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Abstract

The mechanism by which myristoylated proteins are targeted to specific subcellular membrane
compartments is poorly understood. Two novel acyl-binding proteins, UNC119A and UNC119B,
have been shown recently to function as chaperones/co-factors in the transport of myristoylated G
protein a-subunits and src-type tyrosine kinases. UNC119 polypeptides feature an
immunoglobulin-like B-sandwich fold that forms a hydrophobic pocket capable of binding lauroyl
(C12) and myristoyl (C14) side chains. UNC119A in rod photoreceptors facilitates the transfer of
transducin a subunits (Ta) from inner segment to outer segment membranes by forming an
intermediate diffusible UNC119-Ta complex. Similar complexes are formed in other sensory
neurons, as the G proteins ODR-3 and GPA-13 in C. elegans unc-119 mutants traffic
inappropriately. UNC119B knockdown in IMCD3 cells prevents trafficking of myristoylated
nephrocystin-3 (NPHP3), a protein associated with nephronophthisis, to cilia. Further, UNC119A
was shown to transpot myristoylated src-type tyrosine kinases to cell membranes and to affect T-
cell receptor (TCR) and interleukin-5 receptor (IL-5R) activities. These interactions establish
UNC119 polypeptides as novel lipid-binding chaperones with specificity for a diverse subset of
myristoylated proteins.
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1. Introduction

Ga subunits carrying the myristoylation consensus sequence (Farazi et al., 2001) are
presumed to be acylated cotranslationally, and combine with G-y subunits following the
prenylation of Gy. While there is general agreement that Ga.p-y heterotrimer formation is
essential for targeting (Marrari et al., 2007), it remains unclear how the complex traffics to
the plasma membrane in non-polarized cells, or to cilia of polarized sensory neurons.
Trafficking of Ga subunits to cilia mediated by the acyl-binding proteins, UNC119A and
UNC119B, has been proposed recently for mouse rod photoreceptors and C. elegans
olfactory neurons. Here we discuss the structure and function of the two lipid-binding
proteins and the effects of their deletion or knockdown on trafficking/localization of the
respective binding partners.

2. UNC119 supergene family

UNC119 polypeptides derive from a supergene family encoding proteins whose function has
been maintained through metazoan evolution. Members of this family include prenyl-
binding proteins encoded by the PDE6D gene, and two UNC119 paralogs generated by
duplication of an ancestral gene (Fig. 1). Polypeptides of this supergene family share an
immunoglobulin-like B-sandwich structure for lipid-binding and participate in trafficking of
lipidated proteins.

Mammalian UNC119encodes a widely-expressed 27 kDa polypeptide (Higashide et al.,
1996). UNC119 homologs have been identified in plants (POC7 in C. reinhardtii, (Keller et
al., 2009)) and all animals, including unicellular protozoa such as Paramecium and
Tetrahymena. Subcellularly, UNC119 homologs were identified in the basal body proteome
of C. reinhardtii (Keller et al., 2009), the flagellar rootlet of Naegleria (Chung et al., 2007),
neurons of C. elegans (Maduro and Pilgrim, 1995) and in the mouse photoreceptor sensory
cilium complex (Liu et al., 2007).

3. The multifunctional UNC119A/RG4 protein

The C. elegans unc-119 gene was first discovered due to a spontaneous mutation resulting in
defects in chemosensation, locomotion and feeding behavior (Maduro and Pilgrim, 1995).
Predominant expression of an unc-119/L acZ fusion construct in C. elegans neurons
suggested that the unc-119 mutant phenotype was caused by a nervous system defect. A
human UNC119A ortholog termed HRG4 (Human Retina-specific Gene 4) was identified
shortly thereafter by subtractive cloning. Retina specificity referred to abundant expression
in the retina as observed by northern blotting. A closely related paralog, UNC119B, was
identified later in zebrafish by library screening with degenerate primers (Manning et al.,
2004). Ubiquitously-expressed human UNC119A and UNC119B are comprised of 240 and
251 amino acids, respectively. UNC119A mRNA exhibits strong expression in retina with
the protein localized to photoreceptor synapses and inner segments (Higashide et al., 1998).
The human UNCI119and UNCI119B genes (Fig. 2) have an identical gene structure
consisting of 5 exons (Higashide and Inana, 1999). UNC119A produces a splice variant in
which the 3" most intron is retained, yielding a distinct C-terminal end (Swanson et al.,
1998) lacking the p-sandwich structure. Both paralogs exhibit significant sequence
similarity with PrBP/8, particularly at the PrBP/6 C-terminal region, which forms the -
sandwich fold into which lipid side chains may insert.

