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Abstract 

The initial steps of vertebrate vision take place in the retina, where light-sensitive 

rod and cone photoreceptor cells translate light into an electrical signal through a 

biochemical process called phototransduction. Transducin, a heterotrimeric G protein, is 

central to this process in rod photoreceptors. In rods, phototransduction begins when 

transducin is activated by the light-stimulated G protein-coupled receptor rhodopsin, 

setting off a cascade of cellular events that ultimately generates the visual signal, or 

photoresponse. Many aspects of transducin’s function were uncovered through studies 

of knockout mice lacking its individual subunits. Of particular interest is the knockout 

mouse lacking the transducin γ-subunit, Gγ1 (the Gγ1-/- mouse), which exhibits unique 

characteristics that have thus far remained incompletely understood. First, Gγ1-/- rods 

retain the ability to detect light, despite lacking the canonical transducin Gβ1γ1 complex. 

Second, these cells experience chronic proteostatic stress, consisting of an insufficient 

capacity for protein degradation by the ubiquitin-proteasome system (UPS), which leads 

to the progressive dysfunction and eventual death of Gγ1-/- rods. 

This dissertation focuses on uncovering the molecular mechanisms underlying 

the unique functional and pathophysiological consequences of Gγ1 knockout in rod 

photoreceptors. In Chapter 3, we investigate the mechanism driving light-signaling in 

Gγ1-/- rods. In Chapter 4, we evaluate whether the chronic proteostatic stress observed in 
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degenerating rods could result from insufficient activity of a specific component of the 

UPS: the substrate-processing complex formed by the AAA+ ATPase P97 (aka VCP) and 

associated cofactors.  

We determined that the level of photoresponse sensitivity of Gγ1-/- rods was 

comparable to the expression levels of Gαt and Gβ1, the remaining components of the 

transducin heterotrimer, in the outer segments of these cells. We found that two 

additional G protein γ-subunits (Gγ2 and Gγ3) are present in the outer segments of both 

WT and Gγ1-/- rods. Finally, we demonstrated that Gβ1, which normally forms an 

inseparable heterodimer with Gγ1, also forms complexes with Gγ2 and Gγ3 in both WT 

and Gγ1-/- rods. Thus, we conclude that the canonical transducin Gβ1γ1 complex is not 

the sole Gβγ complex able to facilitate phototransduction and that transducin complexes 

utilizing alternative γ-subunits support transducin activation in Gγ1-/- rods. 

Our examination of proteostatic stress in degenerating rods focused on two 

mouse models of retinal degeneration: the Gγ1-/- mouse and the knockin mouse 

expressing a single copy of the rhodopsin P23H mutation (the P23H mouse). Rods of 

both strains exhibit proteostatic stress, consisting of an insufficient capacity for protein 

degradation by the UPS, linked to the requirement to degrade misfolded photoreceptor 

proteins. We investigated whether insufficient UPS function in these cells results from 

an insufficient cellular capacity for substrate processing by P97 complexes, a critical step 
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in the proteasomal degradation of a large subset of UPS targets. Gγ1-/- and P23H retinas 

displayed strikingly different patterns of accumulation of two complementary in vivo 

proteasomal activity reporters whose degradation is either P97-dependent or P97-

independent. Based on these patterns, we conclude that the proteostatic stress observed 

in Gγ1-/- and P23H rods likely originates from distinct pathophysiological mechanisms in 

which protein degradation by the UPS may or may not be limited by the cellular 

capacity for substrate processing by P97 complexes. We show that UPS function in Gγ1-/- 

rods is likely limited by insufficient P97-dependent substrate processing, whereas 

proteasomal degradation itself limits UPS function in P23H rods. Finally, we found that, 

despite being aphenotypic in several other tissues, P97 overexpression is toxic to rod 

photoreceptors and increases proteostatic stress in Gγ1-/- rods.  

Together, these studies broaden our understanding of photoreceptor cell biology. 

In addition to illuminating the mechanisms underlying light-signaling in rods, the work 

described in this dissertation highlights phototransduction in Gγ1-/- rods as a compelling 

example of the functional interchangeability of G protein γ-subunits. To our knowledge, 

this represents the first direct demonstration of multiple Gβγ complexes performing the 

same function in a living animal. Further, this work highlights the complexity of 

pathophysiological mechanisms related to degrading misfolded proteins in mutant 
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photoreceptors, which must be accounted for in the development of effective strategies 

to ameliorate these blinding conditions. 
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1. Introduction  

Vision is the sensory process by which light is detected by the eye and perceived 

as a visual image. The initial steps of vision take place within the retina, a thin neural 

tissue lining the inner surface of the eye (Figure 1). When light enters the eye, it is 

refracted by the cornea and lens onto the retina, where it is detected by light-sensitive 

rod and cone photoreceptor cells which translate light into a neural signal, referred to as 

the visual signal or photoresponse. This signal is transmitted through photoreceptor 

synapses to downstream retinal neurons for further processing and is ultimately relayed 

through the optic nerve to the visual cortex of the brain for interpretation as a visual 

image. 

 

Figure 1: Schematic of the human eye. Upon entering the eye, light is refracted by the 

cornea and lens and projected onto the retina, a thin neural tissue lining the inner 

surface of the eye, where it stimulates the rod and cone photoreceptor cells that initiate 

vision. 
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Phototransduction is the biochemical process by which a photoreceptor converts 

a photon into a neural signal. In rod photoreceptors, this process is mediated by the 

activation of a prototypical heterotrimeric G protein, transducin, by the light-sensitive G 

protein-coupled receptor rhodopsin (Burns and Baylor, 2001; Fain et al., 2001; Arshavsky 

et al., 2002; Arshavsky and Burns, 2012; Palczewski, 2012). Many aspects of the critical 

role of transducin in rod phototransduction were elucidated through studies of 

knockout mice lacking its individual subunits. The knockout mouse lacking the γ-

subunit of transducin (the Gγ1-/- mouse) is of particular interest due to two intriguing 

characteristics exhibited by Gγ1-/- rods that have thus far remained poorly understood. 

First, Gγ1-/- rods retain the ability to detect light, despite lacking the canonical 

transducin Gβ1γ1 complex, through a mechanism that has remained contested 

(Lobanova et al., 2008; Kolesnikov et al., 2011). The work presented in Chapter 3 reveals 

the molecular mechanism used by Gγ1-/- rods to detect light in the absence of Gγ1. This 

analysis is accompanied by a side-by-side comparison of the rates of photoreceptor 

degeneration in the two Gγ1-/- strains currently available to the scientific community, 

which were previously erroneously reported to degenerate at different rates. 

Another intriguing phenotype of Gγ1-/- rods is that they undergo progressive 

photoreceptor degeneration linked to proteostatic stress, which consists of an 

insufficient cellular capacity for degrading ubiquitin-proteasome system (UPS) 

substrates (Lobanova et al., 2008; Lobanova et al., 2013). The molecular mechanisms 
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leading to proteostatic stress in Gγ1-/- rods are not yet fully understood. In Chapter 4, we 

investigate whether proteostatic stress in degenerating rods results from insufficient 

activity of a specific UPS component required for the degradation of a large subset of its 

targets: the substrate-processing complex formed by the AAA+ ATPase P97 and 

associated cofactors. We also evaluate a second, complementary mouse model of retinal 

degeneration linked to proteostatic stress: the knockin mouse expressing a single copy of 

the P23H mutation in rhodopsin (the P23H mouse) (Sakami et al., 2011). Chapter 4 

concludes with a description of the impact of P97 overexpression on rod photoreceptor 

survival and proteostatic stress in WT and Gγ1-/- mice.  

1.1 The morphology of the mammalian rod photoreceptor 

Vision is initiated when light is detected by photoreceptor cells located in the 

retina, a multilayered neural tissue lining the back of the eye. Photoreceptors are light-

sensitive retinal neurons that can be divided into two classes: rod photoreceptors, which 

detect contrast and support vision under dim light conditions, and cone photoreceptors, 

which support color vision (Wässle and Boycott, 1991; Masland, 2001). Photoreceptors 

contain four distinct subcellular regions: the outer segment, the inner segment, the 

nuclear region, and the synapse (Figure 2, left). 
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Figure 2: Anatomy of the photoreceptor and the photoreceptor layer of the retina. 

(Left) Schematic diagram of the subcellular regions of a rod photoreceptor cell. (Right) 

Retinal cross-section showing the photoreceptor layer of a mouse retina. RPE = retinal 

pigmented epithelium, OS = outer segment, IS = inner segment, ONL = outer nuclear 

layer, OPL = outer plexiform layer. Scale bar = 25 μm. 

 

The outermost component of the rod photoreceptor is the outer segment (OS). 

The outer segment is a large, modified primary cilium that is the site of visual 

phototransduction, the process by which a photoreceptor produces a visual signal in 

response to light (Burns and Baylor, 2001; Fain et al., 2001; Arshavsky et al., 2002; 

Arshavsky and Burns, 2012; Palczewski, 2012). Each outer segment contains a dense 

stack of flattened membrane discs enclosed within the outer segment plasma membrane 

(Pearring et al., 2013). These discs contain high concentrations of the molecular 
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components of phototransduction, including the transmembrane G protein-coupled 

receptor (GPCR) rhodopsin and the associated G protein, transducin. 

Just proximal to the outer segment, the inner segment (IS) of the photoreceptor 

contains the cellular machinery required for normal cellular functions. Inner segment 

components include the mitochondria, which support the energy requirements of the 

cell, and biosynthetic membranes such as the endoplasmic reticulum and Golgi 

membranes, which synthesize proteins and lipids, respectively. The nuclear region, 

located between the inner segment and the synaptic terminal of the rod, contains the 

nucleus of the cell (Carter-Dawson and LaVail, 1979). Finally, the synapse connects the 

photoreceptor to bipolar or horizontal cells in the retinal outer plexiform layer (OPL). 

The photoreceptor transmits the photoresponse to these cells by modulating the release 

of the neurotransmitter glutamate from synaptic vesicles (Wu, 1994; Mercer and 

Thoreson, 2011). 

Photoreceptors are the most abundant cell type in the retina, accounting for ~60% 

of all retinal cells (Li et al., 2015). The vertebrate retina is dominated by rod 

photoreceptors, which outnumber cones by a ratio of ~20 to 1 (Masland, 2001). 

Photoreceptors are located within the outer retina, where they are packed tightly 

together in an arrangement that facilitates efficient light detection by creating a dense 

concentration of parallel-oriented outer segments containing phototransduction 

components (Figure 2, right) (Wässle and Boycott, 1991; Masland, 2001; Wensel et al., 
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2016). Rod outer segments are in direct contact with the outermost layer of the retina, the 

retinal pigmented epithelium (RPE), a monolayer of pigmented cells that provide a 

variety of support functions to the neural retina (Young and Bok, 1969; Boulton and 

Dayhaw-Barker, 2001). Due to spatial constrictions, the photoreceptor nuclei associated 

with the tightly-packed outer segments assemble into stacks arranged parallel to the 

long axes of the cells. These nuclear stacks form a visually distinctive retinal layer 

termed the “outer nuclear layer” (ONL) of the retina, which is comprised exclusively of 

photoreceptor nuclei (Figure 2, right). 

1.2 Photoreceptors detect light through a G protein-mediated 
signaling pathway 

Visual phototransduction is the biochemical process by which a photoreceptor 

converts light into a visual signal. Light detection is initiated when a photon of light 

strikes a molecule of light-sensitive visual pigment embedded within the disc membrane 

of a photoreceptor outer segment. This event initiates a prototypical G protein-mediated 

signaling cascade that ultimately causes photoreceptor hyperpolarization and the 

transmission of the photoresponse (Burns and Baylor, 2001; Fain et al., 2001; Arshavsky 

et al., 2002; Arshavsky and Burns, 2012; Palczewski, 2012). 

A prototypical G protein signaling pathway is initiated when an extracellular 

stimulus activates a transmembrane G protein-coupled receptor (GPCR). The GPCR 

subsequently activates a heterotrimeric G protein, a membrane-associated signaling 

molecule which conveys the external signal to the interior of the cell by regulating the 
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activities of downstream effectors (Syrovatkina et al., 2016; Weis and Kobilka, 2018). 

Heterotrimeric G proteins are composed of two functional components: a GDP/GTP-

binding α-subunit partner (Gα) and a tightly-bound obligate dimer comprised of β- and 

γ-subunits (Gβγ) (Higgins and Casey, 1994). When bound to GDP, the G protein is in its 

inactive state. Activation of the GPCR catalyzes activation of the G protein through 

GDP-to-GTP nucleotide exchange on Gα, which prompts the heterotrimer to dissociate 

into its component parts (GTP-Gα and Gβγ), either or both of which may regulate the 

activities of downstream effector enzymes. The G protein heterotrimer reforms when Gα 

hydrolyzes GTP into GDP, returning the subunit to its inactive state and enabling it to 

reassociate with Gβγ (Syrovatkina et al., 2016; Weis and Kobilka, 2018). 

1.3 The heterotrimeric G protein transducin is a critical 
component of light detection in rods 

In rod photoreceptors, phototransduction occurs through the activation of the G 

protein transducin by the GPCR rhodopsin (Figure 3). Upon activation by a photon of 

light, rhodopsin stimulates GDP-to-GTP exchange on the α-subunit of transducin (Gαt), 

causing the transducin heterotrimer to dissociate into GTP-Gαt and the inseparable 

heterodimer formed by transducin’s β- and γ-subunits (Gβ1γ1). GTP-Gαt subsequently 

activates the downstream effector enzyme type 6 cGMP phosphodiesterase (PDE6), 

increasing cGMP hydrolysis in the photoreceptor. The resulting reduction in cellular 

cGMP levels leads to the closure of cGMP-gated ion channels in the outer segment 

membrane and, ultimately, photoreceptor hyperpolarization. The light signal, in the 
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form of decreased glutamate release, is transmitted from the photoreceptor synapse to 

downstream retinal neurons for further processing (Burns and Baylor, 2001; Fain et al., 

2001; Arshavsky et al., 2002; Arshavsky and Burns, 2012; Palczewski, 2012). 

 

 

Figure 3: Phototransduction activation. Schematic illustration of the steps of 

phototransduction activation. (Image Credit: Jason J. Corneveaux) 

 

In earlier studies, biochemical assays were used to determine whether the 

complete transducin heterotrimer is required for transducin activation by rhodopsin. 

These studies showed that unbound Gαt can be activated by rhodopsin, but only with a 

drastically (~60%) reduced efficiency compared to the complete transducin heterotrimer 

(Fung, 1983; Kisselev et al., 1999; Herrmann et al., 2006). These data suggest that the 

complete transducin heterotrimer is required for its efficient activation by light-activated 

rhodopsin. 
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1.4 The knockout mouse lacking the γ-subunit of transducin 

Given the critical significance of transducin in activating phototransduction, 

much work has been done to understand the factors regulating its subunit expression 

and heterotrimer formation. Many aspects of transducin’s function were uncovered by 

studying the rods of knockout mice lacking specific transducin subunits. These studies 

investigated how removal of an individual transducin subunit affects (1) rod light-

sensitivity, (2) the expression levels of the remaining transducin subunits, and (3) 

photoreceptor survival. The first of these mice, the Gαt knockout mouse, was completely 

insensitive to light, whereas the rod expression levels of Gβ1γ1 and photoreceptor 

survival were unaffected in these mice (Calvert et al., 2000). 

On the other hand, rods of the Gγ1 knockout (Gγ1-/-) mouse detected light, albeit 

with a significant (~70-fold) reduction in sensitivity and exhibited a drastic (~50-fold) 

reduction in the outer segment contents of Gαt and Gβ1 (Lobanova et al., 2008). Based on 

the roughly equivalent reductions in rod photoresponse sensitivity and outer segment 

Gαt contents, this initial study hypothesized that the residual light-signaling in Gγ1-/- 

rods resulted from the remaining transducin subunits forming heterotrimers with 

alternative G protein γ-subunits in the absence of Gγ1. However, these alternative 

complexes were not identified in the original study. Additionally, the Gγ1-/- mice 

exhibited progressive photoreceptor degeneration (Lobanova et al., 2008), which is 

further discussed in Section 1.7.1 of this Introduction. 
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Subsequently, a study characterizing a separately-generated Gγ1 knockout 

mouse with a transgenic design unique from that used in (Lobanova et al., 2008) 

reported a similar degree of light-sensitivity reduction in their rods (~90-fold) but a 

vastly different outer segment content of Gαt, which was estimated to be only 6-fold 

lower than normal (Kolesnikov et al., 2011). Based on their quantification of outer 

segment Gαt levels, this study proposed that light-signaling in Gγ1-/- rods is supported 

by the remaining unbound Gαt being activated by rhodopsin without the Gβγ dimer 

(Kolesnikov et al., 2011). Additionally, the Gγ1-/- mouse in this study was also reported to 

undergo photoreceptor degeneration, though cell loss appeared to progress at a much 

slower rate than described in the initial study by Lobanova et al. (2008) (Kolesnikov et 

al., 2011). 

