.  Overexpression of dominant-negative constructs of MyoVa suppressed ciliogenesis. 
Overexpression of EGFP-mGTD (a) or EGFP-GTD (b) in transfected RPE cells (n =​ 31 or 83) severely 
decreased the proportion of ciliated cells compared to their non-transfected neighbors (n =​ 170 or 373). 
Means ±​ SD represent the average data of 4 (a) or 17 (b) analyzed fields. (c) Overexpression of EGFP alone 
(negative control) did not affect the proportion of ciliated cells (n =​ 37) compared to the non-transfected 
condition (n =​ 238). Means ±​ SD represent the average data of eight analyzed fields. ns =​ nonsignificant; 
****P ≤​ 0.0001 (two-tailed Student’s t-test).
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recognition using in silico predictions and site-directed mutagenesis were inconclusive, indicating the need of 
a deeper investigation to elucidate the molecular basis of MyoVa recruitment by the C2 domains of RPGRIP1L 
(Supplementary Figure S2).

C2 domains are recurrent in ciliary proteins from the transition zone, such as RPGRIP1L29 and CC2D2A39, 
as well as in MyoVa-interacting proteins, such as PTEN and the Rab effectors granuphilin-a/b (Gran-a/b) and 
rabphilin-3A (Rph-3A)12,40. Although the role of PTEN-C2 domain in MyoVa binding is still elusive12, the C2 
domains of Gran-a/b and Rph-3A interact with an alternatively spliced region of MyoVa tail, but in a region dif-
ferent from the binding site of RPGRIP1L-C2 domains40. Together, these examples illustrate an emerging role for 
C2 domains in linking proteins to the actin cytoskeleton via the recruitment of MyoVa.

Using YTH assays and site-directed mutagenesis, we showed that RPGRIP1L binds to both MyoVa and Vb, 
being recognized by a conserved region that overlaps with the Rab11a-binding site33. Interestingly, active Rab11 
(GTP-bound form) is also recruited to the centrosome – specifically to the mother centriole appendages – where 
it is “turned off ” (GDP-bound form) by Evi541. Inactivation of Rab11a induces the release of effector proteins 
like MyoVa/Vb, suggesting that, in this microenvironment, the association of MyoVa with RPGRIP1L might be 
favoured over that with Rab11a. In agreement with this hypothesis, the Rab11a∙​​GDP binding to MyoVb-GTD 
monomer33 displays a Kd 6 times higher than that of RPGRIP1L-C2NTERM domain to MyoVa-GTD.

Our results also evidenced a direct interaction between MyoVa and RPGRIP1L at the vicinity of the basal 
body, indicating that the MyoVa∙​​RPGRIP1L complex might play a role in primary cilium development. Genetic 
diseases related to defects in MYO5A and RPGRIP1L genes are characterized by common neurologic impair-
ments, suggesting they function in correlated pathways in the brain7,25,28,42,43. One of such pathways might involve 
the primary cilium, since the protein RPGRIP1L has been linked to signaling pathways that depend on this orga-
nelle and play a key role in brain development (sonic hedgehog and Wnt) or brain function (leptin receptor signa-
ling)26,27,44–46. Furthermore, in neuron photoreceptors, RPGRIP1L localizes not only in the connecting cilium but 
also near the plasma membrane of the calycal processes28 – microvillus-like projections rich in actin filaments –  
suggesting a potential role for RPGRIP1L in anchoring membranes to the actin cytoskeleton via MyoVa.

By overexpressing two dominant-negative constructs of MyoVa in RPE cells, we showed that loss of myosin 
V transport function suppresses ciliogenesis. Together with the fact that most proteins known to bind to MyoVa 
GTD regulate cilia assembly (Rab11), transition zone establishment (RPGRIP1L), cilia dynamics (PTEN) or cilia 
composition (RILPL2), our data support a role for MyoVa in cilia-related processes.