A heterozygous stop codon in the UNC119 gene (K57ter) was linked to cone dystrophy in a
single patient (Kobayashi et al., 2000) and this phenotype was replicated in a transgenic
mouse model expressing the murine Unc119gene with an identical stop codon (Kobayashi
et al., 2000). Further, a UNC119(G22V) dominant negative mutation has been suggested to

Vision Res. Author manuscript; available in PMC 2013 December 15.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Constantine et al.

Page 3

cause idiopathic CD4 lymphopenia (ICL), an immunodeficiency disorder associated with
reduced T-cell stimulation (Gorska and Alam, 2011).

4. UNC119A-interacting partners

Yeast two-hybrid screening and /n-vitro pulldown assays reveal that UNC119A interacts
with a large number of both related and unrelated polypeptides, including acylated Ga-
subunits, receptor-associated src-type tyrosine kinases, non-receptor protein kinases, small
Arf-like GTPases (ARL proteins), the GTPase dynamin and the synaptic ribbon-associated
protein RIBEYE (Table 1). Pulldowns and isothermal titration calorimetry showed a tight
interaction between UNC119A and acylated Ga peptides. Interaction with myristoylated G
proteins was rather specific as several myristoylated CaZ*-binding proteins (e.g., recoverin,
GCAP1) failed to interact with UNC119A (Zhang et al., 2011b). These proteins have either
a Ca%*-dependent myristoyl switch that obscures the acyl chain intramolecularly (recoverin)
(Zozulya and Stryer, 1992), or interact with another protein (GCAP1 binding to guanylate
cyclase) (Baehr and Palczewski, 2009), thus preventing interaction with UNC119.

Of the 17 known mammalian G-protein a-subunits, nine contain glycine as residue 2 (G2)
and only seven of these contain a myristoylation consensus sequence. Both bovine rod and
cone transducin a-subunits (GNAT1 and GNAT2) have been shown experimentally to
interact with UNC119A. GNAT3 (gustducin, expressed in the gustatory system) is closely
related in sequence and is therefore predicted to interact as well. ODR-3, a G protein present
in C. elegans olfactory sensory neurons has also been shown experimentally to interact
directly with UNC119A. Isothermal titration calorimetry experiments indicate that ODR-3
interacts with human UNC119A one order of magnitude weaker (Zhang et al., 2011b) than
GNAT1, owing to the differences between the N-terminal 10 residues of ODR-3 and
GNAT1 (Table 1).

5. UNC119A crystal structure

The crystal structure at 1.95A resolution (Zhang et al., 2011b) reveals that UNC119A adopts
an immunoglobulin-like B-sandwich fold that forms a hydrophobic cavity into which the
lipid may be inserted. The co-crystal structure of UNC119A in complex with a lauroylated
Ta peptide at 2.0 A shows that the binding pocket easily accommodates a lauroyl (C12)
moiety (Fig. 3). The cavity is lined predominantly by hydrophobic residues (mostly Phe and
Tyr) that mediate the interaction with the lauroylated T peptide primarily via Van der Waals
forces, consistent with properties of a lipid-binding site. The lauroyl group and the first six
residues of the Ta peptide are buried deeply in the hydrophobic pocket of UNC119A
whereas peptide residues 7-10 make only peripheral contact with UNC119A and are
therefore poorly ordered in the structure. In general, the surrounding UNC119A residues
form a surface that is highly complementary to the shape of the ligand, thereby rationalizing
the high degree of conservation among the N-terminal residues of Ta and the contacting
residues of UNC119A. These interactions provide specific recognition of N-terminal groups
that define the location of the peptide-acyl junction within the UNC119 cavity, thereby
limiting the acyl chain length that can be accommodated.

