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ABSTRACT

The light-driven translocation of arrestin from rod inner segment to outer segment was
indicated to involve free diffusion with binding affinity to light-activated phosphorhodopsin,
however, it is still debatable how arrestin is excluded from the dark-adapted outer segment.
Previous studies demonstrated that bovine visual arrestin had the property of self-association.
The self-association property of both wild-type and mutated purified visual arrestin of several
species (bovine, mouse and Xenopus laevis) was studied by performing analytical
ultracentrifugation experiments which provided the oligomer formation information and
association constants. The self-association parameters of purified bovine and mouse visual
arrestin were investigated and compared with other studies. Results showed that arrestin of both
species could self-associate, forming dimers in a concentration-dependent manner, but tetramers
were not detected at the highest concentrations examined. Xenopus arrestin was shown to self-
associate as well, existing in a monomer-dimer equilibrium with the dimer dissociation constant
Kp4im=80.8 pM, which suggested that self-association was also a feature of Xenopus visual
arrestin. Interestingly, homologous mutations (F78A/Y84A/F193A) of Xenopus arrestin, which
were supposed to be constitutive monomers, failed to completely disrupt the oligomerization of
Xenopus arrestin with the dimer dissociation constant Kp 4im=200.7uM , indicating that these
regions were not conserved in amphibian visual arrestin, including Xenopus laevis. The
percentage of the dimer was higher than that of monomer at physiological concentrations in all

species of arrestins tested.
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CHPATER 1 INTRODUCTION

1.1. Photoreceptors and Phototransduction

Eyes are fluid-filled spherical organs composed by three concentric layers, among which,
the inner layer, named “retina”, contains light-sensitive, sensory neurons. The retina contains
five classes of neurons: photoreceptors, bipolar cells, ganglion cells, horizontal cells and
amacrine cells (Fig.1). Photoreceptor-bipolar cell-ganglion cell forms the major route of visual

information flow.

0s/Is

ONL
OPL

INL " 1
-

IPL

GCL

NFL

Figure 1 Schematic of the mammalian retina [1]. Five types of neurons: photoreceptors (rods (1), cones(2)),
horizontal cells (3), bipolar cells (4), amacrine cells(5) and retinal ganglion cells (RGCs) (6). (OS/IS, outer and inner
segments of rods and cones; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer; NFL, optic nerve fibre layer).

The photoreceptor is a sensory neuron with a distinct design: it is composed of the outer
segment (OS), the inner segment (IS), and the synapse [2]. The photoreceptor, located in the
outer layer of the retina, converts light into electrical signals through a cascade of biochemical
reactions. Phototransduction cascade occurs in the outer segment, and members in

phototransduction process, including rhodopsin, are synthesized in the inner segment, which



contains organelles such as ribosomes and mitochondria [2]. Based on their shapes,
photoreceptors could be divided into two types: cones and rods. In particular, cones are named
after their cone-shaped outer segment, while rods possess long cylindrical-shaped outer segment
[2]. Cones are significantly responsible for brighter light and color vision, while visual
experience at low light levels is mostly attributed to rods [3, 4].
1.1.1 Rod Photoreceptor Structure

Outer and inner segments comprise the major rod photoreceptor structure, and they are
connected by the cilium with the diameter of only 0.25-0.3 um [5]. The rod outer segment,
which is a primary cilium adjusted into a functional organelle involved in light absorption,
contains thousands of disk membranes [6] that occupy half volume of the outer segment [7]. The
disk membranes contain light-sensitive photopigment rhodopsin as well [8]. By contrast, the
inner segment (or cell body) is less densely populated, and is composed of diverse
subcompartments related to homeostasis of the cell and phototransduction proteins synthesis.
The inner segment mainly includes three compartments: ellipsoid, which contains mitochondria
for the regulation of cellular metabolism [9]; myoid, which possess Golgi apparatus, rough
endoplasmic reticulum and smooth endoplasmic reticulum [9, 10]; and nucleus, which is located
before pre-synaptic region where information is passed from photoreceptor cells to bipolar cells
[11].
1.1.2 Phototransduction Cascade & Light Response

In most sensory systems, activation of receptors usually leads to the depolarization of cell
membranes and stimulates an action potential. The study performed by Toyoda et al [12] showed
that in the dark, the photoreceptors are in the depolarized state with the membrane potential of -

35 to -40 mV. They also discovered that the intensity of light caused a graded change in



membrane potential and hyperpolarized the membrane, reaching about -70 mV. As a result,
unlike most neurons in central nerves system which depolarize when stimulated, photoreceptor
cells oppositely behave, tending to hyperpolarize instead [13]. In the outer segment, the cyclic
guanosine monophosphate (cGMP) level is responsible for the regulation of opening and closing
of the cGMP-gated channels. In the dark, the inward current of Na* and Ca** through cGMP-
gated channels is opposed by an outward current regulated by noninactivating potassium-
selective channels in the inner segment. The influx of Na* and Ca?*, coupled with the efflux of
the potassium ion (K¥), contributes to the dark current and keeps the photoreceptor in a
depolarized state [14]. Light absorption decreases cGMP concentration in the outer segment,
leading to the closure of cGMP-gated channels in the outer segment, and the reduction of Na*
and Ca?* influx. The closure of cGMP-gated channels and the decrease of positive charge influx
break the homeostasis of the current loop between cGMP-gated channels and potassium channels,

leading the intracellular voltage to become more negative and the hyperpolarization of the cell

(Fig.2) [15].
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Figure 2 Nature of circulating current in rod photoreceptor [15].



Rhodopsin, the photopigment in rods, is composed of opsin and retinal. The retinal
molecule is located in the pocket formed by the seven transmembrane domains of opsin, which
traverse the disk membranes in rod outer segment. Absorption of light results in the break of one
double bond between two carbon atoms of retinal, changing 11-cis retinal into all-trans retinal.
Such transformation activates the intracellular messenger transducin by exchanging GTP in place
of GDP on the transducin a subunit, followed by the separation of o subunit from Py subunit.
The binding of the GTP-bound transducin a subunit to cGMP phosphodiesterase increases the
cGMP hydrolysis rate. The resulting reduction in cGMP concentration leads to the closure of the
channels in the outer segment plasma membrane [16].

Once the activation is initiated, the inactivation process also starts rapidly, including the
phosphorylation of activated rhodopsin by rhodopsin kinase and the binding of arrestin to
rhodopsin. Bound arrestin restrains the ability of rhodopsin to stimulate transducin, blocking the
activation of transducin and cGMP phosphodiesterase. The activity of rhodopsin kinase is
regulated by recoverin, which is a Ca**-binding protein and inhibits rhodopsin kinase at high

Ca’* concentration [16] (Fig.3).
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Figure 3 Phototransduction cascade in rod photoreceptors [16]. (A) Phototransduction cascade activation. (B)
Rhodopsin inactivation. (C) Transducin apy hetrotrimer with a myristoyl group on a subunit and a farnesyl group on
By subunits

1.1.3 Light Adaptation and Calcium Regulation in Photoreceptors

Generally speaking, light adaptation contains all changes in rod photoreceptor sensitivity
which take place as a result of increasing illumination levels [17]. After the photoreceptor
absorbs a single photon, ~5% of the open, light-sensitive cGMP channels become closed in ~1s,
indicating that all of the channels will be closed if ~100 photons are delivered per second [18].
Due to light adaptation, however, this would not happen until ~10,000 photons are absorbed per
second [18].

Ca® is one of the major messengers for eukaryote cell activity regulation [19]. It
functions as a control and regulation ion to a variety of eukaryote cell types including animals,
plants and fungi [20]. The Ca”* concentration inside the cell is regulated through the balance

between the ions influx and efflux [21]. In the dark, the Ca?* influx is balanced by its efflux
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through the Na*/Ca?*-K* exchanger, which has four Na* into the cell with one K* and one Ca**
out of the cell. Hence, in darkness, the Ca** concentration inside the cell is ~500 nM [22], which
is high enough for the regulation of phototransduction cascade in rod outer segment and
transmitter release in rod inner segment [20]. After the absorption of light, the influx of Ca®* ion
stops because of the closure of cGMP-gated channels, however, its efflux through the Na*/Ca®*-
K* exchanger still continues [23, 24], which as a result decreases the Ca** concentration to at
least 50 nM [25].