In summary, our studies revealed RPGRIP1L as a novel MyoVa-binding protein – the first to be demonstrated 
to interact with MyoVa at the centrosome – and uncover an unprecedented link between MyoVa and ciliogenesis, 
providing new perspectives for studies aiming to better understand why defects in MyoVa cause neurological 
disorders in Griscelli syndrome patients.

Methods
Molecular cloning and site-directed mutagenesis.  MyoVa-GTD (residues 1448–1855; NP_000250.3) 
constructs (wild-type and mutants S1652E, S1652A, S1651E/S1652E, S1651A/S1652A) previously cloned into 
pET28a tobacco etch virus (TEV) vector30 were subcloned into pBTM116 vector between EcoRI and SalI restric-
tion sites. The gene region encoding for MyoVb-GTD (residues 1453–1848; NP_001073936.1) was amplified by 
PCR from a human fetal brain cDNA library (Clontech, Mountain View, CA) and cloned into pBTM116 vector 
between the BamHI and SalI restriction sites. RPGRIP1L constructs encoding for C2NTERM (residues 561–737), 
C2MED (residues 781–930) and C2CTERM (residues 1037–1269) were amplified by PCR using as template the 
pACT2_RPGRIP1L plasmid (NM_001308334.2) identified in the YTH screen described below. RPGRIP1L con-
structs were cloned into pGEX-4T-1 vector between EcoRI and NotI restriction sites. MyoVa (W1713A, R1720A, 
Y1721A, E1727A, Q1755A, K1757A/K1759A, K1781A, F1792A, E1793A, R1809A/K1812A) mutants were gen-
erated using the QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA).

Yeast two-hybrid screen (YTH).  YTH screen was performed in Saccharomyces cerevisiae strain L40 (trp1-
901, his3D200, leu2–3, ade2 LYS2::(lexAop)4-HIS3 URA3::(lexAop)8-lac GAL4) using MyoVa-GTD cloned into 
pBTM116 (LexA DNA-binding domain, DBD) as bait and a human fetal brain cDNA library (Clontech) cloned 
into pACT2 (Gal4 activation domain, AD) as prey. Yeast cells were transformed with pBTM116_MyoVa-GTD 
vector and the library as described by Alborghetti and co-workers47. The screen was performed in solid Synthetic 
Defined Medium without tryptophan, leucine and histidine (SD-WLH) containing 5 mM 3-amino-1,2,4-triazole 
(3-AT) (Sigma-Aldrich, St. Louis, MO). To identify the preys, the pACT2 plasmids of positive clones were isolated 
and sequenced. The DNA sequences were then compared with those available in the NCBI data bank using the 
BLASTX program48. The clone identified as encoding for the full-length RPGRIP1L isoform c (NP_001295263.1) 
was further selected for in vitro and in cell validation and characterization.

