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Abstract Three major visual signaling proteins, transducin,
arrestin, and recoverin undergo bidirectional translocations
between the outer segment and inner compartments of rod
photoreceptors in a light-dependent manner. The light-
dependent translocation of proteins is believed to contribute
to adaptation and neuroprotection of photoreceptor cells. The
potential physiological significance and mechanisms of
light-controlled protein translocations are at the center of
current discussion. In this paper, I outline the latest advances
in understanding the mechanisms of bidirectional transloca-
tion of transducin and determinants of its steady-state
distribution in dark- and light-adapted photoreceptor cells.
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Introduction

Vertebrate rod and cone photoreceptors are highly polarized
neurons with specialized ciliary compartments called outer
segments (OS) that serve to capture photons and initiate
visual signal transduction [1-3]. A majority of key
photoexcitation and recovery components, such as the
photon receptor rhodopsin (R), the effector enzyme
c¢GMP-phoshodiesterase 6 (PDE6), the cGMP-gated chan-
nel/exchanger complex, the GTPase activating protein
(GAP) complex RGS9-1/G35/R9AP, and retinal guanylyl
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cyclases (GC1 and GC2) are integral or peripheral
membrane proteins that reside in the OS regardless of
illumination conditions. These phototransduction proteins
are constantly turned over through phagocytosis of the OS
tips by RPE cells and the addition of the newly synthesized
components at the base of the OS [4]. Protein synthesis in
photoreceptors takes place in the inner segment (IS), a
distinct compartment that contains typical cellular metabo-
lism organelles. A slender connecting cilium joins the IS
with the OS. All newly synthesized OS resident proteins
must be transported within the IS and across the cilium to
reach their destination. In contrast to this unidirectional
IS—OS transport, three phototransduction proteins, trans-
ducin (Gt), arrestin, and recoverin, have been shown to
undergo bidirectional translocations between the two
compartments in a light-dependent manner [5—10]. Thus,
the polarized distribution of transducin, arrestin, and
recoverin is controlled by changes in illumination. In
dark-adapted photoreceptors, Gt and arrestin are concen-
trated in the OS and IS, respectively. Sufficiently, bright
light induces extensive and relatively rapid movement of
the rod G protein from the OS into the IS and the synaptic
terminal, whereas arrestin moves in the reverse direction
from the IS into the OS [5-10]. Once in the OS, arrestin
quenches activation of transducin by binding to photoex-
cited phosphorylated rhodopsin [1]. The light-dependent
translocation of proteins is thought to contribute to light/
dark adaptation and may also protect the photoreceptor cell
from light- and phototransduction-dependent retinal degen-
eration [1, 8, 11]. Potential roles and mechanisms of light-
controlled protein translocations are being actively debated
and constitute the subject of comprehensive review [12].
Although a quantitative analysis of the translocation time
course and light intensity dependence was first described
for transducin [8], subsequent reports revealed more
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mechanistic details about the light-dependent movement of
arrestin [9, 13]. More recent studies, however, have
contributed important insights into the determinants of
transducin compartmentalization and the mechanism of its
translocation in rods [14—16]. This mini-review focuses on
the latest progress in understanding bidirectional transloca-
tion of Gt.

Transducin Transport from the IS to the OS

Rod Gt is transported from the IS into the OS following
two independent processes: (a) biosynthesis and subunit
assembly in the IS and (b) during dark adaptation after its
light-dependent translocation from the OS. Although a
specific transport mechanism for newly synthesized Gt is
largely unknown, it is reasonable to assume that subsequent
to synthesis, processing, and assembly, transducin takes the
same path as when it returns to the OS in the dark after light
exposure. Translocated in light, nearly all transducin returns
to the OS on a timescale of several hours [8]. Thus, the
transport mechanism for transducin return has more than
enough capacity to take along all newly synthesized Gt.