In photoreceptors, the cGMP concentration inside the cell is determined by both its
synthesis rate, which is controlled by guanylate cyclase, and its hydrolysis rate, which is
regulated by cGMP phosphodiesterase (PDE) [26]. In the dark, cGMP remains at a steady state
with the concentration of several micromolar, which keeps the cGMP-gated channels in the outer
segment open and photoreceptor cells stay at a depolarized state [18]. For years, Ca** has been
regarded as the major factor in light-adaptation because of its regulation of several components
in phototransduction cascade and the decrease of Ca®* concentration contributes to the recovery
and adaption processes [27-29]. Rod photoreceptors are sensitive to low level of light, but the
sensitivity decreases when the intensity of illumination increases, deterring the photoreceptors
from saturating. In the process of light adaptation, the Ca®* concentration in the photoreceptor
outer segment is a major factor in the regulation of photoreceptor sensitivity to light. Firstly, the
activity of guanylate cyclase is inhibited by the high calcium concentration in the photoreceptor
outer segment. This regulation of guanlate cyclase occurs via guanlyl cyclase activating proteins
(GCAP-1 and GCAP-2), which is a type of Ca®* binding protein and is in the inactivated state
when binding to Ca?* [30]. Illumination leads to the closure of cGMP-gated channels in the

photoreceptor outer segment, reducing the Ca?* concentration and further increasing the activities



of guanylate cyclase, hence increasing the cGMP level [18]. Secondly, the decrease of Ca®*
concentration results in higher sensitivity of the cGMP-gated channels to cGMP through the
action of calmodulin or calmodulin-like proteins, promoting the binding of cGMP-gated
channels and cGMP [31]. In the dark when Ca®* concentration is high, calmodulin binds to the p-
subunit of the cGMP-gated channel and the channel has low affinity to cGMP. When
photoreceptors absorb light, calmodulin dissociates from the channels, leading to the higher
affinity of the channel to cGMP [29]. Thirdly, Ca®* also plays a role in the regulation of visual
pigment sensitivity. The activity of rhodopsin kinase is regulated by recoverin, which is a Ca®*-
binding protein and inhibits rhodopsin kinase at high Ca** levels. As a result, the rhodopsin
kinase activity increases with the decrease of Ca?* concentration as well, allowing arrestin to
bind rhodopsin more rapidly due to the enhancement of rhodopsin phosphorylation via the action
of recoverin, and finally causing the decrease of the signaling lifetime [27, 32].
1.1.4 Light-dependent translocation of signaling proteins

In 1980s, several laboratories discovered a significant change in transducin and arrestin
localization in rod photoreceptors [33-35]. In dark-adapted rods, the outer segment contains little
amount of arrestin which is mostly localized in the inner segment. Arrestin, which is involved in
the inactivation of rhodopsin, moves to and accumulates in the outer segment in response to light
[33]. Transducin moves in the opposite direction. It is localized to the rod outer segment in dark-
adapted status and translocates to the inner segment upon light exposure [16, 34-36]. In addition,
a third signaling protein, recoverin, moves from the rod outer segment towards the synapse [37]
(Fig.4). Hence, in the bright light, most arrestin stays in the outer segment binding to rhodopsin
and dampens the receptor signaling pathway that triggers the cellular response [38]. Arrestin

knockout mice are shown to cause light-dependent rod death, demonstrating the important



function of arrestin translocalization in rod survival and protecting rods from light-induced cell
death [39, 40]. The mechanisms underlying this light-driven translocation will be discussed in
detail in the Section 1.2 .

Protein redistribution probably contributes to photoreceptor light adaptation by regulating
the sensitivity and speed of photoresponse to different light conditions [41]. It could be mostly
elucidated by the fact that both light adaptation and protein translocation can occur in a light-
dependent manner at the same time [17]. Previous research showed that the light-dependent
translocation of transducin between rod subcellular compartments might be a mechanism of light
adaptation, because the decrease of transducin content in the outer segment was accompanied by
the decrease in amplification of photoresponse [17]. In addition, observation was made that the
ability of light adaptation was disrupted in the G, mutant knockin mice [42]. The mutant mice
had a tight binding of Gg, to membranes and hence prevented the translocation to rod inner
segment, further demonstrating that transducin translocation might have the function of light
adaption. Rod photoresponse is dependent on the activation of transducin, and the translocation
of transducin from the outer to inner segment decreases its concentration in the outer segment
and therefore, lowers the rate of transducin being activated [41]. The photoresponse sensitivity is
decreased as well and the photoresponse saturating will be prevented. The time course of
transducin translocation from outer segment to inner segment was shown to be 5 min for G,
subunit and 12.5 min for Gg, subunits, and the movement of the two subunits back to the outer
segment needed 2.5 h [17]. Following a similar time course as transducin, significant
translocation of arrestin took 5-6 min from dark to light and 30 min from light to dark [37, 43].
Moreover, the number of translocating arrestin is superstoichiometric to the amount of activated

rhodopsin, with the ratio of ~30:1 [37]. The increasing rate of arrestin binding to phosphorylated



photoactivated rhodopsin decreases the transducin amount being activated and lowers
photoresponse sensitivity. In addition, arrestin translocation increases the rate of photoresponse
shutoff and leads to a reduction in the lifetime of activated rhodopsin [41]. However, no direct
evidence has been shown whether arrestin translocation has a significant task during light

adaptation.
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Figure 4 Schematic illustration of transducin, arrestin and recoverin distribution in dark-adapted and light-adapted
rods [16].

1.2. Light-Dependent Distribution of Phototransduction Proteins and mechanisms
1.2.1 Light-Dependent Translocation of Transducin

Previous literature demonstrated that transducin translocation was regulated by the
diffusion with binding partner, and the differences of membrane affinities of transducin
hetertrimeric complex before and after dissociation could explain this phenomenon [17, 42, 44-

47]. The transducin heterotrimer exists in the rod outer segment by the combined action of its a



subunit with a myristoyl group and Py subunits with a farnesyl group. Absorbing light leads to
the binding of transducin o subunit with GTP and the dissociation from By subunits, which
finally makes the subunits more soluble and easier to escape from the outer segment and diffuse
into the inner segment. People have speculated that if GTP hydrolysis occurs in the rod inner
segment, it will lead to the time of the transducin subunits separated from each other being short,
and make the subunits reform as hetertrimeric complex and bind to the membranous structures in
the inner segment [16]. Also, overexpression of the GTPase activating protein RGS9 [48]
disrupted the translocation of transducin [49]. In agreement with the observation, the transducin
translocation was faster in RGS9 knockout mice than wild-type ones because of its lower
inactivation rate [50]. The translocation rates of transducin o subunit and By subunits are
different [17], indicating that they travelled to the inner segment separately [16]. Kassai et al also
stated that transducin By subunits translocation was interrupted without affecting the movement
of a subunit when they substituted a geranylgeranyl group for the farnesyl group, hence
increasing the membrane affinity [42]. Phosducin, which could bind transducin By subunits and
prevent their association with a subunit, was shown to enhance the translocation of transducin
[45]. Additionally, it decreased the membrane affinity by masking the farnesyl residue of By
subunits [51] and diminishing the electrostatic interactions between By subunits and membrane
phospholipids with negative charge [52]. People also observed that phosducin was located
throughout the entire rod cytoplasm and the translocation of transducin By subunits was disrupted
in phosducin knockout mice [45]. Another protein UNC 119 was suggested as well to help the
light-driven translocation of transducin. In UNC 119 knockout mice, transducin o subunit
partially remained in the inner segment and a significant slow return to the outer segment

occurred upon dark adaptation [46]. However, the relationship between UNC 119 and transducin
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By subunits has not been reported yet. It was demonstrated that centrin, a Ca?*-binding protein
located in the connecting cilium, might contribute to the transducin translocation as well due to
its binding affinity to Py subunits which therefore hindered transducin diffusion via the
connecting cilium in the dark [53, 54]. Other binding partners such as Leu-Gly-Asn repeated-
enriched protein (LGN) have also been proposed, but further investigation of their functions in
transducin translocation are still needed [55, 56].