1.5 The functional interchangeability of γ-subunits in G protein 
signaling 

G protein signaling pathways are essential to the dynamic regulation of cellular 

functions in response to environmental changes. GPCRs are a large and diverse family 

of transmembrane receptors that can detect a wide variety of extracellular stimuli such 

as hormones, neurotransmitters, proteins, lipids, and sugars, as well as pharmacological 

compounds (Rosenbaum et al., 2009). Working alongside the ~1,000 currently known 

GPCRs (Lefkowitz, 2007) are a multitude of heterotrimeric G proteins comprised of 

variable combinations of G protein α, β, and γ-subunits (Robishaw and Berlot, 2004). 

Including the β- and γ-subunits of transducin, genes encoding five different G protein β-
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subunits and fourteen G protein γ-subunits have been identified in the mouse and 

human genomes thus far (Milligan and Kostenis, 2006). These subunits vary widely in 

their tissue expression patterns, and in many cases multiple β- and/or γ-subunits are 

expressed simultaneously in the same cells (Largent et al., 1988; Gautam et al., 1990; Cali 

et al., 1992; Liang et al., 1998; Morishita et al., 1998). Given that many possible Gβγ 

combinations exist, a key question in the study of G protein signaling has been whether 

heterotrimers comprised of distinct subunits can fulfill the same physiological role.  

This question has been investigated in several different systems over the last few 

decades. Whereas in vitro translation experiments have suggested that most β- and γ-

subunits can form pairs in a cell-free environment (Yan et al., 1996; Dingus et al., 2005), 

co-expression studies have established that not all Gβγ pairs can dimerize in intact, 

viable cells (Pronin and Gautam, 1992; Schmidt et al., 1992; Garritsen and Simonds, 

1994). Still, many functional studies in cell culture have shown that Gβγ complexes 

utilizing different γ-subunits can at least activate the same signaling cascades in vitro 

(Iniguez-Lluhi et al., 1992; Wickman et al., 1994; Ikeda, 1996; Ruiz-Velasco and Ikeda, 

2000).  

Examination of γ-subunit exchangeability in the context of the whole animal has 

thus far been limited, but results obtained in several mouse knockout studies have 

suggested that there may be a more stringent requirement for γ-subunit specificity in 

vivo than in cell culture. For example, Gγ7 is indispensable for signaling through both 
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the adenosine A2A receptor and the dopamine receptor D1 in the striatum (Schwindinger 

et al., 2003; Schwindinger et al., 2010). Other work has revealed a requirement for Gγ13 

for olfactory signal transduction (Li et al., 2013), and Gγ3 is required for GABAB 

receptor-regulated neuronal excitability (Schwindinger et al., 2012). Prior to the study 

presented in this Chapter 3 of this dissertation, no evidence had been reported of 

multiple G protein γ-subunits performing the same functional role in vivo. 

Chapter 3 details our efforts to define the mechanism of light-signaling in Gγ1-/- 

rods, in which we investigated the functional interchangeability of multiple G protein γ-

subunits in phototransduction. Chapter 3 also includes a side-by-side comparison of the 

rate of photoreceptor degeneration in the two Gγ1-/- mouse strains currently available to 

the scientific community, which were previously reported to differ between the strains. 

1.6 The ubiquitin-proteasome system maintains proteostasis by 
degrading misfolded proteins 

Protein homeostasis, or proteostasis, refers to a state of dynamic balance between 

protein synthesis and degradation which is critical to maintaining the health of the 

cellular proteome. Proteostasis is maintained by a network of cellular mechanisms that 

continuously monitor and adjust the interdependent processes of protein translation, 

folding, trafficking, and proteolysis. A critical component of this network is detecting 

and eliminating improperly folded proteins from the cell (Balch et al., 2008; Díaz-

Villanueva et al., 2015). 
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During normal protein synthesis, the newly-synthesized polypeptide chain 

“folds” to assume the complex three-dimensional structure required for its biological 

activity. Errors in protein folding, which may occur spontaneously or result from genetic 

mutations or environmental stressors, result in the production of misfolded proteins, 

which are typically nonfunctional and can be harmful to the cell (Dobson, 2003, 2004). 

The process of protein folding is error-prone even in young and healthy cells, and 

misfolded proteins are produced throughout the lifetime of the cell (Guerriero and 

Brodsky, 2012). In healthy cells, it has been estimated that as many as 30% of newly-

synthesized proteins in the endoplasmic reticulum (ER) are misfolded (Schubert et al., 

2000). 

Maintaining normal cellular function depends on the cell’s ability to 

continuously detect and eliminate misfolded proteins, and impairment or dysfunction in 

these regulatory mechanisms disrupts cellular proteostasis. If left unresolved, disrupted 

proteostasis can threaten cell function and ultimately lead to cell death (Labbadia and 

Morimoto, 2015; Hartl, 2017; Klaips et al., 2018). The cell protects against disrupted 

proteostasis by degrading misfolded proteins through several pathways, including the 

ubiquitin-proteasome system (UPS), unfolded protein response, ER-associated protein 

degradation (ERAD), and autophagy (Dikic, 2017; Hetz and Saxena, 2017).  

The UPS, the cell’s major selective degradative pathway, directs the proteasomal 

degradation of protein substrates. This system is used to degrade proteins in a range of 
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cellular contexts, including the cytosol, mitochondria, and nucleus (Amm et al., 2014). 

The UPS is critical to protein degradation through ERAD, during which misfolded 

membrane and secretory proteins in the ER are extruded to the cytosol to be degraded 

by proteasomes (Christianson and Ye, 2014; Ruggiano et al., 2014). In addition to 

misfolded proteins, the UPS is used to degrade a wide variety of "normal" protein 

substrates, including short-lived regulatory proteins and proteins no longer needed in 

the cell. Thus, efficient UPS function is critical to normal cell function even in the 

absence of misfolded proteins (Lecker et al., 2006). 

The canonical process of protein degradation by the UPS is initiated by 

polyubiquitination of a target protein substrate, which enables the proteasome to 

recognize and degrade this protein (Finley et al., 2015; Bard et al., 2018). Prior to 

proteasomal degradation, a large subset of UPS substrates also undergo a preliminary 

processing step performed by the substrate-processing complex formed by the AAA+ 

ATPase P97 and multiple cofactors (Ye et al., 2017; van den Boom and Meyer, 2018). The 

major functional components of these pathways are outlined in Figure 4, and the 

individual steps are described in greater detail in the following subsections. 
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Figure 4: Two pathways to protein degradation by the UPS. Degradation of protein 

substrates by the UPS can occur through P97-dependent and P97-independent 

mechanisms. P97 processing, which facilitates the degradation of substrates otherwise 

unavailable to the proteasome, typically entails substrate extraction from protein 

complexes or membranes, polyubiquitin chain editing, and/or partial unfolding prior to 

entry into the proteasome. 

 

1.6.1 Polyubiquitination and proteasomal degradation 

Degradation of a canonical UPS substrate typically begins with the covalent 

attachment of a polyubiquitin chain to a lysine residue on the target protein. The 

polyubiquitin chain is formed through successive ubiquitination events mediated by a 

cascade of E1-E3 ubiquitin ligases, in which a single molecule of ubiquitin is added to 

the previously-conjugated ubiquitin (Swatek and Komander, 2016). The polyubiquitin 

chain marks the protein as a substrate for proteasomal degradation and is required for 
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substrate recognition by the 26S proteasome, the proteolytic degradative component of 

the UPS (Grice and Nathan, 2016; Kwon and Ciechanover, 2017). 

The 26S proteasome is a multisubunit protein complex consisting of two major 

protein assemblies: the 20S core particle (CP) and the 19S regulatory particle (RP). The 

20S CP is a cylindrical complex containing three proteolytic residues within its interior 

compartment which cleave substrates as they pass through the chamber into short 

peptides (Finley et al., 2015; Bard et al., 2018). However, in the absence of a 19S RP, a 

“free” 20S CP has minimal degradative activity due to its physical conformation, which 

restricts substrate access to the interior proteolytic residues (Baugh et al., 2009). The 19S 

RP is a hexameric ring-shaped protein complex that associates with the outside of the 

20S CP to form the 26S proteasome (Walz et al., 1998). The 19S RP controls substrate 

recognition and regulates substrate entry into the proteolytic chamber by binding 

polyubiquitinated substrates, altering the conformation of the 20S CP to facilitate 

substrate access, removing the polyubiquitin chain from the substrate, and assisting in 

substrate unfolding and translocation into the core (Finley et al., 2015; Bard et al., 2018). 

1.6.2 Substrate processing by P97 complexes 

Prior to proteasomal degradation, many UPS substrates undergo an additional 

processing step following polyubiquitination that facilitates their interaction with the 

proteasome. This substrate-processing step is performedby complexes formed from the 

AAA+ ATPase P97 (aka VCP) and multiple cofactors. P97 complexes are expressed in all 
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cells and participate in a wide range of functions, including protein degradation, 

membrane fusion, vesicular trafficking, Golgi formation, autophagy, and DNA repair 

(Meyer and Weihl, 2014; Stach and Freemont, 2017). This versatility originates from the 

ability of P97 hexamers to associate with various combinations of over 40 interacting 

cofactors, which confer functional specificity to P97 complexes by regulating substrate 

interaction and subcellular localization (Buchberger et al., 2015; Hänzelmann and 

Schindelin, 2017). 

In the context of the UPS, P97 complexes perform several well-established tasks 

that facilitate the degradation of substrates otherwise inaccessible to proteasomes. First, 

these complexes participate in extracting unfolded proteins from the endoplasmic 

reticulum (ER) during ER-associated protein degradation (Bays et al., 2001; Ye et al., 

2001; Braun et al., 2002; Jarosch et al., 2002; Rabinovich et al., 2002). Second, they 

perform partial unfolding of certain polyubiquitinated protein substrates prior to 

proteasome entry ((Wójcik et al., 2006; Beskow et al., 2009; Blythe et al., 2017); see (van 

den Boom and Meyer, 2018) for a recent review). This may be particularly important for 

generating the unstructured regions required for initiating protein degradation by 

proteasomes (Olszewski et al., 2019). Third, P97 complexes can edit polyubiquitin chains 

on proteins destined for degradation to optimize their proteasomal recognition (Koegl et 

al., 1999). It has also been hypothesized that P97 complexes may directly bind and feed 

substrates into the 20S proteolytic core of the proteasome, thereby replacing the 19S caps 



 

18 

normally performing this function; however, it remains unclear whether such interaction 

occurs in eukaryotic cells (Barthelme and Sauer, 2012, 2013).  

1.7 Disrupted proteostasis can lead to photoreceptor 
degeneration 

Inherited retinal degenerations, which can lead to blindness, arise from genetic 

mutations in >300 genes (https://sph.uth.edu/retnet/). A significant subset of these 

mutations cause the production of misfolded photoreceptor proteins that are 

subsequently degraded by the UPS. These mutations often affect proteins involved in 

the phototransduction signaling pathway (i.e., rhodopsin), which are expressed in large 

amounts to supply newly-forming outer segment discs with the molecular components 

of light detection (Kosmaoglou et al., 2008; Tzekov et al., 2011; Athanasiou et al., 2013). 

The afflicted photoreceptor must continuously degrade excess amounts of misfolded 

protein, a requirement which burdens the overall degradative capabilities of the cell. 

Previous work in multiple mouse models demonstrated that the requirement to process 

large amounts of misfolded proteins causes proteostatic stress in photoreceptors, 

consisting of an insufficient capacity of the UPS to degrade proteasome substrates 

(Lobanova et al., 2013; Liu et al., 2014; Dexter et al., 2018). More recently, it was 

demonstrated that ameliorating proteostatic stress by increasing proteasomal activity 

delayed photoreceptor death in these models (Lobanova et al., 2018). Despite these 

exciting developments, many aspects of UPS function in degenerating photoreceptors 

remain unexplored. 

https://sph.uth.edu/retnet/
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The study presented in Chapter 4 of this dissertation investigates whether 

proteostatic stress in degenerating rods is caused, at least in part, by insufficient P97-

dependent substrate processing. This assessment is performed in two mouse models of 

retinal degeneration, previously examined in Lobanova et al. (2013) and (2018), which 

are described below. 

1.7.1 The Gγ1 knockout (Gγ1
-/-) mouse 

As described in Section 1.4 of this Introduction, the knockout mouse lacking the 

transducin γ-subunit (the Gγ1-/- mouse) exhibits progressive photoreceptor degeneration 

(Lobanova et al., 2008; Kolesnikov et al., 2011). This pathology is linked to the 

production of cytosolic, misfolded Gβ1, which cannot fold properly in the absence of its 

obligate partner, Gγ1, and is efficiently degraded by the UPS in Gγ1-/- rods (Lobanova et 

al., 2008; Lobanova et al., 2013). The requirement to process large amounts of this 

misfolded protein causes significant photoreceptor pathology, as demonstrated by the 

near-complete reversal of photoreceptor degeneration the retinas of Gγ1-/- mice 

expressing a single copy of Gβ1 (Lobanova et al., 2013). Analysis of the photoreceptor 

accumulation of an in vivo proteasomal activity reporter, UbG76V-GFP, revealed that Gγ1-/-  

rods experience proteostatic stress, defined as an insufficient capacity to degrade UPS 

substrates, which is alleviated by removal of a single copy of Gβ1 (Lobanova et al., 2013). 

Recently, it was also demonstrated that increasing proteasomal activity in Gγ1-/- rods 

delays photoreceptor degeneration (Lobanova et al., 2018). 
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1.7.2 The P23H rhodopsin knockin (P23H) mouse 

The P23H mutation in rhodopsin, one of the most common mutations associated 

with the blinding condition retinitis pigmentosa (Dryja et al., 1990), causes rhodopsin 

misfolding and retention in the ER. In vitro experiments have demonstrated that P23H 

rhodopsin is degraded through ERAD (Griciuc et al., 2010) in a P97-dependent manner 

(Chiang et al., 2015). A recently-generated mouse model of retinal degeneration is the 

knockin mouse expressing a single copy of P23H rhodopsin (the P23H mouse) (Sakami 

et al., 2011). In P23H rods, misfolding and ER retention of P23H rhodopsin causes 

proteostatic stress, as demonstrated by retinal accumulation of the UbG76V-GFP reporter 

(Lobanova et al., 2018), followed by activation of the unfolded protein response and, 

eventually, photoreceptor cell death (Chiang et al., 2015). Importantly, the misfolded 

P23H rhodopsin is efficiently cleared from the cell and does not accumulate in affected 

rods (Sakami et al., 2011). Increased proteasomal activity was also recently demonstrated 

to significantly improve photoreceptor survival in P23H mice (Lobanova et al., 2018). 
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2. Materials and Methods 

2.1 Animals 

Mouse care and experiments were performed in accordance with procedures 

approved by the Institutional Animal Care and Use Committee of Duke University. The 

Deltagen Gγ1-/- mouse was licensed from Deltagen, Inc. (San Mateo, CA) (Target ID 408) 

and was previously characterized in (Lobanova et al., 2008; Lobanova et al., 2013). In this 

mouse, regions of the Gγ1 coding sequence (amino acids 17-44 and intron 2) were 

replaced with a 6.9 kb IRES-lacZ reporter and neomycin resistance cassette. The StL   

Gγ1-/- mouse, previously described in (Kolesnikov et al., 2011), was provided by Dr. O.G. 

Kisselev (University of St. Louis). In this mouse, the targeting construct replaced all 

three exons with a Neo cassette to eliminate the coding region of Gγ1. P23H rhodopsin 

mutant knock-in mice, characterized in (Sakami et al., 2011), were purchased from The 

Jackson Laboratory (Stock #017628). Mice heterozygous for the P23H rhodopsin 

mutation were used for experiments. 

Transgenic mice heterozygously expressing the UbG76V-GFP reporter were 

described in (Lindsten et al., 2003). Transgenic mice expressing the ODDLuc reporter, 

characterized in (Safran et al., 2006), were obtained from The Jackson Laboratory (Stock 

#006206). Both reporters were bred into the Gγ1-/- and P23H strains, and reporter 

experiments were performed using mutant mice heterozygously expressing either 
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reporter. Breeding these mice also required breeding out the Rd1 mutation that causes 

severe retinal degeneration from ODDLuc mice.  

The transgenic mouse overexpressing WT human P97/VCP (the P97oe mouse), 

previously characterized in (Custer et al., 2010), was provided by J. Paul Taylor (St. Jude 

Children’s Research Hospital). Single copies of the UbG76V-GFP and P97oe transgenes 

were bred into the Gγ1-/- line for UbG76V-GFP quantification from retinal lysates. 

Littermates lacking UbG76V-GFP expression were used for morphological analyses. 

Transgenic mice were maintained through heterozygous breeding with C57BL/6J 

WT mice from Jackson Laboratories (Stock #000664) and tested for the lack of Rd1 and 

Rd8 mutations. Mice of either sex were used for all experiments. 