Lipid Modifications and Formation of Heterotrimeric Gt
are Required for Its Correct Transport to the OS The
membrane targeting and transport of Gt are controlled by its
lipid modifications [17-19]. Rod Goy; is heterogeneously
fatty acylated at the extreme N-terminal Gly residue with
C12:0, C14:0, Cl14:1, or Cl14:2 moieties [20]. This
heterogeneity contrasts with the modification of other Gi
family Go subunits that are N-terminally acylated exclu-
sively with myristate (C14:0) [17, 18]. Cone Gy,
expressed in rods was shown to be N-acylated only with
C14:0 [15]. Therefore, the heterogeneous acylation of Go;
is determined not just by availability of alternative
substrates for N-myristoyl transferase [21] but by the N-
terminal sequence of Goy; as well [15]. N-acylation is an
irreversible co-translational modification that promotes
weak interaction of Goy; with membranes in vitro [21].
Often, a single lipid modification alone is not sufficient to
keep a protein attached to a membrane [17, 18, 22-24]. A
second lipid anchor for Gt is provided through farnesylation
of the Gy-subunit [25, 26]. A thioether-linked isoprenoid
farnesyl (C15) is attached to the Gy; Cys residue within the
C-terminal “CAAX” box [27]. Most studies are consistent
with a model in which Gy-subunits are isoprenylated by
cytosolic prenyl transferases subsequent to the assembly of
the Gy dimer in the cytoplasm [28]. G3y complexes are
then targeted to the endoplasmic reticulum (ER) for further
processing, which includes removal of the C-terminal
tripeptide —~AAX and carboxymethylation of the terminal
Cys residue [29, 30]. Plentiful data suggest that formation

of a heterotrimeric G protein is a prerequisite for proper G-
protein targeting to the plasma membrane [27, 31, 32].
Likewise, growing evidence supports the requirement for
association of Goy; with Gf3;y; for correct transport of
transducin to the OS. Gf;y; relies on Goy; for its
localization, as it is mislocalized and distributed throughout
the photoreceptor cells in dark- or light-adapted Goy
knockout mice (Fig. l1a) [33]. Conversely, transport of
Goy; depends on its association with Gf3y;. The time
course of the transfer to the OS for the GTPase-deficient
Goy; Q200L mutant is extremely slow (Fig. 1b) [34].
Apparently, the long time constant for GTP hydrolysis by
Gy Q200L exceeds the mutant lifetime in the IS, allowing
only a small fraction of Goy;;Q200L to hydrolyze GTP, bind
Gfv;, and escape to the OS before protein degradation.
As a result, any significant accumulation of Goy;Q200L in
the OS requires many days of dark adaptation of transgenic
mice [34]. Also, in «-toxin-permeabilized retinas, both
GTP and GTPyS allowed transducin to disperse from the
OS in the light, but Gt return to the OS in the dark occurred
only when GTP was used [15]. Correct targeting of Gt to
the OS requires bound GDP, as the Ga;; S43C mutant with
severely reduced affinity for GDP is mislocalized in
transgenic mouse rods (Fig. 1b; B. Barren and N.
Artemyev, unpublished). G, S43C retains the ability to
bind Gy, in vitro [35], suggesting potential mistargeting
of the mutant heterotrimer lacking bound GDP. Lastly, the
kinetics of return of Gy, and Gf3,7y, return to the OS in the
dark are identical, indicating that Gt moves in the IS—OS
direction as the heterotrimer [8]. Combining the two lipid
anchors in a single holo-Gt molecule is critical for its
transport. Recent analysis of the N-acylation-deficient
mutant, Go;G2A, in transgenic mice demonstrated that
GoyG2A is fully capable of interaction with Gf3;y; [16].
Yet, dark-adapted rods expressing GoG2A showed a
severe defect in its cellular localization. GoG2A was
found predominantly in the inner compartments of the
photoreceptor cells with only 15-20% of the mutant protein
present in the OS [16] (Fig. 1b). Thus, the current data on
trafficking of Gt and G-proteins in general indicate that the
heterotrimer formation is the triggering event for transducin
transport to the OS. The two lipid anchors provide a stable
interaction of transducin with an intracellular membrane
[22]. Photoreceptor ER membrane represents the earliest
potential site for the formation of membrane-bound holo-Gt
after protein synthesis, as the processing of the prenylated
Gf1y; is completed by the ER-associated machinery. An
extensive membrane network of the ER may also serve as a
docking site for the translocated transducin before its return
to the OS.