Alternative models were established for light-dependent transport of transducin. The
mechanism of active transport with motor-driven machinery was proposed because the slow
light-stimulated translocation of transducin to the inner segment was observed when exposed to
microtubule-disrupting drugs [57]. However, the authors still failed to exclude the nonspecific
effects of the microtubule poisons. In addition, the transducin movement should be disrupted by
ATP deprivation if the transport depends on active transport. Researchers discovered that ATP
deprivation did not lead to the impairment of transducin translocation from the inner segment to
outer segment, however, disrupted the transducin movement from the outer segment to inner
segment [44]. ATP is required for GTP synthesis, hence this impairment might be caused by the
lack of GTP, which is important for transducin release from photoactivated rhodopsin. As
expected, the group found that the transducin translocation from outer segment to inner segment
was significantly impaired in GTP-depleted cells. Therefore, it was likely that the impairment of
transducin movement caused by ATP depletion was because of the lack of GTP instead of ATP,
further ruling out the possibility of the active transport mechanism.

In summary, the mechanism of transducin translocation is proposed to be diffusion with
binding partner, however, how the heteotrimeric transducin complex could restore in the inner

segment, and how they could dissociate from each other and return to the outer segment have not
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been found yet. In addition, it is still unclear whether diffusion is sufficient to explain transducin
return to its dark adapted status [16].
1.2.2 Light-Dependent Translocation of Recoverin

The light-driven translocation of recoverin follows the same direction as transducin [34-
36]. The translocation of recoverin, a myristoylated Ca®*-binding protein, can be explained by
the diffusion hypothesis [58], although concrete mechanisms have not been explored yet [59]. A
Ca**-myistoyl switch mechanism in recoverin was proposed, indicating that binding to Ca*" led
to the exposure of its myistoyl group and the enhancement of the binding affinity to membrane.
Recoverin would freely move at low Ca®** [59]. As a result, the final distribution of recoverin
throughout the photoreceptor cells was determined by the membrane densities and the Ca*
concentration [58]. Light absorption leads to the closure of cGMP-gated channels and the
decrease of Ca?* concentration in the outer segment, therefore, resulting in the reduced amount
of recoverin in the outer segment upon light exposure. However, the explanation of recoverin’s
translocation into synaptic terminals is still obscure [16].
1.2.3 Light-Dependent Translocation of Arrestin

The first member of arrestin family was discovered as a soluble antigen related to the
pathogenesis of experimental allergic uveitis (EAU) [60]. Hence, this protein was at first called
S-antigen, encoded by SAG gene [61]. In addition, the self-association of S-antigen was
indicated as well after purification [60]. Afterwards, a 48 kDa soluble protein was discovered,
with the binding affinity to photoactivated phosphorylated rhodopsin [62] to suppress
rhodopsin’s capacity to activate transducin and cGMP phosphodiesterase [63]. Then the 48 kDa
protein and S-antigen were considered as the same protein, named as “arrestin” due to its ability

to “arrest” rhodopsin signaling[64].
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Mammals express four arrestin subtypes [64, 65]. Among them, two subtypes in
photoreceptors, rod (arrestin-1, visual arrestin) and cone (arrestin-4, X-arrestin) arrestin, have the
ability to bind rhodopsin and cone opsins, respectively. The other two subtypes, arrestin-2 (-
arrestin) and arrestin-3 (p-arrestin2) are ubiquitously expressed and interact with hundreds of
different GPCRs. The four arrestins all have an a-helix in the N-terminal domain and a polar
core in C-terminal domain [66, 67] which could be disrupted on arrestin-receptor interaction [68].
In addition, the nonvisual arrestins have been demonstrated to have a clathrin-binding domain at
the C-terminus [69]. Arrestin-4 is the only subtype that is a constitutive monomer [70], however,
the other three subtypes have been shown to self-associate [64]. Among arrestin subtypes, rod
arrestin is the only type that crystallized as a tetramer [67, 71, 72]. Its feature of robust self-
association at physiological concentrations suggests its specific biological significance in rods
[73]. Arrestin-2 and arrestin-3 are homologous adaptor proteins for GPCRs trafficking and
signaling [68, 74-78], and self-association is regulated by IP6 (inositol 1,2,3,4,5,6-
hexakisphosphate) [79], however, they form different oligomers. For instance, arrestin-2 forms
large oligomers with the shape of long chains, and IP6 connects the N- and C-domains of
adjacent molecules [79], while only dimers have been observed in arrestin-3 with the C-domains
of two molecules connected by IP6 [64]. Therefore, the two nonvisual arrestins self-associate in
their own ways, forming different types of oligomers. In contrast with the oligomerization of
non-visual arrestins enhanced by IP6, the rod arrestin self-association is inhibited by IP6 [70].

In my study, | mainly focused on the visual arrestin. Light exposure led to massive
translocation of phototransduction proteins between rod subcellular compartments. Among them,
more than 90% of arrestin, which were responsible for quenching visual transduction [80],

moved to the rod outer segment in response to light [16]. Such translocation of arrestin was
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shown to be triggered in a critical threshold form [37]. Continuous light which bleached up to
1.5 % rhodopsin could not induce any discernible translocation of arrestin. However, doubling
the light intensity (bleaching 3% rhodopsin) induced a significant arrestin translocation, and
beyond this point, the relationship between the arrestin content in the rod outer segment and the
amount of rhodopsin bleaching could be fitted by a straight line [37]. Strissel et al. also found
that in dim light under the above circumstances, the amount of arrestin moved to outer segments
was superstoichiometric to that of bleached rhodopsin, achieving the ratio of over 30-fold [37].

Although the phenomenon of light-driven arrestin translocation has been discovered for
more than twenty years [34-36], the mechanism underlying this redistribution is still debatable.
Several possible mechanisms were proposed in which arrestin translocated between rod
subcellular compartments, including active transport [57, 81], diffusion with local binding
partner [44, 82], diffusion barrier in ciliary transition zone [57, 83] and partitioning due to steric
volume exclusion [84].

Some researchers supported the mechanism of active transport, because they believed
that arrestin translocation needed ATP, which was an energy-dependent process [57, 81, 85, 86];
however, contrary results were reported that incubation of eyecups in the glucose-free media and
supplemented with potassium cyanide and deoxyglucose, hence leading to the depletion of ATP,
would disrupt the disruption of arrestin between rod compartments, which demonstrated that
active transport was not able to be the mechanism of arrestin translocation in rod photoreceptors
[44]. Besides, with the onset of illumination, ~3,000,000 arrestin translocated from the inner to
the outer segment each minute [37], which was nearly 1000-fold faster than the motor-driven
delivery of newly synthesized rhodopsin to the outer segment, a benchmark for the rapid motor

driven protein transport process [16, 87]. The high speed of arrestin translocation was against the

14



active transport mechanism, unless arrestin moved in large aggregates or vesicles; but such
structures were never detected [16], which crippled the possibility of active transport.

In bright light, arrestin is known to bind phosphorylated photoexcited rhodopsin in the
outer segment [88], with the ratio of arrestin to rhodopsin at 1:1 [89], suggesting enough binding
capacity in the outer segment. As a result, it is nature to consider that arrestin moves from the
inner segment to outer segment by binding phosphorylated photoexcited rhodopsin and the
binding sinks mechanism works. However, in dim light, people found the amount of arrestin
translocating to the outer segment was superstoichiometric to the rhodopsin bleaching, with the
ratio of 30:1, suggesting that there might not be enough binding sinks in the outer segment and
the binding sinks mechanism did not work in dim light [17]. Peet et al [82] noticed that the
intracellular distribution of arrestin in the dark was inconsistent with that of enhanced green
fluorescent protein, which was a constitutive soluble protein. Several possible mechanisms could
explain this phenomenon, and the first one was diffusion with binding partner in the inner
segment. People have discovered three proteins that have associated with arrestin, including ao-
tubulin, enolase 1, and N-ethylmaleimide-sensitive factor (NSF). Microtubular cytoskeleton in
the inner segment was one candidate for arrestin to bind, because arrestin had a low affinity for
microtubules in the dark [44, 90, 91] and arrestin was shown to colocalize with the microtubular
axoneme in Xenopus rods [81, 92]. Therefore, the mechanism underlying the light-stimulated
arrestin translocation was proposed by a “competitive, two binding sinks” model, in which it
could be explained in detail as a simple competition between low affinity microtubule sites in the
inner segment and high affinity phosphorylated photoexcited rhodopsin sites in the outer
segment [16, 44]. However, the expression level of a-tubulin was much lower than that of

arrestin. The concentration of a-tubulin was only 50 uM in neural cells [93], while arrestin was
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at millimolar levels [37]. With the low concentration at ~5 uM in rods [94], the other binding
partner, enolase 1, was also ruled out. A third binding sites, NSF, was excluded as well due to
the lack of co-localization with arrestin in rods [95]. As a result, the mechanism underlying the
light-driven movement of arrestin from outer to inner segment might not be diffusion and
binding with any local binding partners among microtubule, enolase 1 or NSF. Although it was
believed that it was the free diffusion with binding to light-activated phosphorylated rhodopsin
that probably led to arrestin movement from inner to outer segment, the low affinity to the
proposed binding partners in the inner segment failed to sufficiently support the hypothesis of
arrestin’s moving back to the inner segment.