2.2 Antibodies 

Rabbit anti-Gαt (sc-389), anti-Gβ1 (sc-379), anti-Gγ2 (sc-374), and anti-Gγ3 (sc-375) 

antibodies and mouse anti-Gγ2 (sc-134344) and anti-β-actin (sc-47778) antibodies were 

from Santa Cruz Biotechnology. Rabbit anti-PSMD1 (ab140682) and mouse anti-P97 

(ab11433) antibodies were from Abcam. Rabbit anti-Gβ1 (GTX114442) was from 

GeneTex. Rabbit anti-Hsc70 antibody (AD1-SPA-819) was from Enzo Life Sciences. 

Mouse anti-eGFP antibody (632381) was from Clontech. Secondary goat or donkey 

antibodies for Western blotting conjugated with Alexa Fluor 680 and 800 were from 

Invitrogen. Protein bands were visualized and quantified using the Odyssey Infrared 

Imaging System (LI-COR Biosciences). 
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2.3 Western blotting 

For Western blot analysis of protein levels in retinal lysates, two mouse retinas 

per sample were solubilized in 150 μl of 1% Triton X-100 in PBS. Lysates were 

centrifuged at 16,850×g for 15 min at 4C, and supernatants were collected. Total protein 

concentration was measured using the DC Protein Assay kit (Bio-Rad) and samples 

were diluted with SDS-PAGE sample buffer to achieve a total protein concentration of 1 

mg/ml. For quantitative analysis of protein levels, retinal lysate aliquots were separated 

by SDS-PAGE. For quantification of the Gαt and Gβ1 content of Deltagen and StL Gγ1-/- 

retinas, a serial dilution of WT retinal lysate was included. The amounts of total protein 

loaded per well for each analysis were as follows: 10 μg for Gαt and Gβ1 quantification, 2 

μg for P97 quantification, and 25 μg for UbG76V-GFP quantification. 

2.4 Histology and microscopy 

For visualization of retinal UbG76V-GFP content, agarose-embedded retinal cross-

sections (100 mm thick) were prepared as follows: eyes were enucleated from mice and 

fixed for 30 min with 4% paraformaldehyde in PBS buffer (pH 7.5). The anterior portions 

of the fixed eyes were removed under a microscope, and the eyecups were further fixed 

overnight at 4°C. On the next day, the eyes were rinsed three times in PBS and 

embedded in 4% agarose (Invitrogen). 100-mm cross-sections from the central portion of 

the retina were collected with a vibratome (HM 650 V, Microm) in 24-well plates, and 

incubated for 2 h with Alexa Fluor 594 conjugate of wheat germ agglutinin (Invitrogen) 
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in PBS containing 0.1% Triton X-100. Sections were washed three times in PBS, mounted 

with Fluoromount G (Electron Microscopy Sciences) under glass coverslips, and 

visualized using a Nikon Eclipse 90i confocal microscope.  

For quantitative morphological analyses, plastic-embedded retinal cross-sections 

(1 or 0.5 μm thick) were prepared as follows: eyes were enucleated from mice at 1, 3, and 

6 months of age and fixed for 1 h in freshly prepared 2% formaldehyde with 2.5% 

glutaraldehyde in 0.1 M cacodylate buffer containing 2.5 mM CaCl2 (pH 7.4). The eye 

globe was then hemisected along the vertical meridian and allowed to fix overnight at 

the same buffer. The eyecup was rinsed with excess 0.1 M cacodylate buffer (pH 7.4), 

placed into 2% osmium tetroxide for 1.5 h, and rinsed twice with water. The eye cup was 

gradually dehydrated in an increasing ethanol series (25-100%) and embedded in Epon. 

Cross-sections from the central portion of the retina were obtained and stained with 

toluidine blue for light microscopy. 

In Chapter 3, tiled whole retina images were obtained from 1-μm thick plastic 

sections using the Olympus IX-81 inverted fluorescence microscope and aligned and 

stitched using the Olympus cellSens Dimension software. In Chapter 4, tiled whole 

retina images were obtained from 0.5-μm thick cross-sections using the Nikon A1R 

confocal microscope and aligned and stitched using the NIS-Elements AR software. 

The numbers of photoreceptor nuclei in representative segments of outer nuclear 

layer were counted as a quantitative measure of surviving photoreceptors. To compare 
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retinal degeneration in the Deltagen and StL Gγ1-/- mouse models (Chapter 3), the 

number of photoreceptor nuclei in a 400-μm segment of the outer nuclear layer, located 

at 1 mm from each side of the optic nerve head, was counted by hand. To analyze the 

impact of P97 overexpression on retinal degeneration (Chapter 4), nuclear counts were 

performed in eight 100-μm segments of retina located at 500-μm steps from the optic 

nerve head. 

2.5 Rod outer segment isolation 

Rod outer segments were isolated from 1-month-old Gγ1-/- retinas as follows: 

retinas from 6-10 animals were removed from the eyecups and placed in 150 μl of 8% 

OptiPrep Density Gradient Medium (Sigma-Aldrich) in mouse Ringer’s buffer. The 

tubes were vortexed at maximum speed for 60 s, centrifuged at 200×g for 60 s, and the 

supernatant containing rod outer segments was gently collected. 200 μl of fresh 8% 

OptiPrep solution was added to the retinal pellet, and vortexing/sedimentation was 

performed again. This sequence was repeated at least five times. The combined 

supernatant was loaded on a step gradient made with 10 and 18% OptiPrep in a 4 ml 

centrifuge tube and centrifuged in a swing-bucket rotor at 115,000×g for 30 min. Rod 

outer segments were collected from the interface between 10 and 18% OptiPrep, diluted 

with 4 ml Ringer’s solution and centrifuged at 100,000×g for 1 h. The pellet containing 

rod outer segments was rinsed once with 200 μl of Ringer’s solution, resuspended in 200 

μl of PBS, snap-frozen in liquid N2, and stored at -80C until use. 
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2.6 Immunoprecipitation 

Rod outer segment lysates were prepared for immunoprecipitation as follows: 

purified rod outer segments were thawed and their protein content was determined 

using the DC Protein Assay kit (Bio-Rad). Samples were diluted to 0.5 μg/μl total 

protein in the immunoprecipitation buffer (0.1% n-Dodecyl-β-Maltoside in PBS with 

protease inhibitor cocktail (Sigma-Aldrich)), vortexed well, and centrifuged at 108,000×g 

for 30 min. The supernatant was removed for use in immunoprecipitation. Protein A 

Mag Sepharose beads (GE 28944006) and Protein G Mag Sepharose Xtra beads (GE 

28967066) were used for immunoprecipitation with rabbit and mouse antibodies, 

respectively. In both cases, 5 μl of Sepharose beads were incubated with 5 μg of 

antibody for 2 h under rotation at room temperature. The beads were rinsed and 

incubated with 12.5 μg of rod outer segment lysate overnight under rotation at 4C. 

Beads were rinsed and bound proteins eluted by boiling in the SDS-PAGE loading 

buffer (2% SDS) at 95C for 10 min and analyzed by Western blotting. 

2.7 Mass spectrometry 

Peptide mixes obtained from in-gel tryptic digests were analyzed using a 

nanoAcquity Ultra Performance Liquid Chromatography (UPLC) system coupled to a 

Synapt G2 mass spectrometer (Waters). Peptides were separated on a 75 μm × 150 mm 

column with 1.7 μm C18 BEH particles (Waters) using a 90-min gradient of 6 to 32% 

acetonitrile with 0.1% formic acid at a flow rate of 0.3 μl/min at 35°C. For each sample, 
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we conducted data-dependent analysis (DDA) using a 0.8 s MS scan followed by MS/MS 

acquisition on the top three ions. MS/MS scans for each ion used an isolation window of 

∼3 Da and dynamic exclusion window of 90 s within 1.2 Da. DDA data were converted 

to searchable files using ProteinLynx Global Server 2.5.1 (Waters) and searched against 

the Uniprot mouse database using Mascot Server version 2.5 with the following 

parameters: maximum one missed cleavage site, carbamidomethylation at Cys residues 

as fixed modification and Met oxidation, Asn, Gln deamidation, protein N-acetylation as 

variable modifications. Precursor ion mass tolerance was set to 20 ppm, while fragment 

mass tolerance to 0.25 Da. 

2.8 Luciferase activity assay 

For quantitative analysis of ODDLuc reporter levels, luciferase activity was 

measured in retinal lysates of 3-4-week-old WT, Gγ1-/-, and P23H mice heterozygously 

expressing ODDLuc. As a positive control for reporter accumulation, ODDLuc 

heterozygotes were administered 1 μg Roxadustat/FG-4592 (Selleckchem) by intraocular 

injection, and their retinas were collected 4 hours post-injection. For each sample, two 

retinas were lysed in 150 μl ice-cold Glo Lysis Buffer (Promega) and homogenized by 

pulse sonication. Retinal extracts were centrifuged at 500×g for 10 min at 4C, and the 

supernatants were centrifuged at 100,000×g for 1 h at 4C. The supernatants containing 

the soluble protein fraction were collected for use in the luciferase activity assay and 

diluted to 1 μg/μl with Glo Lysis Buffer.  
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The luciferase activity assay was performed using the Bright-Glo Luciferase 

Assay System (Promega) according to the manufacturer’s protocol. Samples and 

reagents were thawed to room temperature, and 100 μl of retinal lysate (containing 100 

μg of total protein) and 100 μl of Bright-Glo Reagent were added to each well of a white, 

flat-bottom 96-well plate and mixed by gentle pipetting. Luminescence was immediately 

measured at all emission wavelengths 1x/min for 20 min using a SpectraMax M5 

luminometer (Molecular Devices) with the following settings: Automix Once; 

Measurement Delay 2 sec; Measurement Read 10 sec; 1 read per well. Data were 

analyzed using the SoftMax Pro 4.8 software to plot relative luminescence units (RLU) as 

a function of time. For each sample, RLU at time 0 was determined by identifying the y-

intercept of the line-of-best-fit for the RLU values measured. Data were normalized by 

dividing experimental RLU values by the averaged RLU values obtained from ODDLuc 

heterozygote control lysates included in each plate. 

2.9 Statistical analysis   

Statistical analyses were performed with GraphPad Prism 7.04. For all 

comparisons, N was too small to determine if data were normally distributed. Data were 

analyzed using the nonparametric Mann–Whitney U test, and results were considered 

statistically significant when p<0.05. All data are presented as the mean ± SD. 

For the mass spectrometry identification of G protein γ-subunits present in rod 

outer segments, Mascot data were imported into Scaffold 4.8 (Proteome Software Inc.) to 
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merge all the data for a sample represented by multiple gel bands, estimate a confidence 

score for protein identification and perform a relative protein quantification based on 

the sum of intensities of the constituent peptides. 
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3. Transducin β-subunit can interact with multiple G-
protein γ-subunits to enable light detection by rod 
photoreceptors

*
 

Visual phototransduction, the process by which a photoreceptor converts light 

into a neural signal, has been a valuable system for determining the basic principles of G 

protein-mediated signaling pathways. One question that has remained unanswered is 

whether the G protein α-subunit (Gαt) can support signaling without its cognate βγ 

partner complex in vivo. Previous studies have investigated this question by studying 

knockout mice lacking the γ-subunit of the phototransduction G protein, transducin (the 

Gγ1-/- mouse), whose rods retain distinct light-sensitivity despite lacking the complete 

transducin heterotrimer. However, these groups came to different conclusions regarding 

the mechanism of light signaling in Gγ1-/- rods. 

In this chapter, we settle this controversy by showing that phototransduction in 

Gγ1-/- rods is supported by two alternative Gβγ complexes, Gβ1γ2 and Gβ1γ3, rather than 

by the transducin α-subunit alone. We also demonstrate that the two Gγ1-/- mouse lines 

currently available to the scientific community exhibit essentially identical phenotypes 

and may be used interchangeably in future studies of this mouse model. 

                                                      

* The information given in this chapter is from the paper by Dexter, P.M., Lobanova, E.S., Finkelstein, S., 

Spencer, W.J., Skiba, N.P., and Arshavsky, V.Y. (2018). Transducin β-Subunit Can Interact with Multiple G-

Protein γ-Subunits to Enable Light Detection by Rod Photoreceptors. eNeuro. 2018 May-Jun; 5(3): 

ENEURO.0144-18.2018. It has been modified to fit the dissertation format. 
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3.1 Study background and objectives 

The heterotrimeric G protein transducin mediates visual signal transduction in 

the outer segments of vertebrate photoreceptor cells. The visual signal, or 

photoresponse, is initiated when a photon of light stimulates the G protein-coupled 

receptor (GPCR) rhodopsin, which activates the transducin heterotrimer and causes 

dissociation of Gαt from the transducin βγ-subunit complex (Gβ1γ1). Activated Gαt 

stimulates the downstream effector type 6 cGMP phosphodiesterase (PDE6), reducing 

cytosolic cGMP levels and causing the closure of cGMP-gated ion channels, ultimately 

resulting in photoreceptor hyperpolarization and decreased glutamate release from the 

synaptic terminal (for review, see (Arshavsky and Burns, 2012)). 

Many aspects of transducin’s function were learned from knockout mice lacking 

its individual subunits. Of particular interest is the knockout of the rod-specific 

transducin γ-subunit (Gγ1), the Gγ1-/- mouse. Gγ1-/- rods retain distinct light-sensitivity 

despite the absence of a critical component of the transducin heterotrimer and a drastic 

reduction in outer segment contents of both Gαt and Gβ1 (Lobanova et al., 2008; 

Kolesnikov et al., 2011). In a previous attempt to understand the nature of light 

responses in Gγ1-/- rods, the reduction in transducin subunits in their outer segments was 

correlated with the reduction in their light-sensitivity (Lobanova et al., 2008). Rod outer 

segments of Gγ1-/- mice were shown to contain ~50-fold less Gαt and Gβ1 than WT rods, a 

reduction very close to the ~67-fold loss in their light-sensitivity also reported in that 
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study. Because photoreceptor light-sensitivity is directly proportional to the rate of 

transducin activation, which in turn is proportional to its concentration on outer 

segment discs (Pugh and Lamb, 1993; Heck and Hofmann, 2001; Sokolov et al., 2002; 

Arshavsky and Burns, 2014), it was suggested that light responses in Gγ1-/- rods are 

conveyed by transducin heterotrimer employing an alternate G protein γ-subunit to 

enable its efficient activation by rhodopsin. However, attempts to identify this 

replacement Gγ were unsuccessful due to the low transducin content in these retinas.  

More recently, an alternative Gγ1-/- mouse with a transgenic design different from 

that used by Lobanova et al. (2008) was characterized by (Kolesnikov et al., 2011). 

Notably, rod photoresponses recorded from these mice had very similar characteristics 

to those described in the first study, including a 90-fold reduction in light-sensitivity 

from the WT level. However, the outer segment content of Gαt was estimated to be only 

6-fold lower than normal. Based on previously published evidence that rhodopsin can 

activate Gαt in vitro without Gβ1γ1, although significantly slower than normally (Fung, 

1983; Kisselev et al., 1999; Herrmann et al., 2006), the authors argued that rod 

photoresponses in the Gγ1-/- mouse are conveyed by Gαt acting alone. Kolesnikov et al. 

(2011) also described a slower progression of photoreceptor degeneration in Gγ1-/- retinas 

than observed by Lobanova et al. (2008), which was attributed to differences in the 

genetic backgrounds of these strains. 
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In this study, we aimed to 1) elucidate the mechanism driving visual signaling in 

Gγ1-/- rods, and 2) settle the discrepancies in the phenotypes reported for the two Gγ1-/- 

strains. 

3.2 Results 

Hereafter, we will refer to the two Gγ1-/- mouse strains analyzed in this study as 

“Deltagen” and “StL” Gγ1-/- mice, as the mouse described by Lobanova et al. (2008) was 

produced by and licensed from Deltagen and the mouse characterized by Kolesnikov et 

al. (2011) was produced at the University of St. Louis. 

3.2.1 Identification of transducin α- and β-subunit levels in Gγ1
-/- 

retinal lysates 

We began by using quantitative Western blotting to directly compare the levels 

of Gαt and Gβ1 in the two Gγ1-/- models. Retinas were harvested at one month of age, 

lysed, and proteins from the lysates were separated by SDS-PAGE alongside serial 

dilutions of retinal lysates from WT mice (Figure 5). Gαt and Gβ1 were then detected by 

immunoblotting with specific antibodies against each protein. The standard curves 

relating band intensity to total protein amount were obtained from WT lysates and used 

to calculate relative contents of Gαt and Gβ1 in each model (Figure 5). 

This analysis revealed an identical reduction in the contents of transducin 

subunits in the retinas of both mouse strains (Figure 6). Gαt was present at 3.3% and 

3.0% of the WT amount in Deltagen and StL retinas, respectively, whereas Gβ1 was 

present at 6.9% and 7.1% of the WT amount. These numbers are very close to those 
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previously reported for the Deltagen mouse (3.9% remaining Gαt and 10.6% Gβ1) 

(Lobanova et al., 2008), a conclusion reinforced by the fact that the standard curves in 

the previous study were generated based on an alternative methodology employing 

purified protein standards rather than serial dilutions of WT retinal extracts. These data 

clearly demonstrate that the amount of transducin remaining in rods of the StL mouse 

was overestimated and that this aspect of the Gγ1-/- phenotype is strain-independent. 