Crystal structures of PrBP/8, encoded by the PDE6D gene, and RhoGDI with cognate lipids
inserted into the hydrophobic pocket have been determined with high resolution and
structural similarities have been discussed in detail (Hanzal-Bayer et al., 2002; Zhang et al.,
2011b; Chandra et al., 2012; Ismail et al., 2011). Remarkably, the sites through which the
lipid chains enter the pocket distinguish UNC119A from RhoGDI and PrBP/&: the entrance
to the hydrophobic pocket in UNC119A lies between strands 2 and 3, whereas the
entrances of RhoGDI and PrBP/6 are located on the opposite side of the B-sandwich (Zhang
et al., 2011b).
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6. UNC119A and trafficking in rod photoreceptors

The Unc1197~ mouse shows no obvious retinal degeneration early in life (up to 6 months
postnatally) (Ishiba et al., 2007), but degeneration accelerates by 17 months and is complete
at 20 months. The slow progression of retinal degeneration may, in part, be attributed to the
presence of UNC119B in photoreceptors (Zhang et al., 2011b). In predegenerate Unc1197/~
retina, Ta partially localized to the inner segment and outer nuclear layer suggesting defects
in trafficking. Under intense light conditions, Ta TP and TR+ are known to translocate to
the inner segments by diffusion in minutes and in darkness return to the outer segments very
slowly over the course of hours (Fig. 4) (Sokolov et al., 2002). After three hours of dark-
adaptation return of Ta was nearly complete in wild-type retinas, but failed in the retinas of
Unc1197~ mice providing evidence that UNC119A participates in targeting transducin-a. to
the outer segment via interaction with its acylated N-terminus (Zhang et al., 2011b).

The delayed return to the outer segment is likely the result of an enzymatically switchable
sink in the inner segment, and relatively low amount of UNC119 compared to transducin
(Zhang et al., 2011b; Gopalakrishna et al., 2011). Upon arrival at the inner segment,
transducin subunits are presumed to recombine following GTP hydrolysis and dock to inner
segment membranes. In the absence of a GEF (rhodopsin), GTP/GDP exchange is presumed
to be very slow (rate constant 10~4/sec) (Cowan et al., 2000). Both the GTP requirement for
Ta extraction from membranes by UNC119A and the slow rate constant suggest that this
event may be the rate-limiting step for return to the outer segment. Upon solubilization of
the complex, UNC119A/Ta-GTP likely diffuses passively through the inner segment and
connecting cilium, depositing Ta directly onto outer segment discs. Separate trafficking of
Ta by diffusion to the OS is supported by the formation of a stable Ta-UNC119 complex,
the competition of UNC119 with TRy for binding to Ta regardless of the state of the
nucleotide, and by the effect of PrBP/8 deletion on TRy trafficking (retention in the inner
segments). Detection of UNC119A in the mouse photoreceptor sensory cilium complex (Liu
et al., 2007) suggests a possible role for UNC119A in discharging of cargo (Ta). This
observation is strengthened further by the association of UNC119A with ARL3 and RP2
(retinitis pigmentosa protein 2) which localize to mouse and human cilia (Liu et al., 2007;
Veltel et al., 2008b). It is intriguing to speculate that ARL3-GTP may serve as a GDF (GDI
displacement factor) that discharges Ta from UNC119A, similarly as shown for discharging
myristoylated NPHP3 from UNC119B in IMCD3 cells (Wright et al., 2011) (see Fig. 5, next
paragraph).