The mechanism of diffusion barrier was also studied. It was proposed that in the ciliary
transition zone a diffusion barrier existed which stopped arrestin from moving to the outer
segment without active transport machinery [57, 83]. However, researchers were not supportive
of this hypothesis. Calvert et al [96] performed confocal and multiphoton microscopy
experiments and tested the diffusion coefficient (D) of soluble photoactivatable green fluorescent
protein (PAGFP) in the Xenopus connecting cilium (CC), rod inner segment (IS) and rod outer
segment (OS), showing that De:=2.5 pm?s™ was only half of Dis =5.2 um?s™, and CC probably
did not possess a diffusion barrier to arrestin movement which was a soluble protein as well,
because PAGFP diffused much more rapidly in IS than any other compartments . In addition,
Najafi et al stated that there were no significant differences between the fluxes of monomer and
3*PAGFP through the ciliary transition zone, suggesting that the ciliary transition zone could not
contain a diffusion barrier and further weakened the mechanism of diffusion barrier [84].

In the same paper, Najafi et al also expressed GFP monomers, dimers and trimmers in

Xenopus rod photoreceptors, and demonstrated that in the steady-state, the distribution patterns
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of GFP oligomers were different [84]: compared with calcein, which was a small soluble protein,
GFP monomers localized in the outer segment at 1.8-fold lower abundance when normalized to
the amount in the inner segment, while the dimers and trimmers were shown at 2.9- and 6.8-fold,
respectively. Hence, the altered crowding of the cytoplasm, which was due to cell structures and
proteins, led to the distribution patterns of soluble proteins dependent on their shape and size via
a mechanism named steric volume exclusion. They introduced such dynamic and size-dependent
compartmental separation as the mechanism of soluble protein translocation, including arrestin,
to rod outer segment. It has been known that self-association is a common property in visual
arrestin at physiology concentrations [97], with the arrestin monomer size (48 kDa [98])
remarkably similar as that of GFP dimers (54 kDa for GFP dimer [99]). Thus, the mechanism
underlying the light-stimulated translocation of arrestin was proposed to include the free
diffusion to the outer segment through the connecting cilium with binding affinity to light-
activated phosphorylated rhodopsin in the outer segment and travelling back to the inner segment

was due to steric volume exclusion.

1.3. Self-Association of Visual Arrestin
1.3.1 Self-Association of Bovine, Mouse and Human Arrestin

The phenomenon of visual arrestin self-association was first discovered in 1977 by
Wacker et al from analytical ultracentrifugation studies [60]. More recently, researchers
conducted this subject and found that visual arrestin carried on a monomer-dimer equilibrium at
physiological concentrations from sedimentation equilibrium experiment [100]. In addition, two
groups performed Small Angle X-ray Scattering (SAXS) study and determined that the dominant

species of bovine visual arrestin at physiological concentration (>1mM) [33, 37, 73, 89, 101] was
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either dimers [102] or tetramers [103], with a monomer-dimer equilibrium or monomer-dimer-
tetramer equilibrium, respectively.

Bovine, mouse and human arrestin have been shown to form dimers and tetramers with
different self-association constants from multiangle light scattering experiment [97], among
which, nocturnal mice that depend more on rod vision, obtain the highest concentration of
monomer, while diurnal human beings that depend more on cone vision, get the lowest monomer
concentration [3]. Kim et al. compared the self-association patterns of bovine, mouse and human
visual arrestin and found that mouse and human arrestin self-associated, as well as bovine
arrestin, with monomer-dimer-tetramer (MDT) equilibrium. However, the dimerization and
tetramerization constants were different among these species, with Kp gim (37.2 pM)>Kp et (7.4
KM) in bovine arrestin, Kp gim (57.5 UM)~Kp e (63.1 pM) in mouse arrestin, and Kp gim (2.95
UM)<<KDp et (224 UM) in human arrestin [97]. The authors also calculated by the MDT model
and found the relationship between the percentage of mouse or human arrestin in monomer,
dimer or tetramer forms and arrestin concentration. According to their data, arrestin was
predicted to be oligomers at high concentrations of arrestin in all three species, however, arrestin
remained as monomers at low concentrations of arrestin (Fig.5).

Arrestin self-association is conserved in mouse, bovine and humans [97], which suggests
that it should contain a certain biological function. It was suggested that the oligomerization of
arrestin enabled rods to possess huge supply of arrestin in bright light and maintain monomer
concentration at a relatively low level in the dark [3]. Only arrestin monomer is able to bind to
photoexcited phosphorylated rhodopsin, therefore, oligomers are likely to serve as a storage form
of arrestin and is readily to dissociate in order to provide active monomer when preventing

rhodopsin signaling [73]. The active rhodopsin lifetime is very short, and because the dimer
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dissociation might lead to a delay which rods could not afford, rod photoreceptors should have
an arrestin monomer concentration high enough for rhodopsin binding without any delay [73].
Physiological expression of arrestin in rod photoreceptors represents a balance between
functional performance and long-term protection of photoreceptor cells [104]. In humans,
genetic mutations lead to the deficiency of arrestin and its improper transport, resulting in the
problems of stationary night blindness, prolonged activation of rhodopsin and rod degeneration
[105]. Bovine, mouse and human arrestin can form soluble dimers and tetramers at physiological
concentrations. Therefore, arrestin distribution may be governed by the size of arrestin oligomers
and regulated by oligomerization. As a result, the mechanism of steric volume exclusion might
be able to answer the question of how arrestin was effectively excluded from the outer segments

of dark-adapted rods [84].
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Figure 5 Bovine, mouse and human arrestin-1 form dimers and tetramers at physiological concentrations. A and C.
The average molecular weight of wild type bovine, mouse, or human arrestin as a function of total concentration
(black circles), respectively. B and D. The percentage of mouse or human arrestin molecules in monomer (M,
straight line), dimer (D, dashed line), and tetramer (T, dotted line) as a function of total arrestin concentration,
respectively[97].
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The structures of the crystal (Fig.6A, [65, 73]) and proposed solution (Fig.6B, [97])
tetramers were shown different from the electron paramagnetic resonance (EPR) experiments
[73]. Crystal tetramer structure contained two interfaces: a CN interface which was the C domain
of one arrestin with the N domain of another; and a CC interface which was two C domains [73].
Another interface was between tetramers, which was an NN interface. Proposed tetramer
structure in solution had two interfaces: a CC interface which was between two C domains; and
an NN interface which was between two N domains [97]. Residues of 172, F79, L173, T233 and
V244, which were not at any contacts in crystal structure, were presented at the tetramer

interface in solution, suggesting that the crystal structure was not the same as solution structure.

(A) (B)

Crystal Structure

Side view | /115

Top view  _

Figure 6 The crystal (A) [73] and solution (B) [97] structures of visual arrestin tetramer.

