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Abstract
A recently discovered interaction of rod transducin α subunit (Gαt1) with UNC119a is thought to
be important for transducin trafficking in photoreceptors. In this study, we analyzed the
subcellular distribution of UNC119a under different conditions of illumination in vivo. Analyses
by immunofluorescence and Western blotting of retina serial tangential sections demonstrated that
UNC119a resides predominantly in the rod inner segment, with a small fraction of UNC119a also
appearing to infiltrate the rod outer segment. Such a distribution is consistent with the proposed
role of UNC119a in facilitating transducin transport from the rod inner segment to the outer
segment in the dark. In addition, UNC119a was present in smaller amounts in the cell body and
synaptic region of rods. The profile of UNC119a subcellular distribution remained largely
unchanged under all tested conditions of illumination, and correlated with the profile of Gαt1
following its light-dependent translocation. Quantification by Western blotting suggested that
mouse retina contains ~17 pmol of UNC119a, giving a ~1 to 4 molar ratio of UNC119a to Gαt1.
Hence, light-translocated Gαt1 can serve as a major partner of UNC119a. Supporting this role, the
levels of UNC119a were downregulated by about 2-fold in mouse retina lacking Gαt1. As a
dominant partner, Gαt1 may potentially modulate function of other known UNC119a-interacting
proteins involved in photoreceptor ciliary trafficking and synaptic regulation, in light-dependent
manner.
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1. Introduction
Rod photoreceptors are polarized cells with a specialized phototransduction compartment
called the outer segment, which is linked to the rest of the cell by a slender connecting
cilium. Phototransduction proteins synthesized in the rod inner segment are trafficked to the
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rod outer segment, whereas proteins regulating synaptic transmission to downstream bipolar
neurons are delivered to the synaptic terminal [1, 2]. Transducin (Gt1 or Gαt1β1γ1), the key
visual G-protein, is one of the few photoreceptor proteins that translocates in both directions
between the outer segment and the inner compartments depending on the dark/light
conditions [3–6]. In dark transducin traffics to the outer segment, whereas in relatively
intense light, it translocates from the outer segment to the inner segment and synaptic
terminal. The light-dependent translocation of transducin is thought to play a role in light-
adaptation and neuroprotection [6, 7], but the significance of this phenomenon is still poorly
understood. The mechanism of the light-induced outer segment to inner segment transport of
transducin has received significant attention, and a consensus has emerged that the
translocation occurs by diffusion [3–6]. In a simple diffusion model, when the rate of
transducin activation by photoexcited rhodopsin (R*) exceeds the rate of its inactivation by
the rod RGS9 GAP complex, dissociated Gαt1GTP and Gβ1γ1 are able to diffuse into the
inner segment and synaptic terminal [3–6, 8]. Much less is known about the inner segment
to outer segment transport of transducin in the dark [4]. The large quantities of transducin
returning to the outer segment in the dark on a time–scale of several hours, and the potential
energy independence of the process [9] lend support to the involvement of diffusion. As
there is no Gt activation in the inner segment, transducin subunits are presumed to form a
heterotrimeric complex on the inner segment membranes [4]. Yet, the heterotrimer with two
lipid moieties, the Gαt1 N-acyl and the Gγ1 farnesyl, appears to lack the capacity to
dissociate by itself from the membranes. Gt dissociates from the disc membrane in the dark
only in hypotonic extracts in vitro [10]. Surprisingly, studies of transducin diffusion using
Fluorescence Recovery After Photobleaching, reveal significant interdisc transfer of Gt [11,
12]. The two lipids might not provide sufficiently strong membrane affinity to block
dissociation entirely, particularly if they form a single membrane insertion site and/or have
little additive effect [13]. Alternatively, Gt1 dissociation from the membrane may be
facilitated by interaction with protein partners and sequestration of one or both of the lipid
moieties [4].