7. UNC119B targets NPHP3 to cilia

Very little is known about the function of UNC119B. In mouse, Unc119B ESTs have been
identified in retina, brain, cerebellum, kidney, pancreas and mammary gland. Recently,
Wright, ef al. (Wright et al., 2011) showed that knockdown of UNC119B prevented proper
ciliary targeting of nephrocystin-3 (NPHP3) in transfected IMCD3 cells. UNC119A could
not substitute for the UNC119B deficiency, suggesting that these two closely related
proteins have different functions (Wright et al., 2011). NPHP3 is a myristoylated protein
which is mutated in 1% of all nephronophthisis cases. A hypomorphic mutation of ANp/p3
causes cystic kidney disease in the naturally occurring pcy mouse (Olbrich et al., 2003)
while an Nphp3 knockout is embryonic lethal. Targeting of NPHP3 to primary cilia is
controlled by N-terminal myristoylation as a NPHP3(G2A) mutant did not target to cilia
(Nakata et al., 2012). Ciliary targeting experiments in IMCD3 cells further established that
RP2, which functions as an ARL3 GTPase activator (GAP), is required for unloading cargo
(Wright et al., 2011) (Fig. 5). The ability of UNC119B to control ciliary targeting suggests
that null alleles of human UNC119B may cause of ciliopathies such as Senior Lgken or
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Joubert syndromes, both of which are associated with nephronophthisis and retinal
degeneration.

Knockdown of unc119ain zebrafish resulted in a MO-mediated dose-dependent curved
body axis, Kupffer’s vesicle (KV) defects and reduced visual function (Wright et al., 2011),
while knockdown of zebrafish unc119byielded only a mild KV defect with no other
obvious cilia-related phenotypes (Wright et al., 2011). A “curly tail down” phenotype
accompanied by axon pathfinding defects was observed during embryonic development
(Manning et al., 2004). These experimental findings suggest that UNC119A and UNC119B
have distinct functions. However, as shown for UNC119A (Maduro et al., 2000), human
UNC119B was able to rescue the C. elegans unc-119 mutant phenotype (Wright et al.,
2011). Thus, functions of UNC119A and UNC119B are likely in part overlapping.

8. G protein mistrafficking in unc-119 mutant C. elegans olfactory neurons

C. elegansrelies on its 11 pairs of amphid neurons to detect odorants and soluble molecules
(Perkins et al., 1986; Ward et al., 1975). These sensory neurons are polarized ciliated cells
with an overall morphology similar to vertebrate photoreceptors. The neuron dendritic tips
possess specialized cilia which host a variety of odorant GPCRs as well as downstream
components, e.g., G proteins and ion channels. C. elegans uses AWA and AWC neurons to
sense volatile substances (Bargmann, 2006). Several G proteins participate in chemosensory
signal transduction including ODR-3 and GPA-13. ODR-3 is the most important of these G
proteins in AWA and AWC sensory neurons (Roayaie et al., 1998). AWA cilia are
filamentous and extensively branched, whereas AWC cilia form a large membranous sheet
that encircles the tip of the nose. GPA-13 appears exclusively in cilia of ADF, ASH and
AWC chemosensory neurons (Lans et al., 2004). In unc-119 mutants, ODR-3 protein is
mislocalized to the cell bodies and GPA-13 was found to be down-regulated. Consequences
of unc-119deletion in the worm are mislocalization and mistargeting of the G proteins
ODR-3 and GPA-13 expressed in AWA, AWB, and AWC as well as in ASH and ADF
amphid cells. These data suggest that Unc-119 participates in regulating the transport of
ODR-3 and GPA-13 from the cell bodies to the cilia of C. elegans olfactory neurons, a
function similar to that in mouse photoreceptors. The unc-119 mutant phenotype in C.
elegans is more severe, likely because the worm genome harbors only one unc-119gene and
lacks the redundancy present in mouse (Fig. 1).