Several residues in bovine arrestin which were proposed crucial for arrestin
oligomerization, were determined and self-association was shown to be disrupted when replacing
these residues with alanines [65, 73, 97]. Based on the bovine arrestin construct, Kim et al.
introduced two mutations (F85A, F197A) which led to the disruption of NN (F85A) and CC
(F197A) interfaces, and it was proved to disrupt the oligomerization of bovine arrestin at some

extent, with Kp gim increased from 37.2 uM to 525 yuM and no detectable tetramer formation [97].
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This high dissociation constant value demonstrated that arrestin would be essentially monomeric
form at lower concentrations, but would still dimerize at higher concentrations in physiological
concentration range. According to the light scattering and electron paramagnetic resonance (EPR)
data, bovine phenylalanine residue 79, which was located in the CN self-association interface in
crystal structure, was also involved in intersubunit interactions of arrestin tetramer in solution
[73]. Similar mutations in mouse arrestin also resulted in essentially monomeric form in vitro
[97], showing that these residues were conserved interacting regions for arrestin oligomerization
[73]. Homologous mutations (F86A, F198A) were introduced in mouse arrestin with similar
phenomenon of disrupting arrestin oligomerization as bovine arrestin (2A). The dimer
dissociation constant was shown 537 uM with no detectable tetramer formation [97]. However,
these mutations did not affect the binding affinity to either light-activated phosphorylated
rhodopsin or microtubules, indicating that the mutations only disrupted the self-association
interfaces instead of leading to global conformational changes [97], otherwise, the binding
affinities would be significantly affected even when small structural perturbations happened [22,
91, 106-113]. These residues are shown to be conserved in mammalian visual arrestin [114] and
self-association is a common feature in mammalian visual arrestin [3, 97].
1.3.2 Self-Association of Xenopus Arrestin

Xenopus laevis are used as the experimental model in retinal studies due to their large rod
photoreceptor outer segments with the diameter of approximately 7 um [115-117]. Together with
other advantages, such as rapid eye development, generating large amount of eggs in one day,
and easy manipulation of experiments because embryonic development is outside the mother
[116], etc., Xenopus laevis are regarded as the favorite experimental model which have been

widely used since 1970s by Papermaster’s group to explore the polarized protein trafficking of
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opsin [118-120]. In previous work, our laboratory has also established the Xenopus rod
photoreceptors as an incomparable experimental model system, for testing how the interplay of
cell structures and proteins of different molecular sizes and shapes influenced cell activities [84].

As shown in Fig.6, bovine and Xenopus arrestins share 70% similarity by using the
BLAST function on NCBI website, and Xenopus residues F78, Y84 and F193 are analogous to
bovine residues F79, F85 and F197 by using the alignment function of Lasergene’s Pro
MegAlign software (or BLAST function on NCBI website). As a result, we predict that Xenopus
arrestin F78, Y84 and F193 are also important for arrestin oligomerization. Although mouse,
bovine, and human arrestin have been shown to form dimers and tetramers at a concentration
dependent manner, the oligomeric form of Xenopus has never been reported [97]. Hence, my

work will be the first time to present the oligomeric state of Xenopus arrestin.
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Figure 6 Bovine and Xenopus arrestin have 70% similarity. Bovine F79, F85 and F197 corresponds to Xenopus F78
(black shadow), Y84 (red circle) and F193 (purple square), respectively.

1.4. Clinical Significance

The enhanced arrestin mutant, 3A, which significantly increased the binding to
unphosphorylated photoexcited rhodopsin compared with wild-type arrestin, was transgenically
expressed in mice [106]. The authors found that in mice with phosphorylated rhodopsin, wild-
type arrestin had healthier retinal photoreceptors than mutant; however, in mice lacking
rhodopsin kinase, the enhanced arrestin mutant protected photoreceptor health significantly,
compared with the wild-type arrestin. Defects in rhodopsin termination leads to several visual
disorders, including Oguchi disease, which is a stationary night blindness [121, 122]. Oguchi
disease, which causes reduced visual acuity and decreased visual fields, was originally

22

DEPLRLAVSLSEEIVYHG



discovered in Japan, and subsequently also found in American, Pakistani, Indian and European
patients. Although rod functions were reduced, electroretinography presented normal cone
functions [123, 124]. The disease is an autosomal recessive inherited disease [121], which was
shown to be caused by mutations in arrestin gene and rhodopsin kinase gene [125]. As a result,
the introduction of the enhanced arrestin to shut off signaling cascade is one of the strategies for
gene therapy, which improves the recovery performance, promotes rod photoreceptor survival,
and smoothes the way for the compensational gene therapy development for congenital disorders
[3].

Many genetic mutations, which lead to blindness, deafness, mental retardation, kidney
disease and other related maladies, result from the improper transport and localization of proteins
to sensory and primary cilia. Retinitis Pigmentosa (RP), which is the most common human
retinopathy of genetic origin [126], is a group of disorders in which aberrations of rods and cones
result in progressive visual loss. At first, patients underwent impaired dark adaptation or night
blindness, which was followed by visual fields constriction and ultimately vision loss [127].
Hence, the determination of light-dependent translocation of phototransduction proteins in the
rod subcellular compartments supplies the evidence for the discovery of blindness causes and the
basis for new cures [128]. Understanding the mechanisms that underlie arrestin transport in
photoreceptors might lead to therapeutic methods to slow and even cure photoreceptor
degeneration. Diseases that are caused by defective arrestin oligomerization might be alleviated
by designing drugs that could change improper arrestin translocation and distribution. In
addition, the transport of proteins through cilia is important for cell survival, and the transport
impairment could lead to cell degeneration and diseases such as tumor [96]. Although arrestin

has been studied for decades, many important aspects still remain to be clarified. The biological
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role of the robust self-association and oligomerization among several species still need to be
clearly elucidated. Moreover, the exact light-dependent arrestin translocation mechanism and
whether there is a relationship between arrestin oligomerization and translocation need to be
determined as well, which might pave the way for the therapeutic development of molecular
tools [3].
1.5 Objectives and dissertation outline

The main objective of my work is to provide an integrated understanding of the self-
association phenomenon in bovine, mouse and Xenopus arrestin in solution. This understanding
is critical, because it could lay the foundation for the proposed mechanism “steric volume
exclusion”, which might be able to explain how visual arrestin is excluded from the rod outer
segments in dark-adapted state. The oligomerization formation of wild-type bovine, mouse and
Xenopus arrestin was investigated and their equilibrium constants were calculated. Moreover,
Xenopus arrestin with mutations was also studied to explore whether the residues which were
proposed to disrupt the self-association interfaces, could also be reserved in Xenopus arrestin.

Chapter 2 studied the oligomerization phenomenon of bovine, mouse and Xenopus wild-
type arrestin, and Xenopus arrestin with mutations. The proteins were expressed in E.coli and
purified by hexa-his tag affinity to Nickel-Agarose [129]. Analytical ultracentrifugation
experiments were performed to determine the concentration-dependent tendency to form
oligomers of the proteins.

Chapter 3 summarized the topics in my study. It also discussed the significance of my

work and the future directions of the study.
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CHAPTER 2 DETERMINATION OF BOVINE, MOUSE AND XENOPUS

VISUAL ARRESTIN OLIGOMERIZATION

Work within this chapter is related to the manuscript in preparation:
Shuang Qiu, Stephen Shinsky, Michael Cosgrove, Peter Calvert*. Oligomerization

Determination of Bovine, Mouse and Xenopus Arrestin. In preparation.

2.1 Introduction

The phototransduction cascade is terminated by the binding of visual arrestin to light-
activated phosphorylated rhodopsin, followed by the termination of transducin and cGMP
phosphodiesterase (PDE) activity [1]. Bovine visual arrestin has been discovered to form
oligomers at physiological concentrations [2-6]. Schubert et al carried out a sedimentation
equilibrium analysis of arrestin at both crystallographic and physiological concentrations [5].
Crystallography study revealed a tetrameric form of visual arrestin at high concentrations,
however, this group also discovered a monomer-dimer equilibrium of visual arrestin at
physiological concentrations. In addition, Shilton et al performed the small-angle X-ray
scattering (SAXS) experiment to investigate the solution structure of bovine visual arrestin,
demonstrating that in solution, arrestin participated a monomer-dimer equilibrium, forming
dimers with a dissociation constant of 60 uM [6]. In contrast, Imamoto et al found that bovine
visual arrestin went on a concentration-dependent self-association from SAXS experiment,
showing that at physiological concentration, arrestin oligomerization was explained by a
monomer-dimer-tetramer equilibrium [4]. Dimer concentration always remained at a low level in