 

Figure 5: Comparative analysis of Gαt and Gβ1 expression levels in retinal lysates 

from 1-month-old Gγ1-/- mice. (Top) Retinal lysates from Deltagen and StL mouse strains 

containing 10 μg of total protein were separated by SDS-PAGE alongside serial dilutions 

of WT retinal lysates and were immunoblotted with antibodies against each transducin 

subunit. Data are taken from one of three similar experiments. (Bottom) The relative 

contents of Gαt and Gβ1 in retinal lysates analyzed by Western blot were determined 

from the calibration curves obtained from the WT lysate dilutions (Gαt regression 

equation: y = 18,600 × x − 623; Gβ1 regression equation: y = 8130 × x + 665). • = WT, ○ = 

Deltagen Gγ1-/- mouse, and ♢ = StL Gγ1-/- mouse.  



 

35 

 

Figure 6: Expression levels of Gαt and Gβ1 in Gγ1-/- retinas relative to WT. The 

amounts of transducin subunits in Gγ1-/- retinas averaged across three independent 

experiments are expressed as percentages of their amounts in WT retinas (mean ± SD). 

The amount of Gβ1 was corrected to reflect that only 18% of Gβ1 in Gγ1-/- retinas is 

expressed in rods, whereas the rest is expressed in the inner retina (Lobanova et al., 

2008). 

 

3.2.2 Comparison of Gαt and Gβ1 levels with light-sensitivity in Gγ1
-/- 

rods 

We next calculated how much Gαt and Gβ1 is present in rod outer segments of 

Gγ1-/- mice, taking into account that ~1/2 of each subunit is mislocalized from Gγ1-/- rod 

outer segments and a large, ~82% fraction of Gβ1 in this mouse is expressed in the inner 

retina (Lobanova et al., 2008) (Table 1). Therefore, rod outer segments of Deltagen Gγ1-/- 

mice contain between ~1.5% (based on the lower value of 3.0% measured in Figure 6) 

and ~2% (based on the higher 3.9% value measured in (Lobanova et al., 2008)) of WT 

Gαt. The range for the Gβ1 amount in Gγ1-/- outer segments is between 0.6%-1% of its WT 

content (based on the total retinal amount of 7% and 10.6% obtained in the current and 

previous study, respectively). The corresponding amounts for the StL mice derived from 
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the values reported in Figure 6 are 1.5% and 0.7% of WT for Gαt and Gβ1, respectively 

(Table 1). 

Table 1: The amounts of transducin subunits* in Gγ1-/- rod outer segments and 

corresponding sensitivities of rod light responses**, expressed as percentages of WT. 

 Gαt Gβ1 
Light 

Sensitivity 

Deltagen Gγ1-/- 1.5-2.0% 0.6-1.0% 1.5% 

StL Gγ1-/- 1.5% 0.7% 1.1% 

 

3.2.3 Consideration of transducin activation mechanism in Gγ1
-/- rods 

Precise determination of the degree of transducin subunits’ loss in the outer 

segments of Gγ1-/- rods allows critical evaluation of the two hypotheses explaining light 

signaling in these cells: Gαt activated alone vs. Gαt activation assisted by an alternative 

Gβγ. As mentioned above, the reduction in photoresponse sensitivity documented for 

these cells was consistent between both studies (~67-fold in (Lobanova et al., 2008) and 

~90-fold in (Kolesnikov et al., 2011)). This represents 1.1-1.5% of WT sensitivity and is 

very close to the degree of Gαt and Gβ1 reduction determined in the previous section 

(Table 1). Because photoreceptor light-sensitivity is directly proportional to the 

                                                      

* The mean values for protein content in rods were taken from Fig. 1 and Lobanova E. S. et al. (2008) 

Transducin γ-subunit sets expression levels of α- and β-subunits and is crucial for rod viability. J Neurosci 

28, 3510-3520. Values were adjusted for the outer segment fraction of each protein, as described in the text. 

 
** Relative light-sensitivities were derived from the single-cell recordings in Kolesnikov A. V. et al. (2011)  G-

protein βγ-complex is crucial for efficient signal amplification in vision. J Neurosci 31, 8067-8077.  The value 

of half-saturating light intensity of WT rods was divided by the corresponding value for Gγ1-/- rods. 
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concentration of transducin heterotrimer on the membranes of outer segment discs 

(Pugh and Lamb, 1993; Heck and Hofmann, 2001; Sokolov et al., 2002; Arshavsky and 

Burns, 2014), the comparable reduction in Gαt and photoresponse sensitivity indicates 

that Gαt remaining in Gγ1-/- rod outer segments is activated by rhodopsin at nearly the 

same efficiency as in WT outer segments. On the other hand, the efficiency of Gαt 

activation by rhodopsin without Gβγ is at least an order of magnitude lower than with 

Gβγ (Fung, 1983; Kisselev et al., 1999; Herrmann et al., 2006). This argues that Gαt 

activation in Gγ1-/- rods is supported by a complex between Gβ1 and a G protein γ-

subunit replacing Gγ1 in these rods. We therefore set up a search for this alternative 

Gβ1γ complex in Gγ1-/- rods. 

3.2.4 Identification of candidate alternative G protein γ-subunits in 
Gγ1

-/- and WT rod outer segments 

To elucidate the molecular composition of the putative Gβ1γ complex(es) 

supporting visual function in the absence of Gγ1, we first conducted mass spectrometry 

identification of all G protein γ-subunits present in rod outer segments of WT and Gγ1-/- 

mice. Outer segments were purified from each mouse type, and their proteins were 

separated by SDS-PAGE. Parts of the gels containing G protein γ-subunits were excised 

and proteins subjected to in-gel tryptic digestion followed by LC-MS/MS analysis of the 

resulting peptides. Of the 14 G protein γ-subunits encoded in the mouse genome 

(Milligan and Kostenis, 2006), only three were found in WT and two in Gγ1-/- outer 

segments (Table 2). As expected, WT but not Gγ1-/- outer segments contained Gγ1. The 
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other two subunits, Gγ2 and Gγ3, were found in both preparations, although the 

confidence score for Gγ3 in the WT preparation was low. A rough estimate, based on 

comparing the total ion intensity produced by all peptides representing each Gγ subunit 

type, suggested that for every 82 molecules of Gγ1 present in WT outer segments there 

are 3 molecules of Gγ2 and 1 molecule of Gγ3. A similar estimate performed for Gγ1-/- rod 

outer segments suggested a molar ratio of ~1.7 between Gγ2 and Gγ3. These results 

narrowed the list of potential Gβ1 binding partners in Gγ1-/- outer segments to these two 

γ-subunits. 

 

Table 2: Mass spectrometry identification of G protein γ-subunits present in 

rod outer segments of WT and Gγ1-/- mice. 

 γ-Subunit # Peptides 
Protein 

Score 

Confidence 

Score 

WT Gγ1 6 187 100 

 Gγ2 1 26 99.2 

 Gγ3 2 23 31 

Gγ1-/- Gγ2 2 25 99.9 

 Gγ3 1 55 99.4 

 

3.2.5 Identification of alternative Gβ1γ complexes in Gγ1
-/- and WT rod 

outer segments 

Therefore, we sought to directly demonstrate that Gβ1 forms complexes with Gγ2 

and/or Gγ3 in Gγ1-/- rod outer segments by co-immunoprecipitating these putative 

complexes using antibodies against Gγ2 and Gγ3. We have found that a significant 
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fraction of Gβ1 in Gγ1-/- rod outer segments was precipitated with antibodies specifically 

recognizing Gγ2 or Gγ3 (Figure 7). These results confirm that Gβ1 remaining in the rod 

outer segments of Gγ1-/- mice indeed forms complexes with both of these γ-subunits. We 

also attempted to conduct a reciprocal co-precipitation experiment, but unfortunately 

were not able to identify a precipitating antibody against Gβ1. 

We next sought to determine whether these alternative Gβγ complexes only 

form in the absence of Gγ1 or if they are also present in WT rods. To test this, we 

repeated co-immunoprecipitation experiments using rod outer segments from WT mice 

(Figure 8). This analysis revealed that even in the presence of abundant amounts of its 

cognate partner Gγ1, a small portion of Gβ1 binds Gγ2 or Gγ3. This result suggests that 

Gβ1 normally forms complexes with these two alternative γ-subunits in addition to its 

canonical Gγ1 binding partner, although these complexes are not likely to be 

functionally significant due to their low abundance (Figure 9). 

Taken together, our experiments demonstrate that Gγ2 and Gγ3 are naturally 

present in complexes with Gβ1 in the WT rod outer segment. When Gγ1 is knocked out, 

these alternative Gβ1γ2 and Gβ1γ3 complexes can support light signaling in mutant 

photoreceptors. 
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Figure 7: Identification of alternative Gβ1γ complexes in rod outer segments of Gγ1-/- 

mice. Coimmunoprecipitation experiments were performed by incubating Gγ1-/- rod 

outer segment lysates with mouse anti-Gγ2 (top) or rabbit anti-Gγ3 (bottom) antibodies. 

Immunoprecipitation with species-matched anti-β-actin (sc-47778) and anti-PSMD1 

(ab140682) antibodies were used as negative controls; these antibodies were chosen 

based on the lack of cross-reactivity with the proteins analyzed in this panel, as 

evaluated in independent experiments. The data represent one of four similar 

experiments performed with Gγ1-/- outer segment preparations. 
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Figure 8: Identification of alternative Gβ1γ complexes in rod outer segments 

of WT mice. Coimmunoprecipitation experiments were performed by incubating WT 

rod outer segment lysates with mouse anti-Gγ2 (top) or rabbit anti-Gγ3 (bottom) 

antibodies. Immunoprecipitation with species-matched anti-β-actin (sc-47778) and anti-

PSMD1 (ab140682) antibodies were used as negative controls. The data represent one of 

two similar experiments performed with WT outer segment preparations. 
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Figure 9: Transducin β-subunit can interact with multiple G-protein γ-subunits to 

enable light detection by rod photoreceptors. Relatively small amounts of Gγ2 and Gγ3 

are present in the rod outer segments of WT and Gγ1-/- mice, where they form complexes 

with Gβ1 (Gβ1γ2 and Gβ1γ3). In the absence of Gγ1, these alternative Gβγ complexes 

support light-signaling by facilitating Gαt activation by rhodopsin. 
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3.2.6 Evaluation of photoreceptor degeneration in two strains of Gγ1
-/- 

mice 

Another discrepancy reported between the Deltagen and StL Gγ1-/- mouse strains 

was that photoreceptor degeneration in the former progressed significantly faster than 

in the latter. We, therefore, performed a quantitative side-by-side comparison of the rate 

of retinal degeneration in these animals. This was accomplished by counting the number 

of photoreceptor nuclei in representative segments of the outer nuclear layer (ONL) at 1, 

3, and 6 months of age. Although this method is more labor-intensive than commonly 

used alternatives (e.g. measuring the ONL thickness or counting the number of nuclei 

per ONL stack), it provides the most reliable information on the actual number of 

photoreceptors remaining “alive” in a degenerating retina. This is because nuclear stacks 

in degenerating retinas could become distorted and hard to quantify, whereas the ONL 

thickness may change non-proportionally to the actual cell loss. 

Retinas from both Gγ1-/- mouse lines were embedded in plastic, cross-sectioned 

and stained with toluidine blue (Figure 10). Photoreceptor nuclei were then counted in 

two 400-µm segments per eye, one on each side of the optic nerve, and the values were 

averaged across at least three mice of each age (Figure 11). These data indicated that the 

rates of photoreceptor degeneration in both knockout strains were nearly identical at all 

tested ages. Formal analysis suggested that a statistically significant difference in nuclear 

counts existed in 3-month-old mice (p=0.065 at 1 mo; p=0.041 at 3 mo; p=0.24 at 6 mo). 

However, the absolute difference of <10% is hard to consider physiologically significant. 
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This analysis showed that roughly half of the photoreceptor cells were lost by the age of 

6 months, a rate of degeneration that falls somewhere in the middle between the two 

previous reports. One potential source of this discrepancy is that the first study 

(Lobanova et al., 2008) did not assess this parameter quantitatively and apparently 

provided more dramatic examples of cellular loss than average. On the other hand, the 

rate of photoreceptor degeneration in (Kolesnikov et al., 2011) may have been 

underestimated due to the use of nuclear stack counting methodology, which may be 

more arbitrary than the total nuclear count. 
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Figure 10: Comparative analysis of retinal morphology in Deltagen and StL Gγ1-/- 

mice. Representative images of toluidine blue-stained, plastic-embedded 1 μm-thick 

retinal cross sections from each mouse strain at the indicated ages. Scale bar = 25 μm. 
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Figure 11: Quantification of photoreceptor nuclei in Deltagen and StL Gγ1-/- mice. The 

number of photoreceptor nuclei counted in 400-μm segments of the outer nuclear layer 

(ONL) located 1 mm from either side of the optic nerve. The number of nuclei in each 

segment was counted by hand. Data were averaged across nuclear counts obtained from 

each side of the optic nerve from three or four animals of each age and genotype, and 

are shown as the mean ± SD. Each dot represents a single data point. 
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3.2.7 Photoreceptors from both strains of Gγ1
-/- mice experience 

proteostatic stress 

Lastly, we sought to verify that both Gγ1-/- mouse strains experienced similar 

conditions of proteostatic stress leading to their photoreceptor degeneration. Previously, 

using the Deltagen strain, Lobanova et al. (2013) showed that photoreceptor cell death in 

Gγ1-/- mice is associated with proteostatic stress arising from the necessity to degrade 

large amounts of Gβ1 that is unable to fold without its constitutive Gγ1 partner. We now 

demonstrate that the same is true for the StL strain. StL mice were crossed with the 

mouse ubiquitously expressing the UbG76V-GFP proteasome activity reporter, which 

consists of GFP fused to an uncleavable ubiquitin (Lindsten et al., 2003). This reporter 

undergoes efficient polyubiquitination and proteasomal degradation in healthy cells, 

including WT photoreceptors, but accumulates in cells suffering from impairment or 

insufficiency of the ubiquitin-proteasome system. Consistent with the phenotype of the 

Deltagen strain, photoreceptors of StL mice also displayed robust intracellular 

accumulation of UbG76V-GFP, as documented by detecting GFP fluorescence in retinal 

cross-sections (Figure 12). This result indicates that both mouse strains suffer from 

abnormal proteostasis contributing to their photoreceptor degeneration. 
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Figure 12: Accumulation of the UbG76V-GFP proteasomal activity reporter in rods of 3-

month-old Deltagen and StL Gγ1-/- mice. A UbG76V-GFP-expressing WT retina is shown 

as a control. UbG76V-GFP fluorescence is shown in green. Wheat germ agglutinin staining 

is shown in red. Scale bar = 10 μm. 
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3.3 Conclusion 

In this study, we explain the mechanism by which Gγ1-/- photoreceptors respond 

to light in the absence of transducin’s canonical βγ-subunit, Gβ1γ1. We first show that 

the degree of light-sensitivity reduction in Gγ1-/- rods correlates closely with the 

reduction in the contents of the remaining transducin subunits, Gαt and Gβ1. We further 

show that relatively small amounts of Gγ2 and Gγ3 are endogenously expressed in the 

outer segments of both WT and Gγ1-/- rods, where they form complexes with Gβ1. These 

alternative Gβ1γ complexes are able to support vision in the absence of Gβ1’s cognate γ-

subunit, Gγ1, with efficiencies comparable to that of the canonical transducin Gβ1γ1. 

complex. 

We also demonstrate that the two lines of Gγ1-/- mice currently available to the 

scientific community display essentially identical phenotypes. As reported earlier 

(Lobanova et al., 2008; Kolesnikov et al., 2011), these mice produce similar responses to 

light. Here, we show that these strains contain essentially identical amounts of Gαt and 

Gβ1 subunits in their outer segments, undergo retinal degeneration at a similar rate, and 

share the same underlying pathobiological mechanism. Therefore, these strains could be 

used interchangeably in future studies of this mouse model. 
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4. Probing proteostatic stress in degenerating 
photoreceptors using two complementary in vivo 
reporters of proteasomal activity* 

Rod photoreceptors in multiple mouse models of retinal degeneration, including 

the Gγ1-/- mouse, suffer from proteostatic stress consisting of an insufficient cellular 

capacity for degrading the protein substrates of the ubiquitin-proteasome system (UPS) 

(Lobanova et al., 2013; Liu et al., 2014; Dexter et al., 2018). However, our understanding 

of the mechanistic link between insufficient UPS function and photoreceptor 

degeneration has remained limited. 

In this chapter, we demonstrate that the proteostatic stress observed in two 

mouse models of retinal degeneration, Gγ1-/- and P23H, likely originates from different 

pathobiological mechanisms, in which UPS function may or may not be limited by 

insufficient substrate processing by complexes formed by the AAA+ ATPase P97. We 

also show that overexpression of P97 is toxic to both healthy and degenerating rods. 