Recently, UNC119, a mammalian ortholog of C. elegans unc-119 [14], also known as Retina
Gene 4 protein (RG4) [15] has been identified as a novel protein partner of Gαt1 [16, 17].
UNC119 (isoform a) is abundantly expressed in the rod inner segment and synaptic terminal
[18], and, to a much lesser extent in several other tissues [19, 20]. A second isoform of
UNC119, UNC119b, exists in vertebrates, but its presence in photoreceptor cells has not
been investigated [16]. UNC119 shares significant sequence and structural homology with
the prenyl-binding protein, PrBP/δ [16, 21, 22]. PrBP/δ has been implicated in the inner
segment to outer segment transport of several prenylated proteins, apparently through
sequestration of the prenyl groups [23]. Remarkably, the lipid specificity of UNC119a is
very different from that of PrBP/δ [16, 17]. UNC119a was shown to interact with the
acylated (myristoylated) N-terminus of the GTP-bound Gαt1 [16]. Moreover, UNC119a can
interact with heterotrimeric Gt1, promote dissociation of Gαt1 from Gβ1γ1, and release them
from the membrane [17]. The finding that the return of Gt1 to the outer segment in the dark
was impaired in UNC119a knockout mice indicates the role of UNC119a in the inner
segment to outer segment transport of transducin [16]. Although UNC119a did not
appreciably bind recoverin [15, 16], other myristoylated proteins in photoreceptors are
potential partners for UNC119a [24]. Recently, UNC119a has been shown to interact with
the renal celiopathy nephronophthisis (NPHP) protein nephrocystin-3 (NPHP3) and ciliary
protein cystin in a myristoyl-dependent manner [24].

Besides myristoyl-dependent partners, UNC119a has several known lipid-independent
partners. In the synaptic terminal, UNC119a interacts with CaBP4 [25], a Ca2+-binding
modulator of the voltage-gated Ca2+ channel (Cav 1.4) [26], and with RIBEYE, a major
component of the synaptic ribbons [27]. In the inner segment and the connecting cilium,

Sinha et al. Page 2

Cell Signal. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



UNC119a binds monomeric Arf-like GTPases ARL2 [28] and ARL3 [29] that are involved
in microtubule-dependent processes and protein trafficking to and through the connecting
cilium [30, 31]. Interestingly, ARL2 and ARL3 are also binding partners for PrBP/δ [32,
33]. Unc119a and PrBP/δ preferentially interact with the GTP-bound ARL2 and ARL3 [29,
32]. Furthermore, ARL3•GTP binding facilitated release of myristoylated cargo from
UNC119a [24] and farnesylated cargo from PrBP/δ [34]. Thus, UNC119a and PrBP/δ
appear to serve as ARL3 effectors in ciliary transport of myristoylated and prenylated
proteins, respectively. Mutations in UNC119-binding proteins have been linked to
ciliopathies and visual disorders [24, 35], while an UNC119a null mutation causes a late-
onset dominant cone dystrophy in a human patient [36]. To better understand the role of the
Gαt1-Unc119a interaction in transducin trafficking and in the overall network of UNC119a
interactions, it is essential to develop a quantitative account of UNC119a distribution in
photoreceptor cells under different conditions of illumination in vivo. In this study, we
qualitatively and quantitatively examined the subcellular distribution of UNC119a in mouse
and rat rods under variable light conditions, and compared the localization of UNC119a and
Gαt1. Furthermore, we assessed the overall retinal abundance of UNC119a and its
dependence on transducin expression.

2. Materials and Methods
2.1 Immunofluorescence

Mice were dark-adapted overnight. For light adaptation, the pupils were dilated by applying
a drop of 1% tropicamide, followed by a drop of 2.5% phenylephrine hydrochloride. The
mice were then kept in the dark for 30 min before light exposure. During light exposure,
mice were kept in a Styrofoam box (20 × 15 × 15 cm) covered with semi-transparent
polyethylene film. Light from white fluorescent bulbs in the ceiling was used for strong light
exposure of ~500 lux for 45 min. The mice were then euthanized with CO2. Mouse eyeballs
were enucleated, poked through the cornea with a 21-gauge needle, and fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 1 hr in the dark at 25 °C. For dark-
adapted mice, euthanasia, enucleation of eyeballs and initial fixation were all performed
under dim red light. After this initial fixation, the eyeballs were cut open to remove the
cornea and lens, and the eyecups were fixed in 4% paraformaldehyde in PBS for an
additional 3 hrs at 25 °C. The eyecups were then transferred to a 1:1 solution of 30% sucrose
in PBS and 4% paraformaldehyde in PBS for 1 hr at 25 °C. Finally, the eyecups were
submersed in a 30% sucrose solution in PBS and left at 4°C overnight. The next day,
eyecups were embedded in tissue freezing medium (Triangle Biomedical Sciences) and
frozen into cryo blocks on dry ice. Cryo blocks were subsequently sectioned (10 μm,
Microm HM 505E) and stored at −80 °C until use. Before staining, sections were warmed
up to room temperature and were first incubated in 0.1% Triton X-100 in PBS for 30 min,
followed by a 1 hr incubation with either a rabbit anti-rod Gαt1 antibody K-20 (1:1000)
(Santa Cruz Biotechnology, Santa Cruz, CA), or a monoclonal anti-UNC119 antibody (1:50)
(a kind gift from Dr. Francoise Haeseleer, University of Washington). The sections were
then stained with either goat anti-rabbit AlexaFluor 546 or goat anti-mouse AlexaFluor 488
secondary antibody (Molecular Probes) (1:1000) for 1 hr. All sections were subsequently
counterstained with TO-PRO3 nuclear stain and mounted using Vectashield mounting
medium (Vector Laboratories). The stained sections were visualized under a Zeiss LSM 510
confocal microscope.