whole concentration range. Monomer was abundant at low concentration (<22uM) and the
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amount was decreased at the concentration range between 44 uM and 176 puM. On the contrary,
tetramer formation was suppressed at low concentration while it increased the proportion to the
total concentration at higher concentration. This study was carried out at a physiological salt
solution with the concentration of 100 mM NaCl, however, previous SAXS study performed by
Shilton et al was at a high-salt concentration of 400 mM NaCl [6], which might inhibit the
tetramer formation and lead to the predomination of dimer [3]. This could explain why the
authors from two groups using SAXS reached contradictory conclusions. Hanson et al further
confirmed the tetramerization of visual arrestin in solution by applying multiangle visible light
scattering [3], which has the advantage of the independence of molecular shape due to the large
light wavelength compared with the protein size [7]. Based on the data of weight-average
molecular weight (MW,,) of bovine visual arrestin and total monomer concentrations, their
group fitted the data by the monomer-dimer-tetramer (MDT) model, with dissociation constants
of Kp ¢im=37.2 UM and Kp =7.4 uM. In addition, mouse visual arrestin was discovered to form
dimers and tetramers as well [2], with higher dimerization (Kp 4im=57.5 tM) and tetramerization
(Kp=63.1 uM) dissociation constants compared with those of bovine (Kpgim=37.2 UM,
Kpwet=7.4 UM) [2, 3, 8]. At the same time, the property of self-association forming dimers and
tetramers was also discovered in human visual arrestin, with significantly different dissociation
constants from bovine and mouse arrestins (lower Kp 4im=2.95 uM and higher Kp =224 pM) [2].
Moreover, inter-subunit distance measurements were performed, indicating that rhodopsin could
only bind monomeric visual arrestin, and therefore, the concentration of monomer, which could
be calculated if the self-association constants were obtained, was also an important parameter [3].
Two mutations of bovine visual arrestin, Phe85Ala (F85A) and Phel97Ala (F197A), predicted to

disrupt NN and CC self-association interfaces, led to a constitutive monomer, indicating the
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interaction interfaces of oligomers [8]. Homologous mutations in mouse visual arrestin,
Phe86Ala (F86A) and Phel98Ala (F198A) (or combined with Ala349Val (A349V)), resulted in
same phenomenon with constitutive monomer as well [2], demonstrating that the interaction
interfaces were conserved in both bovine and mouse arrestins. Moreover, mutations disrupting
oligomerization did not affect the binding affinity of visual arrestin to light-activated
phosphorylated rhodopsin and microtubules [2].  Visual arrestin was sensitive to its
conformational changing by presenting significant changes in binding affinity to light-activated
phosphorylated rhodopsin [9-16] and microtubules [17, 18]. However, the mutations mentioned
above did not change the binding affinity to either partner, ruling out the possibility of global
structural changes, indicating that the mutations only disrupted the self-association interfaces [2].
In addition, from the light scattering and electron paramagnetic resonance experiments, Hanson
et al discovered that residue Phe79 (F79) was involved in inter-subunit interactions in the
solution tetramer as well [3]. These residues were conserved in mammalian visual arrestin
proteins [19] and it was suggested that self-association was an important property of mammalian
arrestin in photoreceptors [2, 20]. However, the function of arrestin oligomerization has not been
demonstrated yet.

With high expression levels in rod photoreceptors, visual arrestin, which is expressed at a
ratio of ~0.8:1 to rhodopsin [21, 22], is the second most abundant signaling protein in
photoreceptors [21-24]. Although many proteins are expressed at enormous by higher levels in
rods than in other cells [25] and the amount of arrestin ranks second among signaling proteins in
rods, visual arrestin is the only signaling protein which has an inactive storage form [2]. All the
previous mechanistic research was carried on with bovine visual arrestin [14, 26], while most of

the physiological studies of photoreceptor function were performed in transgenic mice [27, 28],
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with the eventual goal of developing strategies for human therapy [9]. It is necessary to confirm
whether bovine and mouse arrestin could self-associate and to measure the parameters of
association constants of these species. Our laboratory performs a combination of live cell
multiphoton & confocal imaging methods, which are novel in determining intracellular protein
dynamics and carrying out quantitative analyses to understand the potential mechanisms of
soluble protein transport and localization between rod subcellular compartments [29-31].
Xenopus laevis have been considered as one of the best experimental models for a long time, and
our laboratory has also set up the experimental system with Xenopus rod photoreceptors. Our
laboratory wants to understand whether arrestin could oligomerization in vivo and whether the
distribution will change. So we will express wild-type arrestin and mutant arrestin which disrupts
the self-association phenomenon in Xenopus rod. However, no paper has published before on the
self-association property of Xenopus arrestin in solution. Therefore, whether Xenopus arrestin
could self-associate in solution and whether mutant Xenopus arrestin could disrupt self-
association in solution need to be determined first. In addition, using the Xenopus model system
will allow us to examine the biological property of Xenopus arrestin as well.

It is also worth noting that further research needs to be carried on to determine the self-
association feature of visual arrestin. Although Kim et al fitted the light scattering data to the
MDT model [2], the highest concentration tested in the paper was only 20 uM, with the fitted
curve only based on the data points at the concentrations lower than 20 uM and extrapolated to
higher concentrations. Under these conditions the largest average molecular weight (MW,,)
obtained was ~65 kD for mouse visual arrestin and ~82 kD for human visual arrestin, neither of
which exceeded the molecular weight of the visual arrestin dimer (~90 kD) [32]. A MW,, of 65

kD, for example, may result from arrestin species composed of 65% monomer (~45kD), 30%
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dimer (~90kD) and 5% tetramer (~180kD). However, it can also result from a mixture consisting
of 55% monomer and 45% dimer. This analysis raises the possibility that tetramerization of
arrestin may not occur.

In this study, the self-association phenomenon of both wild-type and mutated purified
visual arrestin of several species (bovine, mouse and Xenopus laevis) was investigated by
analytical ultracentrifugation experiment. We expressed and purified arrestins achieving
concentrations in excess of 20 uM to examine if oligomers of arresting larger than dimer could
be detected. Mutations in arrestin that were reported to interrupt oligomerization were also
examined. While dimers were detected for arrestins of all species, tetramers were not significant

at any of the concentrations examined.

2.2 Materials and Methods
2.2.1 Plasmid Construct Preparation

Several DNA constructs were prepared, including bovine wild-type arrestin, mouse wild-
type arrestin, bovine mutated arrestin (F85A/F197A), mouse mutated arrestin (F86A/F198A) and
Xenopus mutated arrestin (F78 A/Y84A/F193A). Construction of these plasmids is detailed here.
2.2.1.1 Bovine and Mouse Wild-Type Arrestin Constructs Preparation

Bovine and mouse visual arrestin cDNAs in the vector of pTrc were a generous gift from
Gurevich's laboratory [33]. The coding region of bovine arrestin was excised with restriction
enzymes of Hindlll and Not I-HF (New England Biolabs), and subcloned in the vector of
pET28a which contains a hexa his-tag region and a prescision protease cleavage site. A pair of
oligonucleotide primers for the insertion sequence of bovine arrestin with 1215 bp length

fragment in the Polymerase Chain Reaction (PCR) were designed: Forward Primer HindllI-
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bovine ArrF (5°-ctagaagcttggatgggtaaggccaataagccggcegecaaaccacg-3’) and Reverse Primer Notl-
bovine ArrR  (5’-ctaggcggccgctcactcatccatageegectectggtetgtettete-3’)  (Integrated  DNA
Technologies). The Hindlll-bovine Arr-Notl repetitive insertion sequence was intended for the
pair of primers to amplify 1215 bp.

The coding region of mouse arrestin (1212 bp) was excised with Hindlll and Xhol (New
England Biolabs) with Forwad Primer Hindlll-mouse ArrF (5°-
ctagaagcttggatggcagcectgcggcaagaccaataaatcccacg-3’) and Reverse Primer Xhol-mouse ArrR (5°-
ctagctcgagtcactcatcctggccagcatcctcatctttcttcect-3).

Amplification was performed in a final volume of 200 pl containing 48 Pico mole of each
primer, 0.2 umol of dNTP (New England Biolabs), 10 units of PFU polymerase (Agilent
Technology), 20 ul PFU buffer (10xConcentrate, Agilent Technology) and 200 ng sample DNA.
The PCR amplification reaction was carried on in thermal cycler (Eppendorf Mastercycler®
thermal cyclers). The program was composed of an initial denaturation at 94 °C for 2 min,
followed by 30 cycles of three steps containing denaturation at 94 °C for 45 sec, annealing of
primers at 55 °C for 1 min and elongation at 72 °C for 3 min. After the 30 cycles was done, a
final elongation at 72 °C lasted for 5 min. 30 pl amplified products of bovine and mouse arrestin
were then digested overnight with Hindlll & Notl-HF (10 units for each enzyme), and Hindlll &
Xhol (10 units for each enzyme), respectively, in a final volume of 100 ul containing 10 ul NEB
Buffer 2 (10x Concentrate, BioLabs) and 1 pl BSA (100x Concentrate, BioLabs). Then the
digested products were resolved by 1% agarose gel electrophoresis at 100 volts for 45 min. Gels
were stained with ethidium bromide with a final concentration of 0.5 pg/ml, cut under UV
tranilluminator at 320 nm wavelength, and purified with PureLink® Quick Gel Extraction Kit

(Invitrogen DNA).
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In the vector preparation, 20 pug blank pET28a vector was firstly digested overnight with
Hindlll (26 units), together with 20 pul 10x NEB Buffer 2 and 2 pl 100x BSA in a total final
volume of 200 pl mixture. Then the digested product was resolved in agarose gel for 75 min, cut
and purified as discussed above. In order to prepare bovine visual arrestin vector, 4 pg purified
vector was then digested with Notl-HF (5.2 units) in the mixture of 10 pul 10xNEB Buffer 2 and
1 pl 100x BSA in a total final volume of 100 pl mixture. Similarly, for mouse visual arrestin, 4
pg firstly-digested vector was digested with 5.2 units of Xhol mixed in the same buffer.
Afterwards, both of the two digested vectors were resolved in agarose gel, cut and purified as
discussed above.