4.1 Study background and objectives 

Inherited retinal degenerations, which can lead to blindness, affect between 2 

and 4 million people worldwide. These conditions originate from mutations in >300 

genes (https://sph.uth.edu/retnet/), many of which cause the production of misfolded 

                                                      

* The information given in this chapter is from the manuscript by Dexter, P.M., Lobanova, E.S., Finkelstein, 

S., and Arshavsky, V.Y. entitled “Probing proteostatic stress in degenerating photoreceptors using two 

complementary in vivo reporters of proteasomal activity.” This manuscript has been submitted to the 

journal eNeuro. It has been modified to fit the dissertation format. 

https://sph.uth.edu/retnet/
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photoreceptor proteins that are ultimately degraded by the ubiquitin-proteasome system 

(UPS). Previous work in multiple mouse models of retinal degeneration has indicated 

that the requirement to process large amounts of these misfolded proteins causes 

proteostatic stress, consisting of an insufficient capacity of the UPS to degrade 

proteasome substrates (Lobanova et al., 2013; Liu et al., 2014; Dexter et al., 2018). 

Conversely, genetic manipulation reducing the proteolytic capacity of proteasomes 

evokes photoreceptor death in otherwise normal retinas (Ando et al., 2014). It is also 

argued that proteasomal rather than lysosomal protein degradation is critical for 

photoreceptor survival in at least one retinal degeneration mouse model (Yao et al., 

2018; Qiu et al., 2019). Importantly, ameliorating proteostatic stress by increasing 

proteasomal activity delayed photoreceptor death in mouse models of retinal 

degeneration (Lobanova et al., 2018). Despite this progress, the mechanistic 

understanding of the connection between insufficient UPS function and photoreceptor 

degeneration is still limited. 

Protein degradation by proteasomes is typically initiated by polyubiquitination 

of a target protein substrate, which enables the proteasome to recognize and degrade the 

protein (Hershko and Ciechanover, 1998; Finley, 2009). Before being degraded by the 

proteasome, many proteins undergo a preliminary processing step performed by the 

P97 substrate-processing complex, which is formed by a homo-hexamer of the AAA+ 

ATPase P97 and multiple co-factors. P97 complexes perform a variety of roles within the 
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UPS, including protein extraction from the endoplasmic reticulum (ER) during ER-

associate degradation (Bays et al., 2001; Ye et al., 2001; Braun et al., 2002; Jarosch et al., 

2002; Rabinovich et al., 2002) and partial substrate unfolding prior to proteasome entry 

(Wójcik et al., 2006; Beskow et al., 2009; Blythe et al., 2017; Olszewski et al., 2019; 

Twomey et al., 2019). 

The present study focuses on two complementary models of progressive retinal 

degeneration: the knockout mouse lacking the γ-subunit of the rod G protein transducin 

(the Gγ1-/- mouse) (Lobanova et al., 2008) and the knockin mouse bearing a single copy of 

the P23H mutation in rhodopsin (the P23H mouse) (Sakami et al., 2011). Both Gγ1-/- and 

P23H rods were previously documented to suffer from proteostatic stress. In Gγ1-/- mice, 

this stress results from the production of transducin’s β-subunit (Gβ1), which is unable 

to fold in the absence of Gγ1 (Lobanova et al., 2013). In P23H mice, mutant rhodopsin 

misfolds in the ER, causing proteostatic stress (Lobanova et al., 2018) and eventually 

initiating the unfolded protein response and photoreceptor cell death (Chiang et al., 

2015). Importantly, in both models, the associated misfolded protein undergoes highly 

efficient intracellular degradation and does not accumulate in the affected rods 

(Lobanova et al., 2008; Sakami et al., 2011). Though recent work has suggested that UPS 

function in degenerating photoreceptors is limited by an insufficient cellular capacity for 

proteasomal degradation (Lobanova et al., 2018), the capacities of other UPS components 

in these cells—such as the P97 substrate-processing complex—remain to be evaluated. 
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In this study, we aimed to determine 1) whether proteostatic stress observed in 

degenerating rod photoreceptors could result, at least in part, from an insufficient 

cellular capacity for UPS substrate processing by P97 complexes, and 2) whether 

increasing the cellular content of P97 in Gγ1-/- rods could ameliorate proteostatic stress 

and/or delay photoreceptor cell death. 

4.2 Results 

4.2.1 Comparison of UbG76V-GFP and ODDLuc accumulation in Gγ1
-/- 

and P23H retinas 

Proteostatic stress was previously demonstrated in Gγ1-/- and P23H mice using 

the proteasomal activity reporter UbG76V-GFP (Dantuma et al., 2000), which accumulated 

robustly in degenerating rods of both models (Lobanova et al., 2013; Dexter et al., 2018; 

Lobanova et al., 2018). Because UbG76V-GFP degradation by proteasomes requires its 

partial unfolding by P97 complexes (Wójcik et al., 2006; Beskow et al., 2009; Blythe et al., 

2017), UbG76V-GFP accumulation in these cells could indicate insufficient capacities of 

either of these UPS components. Thus, to assess whether the proteostatic stress observed 

in Gγ1-/- and P23H rods may be caused by insufficient P97-dependent substrate 

processing, we also monitored the accumulation of an alternative, P97-independent 

proteasomal activity reporter, ODD-Luciferase (ODDLuc) (Safran et al., 2006). 

We first assessed P97-dependent UPS substrate processing in Gγ1-/- and P23H 

mice by monitoring the retinal accumulation of two in vivo proteasomal activity 

reporters whose degradation is either P97-dependent or P97-independent (Figure 13).  
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Figure 13: The in vivo proteasomal activity reporters UbG76V-GFP and ODD-Luciferase 

(ODDLuc) are degraded through P97-dependent and P97-independent mechanisms. 

(Top) UbG76V-GFP is a fusion protein consisting of GFP fused to a non-cleavable molecule 

of ubiquitin, which acts as a constitutively active degradation signal. UbG76V-GFP is 

degraded by proteasomes following its polyubiquitination and partial unfolding by the 

P97-Ufd1-Npl4 complex. (Bottom) ODDLuc is a fusion protein consisting of firefly 

luciferase fused to an alternative degradation signal, the oxygen-dependent degradation 

domain (ODD) of HIF1α. This reporter is polyubiquitinated and degraded by 

proteasomes without P97 processing. Conditions of inhibited, impaired, or insufficient 

UPS function result in the intracellular accumulation of either reporter. 

 

The first reporter, UbG76V-GFP (Dantuma et al., 2000), is degraded by proteasomes 

following its partial unfolding by the P97-Ufd1-Npl4 substrate-processing complex 

(Wójcik et al., 2006; Beskow et al., 2009; Blythe et al., 2017). The second reporter, 

ODDLuc (Safran et al., 2006), is degraded by proteasomes without any involvement of 

P97 (Chou and Deshaies, 2011). The P97-independence of ODDLuc was previously 

established using a cell line expressing both UbG76V-GFP and ODDLuc. Treatment of 
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these cells with proteasome inhibitor blocked the degradation of both reporters. On the 

other hand, P97 inhibition or its siRNA knockdown blocked the degradation of UbG76V-

GFP but not ODDLuc (Chou and Deshaies, 2011). 

We bred Gγ1-/- and P23H mice with the mice ubiquitously expressing either 

UbG76V-GFP (Lindsten et al., 2003) or ODDLuc (Safran et al., 2006) and assessed the 

accumulation of each reporter in the retinas of 3-4-week-old mice, in which 

photoreceptor degeneration has just begun. As reported previously (Lobanova et al., 

2013; Dexter et al., 2018; Lobanova et al., 2018), UbG76V-GFP accumulated in retinas of 

both Gγ1-/- and P23H mice (Figure 14). Retinal UbG76V-GFP content increased 11.5 ± 2.0-

fold (p=0.0007) in Gγ1-/- and 3.3 ± 1.2-fold (p=0.0007) in P23H mice relative to WT 

controls. 

The accumulation of ODDLuc in retinal lysates of Gγ1-/- and P23H mice was 

monitored using the luciferase activity assay. As a positive control for ODDLuc 

accumulation, we injected the HIF prolyl hydroxylase inhibitor Roxadustat/FG-4592 in 

the vitreous of ODDLuc heterozygotes and collected their retinas 4 hours post-injection. 

This treatment caused an increase in ODDLuc accumulation of 1.7 ± 0.4-fold (p=0.0001) 

(Figure 15), which we considered as a benchmark of this reporter’s sensitivity. Notably, 

this signal was smaller than the signal produced by UbG76V-GFP, yet sufficiently 

significant for quantitative analysis.  
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We next analyzed ODDLuc accumulation in the retinas of mutant mice (Figure 

15). ODDLuc accumulation in P23H retinas increased 1.7 ± 0.3-fold (p=0.0002), reaching 

the same level as observed in the Roxadustat control. On the other hand, ODDLuc 

accumulation in Gγ1-/- retinas increased by only 1.2 ± 0.1-fold (p<0.0001). 

Notably, this pattern was qualitatively opposite to the pattern of UbG76V-GFP 

accumulation, which was higher in Gγ1-/- retinas. This difference suggests that, though 

both Gγ1-/- and P23H rods experience proteostatic stress, this condition likely results 

from insufficient capacities of different UPS components. The relatively high level of 

ODDLuc accumulation in P23H retinas suggests that UPS function in their rods is 

limited by an insufficient cellular capacity for proteasomal degradation. On the other 

hand, the combination of a high level of UbG76V-GFP accumulation and a low level of 

ODDLuc accumulation in Gγ1-/- retinas suggests that UPS function in this model may be 

limited by P97-dependent substrate processing. The latter could not be explained merely 

by a reduction in the expression of P97, as P97 expression levels were essentially 

indistinguishable from WT and identical in the retinas of both mouse models (Figure 

16). 
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Figure 14: Analysis of P97-dependent proteasomal activity reporter accumulation in 

Gγ1-/- and P23H retinas. The UbG76V-GFP reporter was detected in retinal lysates (25 μg 

total protein/lane) of 3-4-week-old Gγ1-/- or P23H mice by Western blotting with an anti-

GFP antibody; the densities of the UbG76V-GFP bands were normalized to the Hsc70 

loading control. The number of mice analyzed was: WT—8, Gγ1-/-—6, P23H—6. Each dot 

represents a single data point. Data are shown as the mean ± SD. 

 

 



 

58 

 

Figure 15: Analysis of P97-independent proteasomal activity reporter accumulation in 

Gγ1-/- and P23H retinas. The ODDLuc reporter was detected in retinal lysates (100 μg 

total protein/reaction) from 3-4-week-old Gγ1-/- or P23H mice using the Bright-Glo 

Luciferase Assay system. Retinal lysates from ODDLuc mice treated with the HIF prolyl 

hydroxylase inhibitor roxadustat (Rox) were used as a positive control for reporter 

accumulation. The number of mice analyzed was: WT—12, Gγ1-/-—8, P23H—5, Rox—6. 

Each dot represents a single data point. Data are shown as the mean ± SD. 

 



 

59 

 

Figure 16: P97 expression levels in Gγ1-/- and P23H retinas. P97 protein level was 

detected in retinal lysates (2 μg total protein/lane) of 1-month-old Gγ1-/- or P23H mice by 

Western blotting with an anti-P97 antibody; the densities of the P97 bands were 

normalized to the Hsc70 loading control. The number of mice analyzed was: WT—6, 

Gγ1-/-—6, P23H—6. Each dot represents a single data point. Data are shown as the mean 

± SD. 
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4.2.2 Characterization of the retinal morphology of the P97-
overexpressing mouse 

We next followed up on our observation that proteostatic stress in Gγ1-/- retinas 

may result from insufficient P97-dependent substrate processing. Currently, there are no 

available strategies for increasing the substrate-processing capacity of P97 complexes in 

an in vivo context. We attempted to accomplish this through the most straightforward 

strategy of overexpressing P97 itself. For this purpose, we obtained the transgenic 

mouse line ubiquitously overexpressing WT human P97 (the P97oe mouse), described in 

(Custer et al., 2010). The P97oe mouse was characterized as phenotypically normal, with 

no change in development, weight, or survival compared to WT mice. However, the 

retinal phenotype of this mouse was not assessed. 

We first determined the P97 content in P97oe retinas (Figure 17). Quantitative 

Western blotting of retinal lysates from 1-month-old mice indicated a robust, 2.4 ± 0.4-

fold increase in their P97 content (p=0.0079). This overexpression level was essentially 

the same as previously reported for the brain (Custer et al., 2010). 

We next investigated whether this increase in P97 expression affects 

photoreceptor health by analyzing the retinal morphology of P97oe mice in thin plastic 

sections from 3-month-old mice (Figures 18 & 19). To quantify the effect of P97 

overexpression on photoreceptor survival, we counted the number of photoreceptor 

nuclei in 100-μm retinal segments at different distances from the optic nerve and plotted 

the results as a spider diagram (Figure 18, left). We found that P97oe retinas exhibited 
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marked photoreceptor loss at all analyzed regions of the retina, with the total nuclear 

count obtained from these regions decreasing by ~31% compared to WT controls (from 

1,458 ± 91 nuclei in WT to 1,010 ± 36 in P97oe, p=0.0357) (Figure 18, right). We also 

analyzed retinas from P97oe mice at 6 months of age and observed ~42% photoreceptor 

loss compared to WT (data not shown).  

These data indicate that, although P97oe mice were not previously reported to 

display any obvious neurological abnormalities (Custer et al., 2010), the ~2-fold increase 

in retinal P97 content in these mice is toxic to rod photoreceptors and causes significant 

cell death before 3 months of age. Additionally, we observed that that the toxic effect of 

P97 overexpression was more pronounced in the superior retina than in the inferior 

retina (Figure 19). 
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Figure 17: P97 expression levels in P97-overexpressing (P97oe) retinas. P97 protein 

level was detected in retinal lysates (2 μg total protein/lane) from 1-month-old WT and 

P97-overexpressing (P97oe) mice by Western blotting with an anti-P97 antibody; the 

densities of the P97 bands were normalized to the Hsc70 loading control. The number of 

mice analyzed was: WT—5, P97oe—5. Each dot represents a single data point. Data are 

shown as the mean ± SD. 
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Figure 18: Overexpression of P97 affects photoreceptor survival. (Left) Spider diagrams 

representing the number of photoreceptor nuclei in 100-μm segments of the inferior and 

superior retina at various distances from the optic nerve head. The number of mice 

analyzed was: WT—5, P97oe—3. Mice were 3 months old. (Right) The total number of 

nuclei in all eight 100-μm retinal segments represented in the spider diagrams. Each dot 

represents a single data point. Data are shown as the mean ± SD. 
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Figure 19: Representative images of retina cross-sections from WT and P97oe mice. 

Images of the inferior and superior retina located at the 1 mm distance from the optic 

nerve head. Mice were 3 months old. Scale bar = 25 μm. 



 

65 

4.2.3 Photoreceptor degeneration in Gγ1
-/- mice overexpressing P97 

Despite observing some P97 overexpression toxicity, we nonetheless decided to 

evaluate whether P97 overexpression may improve photoreceptor survival in Gγ1-/-, 

which apparently suffers from P97 insufficiency. We bred the Gγ1-/- mouse with the 

P97oe mouse and assessed photoreceptor survival in the resulting line at 3 and 6 months 

of age (Figures 20-23). At 3 months of age, Gγ1-/- and Gγ1-/-/P97oe retinas exhibited a 

nearly identical degree of photoreceptor loss (Figures 20 & 21). By 6 months of age, Gγ1-/-

/P97oe retinas exhibited a slight increase in photoreceptor loss compared to Gγ1-/- retinas 

(453 ± 47 in Gγ1-/-/P97oe vs 652 ± 34 nuclei in Gγ1-/-, p=0.0095) (Figures 22 & 23). Once 

again, the superior retina was affected to a larger degree than the inferior retina. Thus, 

P97 overexpression only exacerbated the deleterious effects of Gγ1 knockout. 
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Figure 20: Overexpression of P97 does not affect photoreceptor survival in Gγ1-/- mice 

by 3 months of age. (Left) Spider diagrams representing the number of photoreceptor 

nuclei in 100-μm segments of the inferior and superior retina at various distances from 

the optic nerve head. The number of mice analyzed was: WT—3, Gγ1-/-—7, Gγ1-/-/P97oe—

3. Mice were 3 months old. (Right) The total number of nuclei in all eight 100-μm retinal 

segments represented in the spider diagrams. Each dot represents a single data point. 

Data are shown as the mean ± SD. 
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Figure 21: Representative images of retina cross-sections from Gγ1-/- and Gγ1-/-/P97oe 

mice at 3 months of age. Images of the inferior and superior retina located at the 1 mm 

distance from the optic nerve head. Mice were 3 months old. Scale bar = 25 μm. 
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Figure 22: Overexpression of P97 affects photoreceptor survival in Gγ1-/- mice by 6 

months of age. (Left) Spider diagrams representing the number of photoreceptor nuclei 

in 100-μm segments of the inferior and superior retina at various distances from the 

optic nerve head. The number of mice analyzed was: WT—4, Gγ1-/-—6, Gγ1-/-/P97oe—4. 

Mice were 6 months old. (Right) The total number of nuclei in all eight 100-μm retinal 

segments represented in the spider diagrams. Each dot represents a single data point. 