2.2 Serial tangential sectioning of the retina
Tangential serial sectioning of the rat retina was carried according to a previously described
procedure [37]. Adult Long Evans rats (Charles River) were dark-adapted overnight and
then subjected to controlled diffused white illumination while free running in a cage placed
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inside a large Styrofoam box. At the end of this light conditioning rats were euthanized and
their eyes promptly harvested and dissected in Dulbecco’s modified Eagle’s medium
(DMEM) medium under dim red light using a Stemi 2000-C stereomicroscope (Zeiss),
equipped with OWL Gen 3+ intensifiers (B.E. Meyers and Co. Inc). Fragments of the retinas
were flattened between two glass plates separated by 0.5 mm spacers, and frozen on dry ice.
From this point, all tissue manipulations were carried out under ambient light. Frozen retina
fragments were tangentially cut in a Leica CM1850 Cryostat. Serial 10 μm sections,
spanning the entire retina, were collected, and each one transferred into 50 μl of buffer
containing 6 M urea, 125 mM Tris-HCl, pH 6.8, 4% SDS, bromphenol blue, and 10 mg/ml
dithiothreitol. The resulting set of extracts was analyzed by immunoblotting. In each set of
serial sections, proteins of interest, UNC119 and Gαt1, were detected along with four
protein markers, including rod outer segment marker (rom-1), rod inner segment and
mitochondrial marker (cytochrome c oxidase subunit I, COX I), general cellular marker (β-
tubulin) and general photoreceptor marker (phosducin). Quantification of the specific bands
was performed on an Odyssey Infrared Imaging System (LI-COR Biosciences). To generate
protein profiles, the fluorescence value of each band was plotted as a percentage of the
combined fluorescence in all sections.

We used commercial primary antibodies against rod transducin α subunit (Gαt1) (sc-389,
Santa Cruz Biotechnology), β-tubulin (T0198, Sigma Aldrich), and cytochrome c oxidase
subunit I, COX I (MS404, MitoSciences). A monoclonal antibody against UNC119a was a
kind gift from Dr. Francoise Haeseleer (University of Washington). Antibody against rod
outer segment membrane protein, rom-1, was generously provided by Dr. Andrew Goldberg
(Oakland University). Antibodies against phosducin were described previously [38].

2.3 Expression and quantification of mouse UNC119a protein standard
Recombinant His6-tagged mouse UNC119a was designed as a protein standard for the
quantification of UNC119 in mouse retina. The UNC119a coding sequence was PCR
amplified from the pCMV6-mouse unc119 plasmid (Origene), and cloned into the pET15b
vector using NdeI/XhoI sites. Protein expression in BL21-codon plus E. coli cells was
induced by adding 40 μM IPTG for 5 h at 30°C. The His6-tagged unc119 protein was
initially purified on an Ni-NTA resin (Novagen) followed by further purification by gel
filtration on a Superdex 75 sepharose column. The protein was then dialyzed against
hypotonic buffer containing 50% glycerol, and stored at −20°C in aliquots. The
concentration of the UNC119a standard was determined by quantifying UNC119a bands
along with serial dilutions of two protein standards of known concentration, BSA (A8531,
Sigma) and carbonic anhydrase (C7025, Sigma), on Coomassie-stained gels. The
concentrations of the BSA and carbonic anhydrase standards were determined by UV
absorption using extinction coefficients ε280 of 43824 M−1cm−1 and 43430 M−1cm−1,
respectively. The calibration curves were plotted based on the integrated densities of the
protein bands on the Coomassie-stained gels measured using ImageJ.