Then the digested fragments and the corresponding pET28a vectors were subjected to
ligation reaction and the products were transformed to TOP10 cells by heat shock method.
Various clones were screened by performing mini-preparation by QIAprep Spin Miniprep Kit
(Qiagen), followed by double digestions of the corresponding enzymes mentioned above and
production detection. Positive products were then analyzed by sequencing with common
sequencing primers of T7 Promoter (5’-taatacgactcactataggg-3’) and T7 Terminator (5°-
gctagttattgctcagcgg-3’) (Core facility for DNA sequencing at SUNY Upstate Medical
University).
2.2.1.2 Bovine Mutated Arrestin (F85A/F197A) and Mouse Mutated Arrestin (F86A/F198A)
Constructs Preparation

According to the manufactures’ instruction manual (QuickChange Site-Directed
Mutagenesis Kit, Agilent Technologies), a 50 pl reaction containing 50 ng template (bovine

wild-type arrestin or mouse wild-type arrestin), 12 pmol of each primers, 0.05 umol dNTP, 5 ul
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PFU reaction buffer (10xconcentrate), 2.5U PFU Turbo DNA polymerase (Agilent
Technologies).

Each time, only one pair of primers was mixed with DNA template. The primers are
summarized in Table Table 1. The temperature cycles were as follows: incubation at 95°C for 2
min, followed by 18 cycles of 95 °C for 45 sec, 55 °C for 1 min and 68 °C for 14 min, and a final
extension at 68 °C for 14 min. Next, it was digested with Dpnl enzyme for 1h. The pure mutated
DNA construct was then transformed into TOP10 cells and harvested by performing steps of
mini-preparation. Finally, the mutated DNA construct was confirmed by sequencing.

Table 1 Primers for Site-directed Mutagenesis by Quickchange (bovine F85A/F197A,

mouse F86A/F198A)

Primer Name Primer Sequence
QC(F)F85A(bovine) 5’-ccgcagggacctctacgettcccaggtecagg-3’
QC(R)F85A(bovine) 5’-cctggacctgggaagegtagaggtecctgegg-3°
QC(F)F197A(bovine) 5’-ggcctectggceagttcgetatgtcggacaageecce-3°
QC(R)F197A(bovine) 5’-ggggcttgtccgacatagcgaactgccaggaggece-3°
QC(F)F86A(mouse) 5’-ccgceagggacctgtatgcettctcgggtccaggtatacee-3’
QC(R)F86A(mouse) 5’-gggtatacctggacccgagaagcatacaggtcectgegg-3’
QC(F)F198A(mouse) 5’-gcctectggceagttcgctatgtetgacaagecece-3’
QC(R)F198A(mouse) 5’-ggggcttgtcagacatagcgaactgccaggaggce-3’

2.2.1.3 Xenopus Mutated Arrestin (F78A/Y84A/F193A) Construct Preparation

Xenopus visual wild-type arrestin is in the vector of pET28a. Similarly, in order to make
Xenopus mutated arrestin (F78A/Y84A/F193A), site-directed mutagenesis by PCR quickchange
was performed as mentioned above. The primers are summarized in Table Table 2.

Table 2 Primers for Site-directed Mutagenesis by Quickchange (Xenopus F78A/Y84A/F193A)

Primer Name Primer Sequence
QC(F)F78A/Y84A(Xenopus) 5’-attggcctaaccgcccgtaaagacctttacgccgcetcggactcagatttacccacc-3’
QC(R)F78A/Y84A(Xenopus) 5’-ggtgggtaaatctgagtccgageggcegtaaaggtetttacgggeggttaggecaat-3°
QC(F)F193A(Xenopus) 5’-gcggagacatcatggcagttcgctatgtcagacaaacctctgcacc-3’
QC(R)F193A(Xenopus) 5’-ggtgcagaggtttgtctgacatagcgaactgccatgatgtctcege-3°
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2.2.2 Arrestin Expression and Purification

Different species of wild-type or mutated arrestin were expressed in BL21 cells and
grown in 8 | of LB culture [ every liter of LB culture containing 10 g tryptone (Fisher Scientific),
5 g yeast extract (Fisher Scientific), 10 g NaCl (Fisher Scientific)and 30 mg Kanamycin
(Amersco Inc.)] . It was firstly shaked at 37 °C, 125 rpm until optical density measurement at 600
nm (O.D.Asoo) reached 0.45-0.50, using the UV-Visible spectrophotometer (Beckman Coulter
DU730). Then the temperature was lowered to 18 °C. When O.D.Agy reached 0.6, 0.5 ml of
Isopropyl B-D-1-thiogalactopyranoside (IPTG, Affymetrix Inc.) (1 M stock) per liter of LB
culture was added and left in shaker overnight.

The next morning, cells were spun down in eight 500 ml centrifuge bottles 15 minutes at
4424 xg at 4 °C (Beckman Coulter Avanti J-E). The supernatant was discarded, and more cells
were added repeatedly until all cells were centrifuged. 25 ml ice-cold high-salt lysis buffer [20
mM  Tris/HCI, pH 8.0 (from 1 M stock, Fisher Scientific)y 0.6 M NaCl, 1 mM
phenylmethylsulfonyl fluoride (PMSF, from 100 mM stock in isopropanol, Sigma-Aldrich Co.),
1 pg/ml Leupeptin (from 10 mg/ml stock), 1 ug/ml Pepstatin (from 10 mg/ml stock) and 5 mM
2-Mercaptoethanol (BME, Sigma-Aldrich Co.)] was added to each bottle. Each pellet was
resuspended in high salt lysis buffer and poured into eight 50 ml conical tubes. Each tube was
sonicated 4x30 seconds on Setting 5 (Fisher Scientific) and let itself sit for >1min between each
sonication. Cells were then poured into eight 50 ml centrifuge round-bottom tubes and were
centrifuged 30 min at 17418 xg at 4 °C. Supernatant was poured into new tubes and
centrifugation was repeated at 17418 xg for 30 min at 4 °C. After the second centrifugation,
supernatant was equally divided into six 50 ml conical tubes and combined with Nickel-NTA

Agarose (2 ml of Ni-NTA Agarose per liter of LB culture, Qiagen) which had already been
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equilibrated with column wash buffer [20 mM Tris/HCI, pH 8.0, 0.6 M NaCl and 10 % glycerol
(from 50 % stock, v/v, Fisher Scientific)], and then was placed on rocker at 4 °C for 1 h. Later,
supernatant combined with Ni-NTA agarose was poured into columns (Glass Econo-Column
Chromatography Column, 1.0x30cm, Bio-Rad) and column wash buffer (50 ml per 1 | of LB
culture) containing 5 mM, 10 mM, 15 mM and 20 mM imidazole (Fisher Scientic) was added
into columns in sequence. 50 ug of prescission protease (purified, see below) per 1 | culture was
added to ~2.5 ml prescission protease buffer (50 mM Tris/HCI, pH 7.5, 0.15 M NaCl, 1 mM
Ethylenediaminetetraacetic Acid (EDTA, MP Biomedicals) and 5 mM BME) and was added
equally into columns and left overnight.