Data are shown as the mean ± SD. 
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Figure 23: Representative images of retina cross-sections from Gγ1-/- and Gγ1-/-/P97oe 

mice at 6 months of age. Images of the inferior and superior retina located at the 1 mm 

distance from the optic nerve head. Mice were 6 months old. Scale bar = 25 μm. 
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4.2.4 UbG76V-GFP accumulation in Gγ1
-/- retinas overexpressing P97 

Finally, we investigated whether P97 overexpression actually facilitated P97-

dependent substrate processing in Gγ1-/- photoreceptors. To do this, we bred single 

copies of the P97 and UbG76V-GFP transgenes into the Gγ1-/- line. UbG76V-GFP reporter 

accumulation in the resulting mouse was quantified by Western blotting of retinal 

lysates at 1 month of age. Contrary to our expectations, retinas of Gγ1-/-/P97oe mice 

exhibited a slight but statistically significant (1.5 ± 0.2-fold; p=0.0079) increase in UbG76V-

GFP accumulation compared to Gγ1-/- (Figure 24). This result indicates that P97 

overexpression increases the level of proteostatic stress already experienced by these 

mice. 
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Figure 24: Overexpression of P97 causes increased accumulation of the UbG76V-GFP 

reporter. The UbG76V-GFP reporter was detected in retinal lysates (25 μg total 

protein/lane) of 1-month-old Gγ1-/- and Gγ1-/-/P97oe mice by Western blotting with an 

anti-GFP antibody; the densities of the UbG76V-GFP bands were normalized to the Hsc70 

loading control. The number of mice analyzed was: Gγ1-/-—5, Gγ1-/-/P97oe—5. Each dot 

represents a single data point. Data are shown as the mean ± SD. 
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4.3 Conclusion 

In this study, we demonstrate that the proteostatic stress observed in rods of two 

mouse models of retinal degeneration, Gγ1-/- and P23H, likely originates from different 

pathobiological mechanisms in which UPS function may or may not be limited by 

insufficient substrate processing by P97 complexes. Our assessment of the retinal 

accumulation of two in vivo proteasomal activity reporters indicates that UPS function in 

Gγ1-/- rods is limited by insufficient P97-dependent substrate processing, whereas 

proteasomal degradation itself limits UPS function in P23H rods. 

We further show that overexpression of P97, though previously reported as 

aphenotypic in several other tissues, is toxic to rods. We demonstrate that an ~2-fold 

increase in retinal P97 content causes photoreceptor cell loss in WT mice as early as 3 

months of age. Further, we show that overexpression of P97 exacerbates proteostatic 

stress in Gγ1-/- rods and slightly accelerates their rate of photoreceptor loss starting at 

around 6 months of age. 
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5. Discussion 

The primary aim of this dissertation was to elucidate the molecular mechanisms 

underlying the functional and pathophysiological consequences of knocking out the γ-

subunit of transducin (Gγ1) in rod photoreceptors. Since the initial characterization of 

the Gγ1 knockout (Gγ1-/-) mouse, the mechanisms driving two unique phenotypes in this 

mouse—the ability of their rods to detect light, and their progressive photoreceptor 

degeneration due to proteostatic stress—had remained poorly understood. The studies 

presented in this dissertation broaden the current understanding of photoreceptor cell 

function and dysfunction by illuminating the mechanisms underlying light signaling 

and pathophysiological responses to the production of misfolded photoreceptor 

proteins. 

5.1 Alternative Gβ1γ complexes enable light detection by Gγ1
-/- 

rods 

Visual phototransduction, the biochemical process by which photoreceptors 

detect light, is a prototypical G protein signaling pathway. In rods, this pathway is 

mediated by light-induced activation of the GPCR rhodopsin and the associated 

heterotrimeric G protein, transducin. Though phototransduction has been a useful 

model for investigating the basic principles of G protein signaling, one question that has 

remained unanswered is whether the G protein α-subunit can support signaling without 

its cognate βγ partner complex in vivo. 
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An ideal model for investigating this question is the knockout mouse lacking the 

γ-subunit of transducin (the Gγ1-/- mouse), which retains distinct light sensitivity despite 

lacking an integral component of the transducin heterotrimer (Lobanova et al., 2008; 

Kolesnikov et al., 2011). One possible explanation of light-sensitivity in Gγ1-/- rods is that 

the transducin α-subunit (Gαt) may independently support light-signaling in these cells, 

without its canonical partner, the Gβ1γ1 dimer. Two studies that investigated this 

possibility in separately-generated Gγ1-/- mouse strains reported very similar light-

sensitivities, but significantly different retinal contents of Gαt (Lobanova et al., 2008; 

Kolesnikov et al., 2011). This discrepancy led the groups to reach mutually exclusive 

conclusions regarding the mechanism underlying light-signaling in Gγ1-/- rods.  

In Chapter 3, we resolved this controversy and defined the molecular mechanism 

by which Gγ1-/- rods detect light. First, we established that the rod outer segment 

contents of Gαt and Gβ1 in the two Gγ1-/- mouse strains are essentially identical and 

correlate closely to the light-sensitivities initially reported for both mice. Previous in 

vitro evidence showed that rhodopsin can activate Gαt without Gβ1γ1, but with an 

efficiency at least an order of magnitude lower than with Gβ1γ1 (Fung, 1983; Kisselev et 

al., 1999; Herrmann et al., 2006). This evidence, alongside our corrected Gαt 

quantification, strongly argued that the amount of Gαt present in Gγ1-/- rod outer 

segments could not independently support the light-sensitivity measured from these 

cells. Thus, we hypothesized that light-signaling in Gγ1-/- rods is instead supported by 
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transducin heterotrimers incorporating an alternative G protein γ-subunit (or subunits) 

in the absence of Gγ1. 

We found that two additional γ-subunits, Gγ2 and Gγ3, are present in the rod 

outer segments of WT and Gγ1-/- mice, where they form complexes with Gβ1. We 

concluded that, in the absence of Gγ1, these alternative Gβγ complexes, Gβ1γ2 and Gβ1γ3, 

support light signaling in mutant photoreceptors with an efficiency similar to that of the 

canonical Gβ1γ1 complex. While our data do not support the hypothesis that an 

unbound Gα can efficiently support G protein signaling, this study provides clear 

evidence of another phenomenon that has remained elusive in the G protein signaling 

field: multiple G protein γ-subunits performing the same function in the context of a 

living animal.  

The mammalian genome contains genes encoding five G protein β-subunits and 

fourteen γ-subunits (Milligan and Kostenis, 2006). Given that many possible Gβγ 

combinations could exist, significant efforts have been made to determine whether G 

protein heterotrimers comprised of distinct subunits can fulfill the same physiological 

role. Many examples documented in cell culture and in vitro have demonstrated that 

some Gβγ complexes utilizing different γ-subunits can activate the same signaling 

cascades, albeit at varying efficiencies (Wickman et al., 1994; Ikeda, 1996; Ruiz-Velasco 

and Ikeda, 2000). Thus far, examination of γ-subunit exchangeability in the context of 

the whole animal has been limited, but mouse knockout studies have suggested that 
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there may be a more stringent requirement for γ-subunit specificity in vivo than in cell 

culture. For example, Gγ7 is indispensable for signaling through both the adenosine A2A 

receptor and the dopamine receptor D1 in the striatum (Schwindinger et al., 2003; 

Schwindinger et al., 2010), Gγ13 is required for olfactory signal transduction (Li et al., 

2013), and Gγ3 is required for GABAB receptor-regulated neuronal excitability 

(Schwindinger et al., 2012). Prior to the work described in this dissertation, no reports 

had provided evidence of multiple γ-subunits performing the same function in vivo. 

In Chapter 3, we now provide a compelling example of functional 

interchangeability of G protein γ-subunits in vivo. To our knowledge, phototransduction 

in the Gγ1 knockout mouse represents the first reported case of multiple Gβγ complexes 

performing the same function in a living animal. The only caveat is that the expression 

levels of the alternative γ-subunits in photoreceptors are lower than those of the 

conventional Gγ1 and, therefore, the Gβ1γ1 complex drives the majority of 

phototransduction unless Gγ1 is absent. Our findings highlight the versatility of G 

protein signaling by showing exchangeability of individual G protein subunits in 

performing an important physiological function.  

5.2 Future studies on alternative Gβ1γ complexes in Gγ1
-/- rods  

The quantitative data obtained in our investigation of light-signaling in Gγ1-/- 

rods reveal a close correlation between the reductions in light sensitivity and outer 

segment contents of Gαt and Gβ1 in these cells. Given that the efficiency of Gαt activation 
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without the Gβ1γ1 dimer is at least an order of magnitude lower than that of the 

complete heterotrimer (Fung, 1983; Kisselev et al., 1999; Herrmann et al., 2006), it is 

unlikely that the light-sensitivity documented in Gγ1-/- rods could be produced by the 

very small amount of Gαt in their outer segments. Our demonstration of the presence of 

alternative Gβ1γ complexes in Gγ1-/- outer segments strongly supports the conclusion 

that light-signaling in these cells is supported by transducin heterotrimers utilizing the 

alternative Gβ1γ2 and Gβ1γ3 complexes at a similar efficiency to that of the canonical 

Gβ1γ1 complex. 

Though the quantitative results are compelling, in this study we did not directly 

demonstrate that heterotrimers incorporating the alternative γ-subunits are capable of 

activation by rhodopsin in Gγ1-/- rods. Interestingly, an early biochemical study of 

transducin activation found that, although Gβ1 could form dimeric complexes with both 

Gγ2 and Gγ3, Gαt activation by rhodopsin only occurred with heterotrimers utilizing the 

canonical Gβ1γ1 complex (Kisselev and Gautam, 1993). However, these assays were 

performed in a cell-free system using purified recombinant proteins, under conditions 

far removed from those of a functional photoreceptor cell, thus their relevance to this 

system in vivo is unknown. 

One approach to determine whether Gβ1γ2 and Gβ1γ3 support light detection in 

Gγ1-/- mice would be to assess light-signaling in rods lacking all three γ-subunits. A 

triple-knockout approach would not be productive in this case, as both Gγ2 and Gγ3 
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have important roles outside of the photoreceptor: Gγ2 is one of the most abundant γ-

subunits expressed in the brain (Betty et al., 1998; Wettschureck and Offermanns, 2005), 

and knockout of Gγ3 causes seizures and reduced body weight in mice (Schwindinger et 

al., 2004). Thus, this experiment would require the generation of rod-specific knockout 

mice lacking Gγ2 and Gγ3 for breeding into the Gγ1-/- strain. Measuring light-sensitivity 

in the rods of Gγ1-/- mice in the absence of Gγ2 and/or Gγ3 would reveal whether the 

noncanonical Gβγ complexes we detected indeed support transducin activation. 

5.3 Probing proteostatic stress in degenerating photoreceptors 

Many of the genetic mutations linked to inherited retinal degenerations cause the 

production of misfolded photoreceptor proteins that are ultimately degraded by the 

ubiquitin-proteasome system (UPS). Proteostatic stress, consisting of an insufficient 

capacity of the UPS to degrade proteasomal substrates, has been shown to be a major 

contributing factor in multiple mouse models of inherited retinal degeneration 

(Lobanova et al., 2013; Liu et al., 2014; Dexter et al., 2018). Importantly, increasing 

proteasomal activity ameliorated proteostatic stress and delayed photoreceptor death in 

mouse models of retinal degenerating (Lobanova et al., 2018). Despite these promising 

results, our understanding of the connection between insufficient UPS substrate 

degradation and photoreceptor degeneration remains limited. 

In Chapter 4, we evaluated whether the proteostatic stress observed in 

degenerating photoreceptors may originate from insufficient P97-dependent substrate 
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processing, which is required for the proteasomal degradation of a large subset of UPS 

targets. Our analysis of two mouse models of retinal degeneration, Gγ1-/- and P23H, 

indicates that this could be the case, although only for a subset of mutations associated 

with photoreceptor protein misfolding. Whereas UPS function in Gγ1-/- rods appears to 

be limited by insufficient P97-dependent substrate processing, proteasomal degradation 

itself appears to limit UPS function in P23H rods. These results argue that individual 

mutations must be considered when developing therapeutic interventions for reducing 

proteostatic stress in these blinding conditions. 

The most straightforward approach to overcoming insufficient P97-dependent 

substrate processing in Gγ1-/- photoreceptors, consisting of overexpressing this protein, 

was not productive. In fact, P97 overexpression caused progressive death of otherwise 

normal photoreceptors in young mice, starting before 3 months of age. Furthermore, P97 

overexpression exacerbated proteostatic stress and accelerated photoreceptor loss in Gγ1-

/- mice. The simplest explanation for these effects is that increased cellular content of P97 

does not automatically lead to the formation of additional functional P97 complexes and 

may instead impose its own stress on the UPS. However, recent studies of P97 mutations 

linked to human disease suggest a more complex explanation for the photoreceptor cell 

death we observe in P97-overexpressing (P97oe) mice. 

Mutations in P97 can cause multisystem proteinopathy (MSP), a syndromic 

disorder affecting the brain, bone and muscle. Disease-associated mutations in P97 were 
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recently shown to increase the rate of substrate unfolding by P97 complexes in vitro 

(Blythe et al., 2017; Blythe et al., 2019), and expression of such ‘overactive’ P97 mutants 

in Drosophila and mice was highly toxic (Custer et al., 2010; Ritson et al., 2010; Zhang et 

al., 2017). These data raise a possibility that the toxicity observed in P97oe 

photoreceptors may result from a pathological increase in P97-dependent substrate 

processing. While this possibility is not immediately supported by our finding that P97 

overexpression increases UbG76V-GFP accumulation in Gγ1-/- retinas, cell death in P97-

overexpressing rods may arise from multiple contributing factors. For example, 

increased P97-dependent processing and degradation of regulatory proteins could 

inappropriately activate critical signaling pathways, such as NF-κB (Custer et al., 2010), 

leading to cellular dysfunction and cell death. Such perturbations could not be detected 

by merely monitoring cytosolic UbG76V-GFP levels. Given the complexity of this system, 

understanding how to fine-tune P97-dependent substrate processing to alleviate the 

proteostatic stress caused by misfolded protein production will require a broader 

consideration of the entire P97-interacting network. 

Curiously, photoreceptors are the only cells studied so far that are negatively 

affected by P97 overexpression. In the initial characterization of the P97oe mouse (Custer 

et al., 2010), these mice developed normally and displayed no abnormalities in weight or 

survival at all ages evaluated (up to 15 months of age). Kidney, liver, spleen, intestine, 

and gastrocnemius and quadriceps muscles of P97oe mice appeared histologically 
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normal, despite confirmed transgene expression in these tissues. Brains harvested from 

P97oe mice, in which P97 expression was increased ~2-fold, revealed no overt signs of 

degeneration by hematoxylin and eosin staining. P97oe mice also exhibited normal hind-

limb clasping, a behavior which is disrupted in numerous mouse models of 

neurodegeneration and is a common indicator of central nervous system pathology 

(Reddy et al., 1999). Finally, tests of declarative memory and anxiety-associated 

behaviors also revealed no abnormalities in P97oe mice (Custer et al., 2010). Given the 

otherwise healthy phenotype of the P97oe mouse, the toxicity we observed in P97oe 

photoreceptors came as a surprise to us. However, what could be viewed as even more 

surprising is that only one cell type is negatively affected by 2- to 3-fold overexpression 

of P97, which is already one of the most abundantly-expressed proteins in the cell 

(Peters et al., 1990). 

Finally, our new data make a mechanistic connection with a recent study in 

which we demonstrated that overexpression of the PA28α subunit of the 11S 

proteasome cap is therapeutic (Lobanova et al., 2018). In this study, we showed that 

PA28α overexpression increases proteasomal activity and delays photoreceptor cell loss 

in both Gγ1-/- and P23H mice. One observation that we could not immediately explain 

was that photoreceptor protection upon proteasomal activation was much more 

pronounced in P23H mice. However, a plausible explanation can now be offered in light 

of our current findings. Our data suggest that the proteostatic stress in Gγ1-/- rods results 
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from an insufficient cellular capacity for P97-dependent substrate processing, whereas 

P23H rods experience insufficient proteasomal degradation. Therefore, it is entirely 

expected that direct proteasomal activation would be more effective in P23H rods, 

whereas protection of Gγ1-/- rods would require increasing substrate processing by P97 

complexes. 

5.4 Future studies on proteostatic stress in degenerating rods 

Though intracellular aggregation of P23H rhodopsin has been documented in 

cell culture studies (Illing et al., 2002; Saliba et al., 2002), rods of the rhodopsin P23H 

knockin mouse exhibit no accumulation of misfolded rhodopsin (Sakami et al., 2011), 

indicating that the mutant protein is efficiently degraded in these cells. Given that 

misfolded mutant rhodopsin is degraded through ERAD (Griciuc et al., 2010) and 

specifically requires P97 (Chiang et al., 2015), we initially anticipated that UPS function 

in P23H rods would be limited by their P97 substrate-processing capacity. However, our 

results suggest that UPS function in P23H rods is instead limited by the cell’s 

proteasomal capacity. On the other hand, Gγ1-/- rods, which are burdened by the 

requirement to degrade excess amounts of misfolded Gβ1 in the cytosol, appear to suffer 

from an insufficient cellular capacity for P97-dependent substrate processing. 