2.4 Analysis of UNC119a protein levels in mouse retina
To estimate the quantity of UNC119a protein in mouse retina, we first obtained a hypotonic
retina extract. Two mouse retinas were homogenized in 100 μl of hypotonic buffer (5 mM
Tris, pH 7.5, 1 mM MgSO4, 1 M DTT and complete protease inhibitor mixture (Roche))
with a pestle and brief sonication. The retinal homogenates were then separated into soluble
and membrane fractions by centrifuging at 100,000g for 45 min, and analyzed by Western
blotting with an anti-UNC119a antibody [25], along with the His6-tagged UNC119a protein
standard.
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For comparison of UNC119a protein levels in control and Gαt1-knockout mice, total mouse
retinal homogenates were obtained by solubilization of two retinas in 100 μl of 10% SDS-
Na using brief sonication. Protein concentrations were determined using the DC Protein
Assay (Bio-Rad) with bovine serum albumin dissolved in 10% SDS-Na serving as the
standard. Samples of retinal homogenates were probed using standard Western blotting
procedure and primary antibodies against UNC119a (1:260) [25] and RGS9 (1: 1000)
(Elmira Biologicals, Iowa City).

2.5 Quantitative Real Time PCR analysis
Total RNA was isolated from single retinas of wild-type, Tg(Δ1−83PhLP+/−), and Gα t1−/−

mice. The Absolutely RNA Miniprep Kit (Agilent Technologies) was used including two
separate DNAse treatments, and following the manufacturer’s modified protocol for small
samples. Using a two-step qRT-PCR process, 5 ng of each total RNA sample was reverse
transcribed using oligo(dT) primers and the AffinityScript QPCR cDNA Synthesis Kit
(Agilent Technologies). In addition, the following negative controls were also prepared: no
reverse transcriptase and no RNA template, and these were run through the same reverse
transcription parameters. 0.5 ng of each subsequent cDNA was amplified in triplicate using
the Brilliant II SYBR Green QPCR Master Mix (Agilent Technologies), including reference
dye and 200 nM of each forward and reverse primer. The PCR reaction was run under the
following conditions: denaturation at 95°C 10 minutes, followed by 32 cycles at 95°C for 30
seconds, 55°C for 1 minute, and 72°C for 30 seconds using a Stratagene Mx3000P real-time
PCR system and the comparative quantitation setting. A melting curve analysis was also
added at the end to verify a single product from each reaction, and the fluorescence recorded
during every qPCR cycle at the annealing step (55°C) was used for data analysis. Primers
were designed using GenBank mouse mRNA sequences and PrimerQuest software, and
selected so that one primer would cross an exon-exon junction, where possible. The primers
were synthesized and HPLC-purified by Integrated DNA Technologies (IDT) (Coralville,
IA), and the primer concentrations optimized for each reaction before beginning. Primers for
UNC119a (forward, 5′-CGC TTT GTT CGC TAC CAG TTC ACA -3′; reverse 5′-ATG
CAG AAG CCA AAG TGG AAG TCG - and primers for 3′), and primers for hypoxanthine
phosphorybosyl transferase (HPRT) housekeeping gene (forward, 5′-CAG GCC AGA CTT
TGT TGG AT -′; reverse, 5′-GGA CGC AGC AAC TGA CAT T -3′). Final amplification
plot data was averaged for all samples within a group and their replicates, and the MxPro-
MX300P QPCR software version 4.10 (Stratagene) calculated the threshold cycle values
(Ct) by its default amplification-based threshold settings. The software then calculated the
Ct difference between the sample groups, and corrected it by the difference in the Cts for the
normalizer, HPRT, in these samples. A relative quantity chart was prepared to show the
fold-differences +/− SEM of UNC119 gene expression between the different types of mice,
with the 1054 negatives serving as the calibrators or controls.

3. Results
3.1 Analysis of the subcellular distribution of UNC119a and Gαt1 under different
illumination

The distribution of UNC119 and Gαt1 in dark- and light-adapted mouse retinas was first
examined qualitatively by immunofluorescence using monoclonal anti-UNC119 antibody
[25]. Among the two known UNC119 isoforms, UNC119a and UNC119b, this antibody
specifically recognizes UNC119a. Therefore, all the analyses described below pertain to
UNC119a. Retina cross-sections were obtained from wild type (C57BL/6) mice either dark-
adapted overnight or exposed to 500 lux light for 45 min. In dark-adapted (DA) animals the
strongest UNC119a immunostaining was observed in the inner segment and synapses (outer
plexiform layer), whereas Gαt1 was almost exclusively localized to the outer segment (OS)
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(Fig. 1, DA). This is illustrated in the merged image showing no co-localization of
UNC119a and Gαt1. Following light-adaptation, the overall distribution of UNC119a
remained largely unchanged, however a major fraction of Gαt1 underwent translocation
from the outer segment to the other rod cellular compartments, where it co-localized with
UNC119a (Fig. 1, LA).