The IS—OS Direction: Molecular Motors or Diffusion?
Two common modes of protein transfer, an energy-
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Fig. 1 Mouse models displaying mislocalization of rod transducin
subunits in dark-adapted photoreceptors. A Immunofluorescence local-
ization of Gy, in wild-type (WT) and Gey; knockout (Gt ™) mouse
retinas. B Immunofluorescence localization of wild-type and mutant

dependent motor-driven mechanism and diffusion, are
available for the IS—OS transport of Gt [8]. Conflicting
reports have suggested that Gt movement to the OS is an
energy-independent diffusion [9], or that it is dependent on
microfilaments, and hence, is an active transport mecha-
nism [36, 37]. As a membrane-bound protein, Gt, to
diffuse, must become soluble through a protein—protein
interaction, sequestering one or both of the lipid anchors.
Phosducin is a well-characterized and abundant IS protein
that can reduce the affinity of Gf3;y; for the membrane by
inducing a farnesyl-binding cavity in the (3 propeller of
Gf1v; [38—40]. Modest mislocalization of Gey; and G31y;
to the IS was observed in dark-adapted phosducin knockout
mice [41]. However, this observation does not necessarily
reflect an essential role for phosducin in the IS—OS
transport because (a) phosducin prevents re-association of
Goy and GB1y;, and (b) expression levels of transducin
subunits are reduced in the phosducin knockout model [41,
42]. Phosducin may protect G3;y; from proteolysis [43]
and/or assist in targeting of prenylated Gf3,y, to intracel-
lular membranes that serve as a starting point for Gt
transport. Phosphorylation of phosducin in the dark allows
the release of Gf3;y; and formation of heterotrimeric Gt,
thereby potentially serving as an early triggering event for
transducin transport to the OS [38, 44]. Another known
photoreceptor prenyl-binding protein is PrBP/5. This 17-
kDa protein was originally considered the &-subunit of
PDEG6 [45]. It interacts with the methylated prenylated C
termini of PDEG6 catalytic subunits and regulates the
enzyme attachment to the membrane [46]. Subsequent
studies indicated that PrBP/d is also expressed outside
photoreceptor cells and can interact with a number of
prenylated and non-prenylated proteins [47]. In rods, PrBP/
d localizes mainly near the junction of the IS and OS [47].
Recent analysis of the PrBP/& knockout mice revealed
partial mislocalization of PDE6 and prenylated rhodopsin
kinase (GRK1) in rods as well as severe reduction of GRK1
and cone PDEG6 in the OS of cones [48]. Thus, PrBP/6
facilitates transport of a subset of prenylated proteins in
photoreceptors. Interestingly, deletion of PrBP/6 did not
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affect the distribution of transducin [48]. Consequently,
either diffusion of Gt in the IS—OS direction is mediated
by an as yet unidentified binding partner or transducin
utilizes a vesicle-mediated transport mechanism. A direc-
tional vesicle-mediated transport is generally thought to
utilize molecular motors, which would seem to conflict
with unimpaired transducin IS—OS traffic in ATP-depleted
rods [9]. It is conceivable, however, that transducin-
carrying vesicles move towards the cilium by diffusion in
a cargo-dependent manner. A preexisting activated protein
complement required for vesicle formation [49] or pre-
formed pools of vesicles may have allowed the transport of
Gt toward the connecting cilium and the OS even under
conditions of severe ATP depletion. Yet, several studies
indicate an active molecular-motor-mediated mode of Gt
transport in the dark. These studies suggest, on the basis of
the effects of cytoskeleton-disrupting drugs, that the
IS—OS transport of transducin is dependent on micro-
tubules [36] and/or actin filaments [37]. Moreover, an
siRNA-induced knock down of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) in photoreceptors slowed
transducin translocation from the IS to OS during dark
adaptation [50]. GAPDH is present in large quantities in
rod OS, and some of the energy required for the synthesis
of ATP and GTP is likely to be derived from glycolysis in
the OS [51]. Therefore, the effect of GAPDH knockdown
on translocation of Gt may reflect an energy-dependent
mechanism.