Yeast reporter gene assays.  To confirm the interaction between pBTM116_MyoVa-GTD and pACT2_
RPGRIP1L, S. cerevisiae L40 cells were transformed with both constructs. As negative controls, we used L40 cells 
transformed with pBTM116_MyoVa-GTD and empty pACT2 or pACT2_RPGRIP1L and empty pBTM116. Cells 
were plated in Synthetic Defined Medium without tryptophan and leucine (SD-WL) and then incubated at 30 °C 
for 3 days. For β​-galactosidase activity assay, cells were transferred to Whatman®​ 3 MM paper (Sigma-Aldrich), 
permeabilized with liquid nitrogen and wrapped on a second paper soaked in Z buffer (60 mM Na2HPO4, 40 mM 
NaH2PO4, 10 mM MgCl2, 50 mM β​-mercaptoethanol and pH 7.0) containing 2 μ​g/mL 5-bromo-4-chloro-
3-indolyl-β​-D-galactoside (X-Gal; Sigma-Aldrich). Cells were incubated at 37 °C for a couple of hours until the 
blue color appears, indicating the β​-galactosidase activity. For HIS3 activation assay, cells were plated in SD-WLH 
containing 10 mM 3-AT, incubated for 3 days at 30 °C and imaged.
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GST pull-down assays.  Escherichia coli BL21(DE3)∆​SlyD strain cells (containing the pRARE2 plasmid) 
were transformed with recombinant pET28a-TEV and pGEX-4T-1 to co-express 6xHis-tagged MyoVa-GTD and 
GST-tagged RPGRIP1L constructs. Cells were cultivated in Terrific Broth (TB) medium containing 100 μ​g/mL 
ampicillin, 50 μ​g/mL kanamycin and 34 μ​g/mL chloramphenicol. Recombinant protein expression was induced 
with 0.1 mM isopropyl β​-D-1-thiogalactopyranoside (IPTG) (Thermo Fisher Scientific, Waltham, MA) at OD600 
~0.6, during 16 h at 18 °C, 200 rpm. Cells were harvested, incubated for 1 h at 4 °C with lysis buffer (50 mM Tris 
pH 8.0, 250 mM NaCl, 5% (v/v) glycerol, 0.01% (v/v) tween-20, 1 mM tris(2-carboxyethyl)phosphine (TCEP)) 
(Sigma-Aldrich) containing 0.1 mg/mL lysozyme (Sigma-Aldrich) and free-EDTA SigmaFast Protease Inhibitor 
cocktail (Sigma-Aldrich) and lysed in VCX750 Sonics ultrasound (Sonics & Materials, Newtown, CT). The sol-
uble fraction was incubated with Glutathione Sepharose 4B resin (GE Healthcare, Uppsala, Sweden) for 2 h at 
4 °C under gentle agitation. Unbound proteins were discarded and resin was washed three times with lysis buffer. 
Immobilized proteins were eluted with 10 mM reduced glutathione (Sigma-Aldrich) in lysis buffer.

Immunodetection by Western blot.  Proteins were analyzed in 10% SDS-PAGE and transferred to a 
PVDF HybondTM-P membrane (GE Healthcare) using the Semi-Dry Blotting system (Biorad, Hercules, CA). 
Membranes were incubated overnight at 4 °C with the following primary antibodies: rabbit anti-MyoVa at  
0.4 μ​g/mL (M4812, Sigma-Aldrich) or mouse anti-GST hybridome (in house, Campinas, Brazil)49. After overnight 
incubation, membranes were washed with TBS buffer (50 mM Tris, 150 mM NaCl and pH 7.6) and incubated 
with the following secondary antibodies diluted in 0.01% (w/w) powdered milk in TBS buffer: peroxidase labe-
led goat anti-rabbit at 0.02 μ​g/mL (04-15-06, KPL, Gaithersburg, MD) or peroxidase labeled goat anti-mouse at  
0.2 μ​g/mL (401253, Calbiochem, Darmstadt, Germany). Membranes were washed with TBS buffer and incubated 
with ImmunoCruzTM Luminol reagent (Santa Cruz Biotechnology, Santa Cruz, CA). Immunostaining were visu-
alized using High Performance Chemiluminescence film (GE Heathcare), Carestream® Kodak® autoradiography 
GBX developer (Carestream, Rochester, NY) and Carestream® Kodak® autoradiography GBX fixer (Carestream).

Protein expression and purification.  E. coli BL21(DE3)∆​SlyD strain containing the pRARE2 plasmid 
and expressing GST-tagged RPGRIP1L constructs were cultivated in TB medium containing 100 μ​g/mL ampi-
cillin and 34 μ​g/mL chloramphenicol. Protein expression was induced at OD600 ~0.6 with 0.1 mM IPTG during 
16 h at 18 °C, 200 rpm. Cells were harvested and resuspended in lysis buffer (50 mM HEPES, 150 mM NaCl, 5% 
(v/v) glycerol and pH 7.2) containing 0.1 mg/mL lysozyme, free-EDTA SigmaFast Protease Inhibitor cocktail 
(Sigma-Aldrich) and 50 μ​g/mL DNAse (Sigma-Aldrich).