While conducting immunofluorescence analyses, we made an observation that the overall
intensity of the UNC119a signal in the retina sections obtained from mice exposed to 500
lux light was appreciably higher than in those from their dark-adapted counterparts (Fig. 1).
Because the total amount of UNC119a in the retinas does not change significantly during the
course of the light conditioning procedure (data not shown), the observed variation of the
immunofluorescence signal could perhaps be explained in terms of epitope masking
affecting binding of the antibody to UNC119a in a light-dependent manner. This observation
prompted us to repeat our measurements using an alternative technique based on Western
blotting and not sensitive to epitope masking effects [6, 37]. This technique takes advantage
of the highly ordered arrangement of rod photoreceptors with their major cellular
compartments present in paralleled retina layers (Fig. 2A). Owing to such an alignment, the
average distribution of any protein in an individual rod can be determined by measuring the
distribution of this protein in serial sections tangential to the plane of retina layers. For these
experiments we choose to use rats, as their retinas are better suited for the tangential
sectioning due to their bigger size and smaller curvature compared to mouse retina. Animals
were dark-adapted overnight, and then exposed to 100 lux and 1000 lux light for 45 min.
Following light conditioning rats were euthanized and their retinas harvested and serially
sectioned. The amount of UNC119a and Gαt1 in each section was determined by Western
blotting, along with the following reference proteins. Rod outer segment membrane protein,
rom-1, was used as a marker of the outer segment. A mitochondrial marker, COXI, was used
to visualize the distal part of the inner segment adjacent to the outer segment and containing
most of the photoreceptors’ mitochondria. A photoreceptor specific soluble protein,
phosducin, was used to identify the photoreceptor boundaries, while ubiquitous β-tubulin
was used as a loading control to ensure even distribution of cellular material among sections,
with the exception of the outer segment, which contains decreasing amounts of
microtubules. Three representative analyses, for each type of illumination used, are
illustrated in Fig. 2B–D.

Our results, obtained by the serial sectioning technique, were generally consistent with the
immunofluorescence data. As such we confirmed that, while UNC119a could be detected in
any cellular compartment, it is predominantly localized to the rod inner segment. This
subcellular distribution of UNC119a remained essentially the same under all tested levels of
illumination. As calculated from the shown blots, 24–32% of total UNC119a is present in
the outer segment (sections 1–4), 51–62% in the inner segment (sections 6 and 7), and 9–
16% is evenly distributed through the outer nuclear and outer plexiform layers (sections 8–
13). The absence of any significant subcellular translocation of UNC119a was really
noticeable when compared to Gαt1, whose compartmentalization shows a strong
dependency on the history of illumination. During prolong dark adaptation Gαt1
accumulates in the outer segment, as evident from the near identical distribution of rom-1
and Gαt1 under this condition (Fig. 2B). Under a dim 100 lux light, some translocation of
Gαt1 from the outer segment is already taking place (Fig. 2C), however only bright 1000 lux
light is triggering a full scale event (Fig. 2D). Interestingly, the profile of light-dispersed
Gαt1 closely resembles that of phosducin (Fig. 2D).

3.2 Quantification of UNC119a in mouse retina
The interaction of UNC119a with Gαt1 [16, 17] and their protein distributions in light-
adapted retinas (Figs 1 and 2) support the complex formation between UNC119a and Gαt1
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in the rod inner compartments. Transducin is a major photoreceptor protein, and its mouse
retina content is known [39]. However, the relative abundance of UNC119a and its molar
ratio to Gαt1 in rods is unknown. To quantify UNC119a in a mouse retina, we first
expressed and purified the His6-tagged mouse UNC119a to use as a protein standard. After
purification, no additional bands were seen in the UNC119a standard on a Coomassie-
stained gel (Fig. 3A). UNC119a contains no Trp residues, and therefore, its protein
concentration measurement by UV absorption at 280 nm is highly unreliable. Instead, we
determined the UNC119a standard concentration by quantifying UNC119a bands along with
serial dilutions of two protein standards of known concentration, BSA and carbonic
anhydrase, on Coomassie-stained gels. The use of both BSA and carbonic anhydrase yielded
linear calibration curves, and produced nearly identical estimates of the concentration of
UNC119a standard. To determine the UNC119a mouse retina content, we first analyzed the
protein partitioning between the soluble and membrane fractions. This analysis revealed that
UNC119 is fully solubilized by retina extraction with hypotonic buffer (Fig. 3B). The
soluble retina fraction was utilized in the quantification of UNC119a by Western blotting
since this allowed us to minimize the effects of protein masking. According to our analyses,
mouse retina contains 0.47 ± 0.06 μg or ~17 pmol of UNC119a (Fig. 3C & D).