Gt Transport Across the Cilium The mechanism of trans-
ducin transport through the connecting cilium is unknown.
Transducin-carrying vesicles or protein complexes may
diffuse across the cilium or fuse at the ciliary base with the
plasma membrane. The surface of the ciliary membrane can
then be utilized by mechanisms such as intraflagellar
transport (IFT) complexes to move Gt to the OS. Diffusion
of Gt through the inner lumen of the cilium may be
controlled by centrins. A recent review provides a detailed
description of protein complexes in photoreceptor cilia,
including centrin—transducin complexes and their potential
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functions [52]. Three isoforms of the Ca**-binding protein
centrin have been localized in the cilium where they bind
Gt via the Gf3;y;-mediated interaction in a Ca2+—dependent
manner [53]. By slowing or blocking transducin movement,
centrins potentially “gate” its exchange through the cilium
[53]. However, in this rather passive role, centrins cannot
directly contribute to the mechanism driving transducin
movement across the cilium. IFT is a conserved transport
mechanism required for the assembly and maintenance of
eukaryotic cilia, including the photoreceptor cilium [54,
55]. The IFT system moves a large protein complex along
the outer doublet microtubules in the cilium by utilizing
kinesin 2 proteins as anterograde motors and dyneins as
retrograde motors [54, 55]. The latest study on IFT
components in photoreceptors revealed the special distri-
bution of several IFT proteins within the photoreceptor
cells [56]. Endogenous IFT proteins are concentrated in the
apical part of the IS around the basal body and along the
axoneme in the OS [56]. The IFT complex may mediate
transport of rhodopsin through the cilium. Deletion of
Kif3A, the kinesin II subunit, and mutation in the IFT
protein IFT88/polaris lead to mislocalization of rhodopsin
and photoreceptor cell death [55, 57]. Furthermore, rho-
dopsin and retinal guanylate cyclase 1 (GCl) can be
immunoprecipitated together with IFT proteins [54]. Al-
though transport of rod Gt in the Kif3A knockout [55] and
GC1/GC2 double knockout mouse models [56] was
largely unaffected, deletion of GC1 or both GC1/GC2
markedly impaired transport of cone Gt [58]. This
observation suggests that the trafficking pathways for rod
and cone transducins might be different, and cone Gt may
utilize GC1- and the ITF-complex-dependent transport
mechanism.

Once Gt reaches membrane discs at the base of the OS, it
continues to move in the dark to populate membrane discs
in the apical OS. Understanding the mode of Gt transport
within the OS towards the tip of a photoreceptor cell
represents a significant unresolved question. Here, an active
mechanism would seem to be an attractive alternative, as it is
unclear how such Gt movement can be achieved by diffusion.

Determinants of Transducin Distribution in Dark-Adapted
Rods In the dark-adapted state, 80-90% of the total
photoreceptor Gt concentrates in the OS (Fig. 1b) [8].
What determines this polar distribution of Gt? The two-
lipid requirement for Gt localization suggests that mem-
brane affinity is a likely determining factor for the protein
accumulation in the OS. Moreover, the extent of light-
induced translocation of transducin subunits is influenced
by the hydrophobicity of the lipid modifications [14]. In
agreement with the role of membrane affinity in Gt
localization in the dark, the density of disc membranes in
the OS is very high. This steady-state distribution of

transducin in the dark may be consistent with either
diffusion or active IS—OS transport of Gt. In the case of
diffusion, the distribution would probably reflect the
relative membrane abundance, and perhaps, the presence
of rhodopsin in the OS. Studies using plasmon-waveguide
resonance spectroscopy [59] as well as computational
analyses [60] suggest that rhodopsin in its ground “dark”
state maintains residual affinity for transducin and may
enhance Gt binding to disc membranes. Recently, GAPDH
was found to interact with transducin [50], but the enzyme
plasma membrane localization indicates that it is unlikely to
serve as a major binding site for Gt on the OS [51]. Active
transport would bring Gt to the OS where it is trapped by
binding to disc membranes. A residual fraction of transducin
might be retained in the IS by membranes and/or transducin-
binding proteins, such as the Leu-Gly-Asn repeat protein
LGN [61, 62].