Cells were disrupted by sonication and centrifuged at 40,000 x g. The supernatant was loaded onto a 5 mL 
GSTrap FF column (GE Healthcare), pre-equilibrated with lysis buffer, using an Äkta FPLC (GE Healthcare). 
GST-tagged constructs were eluted using lysis buffer added by 10 mM reduced glutathione (Sigma-Aldrich). The 
recombinant protein was dialyzed against ligation buffer (50 mM HEPES, 20 mM NaCl, 5% (v/v) glycerol, pH 
7.5) and subsequently incubated with 1% (m/m) trypsin (Sigma-Aldrich), at 4 °C, during 30 min under gentle 
agitation, for GST-tag cleavage. The reaction was stopped with 1 mM phenylmethylsulfonyl fluoride (PMSF) (USB 
Corporation, Cleveland, OH) and loaded onto a 5 mL HiTrap Q FF column (GE Healthcare) pre-equilibrated 
with ligation buffer using an Äkta FPLC (GE Healthcare). After washing the resin, the target protein was eluted 
using a step-gradient from 20 mM to 1000 mM NaCl. Residual contamination with GST was removed by affinity 
chromatography using a 5 mL GSTrap FF column (GE Healthcare). All purification steps were carried out at 
4 °C. MyoVa-GTD was expressed and purified as described by Nascimento and co-workers30. All proteins were 
quantified by the Edelhoch method50 using a NanoDropTM 2000/2000c spectrophotometer (Thermo Scientific, 
Wilmington, DE) and analyzed by dynamic light scattering (DLS), using a ZetaSizer Nano ZS90 equipment 
(Malvern Instruments, Malvern, United Kingdom), in order to check the structural homogeneity.

Microscale thermophoresis (MST).  MyoVa-GTD was incubated with three times molar excess of fluo-
rescein isothiocyanate (FITC) (Molecular Probes, Eugene, OR) dye in buffer 50 mM HEPES, 150 mM NaCl, 5% 
(v/v) glycerol and pH 8.0 at 4 °C during 16 h under gentle agitation. The FITC-labeled MyoVa-GTD was purified 
and FITC excess removed using a 5 mL HiTrap Desalting column (GE Healthcare) pre-equilibrated with buffer 
50 mM HEPES, 150 mM NaCl, 5% (v/v) glycerol and pH 7.2. Labeling efficiency was evaluated by measuring the 
absorbance ratio 280/495 nm using a NanoDropTM 2000/2000c spectrophotometer (Thermo Scientific).

MST assays51 were performed using 300 nM of FITC-labeled MyoVa-GTD and a serial dilution of 
RPGRIP1L-C2 domains in interaction buffer (50 mM HEPES, 150 mM NaCl, 5% (v/v) glycerol, 0.05% (v/v) 
tween-20 and pH 7.2). Samples were loaded into MonolithTM NT.115 MST Premium Coated capillaries 
(NanoTemper Technologies, Munich, Germany) and thermophoresis data were measured in the MonolithTM 
NT.115 device (NanoTemper Technologies) using a LED power of 20% and a MST power of 60%. Initial fluores-
cence and back diffusion were measured for 5 s whereas the thermophoretic movement was recorded for 30 s. All 
assays were performed in triplicate and data were processed using the NTAffinity Analysis software (NanoTemper 
Technologies) and Origin 8.0. The dissociation constant (Kd) was calculated from changes in the normalized flu-
orescence (Fnorm) as a function of the RPGRIP1L-C2 domains concentration.