3.3 Gαt1 is increasing the protein level of UNC119a in rods
It is not unusual for interacting proteins to regulate each other’s expression in the cell. To
test whether the expression of UNC119a and Gαt1 is co-dependent, we determined the
protein level of UNC119a in the retinas of Gαt1 knockout mice (Gαt1

−/−) using their
heterozygous littermates (Gαt1

+/−) that express normal levels of Gαt1 as controls [40]. We
found that the level of UNC119a in the Gαt1

−/− retina was on average reduced by two fold
(Fig. 4A & B). Because knockout of the Gαt1 gene neither negatively affects photoreceptor
viability nor the expression of other visual signaling proteins [40], the down-regulation of
UNC119a thus appears to be specifically related to the absence of Gαt1 in these cells.
Furthermore, we previously documented an even stronger four fold reduction of UNC119a
in the retinas of transgenic mice expressing truncated phosducin-like protein, [41]. Like
Gαt1

−/− mice, these mice express no detectable Gαt1 in the retina [41], which further
supports the notion that the expression of UNC119a depends on Gαt1. To explore a common
molecular mechanism underlying this effect, we quantified the levels of UNC119a transcript
in both Gαt1

−/− and Tg(Δ1−83PhLP+/−) mice by real-time RT-PCR. We found no evidence of
any significant reduction of the UNC119a transcript due to the absence of Gαt1 in each
model (Fig. 5). Thus, in all probability, Gαt1 is increasing the level of UNC119a in
photoreceptors by a posttranslational mechanism, such as protein stabilization via complex
formation.

4. Discussion
UNC119a is an abundant photoreceptor protein with multifaceted, yet poorly understood
functions in protein trafficking and synaptic regulation in photoreceptors [15–18]. The
recently discovered interaction of UNC119a with the Gαt1 subunit of the visual
heterotrimeric G protein, transducin, and its potential role in transducin trafficking has
renewed interest in understanding the significance of UNC119a for photoreceptor cell
function {15, 16]. Most intriguing is the finding of the unique selectivity on UNC119a for
the N-acyl lipid modification, which is different from that of a homologous prenyl-binding
protein PrBP/δ [16, 17]. This feature makes UNC119a well-suited to facilitate subcellular
trafficking of Gαt1 by acting as its myristoyl sheath.

To understand this cellular function of UNC119a further, here we qualitatively and
quantitatively analyzed UNC119a expression in rod photoreceptors. We found that
UNC119a is specifically enriched in the inner segment of rods, although smaller amounts of
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this protein could be detected essentially everywhere (Fig. 1, 2). There is no significant co-
localization of UNC119a with Gαt1 in dark-adapted rods. However, exposure of animals to
saturating levels of illumination triggers transducin translocation from the rod outer
segment, whereas subcellular localization of UNC119a is unaffected by light. This results in
substantial, but not complete, co-localization of UNC119a and Gαt1 in the inner segment.
Our conclusion that UNC119a is compartmentalized primarily in the inner segment contrasts
with earlier assessments that UNC119 is predominantly a synaptic protein with lesser
presence in the inner segment [18, 25]. The difference between the UNC119 localization
observed here and previously [18, 25] is likely due to the application of the serial sectioning/
Western blotting technique that is insensitive to the epitope masking effects [6, 37].
Furthermore, we found that while UNC119a is largely excluded from the apical outer
segment, a fraction of the protein is present in the basal portion of the outer segment (Fig.
2). It is plausible that such an asymmetric distribution of UNC119a reflects its function in
the trafficking of transducin in the inner segment→outer segment direction in the dark.
Indeed, recent analyses of UNC119a-null mice revealed that UNC119a has no effect on the
transducin outer segment to inner segment translocation in light [16]. In agreement, we
found no evidence of any light-evoked redistribution of UNC119a concurrent with the
movement of Gαt1. Also, since UNC119a has been shown to promote transducin
partitioning from the membranes and block phototransduction [17], its exclusion from the
outer segment is necessary to preserve signaling and prevent uncontrolled outflow of
transducin from this compartment. On the contrary, this property of UNC119a may be
beneficial in the inner segment, where UNC119a could promote dissociation of transducin
from the inner segment membranes. Thus, by keeping light-dispersed transducin moveable
in the inner segment, UNC119a is facilitating its return to the outer segment in the dark, as
shown experimentally [16]. The targeting of the Unc119a/Gαt1 complex to the connecting
cilium and release of Gαt1 into the outer segment are probably regulated by ciliary
ARL3•GTP, as it was shown for NPHP3 [24]. The mechanism of ARL•GTP-dependent
dissociation of Gαt1 from UNC119a may be similar to the model of allosteric release of
farnesylated cargo from PrBP/δ [34]. Subsequent disruption the ARL•GTP/UNC119a
complex requires GTP hydrolysis and the activity of the ARL3-specific GAP, retinitis
pigmentosa protein 2 (RP2) [24, 42]. RP2 is not confined to the cilium, rather it is localized
to the plasma membrane including the outer segment membrane [43]. Such distribution of
RP2 may be responsible for the presence of UNC119a in the base of the outer segment
observed in this study.