Whereas the exact mechanistic explanation for the difference in the rate-limiting 

UPS components between these mutant mouse models remains to be addressed 

experimentally, we can offer the following hypothetical explanation consistent with our 
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current results. Photoreceptors are known to constantly renew their light-sensitive 

membranes, which requires continuous biosynthesis of unusually large amounts of 

membrane proteins. This implies that they have a high capacity of the ER-associated 

degradation machinery, including P97 complexes, to perform quality control of proteins 

produced in the ER. One can speculate that this capacity is naturally so high that it is 

sufficient to process misfolded P23H rhodopsin molecules. However, these cells do not 

appear to have enough downstream proteasomes, ultimately leading to proteostatic 

stress in P23H mice. On the other hand, the cytoplasmic pool of P97 in photoreceptors 

may be more trivial and easily saturated by the large amounts of uncoupled Gβ1 

produced in Gγ1-/- rods. Assuming that photoreceptors are unable to redirect the ER-

associated P97 pool to degrading cytoplasmic substrates, the proteostatic stress observed 

in Gγ1-/- photoreceptors arises from P97 insufficiency. 

Having identified P97 insufficiency as a potential source of pathology in 

degenerating photoreceptors, the next step will be to devise strategies to reverse this 

condition by increasing P97-dependent processing of cytosolic UPS substrates. 

Unfortunately, this is a very complicated proposition. First, P97 participates in a wide 

range of cellular processes, including protein degradation, membrane fusion, vesicular 

trafficking, Golgi formation, autophagy, and DNA repair (Meyer and Weihl, 2014; Stach 

and Freemont, 2017). This versatility originates from the interactions of P97 hexamers 

with various combinations of over 40 interacting cofactors, which regulate the substrate 
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interactions and subcellular localization of P97 complexes (Buchberger et al., 2015; 

Hänzelmann and Schindelin, 2017). However, much remains unknown about the 

regulation of P97-cofactor interactions. Given the complex assortment of roles 

performed by P97, developing strategies to specifically increase the activity of individual 

P97-related processes without affecting other P97-related processes will require a deeper 

understanding of the regulatory mechanisms directing P97 function in the cell. 

Second, as mentioned in Section 5.3 of this Discussion, mounting evidence has 

shown that increasing P97-dependent substrate processing can actually be deleterious to 

cell health. Several disease-linked P97 mutants cause the production of P97 complexes 

with an aberrantly high capacity for substrate unfolding (Blythe et al., 2017; Blythe et al., 

2019), and expression of these ‘overactive’ P97 mutants in multiple animal models has 

been shown to have serious pathological consequences (Custer et al., 2010; Ritson et al., 

2010; Zhang et al., 2017). These data, combined with the results presented in this 

dissertation, suggest that cells function normally only within a specific range of P97 

substrate-processing activity, and departing from this range—whether due to conditions 

of P97 insufficiency or overactivation—can lead to cellular dysfunction and/or cell death. 

Thus, strategies to overcome P97 insufficiency in Gγ1-/- rods must account for the fact 

that a robust increase in P97-dependent substrate processing may also lead to 

photoreceptor cell death. In the future, it will be important to investigate the ranges of 

P97 substrate processing activity that can support normal functions in different cell 
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types. Understanding the limits of acceptable P97 substrate processing in various cells 

will facilitate the development of strategies to fine-tune this process while avoiding 

further disruption of cell function. 
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6. Conclusions 

Together, these studies advance our understanding of two critical aspects of 

photoreceptor cell biology: light-signaling and photoreceptor degeneration. Though 

light-signaling in rod photoreceptors is largely mediated by transducin heterotrimers 

containing the canonical Gβ1γ1 complex, this function is also performed by two 

previously undetected Gβγ complexes (Gβ1γ2 and Gβ1γ3) with efficiencies similar to that 

of Gβ1γ1 that support light signaling in the absence of Gγ1. The proteostatic stress 

observed in degenerating photoreceptors of two different mouse models of retinal 

degeneration, Gγ1-/- and P23H, likely originates from distinct pathobiological 

mechanisms in which UPS function may or may not be limited by insufficient substrate 

processing by P97 complexes. Further work will be required to understand the 

mutation-specific differences in the mechanisms underlying photoreceptor pathology. 

Accounting for these differences will be critical to developing effective therapeutic 

strategies to treat retinal degenerations. 

6.1 Summary of major findings 

1) Gβ1, the canonical binding partner of Gγ1, also binds and forms alternative 

Gβγ complexes with Gγ2 and Gγ3 in both WT and Gγ1-/- rod outer segments. 

The degree of reduction in light sensitivity in Gγ1-/- rods correlates closely 

with the degree of reduction in the outer segment contents of the remaining 

components of the transducin heterotrimer. In Gγ1-/- rods, alternative transducin 
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Gβγ complexes (Gβ1γ2 and Gβ1γ3) support vision in the absence of Gβ1’s cognate γ-

subunit, Gγ1, with efficiencies comparable to that of the canonical transducin 

complex. 

2) In addition to producing similar responses to light, as previously reported 

(Lobanova et al., 2008; Kolesnikov et al., 2011), the two separately-generated 

lines of Gγ1-/- mice investigated in this study (“Deltagen” and “StL” Gγ1-/- 

mice), contain identical amounts of Gαt and Gβ1 subunits in their rods, 

undergo retinal degeneration at a similar rate, and share the same underlying 

pathobiological mechanism. Both strains of Gγ1-/- mice currently available to the 

scientific community are essentially identical and could be used interchangeably in 

future studies of this mouse model. 

3) Retinas of two mouse models of retinal degeneration (Gγ1-/- and P23H) exhibit 

distinct patterns of retinal clearance of two proteasomal activity reporters 

with differing dependencies on P97 for proteasomal degradation. Proteostatic 

stress in the rods of Gγ1-/- and P23H mice appears to originate from different 

pathobiological mechanisms in which UPS function may or may not be 

limited by insufficient substrate processing by complexes formed by the 

AAA+ ATPase P97. UPS function in Gγ1-/- rods is limited by insufficient P97-

dependent substrate processing, whereas proteasomal degradation itself limits UPS 

function in P23H rods. 
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4) Despite being aphenotypic in all other cell types previously examined 

(Custer et al., 2010), overexpression of P97 causes progressive cell death of 

otherwise normal photoreceptors in young adult mice. In Gγ1-/- mice, P97 

overexpression slightly exacerbates proteostatic stress and accelerates 

photoreceptor loss beginning around 6 months of age. Photoreceptors are 

highly sensitive to increased cellular P97 content. Increasing the expression of P97 

itself does not necessarily translate to increased formation of functional substrate-

processing P97 complexes and may instead place an additional burden on the UPS. 

   



 

89 

References 

Amm I., Sommer T., Wolf D. H. (2014) Protein quality control and elimination of protein 

waste: The role of the ubiquitin–proteasome system. Biochim Biophys Acta 1843, 

182-196. 

Ando R., Noda K., Tomaru U., Kamoshita M., Ozawa Y., Notomi S., Hisatomi T., Noda 

M., Kanda A., Ishibashi T., Kasahara M., Ishida S. (2014) Decreased proteasomal 

activity causes photoreceptor degeneration in mice. Invest Ophthalmol Vis Sci 

55, 4682-4690. 

Arshavsky V. Y., Lamb T. D., Pugh E. N., Jr. (2002) G proteins and phototransduction. 

Annu Rev Physiol 64, 153-187. 

Arshavsky V. Y., Burns M. E. (2012) Photoreceptor signaling: supporting vision across a 

wide range of light intensities. J Biol Chem 287, 1620-1626. 

Arshavsky V. Y., Burns M. E. (2014) Current understanding of signal amplification in 

phototransduction. Cell Logist 4, 10.4161/cl.29390. 

Athanasiou D., Aguila M., Bevilacqua D., Novoselov S. S., Parfitt D. A., Cheetham M. E. 

(2013) The cell stress machinery and retinal degeneration. FEBS Lett 587, 2008-

2017. 

Balch W. E., Morimoto R. I., Dillin A., Kelly J. W. (2008) Adapting proteostasis for 

disease intervention. Science 319, 916-919. 



 

90 

Bard J. A. M., Goodall E. A., Greene E. R., Jonsson E., Dong K. C., Martin A. (2018) 

Structure and Function of the 26S Proteasome. Annu Rev Biochem 87, 697-724. 

Barthelme D., Sauer R. T. (2012) Identification of the Cdc48•20S proteasome as an 

ancient AAA+ proteolytic machine. Science 337, 843-846. 

Barthelme D., Sauer R. T. (2013) Bipartite determinants mediate an evolutionarily 

conserved interaction between Cdc48 and the 20S peptidase. Proc Natl Acad Sci 

U S A 110, 3327-3332. 

Baugh J. M., Viktorova E. G., Pilipenko E. V. (2009) Proteasomes can degrade a 

significant proportion of cellular proteins independent of ubiquitination. J Mol 

Biol 386, 814-827. 

Bays N. W., Wilhovsky S. K., Goradia A., Hodgkiss-Harlow K., Hampton R. Y. (2001) 

HRD4/NPL4 is required for the proteasomal processing of ubiquitinated ER 

proteins. Mol Biol Cell 12, 4114-4128. 

Beskow A., Grimberg K. B., Bott L. C., Salomons F. A., Dantuma N. P., Young P. (2009) A 

conserved unfoldase activity for the p97 AAA-ATPase in proteasomal 

degradation. J Mol Biol 394, 732-746. 

Betty M. H. S., Harnish S. W., Rhodes K. J., Cockett M. I. (1998) Distribution of 

heterotrimeric G-protein β and γ subunits in the rat brain. Neuroscience 85, 475-

486. 



 

91 

Blythe E. E., Olson K. C., Chau V., Deshaies R. J. (2017) Ubiquitin- and ATP-dependent 

unfoldase activity of P97/VCP•NPLOC4•UFD1L is enhanced by a mutation that 

causes multisystem proteinopathy. Proc Natl Acad Sci U S A 114, E4380-E4388. 

Blythe E. E., Gates S. N., Deshaies R. J., Martin A. (2019) Multisystem Proteinopathy 

Mutations in VCP/p97 Increase NPLOC4·UFD1L Binding and Substrate 

Processing. Structure. 

Boulton M., Dayhaw-Barker P. (2001) The role of the retinal pigment epithelium: 

topographical variation and ageing changes. Eye (Lond) 15(Pt 3), 384-389. 

Braun S., Matuschewski K., Rape M., Thoms S., Jentsch S. (2002) Role of the ubiquitin-

selective CDC48(UFD1/NPL4)chaperone (segregase) in ERAD of OLE1 and other 

substrates. EMBO J 21, 615-621. 

Buchberger A., Schindelin H., Hänzelmann P. (2015) Control of p97 function by cofactor 

binding. FEBS Lett 589, 2578-2589. 

Burns M. E., Baylor D. A. (2001) Activation, deactivation, and adaptation in vertebrate 

photoreceptor cells. Annu Rev Neurosci 24, 779-805. 

Cali J. J., Balcueva E. A., Rybalkin I., Robishaw J. D. (1992) Selective tissue distribution of 

G protein γ subunits, including a new form of the γ subunits identified by cDNA 

cloning. J Biol Chem 267, 24023-24027. 

Calvert P. D., Krasnoperova N. V., Lyubarsky A. L., Isayama T., Nicoló M., Kosaras B., 

Wong G., Gannon K. S., Margolskee R. F., Sidman R. L., Pugh E. N., Jr., Makino 



 

92 

C. L., Lem J. (2000) Phototransduction in transgenic mice after targeted deletion 

of the rod transducin α-subunit. Proc Natl Acad Sci U S A 97, 13913-13918. 

Carter-Dawson L. D., LaVail M. M. (1979) Rods and cones in the mouse retina. I. 

Structural analysis using light and electron microscopy. . The Journal of 

Comparative Neurology 188, 245-262. 

Chiang W. C., Kroeger H., Sakami S., Messah C., Yasumura D., Matthes M. T., 

Coppinger J. A., Palczewski K., LaVail M. M., Lin J. H. (2015) Robust 

endoplasmic reticulum-associated degradation of rhodopsin precedes retinal 

degeneration. Mol Neurobiol 52, 679-695. 

Chou T. F., Deshaies R. J. (2011) Quantitative cell-based protein degradation assays to 

identify and classify drugs that target the ubiquitin-proteasome system. J Biol 

Chem 286, 16546-16554. 

Christianson J. C., Ye Y. (2014) Cleaning up in the endoplasmic reticulum: ubiquitin in 

charge. Nat Struct Mol Biol 21, 325-335. 

Custer S. K., Neumann M., Lu H., Wright A. C., Taylor J. P. (2010) Transgenic mice 

expressing mutant forms VCP/p97 recapitulate the full spectrum of IBMPFD 

including degeneration in muscle, brain and bone. Hum Mol Genet 19, 1741-

1755. 



 

93 

Dantuma N. P., Lindsten K., Glas R., Jellne M., Masucci M. G. (2000) Short-lived green 

fluorescent proteins for quantifying ubiquitin/proteasome-dependent proteolysis 

in living cells. Nat Biotechnol 18, 538-543. 

Dexter P. M., Lobanova E. S., Finkelstein S., Spencer W. J., Skiba N. P., Arshavsky V. Y. 

(2018) Transducin β-subunit can interact with multiple G-protein γ-subunits to 

enable light detection by rod photoreceptors. eNeuro 5, e0144-0118.2018. 

Díaz-Villanueva J. F., Díaz-Molina R., García-González V. (2015) Protein Folding and 

Mechanisms of Proteostasis. Int J Mol Sci 16, 17193-17230. 

Dikic I. (2017) Proteasomal and Autophagic Degradation Systems. Annu Rev Biochem 

86, 193-224. 

Dingus J., Wells C. A., Campbell L., Cleator J. H., Robinson K., Hildebrandt J. D. (2005) 

G protein βγ dimer formation:  Gβ and Gγ differentially determine efficiency of 

in vitro dimer formation. Biochemistry 44, 11882-11890. 

Dobson C. M. (2003) Protein folding and misfolding. Nature 426, 884-890. 

Dobson C. M. (2004) Principles of protein folding, misfolding and aggregation. Semin 

Cell Dev Biol 15, 3-16. 

Dryja T., McGee T., Hahn L., Cowley G., Olsson J., Reichel E., Sandberg M., Berson E. 

(1990) Mutations within the rhodopsin gene in patients with autosomal 

dominant retinitis pigmentosa. The New England Journal of Medicine 323, 1302-

1307. 



 

94 

Fain G. L., Matthews H. R., Cornwall M. C., Koutalos Y. (2001) Adaptation in vertebrate 

photoreceptors. Physiol Rev 81, 117-151. 

Finley D. (2009) Recognition and processing of ubiquitin-protein conjugates by the 

proteasome. Annu Rev Biochem 78, 477-513. 

Finley D., Chen X., Walters K. J. (2015) Gates, channels, and switches: elements of the 

proteasome machine. Trends Biochem Sci 41, 77-93. 

Fung B. K. (1983) Characterization of transducin from bovine retinal rod outer segments. 

I. Separation and reconstitution of the subunits. J Biol Chem 258, 10495-10502. 

Garritsen A., Simonds W. F. (1994) Multiple domains of G protein beta confer subunit 

specificity in beta gamma interaction. J Biol Chem 269, 24418-24423. 

Gautam N., Northup J., Tamir H., Simon M. I. (1990) G protein diversity is increased by 

associations with a variety of γ subunits. Proc Natl Acad Sci U S A 87, 7973-7977. 

Grice G. L., Nathan J. A. (2016) The recognition of ubiquitinated proteins by the 

proteasome. Cell Mol Life Sci 73, 3497-3506. 

Griciuc A., Aron L., Piccoli G., Ueffing M. (2010) Clearance of Rhodopsin(P23H) 

aggregates requires the ERAD effector VCP. Biochim Biophys Acta 1803, 424-434. 

Guerriero C. J., Brodsky J. L. (2012) The delicate balance between secreted protein 

folding and endoplasmic reticulum-associated degradation in human 

physiology. Physiol Rev 92, 537-576. 



 

95 

Hänzelmann P., Schindelin H. (2017) The Interplay of Cofactor Interactions and Post-

translational Modifications in the Regulation of the AAA+ ATPase p97. Frontiers 

in Molecular Biosciences 4. 

Hartl F. U. (2017) Protein Misfolding Diseases. Annu Rev Biochem 86, 21-26. 

Heck M., Hofmann K. P. (2001) Maximal rate and nucleotide dependence of rhodopsin-

catalyzed transducin activation: initial rate analysis based on a double 

displacement mechanism. J Biol Chem 276, 10000-10009. 

Herrmann R., Heck M., Henklein P., Hofmann K. P., Ernst O. P. (2006) Signal transfer 

from GPCRs to G proteins: role of the Gα N-terminal region in rhodopsin-

transducin coupling. J Biol Chem 281, 30234-30241. 