In situ Proximity Ligation Assay (PLA).  Human hTERT RPE-1 cells (ATCC, Manassas, VA) were culti-
vated at 37 °C and 5% (v/v) CO2 in Dulbecco Modified Eagle medium (DMEM) supplied with HAM F-12 nutrient 
(Sigma-Aldrich) and 10% (v/v) fetal bovine serum (Life Technologies, Carlsbad, CA). Cells at concentration 1,500 
cells/mL were cultivated on 13 mm diameter cover slips (Knittel, Braunschweig, Germany) into 24-well plates 
(Corning incorporated Costar®​, Corning, NY) for 24 h. To induce primary cilium formation, confluent cells 
were cultivated for additional 24 h in medium without fetal bovine serum. For the confocal analysis, cells were 
fixed with 3.7% (v/v) formaldehyde solution (Sigma-Aldrich) in PBS pH 7.4 for 10 min, washed with 1% (w/v) 
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BSA (Sigma-Aldrich), 0.2% (v/v) Triton X-100 (Sigma-Aldrich) in PBS pH 7.4 (wash buffer) and permeabilized 
with 0.5% (v/v) Triton X-100 in PBS pH 7.4 for 10 min. Free aldehydes were blocked by incubating cells with 
10 mM glycine (Promega, Madson, WI) in PBS pH 7.4 for 5 min. Cells were blocked with 3% (w/v) BSA, 0.2% 
(v/v) Triton X-100 in PBS pH 7.4 for 30 min. PLA was performed using rabbit anti-MyoVa at 0.2 μ​g/mL (M4812, 
Sigma-Aldrich), goat anti-RPGRIP1L at 1 μ​g/mL (sc-165400, Santa Cruz) and Duolink®​ in situ red starter kit 
goat/rabbit (DUO92105, Sigma-Aldrich) whereas counterstaining used DAPI, mouse anti-acetylated-α​-tubulin 
at 0.7 μ​g/mL (32–2700, Invitrogen, Thermo Fisher Scientific) and chicken anti-mouse 488 at 10 μ​g/mL (A21200, 
Invitrogen, Thermo Fisher Scientific) antibodies. All procedures were performed according to the manufacturer’s 
protocol. ProLong®​ Gold Antifade (Life Technologies) was used as mounting medium. Cells were imaged in True 
Confocal Scanning (TCS) SP8 microscope (Leica, Wetzlar, Germany) at the Biological Imaging facility from the 
Brazilian Biosciences National Laboratory (LNBio). Images were obtained using oil immersion HC PL APO CS2 
63x/1.4 objective lens and 1.4 numerical aperture. Microscopy images were previously analyzed in the LAS AF 
lite program (Leica). The maximum intensity projection and channel levels correction were performed using the 
FIJI platform52.

Dominant-negative overexpression.  For dominant-negative overexpression assays, 3 ×​ 104 hTERT 
RPE-1 cells (ATCC) were incubated overnight on 13 mm diameter cover slips (Knittel, Braunschweig, Germany) 
into 24-well plates (Corning incorporated Costar®). The cells were transfected using Lipofectamine® 3000 
(Thermo Fisher Scientific, Carlsbad, CA). For overexpression, pEGFP-C1 plasmids encoding chicken brain 
MyoVa-mGTD (residues 1377-1830; CAA77782.1) or MyoVa-GTD (residues 1423–1830; CAA77782.1) fused to 
EGFP as well as the empty plasmid encoding only EGFP as control were used. MyoVa-mGTD was identical to the 
one described in19,20, except that the insert, previously in pS65T-C1, was transferred to pEGFP-C1. MyoVa-GTD 
(residues 1423–1830; CAA77782.1) was PCR amplified using as template a chicken brain MyoVa full tail cDNA 
clone53, and the PCR product was inserted into pEGFP-C1 plasmid in fusion with EGFP. The transfections were 
carried out in a final volume of 500 μ​L medium following the manufactures’ instructions. After 72 h of incubation 
for overexpression of EGFP or EGFP-MyoVa-GTD, cells were washed with PBS, fixed with 4% (v/v) paraform-
aldehyde pH 7.4 for 15 min, washed with PBS and processed for immunofluorescence and data acquisition as 
described above. For these assays, cells were imaged using a Leica CTR 6000 microscope (Leica).
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