Overall, our findings on UNC119a compartmentalization in rods are consistent with the
phenotype of the UNC119a knockout mouse [44]. This mouse model revealed a retinal
degeneration phenotype linked to a dysfunction in the distal inner segment/outer segment
compartments of rods rather than in the synapse [44]. Although our results indicate that
UNC119a is significantly less abundant in the synaptic terminal compared to the inner
segment, its concentration in the synaptic terminal might be relatively high considering the
lower cytoplasmic volume of a rod spherule [45]. The fraction of UNC119a in the synaptic
terminal may support synaptic roles of the protein suggested by several studies [18, 25, 27].

Knowing the relative abundance of UNC119a and its molar ratio to Gαt1 in rods can provide
additional clues to the significance of UNC119a for transducin trafficking. Our
measurements demonstrate that a mouse retina contains ~17 pmol of UNC119a. Based on
two different measurement approaches, Western blotting [39] and binding of a
nonhydrolysable GTP analog GTPγS [46], and a widely accepted ~1:8 transducin to
rhodopsin molar ratio [47], the amount of Gαt1 in adult mouse retina containing ~500 pmol
of rhodopsin [48] could be estimated as ~60 pmol. Thus, the most conservative estimation of
the relative UNC119a abundance yields a molar ratio of one molecule of UNC119a per four
molecules of Gαt1. Depending on the light-exposure and the extent of transducin
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translocation, the relative concentrations of UNC119a and Gαt1 in the inner rod
compartments may range from nearly stoichiometric to a 3–4-fold excess of Gαt1,
suggesting that Gαt1 may serve as a major partner of UNC119a. This notion is also
supported by down-regulation of UNC119a in Gαt1-null rods (Fig. 4). A similar down-
regulation of UNC119a was previously observed in several other models - most recently in
transgenic Δ1−83PhLP+/− mice, where it was attributed to the suppression of the chaperonin
containing TCP-1 [41]. These mutant mice, however, also lack any detectable Gαt1
expression, which therefore makes it possible that the reduction of UNC119a in this model
was due to the loss of Gαt1. A reduction of UNC119a was also observed in mouse
photoreceptors lacking CaBP4 [25]. CaBP4 is one of the binding partners for UNC119a that
lacks N-terminal myristoylation [25]. As a major UNC119a interacting partner, Gαt1 can
outcompete myristoylated cargo for UNC119a, or form ternary complexes with UNC119a
and its lipid-independent partners. UNC119a partners have been linked to regulation of
ciliary function and synaptic transmission in photoreceptor cells [25, 27–29]. Our study
highlights a novel potential role for the light-induced translocation of transducin in rods, i. e.
the possibility that translocated transducin, via its interaction with UNC119a, modulates
ciliary trafficking and synaptic transmission in photoreceptors.