9. UNC119A and src-type Tyrosine Kinases

UNC119A is known to interact with the a-chain of the interleukin-5 receptor (IL-5R),
which is associated with the src-type tyrosine kinases Lyn and Hck (Cen et al., 2003). IL-5
is one of the primary regulators of eosinophil differentiation and function (Gorska et al.,
2006). UNC119A induces the catalytic activity of these kinases through interaction with
domains SH2 and SH3 (Src homology domains 2 and 3), which recognize the
phosphorylated state of critical tyrosine residues. Two SH2-interacting domains (SH2-1D)
on UNC119A are located near the N-terminus and the SH3-1D is found in the C-terminal -
sandwich domain (Cen et al., 2003) (Fig. 6). The inactive state of scr-type kinases is
stabilized by intramolecular interactions between the SH2/SH3 domains and the kinase
domains. Binding of the activator, UNC119A, to these domains induces
autophosphorylation, stimulating kinase activity. Eosinophils (a leukocyte subgroup)
transduced with UNC119A both activated Lyn and prolonged eosinophil survival in the
absence of IL-5 stimulation. Additionally, antibody-mediated inhibition of UNC119A
decreased eosinophil survival (Cen et al., 2003). Lyn and Hck carry myristoylation
consensus sequences at their N-termini (G2...S6) (Table 1) and are known to be acylated
depending on which splice variant is transcribed (Silverman et al., 1993). However, it is
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unknown whether the Lyn and Hck acyl chains interact with UNC119A as described for Ga
subunits.

10. UNC119A regulates trafficking of Lck to the T-cell receptor (TCR)

As indicated above, UNC119A overexpression in eosinophils stimulated the activities of
Lck and Fyn, tyrosine kinases associated with the T-cell receptor (Gorska et al., 2004). Like
Lyn and Hck, Lck and Fyn are src-type tyrosine kinases, carry G2 at the N-terminus and are
myristoylated (Silverman et al., 1993) (Table 1). UNC119A-deficient cells exhibited
reduced tyrosine phosphorylation and the TCR was unable to stimulate Lck and Fyn tyrosine
kinases, or downstream pathways. However, reconstitution of these depleted cells with
UNC119A was able to fully rescue the phenotype (Gorska et al., 2004). Furthermore, this
UNC119A-regulated pathway is essential for immunological synapse formation and T-cell
activation (Gorska et al., 2009).

The T-cell receptor lacks enzymatic activity and relies on Lck to initiate signaling.
UNC119A not only activates Lck, but also appears to regulate trafficking of Lck on vesicles
to the plasma membrane (Gorska et al., 2009), likely through an interaction with the
myristoyl moiety on Lck. Transport of Lck to the membrane depends on both UNC119A
and Rab11, which strongly colocalize in Jurkat T-cells. UNC119A was also able to control
the GTPase activity of Rab11, most likely by interfering with its GAP. In UNC119A-
knockdown cells, Lck failed to transport to the plasma membrane and accumulated in
perinuclear membranes (Gorska et al., 2009). In contrast, Fyn was not affected by UNC119
knockdown. Data also indicate that UNC119A orchestrates the recruitment of the actin-
based motor protein, myosin 5B, and the organization of multiprotein complexes on
endosomes (Gorska et al., 2009).

11. UNC119A regulates endocytosis and partially protects against Shigella

infection

Dynamin-2 is a GTPase that has been shown to be critical for endocytosis and interact with
the IL-5R a-subunit (Gorska et al., 2006). Dynamin also interacts with I1L-5 receptor-
associated tyrosine kinases, Lyn and JAK2, in eosinophils. Data indicate that UNC119A
inhibits the GTPase activity of dynamin, which is critical for endocytosis, implying a role
for UNC119A in clathrin- and caveolae-based endocytosis as well as macro pinocytosis
(Karim et al., 2010). Knockdown of UNC119A in fibroblasts increases the uptake of
transferrin, albumin, viruses and ligand-coated beads, whereas overexpression inhibits
uptake of these entities (Karim et al., 2010). Furthermore, UNC119A inhibits signaling
pathways used by Shigella bacteria to enter the cell and therefore provides partial but
significant protection from Shigella infection, which causes Shigellosis in primates but not
in other mammals, typically resulting in dysentery. UNC119A induction /n-vivo has been
shown to boost host defense against infections (Vepachedu et al., 2009).