Light-Induced Movement of Transducin: Diffusion
Makes Sense

Similar to the IS—OS movement of Gt in the dark, two
general mechanisms, diffusion and active transport, may
underlie the phenomenon of its light-dependent OS—IS
translocation [8]. Both mechanisms have been actively
debated, and at present, the diffusion model is supported by
prevailing evidence. In rod cells, photoexcited rhodopsin
(R*) stimulates GTP-GDP exchange on Gt, leading to
dissociation of G GTP from Gf;y, and from the
membrane [1-3]. In a diffusion model, the light-induced
dissociation of Gt subunits simply allows them to diffuse
into the IS and other rod compartments [8]. A number of
studies are in agreement with the general diffusion
mechanism. Goy; and Gy; translocate in response to
light with different time courses [8]. In addition, geranyl-
geranylation of Gy, attenuates translocation of G3y;, but
not Gy, in transgenic mice [63]. Phosducin binds Gf3v;
when it is dissociated from Goy; and facilitates transloca-
tion of Gt subunits in the light [41]. All this evidence
strongly suggests that Gt moves to the IS as dissociated
subunits. Translocation of transducin does require photoex-
citation of R and does not take place in RPE65 knockout
mice in which regeneration of R from opsin is blocked [64].
Importantly, light-induced translocation of Gt occurs in
rods that are depleted of ATP, indicating a passive transport
mechanism such as diffusion [9, 15].

However, after activation by R*, GoyGTP rapidly binds
and stimulates the effector enzyme ¢cGMP phosphodiester-
ase (PDE6). The N-acylation of Goy, along with lipid
modifications of PDE6 provides for tight tethering of the
activated Go/PDE6 complex to the membrane [65, 66].
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The Gy, GTP/PDE6 complex is deactivated when bound
GTP is hydrolyzed due to intrinsic GTPase activity of Go;
controlled by the membrane-bound GAP complex, RGS9-
1/G35/R9AP [1-3]. The GDP-bound G, then recombines
with G3,v;, and Gt subunits rebind to the membrane as the
heterotrimer. Thus, Goy; in the activated complex with
PDEG6 or inactivated by the GAP complex is not free to
diffuse. Two further predictions of the diffusion hypothesis
must then be validated. First, there should be a light
intensity threshold for Gt translocation such that the steady-
state concentration of activated Gy, at minimum exceeds
PDE6 concentration. Secondly, this threshold should
depend on the presence and concentration of the RGS9
GAP complex. Indeed, quantitative analysis indicated that a
notable translocation of Gay; starts only when light
intensity reaches a threshold producing rhodopsin photo-
isomerisations at the initial rate of ~5,000 R* per rod per
second [8, 12, 14]. Subsequently, it was demonstrated that
compared to wild-type mice, Gt translocation in RGS9
knockout mice occurs at lower levels of illumination [34].
This observation has been recently confirmed in RIAP
knockout mice, another model lacking the RGS9 GAP
complex proteins [14]. In the absence of RGS9, the lifetime
of diffusion-capable GoyGTP increases, but so does the
extent of signaling, which could potentially be responsible
for Gt translocation. An important extension of the analysis
of Gt translocation in mice lacking the GAP complex is the
demonstration of a similar threshold shift to lower light
intensities in mice expressing the W70A mutant of the Py-
subunit [14]. This mutation markedly reduces transducin’s
ability to activate PDE6 as well as blocks the ability of Py
to potentiate the RGS9 GAP complex in inactivating
Goy GTP [67]. Thus, the light threshold is a function of
transducin inactivation, not a signaling event downstream
of Gt. Furthermore, Lobanova et al. [14] have also shown
that the threshold can be shifted toward higher light
intensity in mice overexpressing the RGS9 GAP complex.
This analysis suggests that the light threshold for transducin
translocation is reached when the rate of Gt activation by
R* exceeds the capacity of the RGS9 GAP complex to
inactivate Go,GTP [14].

In contrast to transducin translocation in rods, cone Gt
does not move to the IS in light-adapted cones even in the
absence of RGS9 [15, 68—70]. Partial translocation of cone
Gy, was observed only with high intensity light [71].
Interestingly, when expressed in transgenic rods, Gx,, was
able to translocate in a light-dependent fashion [15, 71]. A
recent study has addressed this important difference
between rod and cone transducins [15]. The cone Gt,
comprised of Goy, and GP3ys, was still bound to the
membrane as a heterotrimer upon activation with GTPyS.
Yet, the activation of cone Gt coupled with the addition
of G and GPy dissociating peptide caused release of

Goy and GPzyg from the membrane and enabled their
translocation in cones [15]. Thus, the study results clearly
favor the diffusion model by demonstrating subunit
dissociation-dependent and energy-independent transloca-
tion of Gt [15].