Hershko A., Ciechanover A. (1998) The ubiquitin system. Annu Rev Biochem 67, 425-

479. 

Hetz C., Saxena S. (2017) ER stress and the unfolded protein response in 

neurodegeneration. Nat Rev Neurol 13, 477-491. 

Higgins J. B., Casey P. J. (1994) In vitro processing of recombinant G protein gamma 

subunits. Requirements for assembly of an active beta gamma complex. J Biol 

Chem 269, 9067-9073. 

Ikeda S. R. (1996) Voltage-dependent modulation of N-type calcium channels by G-

protein βγ subunits. Nature 380, 255-258. 



 

96 

Illing M. E., Rajan R. S., Bence N. F., Kopito R. R. (2002) A rhodopsin mutant linked to 

autosomal dominant retinitis pigmentosa is prone to aggregate and interacts 

with the ubiquitin proteasome system. J Biol Chem 277, 34150-34160. 

Iniguez-Lluhi J. A., Simon M. I., Robishaw J. D., Gilman A. G. (1992) G protein βγ 

subunits synthesized in Sf9 cells. J Biol Chem 267, 23409–23417. 

Jarosch E., Taxis C., Volkwein C., Bordallo J., Finley D., Wolf D. H., Sommer T. (2002) 

Protein dislocation from the ER requires polyubiquitination and the AAA-

ATPase Cdc48. Nat Cell Biol 4, 134-139. 

Kisselev O., Gautam N. (1993) Specific interaction with rhodopsin is dependent on the 

gamma subunit type in a G protein. J Biol Chem 268, 24519-24522. 

Kisselev O. G., Meyer C. K., Heck M., Ernst O. P., Hofmann K. P. (1999) Signal transfer 

from rhodopsin to the G-protein: Evidence for a two-site sequential fit 

mechanism. Proc Natl Acad Sci U S A 96, 4898-4903. 

Klaips C. L., Jayaraj G. G., Hartl F. U. (2018) Pathways of cellular proteostasis in aging 

and disease. J Cell Biol 217, 51-63. 

Koegl M., Hoppe T., Schlenker S., Ulrich H. D., Mayer T. U., Jentsch S. (1999) A novel 

ubiquitination factor, E4, is involved in multiubiquitin chain assembly. Cell 96, 

635-644. 



 

97 

Kolesnikov A. V., Rikimaru L., Hennig A. K., Lukasiewicz P. D., Fliesler S. J., 

Govardovskii V. I., Kefalov V. J., Kisselev O. G. (2011) G-protein βγ-complex is 

crucial for efficient signal amplification in vision. J Neurosci 31, 8067-8077. 

Kosmaoglou M., Schwarz N., Bett J., Cheetham M. (2008) Molecular chaperones and 

photoreceptor function. Progress in Retinal Eye Research 27, 434-449. 

Kwon Y. T., Ciechanover A. (2017) The Ubiquitin Code in the Ubiquitin-Proteasome 

System and Autophagy. Trends Biochem Sci 42, 873-886. 

Labbadia J., Morimoto R. I. (2015) The Biology of Proteostasis in Aging and Disease. 

Annu Rev Biochem 84, 435-464. 

Largent B. L., Jones D. T., Reed R. R., Pearson R. C., Snyder S. H. (1988) G protein mRNA 

mapped in rat brain by in situ hybridization. Proc Natl Acad Sci U S A 85, 2864-

2868. 

Lecker S. H., Goldberg A. L., Mitch W. E. (2006) Protein Degradation by the Ubiquitin–

Proteasome Pathway in Normal and Disease States. J Am Soc Nephrol 17, 1807-

1819. 

Lefkowitz R. J. (2007) Seven transmembrane receptors: something old, something new. 

Acta Physiol (Oxf) 190, 9-19. 

Li F., Ponissery-Saidu S., Yee K. K., Wang H., Chen M.-L., Iguchi N., Zhang G., Jiang P., 

Reisert J., Huang L. (2013) Heterotrimeric G protein subunit Gγ13 is critical to 

olfaction. J Neurosci 33, 7975-7984. 



 

98 

Li L., Anand M., Rao K. N., Khanna H. (2015) Cilia in photoreceptors. Methods Cell Biol 

127, 75-92. 

Liang J.-J., Cockett M., Khawaja X. Z. (1998) Immunohistochemical localization of G 

protein β1, β2, β3, β4, β5, and γ3 subunits in the adult rat brain. J Neurochem 71, 

345-355. 

Lindsten K., Menéndez-Benito V., Masucci M. G., Dantuma N. P. (2003) A transgenic 

mouse model of the ubiquitin/proteasome system. Nat Biotechnol 21, 897-902. 

Liu Y. P., Tsai I. C., Morleo M., Oh E. C., Leitch C. C., Massa F., Lee B. H., Parker D. S., 

Finley D., Zaghloul N. A., Franco B., Katsanis N. (2014) Ciliopathy proteins 

regulate paracrine signaling by modulating proteasomal degradation of 

mediators. J Clin Invest 124, 2059-2070. 

Lobanova E. S., Finkelstein S., Herrmann R., Chen Y. M., Kessler C., Michaud N. A., 

Trieu L. H., Strissel K. J., Burns M. E., Arshavsky V. Y. (2008) Transducin γ-

subunit sets expression levels of α- and β-subunits and is crucial for rod viability. 

J Neurosci 28, 3510-3520. 

Lobanova E. S., Finkelstein S., Skiba N. P., Arshavsky V. Y. (2013) Proteasome overload 

is a common stress factor in multiple forms of inherited retinal degeneration. 

Proc Natl Acad Sci U S A 110, 9986-9991. 



 

99 

Lobanova E. S., Finkelstein S., Li J., Travis A. M., Hao Y. K., M., Skiba N. P., Deshaies R. 

J., Arshavsky V. Y. (2018) Increased proteasomal activity supports photoreceptor 

survival in inherited retinal degeneration. Nature Communications 9. 

Masland R. H. (2001) The fundamental plan of the retina. Nat Neurosci 4, 877-886. 

Mercer A. J., Thoreson W. B. (2011) The dynamic architecture of photoreceptor ribbon 

synapses: cytoskeletal, extracellular matrix, and intramembrane proteins. Vis 

Neurosci 28, 453-471. 

Meyer H., Weihl C. C. (2014) The VCP/p97 system at a glance: connecting cellular 

function to disease pathogenesis. J Cell Sci 127, 3877-3883. 

Milligan G., Kostenis E. (2006) Heterotrimeric G-proteins: a short history. Br J Pharmacol 

147, S46-S55. 

Morishita R., Ueda H., Kato K., Asano T. (1998) Identification of two forms of the γ 

subunit of G protein, γ10 and γ11, in bovine lung and their tissue distribution in 

the rat. FEBS Lett 428, 85-88. 

Olszewski M. M., Williams C., Dong K. C., Martin A. (2019) The Cdc48 unfoldase 

prepares well-folded protein substrates for degradation by the 26S proteasome. 

Commun Biol 2. 

Palczewski K. (2012) Chemistry and biology of vision. J Biol Chem 287, 1612-1619. 

Pearring J. N., Salinas R. Y., Baker S. A., Arshavsky V. Y. (2013) Protein sorting, targeting 

and trafficking in photoreceptor cells. Prog Retin Eye Res 0, 24-51. 



 

100 

Peters J. M., Walsh M. J., Franke W. W. (1990) An abundant and ubiquitous homo-

oligomeric ring-shaped ATPase particle related to the putative vesicle fusion 

proteins Sec18p and NSF. EMBO J 9, 1757–1767. 

Pronin A. N., Gautam N. (1992) Interaction between G-protein beta and gamma subunit 

types is selective. Proc Natl Acad Sci U S A 89, 6220-6224. 

Pugh E. N., Jr., Lamb T. D. (1993) Amplification and kinetics of the activation steps in 

phototransduction. Biochim Biophys Acta 1141, 111-149. 

Qiu Y., Yao J., Jia L., Thompson D. A., Zacks D. N. (2019) Shifting the balance of 

autophagy and proteasome activation reduces proteotoxic cell death: a novel 

therapeutic approach for restoring photoreceptor homeostasis. Cell Death Dis 10. 

Rabinovich E., Kerem A., Frohlich K. U., Diamant N., Bar-Nun S. (2002) AAA-ATPase 

p97/Cdc48p, a Cytosolic Chaperone Required for Endoplasmic Reticulum-

Associated Protein Degradation. Mol Cell Biol 22, 626-634. 

Reddy P. H., Charles V., Williams M., Miller G., Whetsell W. O. J., Tagle D. A. (1999) 

Transgenic mice expressing mutated full-length HD cDNA: a paradigm for 

locomotor changes and selective neuronal loss in Huntington's disease. Philos 

Trans R Soc Lond B Biol Sci 354, 1035-1045. 

Ritson G. P., Custer S. K., Freibaum B. D., Guinto J. B., Geffel D., Moore J., Tang W., 

Winton M. J., Neumann M., Trojanowski J. Q., Lee V. M., Forman M. S. T., J. P. 



 

101 

(2010) TDP-43 mediates degeneration in a novel Drosophila model of disease 

caused by mutations in VCP/p97. J Neurosci 30, 7729-7739. 

Robishaw J. D., Berlot C. H. (2004) Translating G protein subunit diversity into 

functional specificity. Curr Opin Cell Biol 16, 206-209. 

Rosenbaum D. M., Søren G. F., Rasmussen S. G. F., Kobilka B. K. (2009) The structure 

and function of G-protein-coupled receptors. Nature 459, 356-363. 

Ruggiano A., Foresti O., Carvalho P. (2014) Quality control: ER-associated degradation: 

Protein quality control and beyond. J Cell Biol 204, 869-879. 

Ruiz-Velasco V., Ikeda S. R. (2000) Multiple G-protein βγ combinations produce voltage-

dependent inhibition of N-type calcium channels in rat superior cervical 

ganglion neurons. J Neurosci 20, 2183-2191. 

Safran M., Kim W. Y., O'Connell F., Flippin L., Gunzler V., Horner J. W., Depinho R. A., 

Kaelin W. G., Jr. (2006) Mouse model for noninvasive imaging of HIF prolyl 

hydroxylase activity: assessment of an oral agent that stimulates erythropoietin 

production. Proc Natl Acad Sci U S A 103, 105-110. 

Sakami S., Maeda T., Bereta G., Okano K., Golczak M., Sumaroka A., Roman A. J., 

Cideciyan A. V., Jacobson S. G., Palczewski K. (2011) Probing mechanisms of 

photoreceptor degeneration in a new mouse model of the common form of 

autosomal dominant retinitis pigmentosa due to P23H opsin mutations. J Biol 

Chem 286, 10551-10567. 



 

102 

Saliba R. S., Munro P. M., Luthert P. J., Cheetham M. E. (2002) The cellular fate of mutant 

rhodopsin: quality control, degradation and aggresome formation. J Cell Sci 115, 

2907-2918. 

Schmidt C. J., Thomas T. C., Levine M. A., Neer E. J. (1992) Specificity of G protein beta 

and gamma subunit interactions. J Biol Chem 267, 13807-13810. 

Schubert U., Anton L. C., Gibbs J., Norbury C. C., Yewdell J. W., Bennink J. R. (2000) 

Rapid degradation of a large fraction of newly synthesized proteins by 

proteasomes. Nature 404, 770-774. 

Schwindinger W. F., Betz K. S., Giger K. E., Sabol A., Bronson S. K., Robishaw J. D. (2003) 

Loss of G protein γ7 alters behavior and reduces striatal αolf level and cAMP 

production. J Biol Chem 278, 6575-6579. 

Schwindinger W. F., Giger K. E., Betz K. S., Stauffer A. M., Sunderlin E. M., Sim-Selley L. 

J., Selley D. E., Bronson S. K., Robishaw J. D. (2004) Mice with deficiency of G 

protein gamma3 are lean and have seizures. Mol Cell Biol 24, 7758-7768. 

Schwindinger W. F., Mihalcik L. J., Giger K. E., Betz K. S., Stauffer A. M., Linden J., 

Herve D., Robishaw J. D. (2010) Adenosine A2A receptor signaling and Golf 

assembly show a specific requirement for the γ7 subtype in the striatum. J Biol 

Chem 285, 29787-29796. 

Schwindinger W. F., Mirshahi U. L., Baylor K. A., Sheridan K. M., Stauffer A. M., Usefof 

S., Stecker M. M., Mirshahi T., Robishaw J. D. (2012) Synergistic roles for G-



 

103 

protein γ3 and γ7 subtypes in seizure susceptibility as revealed in double knock-

out mice. J Biol Chem 287, 7121-7133. 

Sokolov M., Lyubarsky A. L., Strissel K. J., Savchenko A. B., Govardovskii V. I., Pugh E. 

N., Jr., Arshavsky V. Y. (2002) Massive light-driven translocation of transducin 

between the two major compartments of rod cells: a novel mechanism of light 

adaptation. Neuron 34, 95-106. 

Stach L., Freemont P. S. (2017) The AAA+ ATPase p97, a cellular multitool. Biochem J 

474, 2953–2976. 

Swatek K. N., Komander D. (2016) Ubiquitin Modifications. Cell Res 26, 399-422. 

Syrovatkina V., Alegre K. O., Dey R., Huang X.-Y. (2016) Regulation, Signaling and 

Physiological Functions of G-proteins. J Mol Biol 428, 3850–3868. 

Twomey E. C., Ji Z., Wales T. E., Bodnar N. O., Ficarro S. B., Marto J. A., Engen J. R., 

Rapoport T. A. (2019) Substrate processing by the Cdc48 ATPase complex is 

initiated by ubiquitin unfolding. Science 365. 

Tzekov R., Stein L., Kaushal S. (2011) Protein Misfolding and Retinal Degeneration. Cold 

Spring Harb Perspect Biol 3. 

van den Boom J., Meyer H. (2018) VCP/p97-mediated unfolding as a principle in protein 

homeostasis and signaling. Mol Cell 69, 182-194. 



 

104 

Walz J., Erdmann A., Kania M., Typke D., Koster A. J., Baumeister W. (1998) 26S 

proteasome structure revealed by three-dimensional electron microscopy. J 

Struct Biol 121, 19-29. 

Wässle H., Boycott B. B. (1991) Functional architecture of the mammalian retina. Physiol 

Rev 71, 447-480. 

Weis W. I., Kobilka B. K. (2018) The Molecular Basis of G Protein–Coupled Receptor 

Activation. Annu Rev Biochem 87, 897–919. 

Wensel T. G., Zhang Z., Anastassov I. A., Gilliam J. C., He F., Schmid M. F., Robichaux 

M. A. (2016) Structural and Molecular Bases of Rod Photoreceptor 

Morphogenesis and Disease. Prog Retin Eye Res 55, 32-51. 

Wettschureck N. O. S., Offermanns S. (2005) Mammalian G proteins and their cell type 

specific functions. Physiol Rev 85, 1159-1204. 

Wickman K. D., Iñiguez-Lluhl J. A., Davenport P. A., Taussig R., Krapivinsky G. B., 

Linder M. E., Gilman A. G., Clapham D. E. (1994) Recombinant G-protein βγ-

subunits activate the muscarinic-gated atrial potassium channel. Nature 368, 255-

257. 

Wójcik C., Rowicka M., Kudlicki A., Nowis D., McConnell E., Kujawa M., DeMartino G. 

N. (2006) Valosin-containing protein (p97) is a regulator of endoplasmic 

reticulum stress and of the degradation of N-end rule and ubiquitin-fusion 

degradation pathway substrates in mammalian cells. Mol Biol Cell 17, 4606-4618. 



 

105 

Wu S. M. (1994) Synaptic transmission in the outer retina. Annu Rev Physiol 56. 

Yan K., Kalyanaraman V., Gautam N. (1996) Differential ability to form the G protein 

betagamma complex among members of the beta and gamma subunit families. J 

Biol Chem 271, 7141-7146. 

Yao J., Qiu Y., Frontera E., Jia L., Khan N. W., Klionsky D. J., Ferguson T. A., Thompson 

D. A., Zacks D. N. (2018) Inhibiting autophagy reduces retinal degeneration 

caused by protein misfolding. Autophagy 14, 1226-1238. 

Ye Y., Meyer H. H., Rapoport T. A. (2001) The AAA ATPase Cdc48p97 and its partners 

transport proteins from the ER into the cytosol. Nature 414, 652-656. 

Ye Y., Tang W. K., Zhang T., Xia D. (2017) A Mighty Protein Extractor of the Cell: 

Structure and Function of the p97/CDC48 ATPase. Front Mol Biosci 4. 

Young R. W., Bok D. (1969) Participation of the retinal pigment epithelium in the rod 

outer segment renewal process. J Cell Biol 42, 392-403. 

Zhang T., Mishra P., Hay B. A., Chan D., Guo M. (2017) Valosin-containing protein 

(VCP/p97) inhibitors relieve Mitofusin-dependent mitochondrial defects due to 

VCP disease mutants. Elife 6. 

 