5. Conclusion
Our study demonstrates that UNC119a is enriched in the inner segment of rod photoreceptor
cells, whereas its amounts in the synaptic terminal are significantly lower. We also found
that a fraction of UNC119a resides in the basal portion of the rod outer segment. The
intracellular distribution of UNC119 is light-independent and consistent with its proposed
role in transducin trafficking to the outer segment. The estimated 4:1 molar ratio of
transducin to UNC119a and downregulation of UNC119a in rods lacking Gαt1 suggest that
light-dispersed transducin is a major binding partner for UNC119a in the inner
compartments of the rod.
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Highlights

1. UNC119 is enriched in the inner segment of rod photoreceptors.

2. UNC119a distribution in rods is light-independent and consistent with its role in
transducin trafficking.

3. The estimated molar ratio of UNC119a to transducin is ~1 to 4.

4. UNC119a is downregulated in the absence of transducin-α.

5. Light-translocated transducin-α is apparently a major binding partner for
UNC119a.
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Figure 1. Gαt1 and UNC119a co-localize following light-dependent translocation of transducin
Cryosections of mouse retinas were obtained from dark- (DA) and light-adapted (LA: 45
min, 500 lux) Gαt1

+/− mice. The sections were stained with a monoclonal anti-UNC119a
antibody [25] (green) and a rabbit anti-Gαt1 antibody K-20 (SCBT) (red). The staining was
visualized using goat anti-rabbit AlexaFluor 568 and goat anti-mouse AlexaFluor 488
secondary antibodies under a Zeiss LSM 510 confocal microscope. Bar – 20 μm. OS – outer
segment, IS – inner segment, ONL – outer nuclear layer, OPL – outer plexiform layer.
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Figure 2. Analysis of the distribution of UNC119a and Gαt1 by Western blotting of serial
sections of the retina
(A) Cross-section of rat retina stained with toluidine blue, retina layers abbreviated as in Fig.
1. (B–D) Retinas were obtained from either dark adapted rat (B) or rat exposed to 100 lux
(C), or 1000 lux (D) light for 45 min, flat mounted, frozen and serially 10 μm sectioned (1–
16). Each section was dissolved in SDS sample buffer, and analyzed by Western blotting
with antibodies against the proteins indicated next to each blot. Plots show quantification of
UNC119a (green), and Gαt1 (red), phosducin (yellow), and rom-1 (cyan) distribution in the
blots: the fluorescence value of a specific band in each section on the corresponding blot
was plotted as a percentage of the total fluorescence value of all bands in all sections on the
blots.
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Figure 3. Quantitative immunoblot analysis of UNC119a in mouse retina
A. Coomassie blue-stained UNC119a standard. For use as a standard, mouse UNC119a was
cloned into the pET15b vector, and the His6-tagged protein was purified as described in
Section 2.3
B. Mouse retinas were homogenized in hypotonic buffer by brief sonication, separated into
soluble and membrane fractions (100,000g, 45 min), and analyzed by western blotting with
an anti-UNC119a antibody [25].
C. Soluble fractions from the mouse retinal homogenates and His6-tagged mouse UNC119a
standards were analyzed by western blot using an anti-UNC119a antibody.
D. Integrated densities of the individual His6-tagged UNC119a bands in the western blot
were measured using ImageJ, and a linear fit curve was obtained by plotting these values.
Using this standard curve, the amount of UNC119a in a single mouse retina was estimated
to be ~0.46 μg. Shown here is a result from a representative experiment. From six similar
experiments, a single mouse retina is estimated to contain 0.47 ± 0.06 μg (Mean ± SE) or
~17 pmol of UNC119a.
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Figure 4. UNC119a protein levels are reduced by ~2-fold in the retina of Gαt1 knockout mice
A. Retinal homogenates were obtained by solubilizing two retinas in 100 μl of 10% SDS.
Total homogenates from control (Gαt1

+/−) and transducin-α knockout (Gαt1
−/−) mice were

analyzed by western blotting with monoclonal anti-UNC119a and anti-RGS9 antibodies.
RGS9 served as a loading control.
B. The UNC119a protein levels in each sample were quantified by measuring the integrated
densities of the bands using ImageJ, and linear fit curves were obtained for both control and
transducin-α knockout (Gαt1

−/−) mice. From these curves, UNC119a protein levels were
found to be reduced by 2.04-fold in retinas of Gαt1 knockout mice. Shown here is one
representative experiment. From three similar experiments, the fold change in UNC119a
protein levels in control vs transducin-α knockout (Gαt1

−/−) mice was determined to be
2.223 ± 0.138 (Mean ± SE).
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Figure 5. Normal levels of UNC119 transcript in the retinas lacking Gαt1 expression
The levels of UNC119a transcript in the retinas of 10 days-old Δ1−83PhLP−/−

(WT), Δ1−83PhLP+/−, and Gαt1
−/− mice were determined by quantitative real-time PCR. The

mean of three independent measurements in Δ1−83PhLP+/− and Gαt1
−/− mice was

normalized to that in Δ1−83 PhLP−/− mice regarded as a wild-type control.
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