Although the diffusion model for the OS—IS movement
of Gt is supported by the abundance of evidence, few
studies point to a potential role of cytoskeletal elements in
the process [36, 72]. One study in particular found that
perturbation of microtubules slowed the movement of
transducin in the OS—IS direction [36]. Nevertheless,
another recent study using similar methodology has found
that in contrast to the Gt transport during dark adaptation,
the light-induced movement of Gt is not critically de-
pendent on cytoskeletal systems [37]. Moreover, the scale
and the kinetics of light-driven movement of Gt may well
be incompatible with the capacity of molecular motors, as
the movement by diffusion appears to meet these criteria
[12].

Steady-State Distribution of Transducin in Light-Adapted
Rods In the dark, ~85% of Gt is localized in the OS, and
saturating light causes translocation of up to 90% of the OS
transducin to the inner compartments of rod cells. Thus,
less than 10% of the total Gt remains in the light adapted
OS, and its distribution is much more polarized than it
would have been predicted for diffusing proteins. Quanti-
fication of the cytoplasmic spaces of living rods with
enhanced green fluorescent proteins confirms the prediction
from the rod ultrastructure that rod discs occupy ~50% of
the OS volume, i.e., ~50% OS space is not accessible to
diffusing proteins [73]. Under the condition that a steady-
state distribution of transducin in light-adapted rods is
determined by diffusion, at least one third of Gt would have
remained in the OS. Alternatively, the diffusion equilibrium
can be shifted by Gt binding sites in the IS to match the
observed distribution. A mechanistically similar model has
been proposed for light/dark-dependent translocations of
arrestin. The distribution of arrestin in rods is thought to be
governed by diffusion and its binding to activated phos-
phorylated R* in the OS and microtubules in the IS [9].
Furthermore, arrestin translocation is triggered at a critical
threshold of rod signaling and is superstoichiometric to R*,
suggesting that the protein release from the IS binding sites
is signal-dependent [13]. Yet, the current understanding of
transducin transport may provide a simple explanation for
transducin distribution without evoking unknown IS bind-
ing sites. In the light, Gay; and GRiy; (or GRiyy/
phosducin) diffuse relatively rapidly to the IS where in
the absence of R*-dependent activation, they “sink” each
other by forming a heterotrimer, ie., Goy and Gy,
provide IS binding sites for each other. The “sinking” effect
occurs because heterotrimeric Gt is transported back to the
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OS much more slowly. Thus, the apparent accumulation of
Gt in the IS may result from the dynamic equilibrium of the
fast diffusion into IS and slow return to the OS.

Alternative Gt-binding proteins capable of sequester-
ing abundant Gt in the IS have not been identified.
LGN, a member of the family of G-protein modulators
containing G-protein regulatory or GoLoco-motifs, is
expressed in the IS of rod cells [61, 62]. After light-
dependent translocation from the outer segments, Gy co-
localizes and interacts with LGN in the basal part of the IS
[61]. It is unlikely, however, that LGN can account for the
IS accumulation of Gt in the light, as the estimated molar
ratio of LGN to Goy; in the IS is very low [61]. Recently,
Goy; was shown to interact with GAPDH and [3-actin
[50]. The significance of these interactions for light-
dependent translocation of transducin is unclear because
GAPDH is localized primarily to the OS plasma mem-
brane [51], whereas (3-actin associates with G, only in
the dark [50].

Fig. 2 Potential modes for bidi-

Concluding Note

Recent studies have yielded major advances in understand-
ing the mechanism of light-induced translocation of trans-
ducin in rods and provided important clues to explain the
lack of transducin redistribution in cones. The preponder-
ance of evidence suggests a simple and elegant diffusion
model. According to the model, the activation of transducin
by photoexcited rhodopsin causes dissociation of Gt
subunits, allowing them to diffuse into the inner segment
as long as the Gt activation rate exceeds the capacity of the
rod RGS9 GAP complex to inactivate GoGTP (Fig. 2).
The mechanism of transducin transport in the IS—OS
direction is still poorly understood (Fig. 2). Furthermore,
the pathway of transducin delivery to the OS in cones,
which do not have to cope with light/dark-dependent G-
protein redistribution, appears to be different from that in
rods. Elucidation of the IS—OS pathways and mechanisms
for transducin and other peripheral membrane proteins
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targeted to the OS remains an important challenge for
future investigations.
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