12. G22V missense mutation in UNC119A causes idiopathic CD4
lymphocytopenia (ICL)

ICL is a rare heterogeneous syndrome in which the body has too few CD4 T-lymphocytes,
in the absence of HIV infection. Patients with ICL have weakened immune systems and are
susceptible to a variety of infections and autoimmune diseases. Recently, Gorska, et al.
identified a G22V missense mutation in the human UNC119A gene of a single patient
(Gorska and Alam, 2011) with reduced TCR responses and mislocalization of Lck. The
patient presented with a history of recurrent sinusitis/otitis media, frequent episodes of
shingles, a widespread fungal nail infection, fungal dermatitis and oral herpetic lesions. The
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G22V mutation, located adjacent to the first SH2-interacting domain near the N-terminus of
UNC119A (Fig. 6), was absent in 60 healthy controls. Mechanistically, mutant UNC119A is
unable to interact with Lck, an interaction necessary for both the localization of Lck to the
TCR and also the activation of Lck. As a consequence, T-cell proliferation is blocked
impairing the normal immune response (Gorska and Alam, 2011).

13. Summary

UNC119 paralogs are a novel class of polypeptides involved in targeting a subset of
acylated polypeptides to primary cilia. These include acylated Ga subunits and
nephrocystin-3 expressed in species as varied ashuman. mouse and worm. This interaction is
based on the insertion of the acyl chain into a hydrophobic pocket formed by a
immunoglobulin-like B-sandwich fold. UNC119 may interact with myristoylated src-type
tyrosine kinases by binding to SH2 and SH3- interacting domains, a pathway essential for T-
cell activation and formation of an immunological synapse. Furthermore, UNC119 forms
complexes with the GTPase ARL3-GTP and its GAP, the retinitis pigmentosa protein RP2.
Interactions with multiple partners and modes assign UNC119 polypeptides a central role in
trafficking a subgroup of acylated proteins to their subcellular destinations.
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Figure 1.

Phylogram of PDE6D (PrBP/8) and UNC119 paralogs, generated by ClustalW (http://
www.ebi.ac.uk/Tools/msa/clustalw?2/). Four main branches are PDE6D, UNC119A,
UNC119B and the invertebrate Unc-119. Only sequences from selected species are shown
(from hundreds of genbank hits). PDE6D and UNC119 homologs are present throughout the

animal kingdom (unc119even in plants, Chlamydomonas reinhardtii).
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Figure2.

Unc119genes and proteins. A, Structure of Unc119genes and gene products. Mutations
associated with disease are noted in the UNC119A protein. Blue bars denote approximate
positions of SH2- and SH3-interacting domains. B, Sequence alignment of UNC119
paralogs and PrBP/S. Conserved residues are shown white-on-black background,
conservative substitutions white-on-grey background.
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Figure 3.

Structure of UNC119 and lipid-binding cavity. Ribbon representation of human UNC119
structure (residues 57-237). Nine p-strands (B1-p9, red) form two p-sheets that splay apart
at one end to create an entrance to the p-sandwich cavity. Lauroyl-GAGASAEEKH is
depicted as a space-filling mesh with its lipid (green) and amino acids (grey).
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Figure4.

Depiction of transducin translocation to the inner segment (I1S) induced by constant light,
and return to the outer segment (OS) in dark. A, Following GTP/GDP exchange, Ta-GTP
and TRy diffuse separately to the inner segment. UNC119 is not required in this phase. As
GTP hydrolyzes, the subunits recombine and associate with IS membranes. B, In dark, GTP/
GDP exchange is slow in the absence of a GEF, and may be rate-limiting in extraction of Ta
in the presence of UNC119A. Following exchange, Ta®TP-UNC119 and TRy-PrBP/s
solubilize and return by diffusion to the OS discs. Most likely, ARL3-GTP acts as a GDF to
discharge Ta-GDP to membranes.
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Figurebs.

Targeting of myr-NPHP3 to cilia (adapted from Wright et al). Following biosynthesis and
co-translational acylation (1), NPHP5 forms a soluble complex with UNC119B (U-B) (3),
either directly or indirectly (broken arrows) after membrane association (2). The UNC119B/
NPHP3 complex combines with the GDI-displacement factor (GDF) ARL3-GTP forming a
ternary complex (4). GTP hydrolysis mediated by the GAP RP2 discharges NPHP3 to the
ciliary membrane (5). GDP/GTP exchange catalyzed by a guanine nucleotide exchange

factor (GEF) recycles ARL3-GTP and UNC119B (6).
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Model of src-TK activation by UNC119A. A, UNC119 sequence with locations of SH2- and
SH3-interacting domains (ID, red) (Cen et al., 2003). Two SH2-IDs are located in the N-
terminal region, one SH3-ID is located on 7. The tyrosine phosphorylation site (green) on
B5 is shown. B, Depiction of inhibited Src-type tyrosine kinase (left) and its activation by
Unc119A (right) (adapted from (Xu et al., 1999). In the inhibited form, Y527 is
phosphorylated and interacts with SH2; the loop forms an inhibitory helix. In the active
form, kinase domains are displaced by UNC119’s SH2- and SH3-1Ds, allowing
phosphorylation of Y416 and activation.
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Table 1

UNC119 interacts with a large number of diverse proteins. Interactants include acylated G protein a-subunits,

src-type tyrosine kinases, the large GTPase dynamin, small Arf-like GTPases (Arl2 and Arl3), the Ca%*-
binding protein CaBP4 and RIBEYE. Column 1, interacting proteins; proteins known to insert an acyl side
chain into the p-sandwich fold of UNC119 are bold-faced and underlined. Red, proteins known to play a role
in photoreceptors; green, G protein a-subunits in C. elegans olfactory neurons; black, all others. Column 2,
function. Arrow directions indicate enzymatic activation (up) or inhibition (down). Column 3, N-terminal
sequence; N-termini known to be N-acylated at G2 are shaded black. Column 4, pathways or cells in which
interactants play a role. Column 5, references.

Molecule function N-term

Gnatl Ga subunit MIAGASAE
Gnat2 Ga subunit MBSGISAE
Rab11 GTPase MGTRDDEY
Arl2 GDF MGLLTILK
Arl3 GDF MGLLSILR

RP2 GAP MGCCFFSK
CaBP4 Ca?* binding MTTEQARQ
RIBEYE  Scaffold protein ~ MPVPSRHI
ODR-3 Ga subunit MillsCcosNE
Gpa-13 Ga subunit ME@CNFSSQ
NPHP3 unknown MBTASSLV
CYs1 unknown MGSGSSR
C50rf30 unknown MEVDINGD
Lyn srcTK? villcIKSKR
Hck srcTK? vMBGrRSSC
Lck srcTK? MBCVSSN
Fyn srcTK?! ME@CVQCEKD
Abl pTKY MEOOPGKV
Arg pTK MQQVGRV
Dynamin ~ GTPase MGNRGMEE

pathway/cells
photoreceptor

photoreceptor

vesicular transport
vesicular transport
vesicular transport
vesicular transport
synapse

synaptic ribbon

C. elegans olfaction
C. elegans olfaction

IMCD3 cilia

IMCD3 cilia
IMCD3 cilia
eosinophils
eosinophils
T-cells

T-cells

endocytosis

reference
(Zhang et al., 2011a)
(Zhang et al., 2011a)

(Gorska et al., 2009)
(Kobayashi et al., 2003)
(Veltel et al., 2008b)
(Veltel et al., 2008a)
(Haeseleer, 2008)
(Alpadi et al., 2008)
(Zhang et al., 2011a)
(Zhang et al., 2011a)
(Wright et al., 2011)

(Wright et al., 2011)
(Wright et al., 2011)
(Cen et al., 2003)

(Cen et al., 2003)
(Gorska et al., 2004)
(Gorska et al., 2004)
(Vepachedu et al., 2009)
(Vepachedu et al., 2009)

(Gorska et al., 2006)
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