The next morning, the prescission protease buffer was collected. The columns were then
eluted 1 ml for five times with elution buffer without imidazole (20 mM Tris/HCI, pH 8.0, 10
mM NaCl, 5 mM BME). The first three collections and prescission protease buffer collection
were combined and incubated with 1.2 ml glutathione agarose (Pierce Protein Biology) on
rocker at 4 °C for 1 h, after leaving a little of collections for gel analysis. The fractions and
glutathione agarose were then added to the column and flow-through was collected and injected
into dialysis cassette (Slide-A-Lyzen Dialysis Cassette, 10,000 MWCO, Thermo Scientific) or
dialysis tubing (Spectra/Por Dialysis Membrane, 12-14,000 MWCO, Spectrum Laboratories).
The cassette or tubing was placed in 4 | of salt dialysis buffer (95 mM KCI (Fisher Scientific), 15
mM NaCl, 5 mM MgClI, (Fisher Scientific), 2 mM DTT (Promega Corporation), and 10 mM
HEPES (Fisher Scientific), adjust to pH 7.8) with gentle stirring for 4 h and was moved to new
dialysis buffer with gentle stirring overnight.

On the following morning, the solution was removed from dialysis cassette or tubing and

placed in 50 ml conical tube on ice. Every 4 ml of the dialyzed sample was concentrated in
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centrifugal filter (Amicon Ultra 4 ml Filters, 10,000 NMWL) in 15 min at 4108 xg (Beckman
Coulter J6-MI Centrifuge). The concentration was determined with the UV-Vis
spectrophotometer by measuring its absorbance at the wavelength of 280 nm. The concentrated
samples were then diluted to different desired concentrations with dialysis buffer [34].
2.2.3 PreScission Protease Expression and Purification

Prescission protease in pGEX-6P-1 vector was obtained from Dr. Ying Huang’s
Laboratory at SUNY Upstate Medical University. It was expressed in TOP10 cells and grown in
2 | LB culture containing 100 mg Carbenicillin (Carbenicillin DIRECT). It was firstly shaked at
37 °C, 125 rpm until optical density measurement at 600 nm (O.D.Agq0) reached values at 0.80-
1.00. Then the culture was kept growing overnight at 30 °C after adding 1 ml IPTG (1M stock).

The next morning, the culture was centrifuged at 4424 xg for 15 min at 4 °C and the
pelleted cells were then resuspended in totally 20 ml lysis buffer [20 mM Tris/HCI, pH 8.0, 250
mM NaCl, 1 mM EDTA, 5 mM BME, 1 mM DTT (from 0.5 M stock), 1 pg/ml Leupeptin (from
10 mg/ml stock), 1 pug/ml Pepstatin (from 10 mg/ml stock)]. Cells were subsequently sonicated
30 seconds four times and incubated on ice between each round. The insoluble fraction was then
spun down by centrifugation at 17418 xg for 30 min at 4 °C. The supernatant was gently poured
into new tubes and spun again for 30 min. Meanwhile, 1.0 ml glutathione agarose was
equilibrated in 1 ml lysis buffer and then top layer was removed. The supernatant after the
second centrifugation was then combined with glutathione agarose and incubated at 4 °C with
gentle rocking for 1 h. The mixture was poured into a column (Bio-Rad 1.0x30 cm Glass Econo-
Column Chromatography Column) and washed with 300 ml wash buffer [25 mM Tris/HCI, pH
8.0, 250 mM NaCl, 1 mM EDTA, 1 mM DTT (from 0.5 M stock), and 0.2 mM PMSF (from

100 mM stock in isopropanol)]. The GST-prescission protease fusion protein was then eluted
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from the beads with 8 ml elution buffer [25 mM Tris/HCI, pH 8.0, 250 mM NaCl, 1 mM EDTA,
1 mM DTT (from 0.5 M stock), 20 mM Glutathione Reduced (from 0.2 M stock, Sigma-Aldrich
Co.), 0.2 mM PMSF (from 100 mM stock in isopropanol)], which was added 1ml each time and
incubated on the column for 15 min. Fractions were collected each time and combined to be
dialyzed in 4 | dialysis buffer [25 mM Tris/HCI, pH 8.0, 250 mM NaCl, 1 mM EDTA, 1 mM
DTT (from 0.5 M stock), and 0.2 mM PMSF ((from 100 mM stock in isopropanol)] overnight at
4 °C.

On the third morning, the solution was removed from dialysis cassette or tubing and then
the solution was placed in 50 ml conical tube on ice. The concentration of the solution was
determined with the UV-Vis spectrophotometer by measuring its absorbance at the wavelength
of 280 nm. The prescission protease was stored in glycerol at the final concentration of 20 % (v/v)
and concentrated, and then was frozen in 0.1 ml aliquots in the -20 °C freezer.

To test the cleavage activity of purified prescission protease, various amounts were
incubated with equal amounts of resin (EGFP bound to Ni-NTA Agarose), which was followed
by taking an equal amount of supernatant to run on a Coomassie blue gel.

To test the binding affinity of prescission protease with glutathione agarose, 50 pl
prescission protease was mixed with 50 ul glutathione agarose and 5 pl supernatant was taken
immediately after the comination. After 1 h, the mixture was centrifuged at 5000 xg for 10 min
in 4°Cand 5 pl supernatant was taken as well. Both supernatants were then loaded on the
Coomassie blue gel.

2.2.4 SDS-PAGE (Coomassie blue staining ) and Western Blot Analysis
Concentrated proteins were separated on SDS-PAGE [15 % separating gel: 3.56 ml

dH20, 3.75 ml 40 % Acrylamide (Bio-Rad Laboratories), 2.50 ml 1.5 M Tris/HCI, pH 8.8, 100
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pul 10 % sodium dodecyl sulfate (SDS, Bio-Rad Laboratories), 100 pl 10 % Ammonium
persulfate (APS, Bio-Rad Laboratories) and 10 pl N, N, N', N'-tetramethylethylenediamine
(TEMED, Bio-Rad Laboratories); 6 % stacking gel: 5.80 ml dH,O, 1.50 ml 40% Acrylamide,
2.50 ml 0.5 M Tris/HCI, pH 6.8, 100 pl 10% SDS, 100 pl 10% APS and 10 pl TEMED] using
the buffer system of Laemmli [35]. Gels were run at a constant voltage of 200 V in 500 ml Tris-
Glycine running buffer [containing 7.2 g Glycine (Fisher Scientific), 1.515 g Tris Base and 0.5 ¢
SDS].

For protein gel, it was stained in Coomassie blue gel stain buffer (0.25 % coomassie blue
R Sigma-Aldrich Co.), 50 % MeOH (Ultra-Pure, LLC) and 10 % acedic acid (Fisher Scientific))
overnight. It was then destained by gel destain buffer (10 % acetic acid and 50 % MeOH) and
scanned [36].

For western blot analysis, after electrophoresis was complete, the gel was transferred to
an immobilon transfer membrane (Millipore, #IPVH00010, pore size 0.45 pum) by running at 27
V for 2 h in 1 | transfer buffer (14.4 g Glycine and 3.03 g Tris Base). Then the membrane was
blocked in 20 ml blocking buffer [1x PBS (from 10x stock), 0.05% Tween-20 (from 10 % stock,
Fisher Scientific) and 5 % dry milk (Nestle)] by gently rocking overnight in 4 °C. Membrane was
washed with wash buffer [1x PBS and 0.1 % Tween-20 (from 10 % stock)] and then incubated in
blocking buffer containing 0.03 % rabbit-anti-arrestin antibody as the primary antibody for 1 h at
room temperature. The membrane was washed again and incubated with secondary antibody in
blocking buffer containing 0.01 % mouse-anti-rabbit-HRP antibody for another 1 h at room
temperature. The membrane was then incubated with enhanced chemiluminescence (ECL)
western blotting substrate (Pierce Protein Biology Product, Thermo Scientific) and scanned via

Biorad ChemiDoc XRS" System.
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2.2.5 Analytical Ultracentrifugation

The sedimentation velocity analytical ultracentrifugation (AUC) experiments were
performed by Stephen Shinsky and Anamika Patel from Dr. Michael Cosgrove’s laboratory at
SUNY Upstate Medical University. The analytical ultracentrifuge is till now one of the most
accurate methods to measure the molecular weight of a protein and to determine its
hydrodynamic and thermodynamic characteristics in solution [37]. It is able to determine the
sedimentation coefficient, the diffusion coefficient and molecular mass of molecules with
different sizes [38]. Sedimentation velocity, one of the AUC methods, determines the velocity of
molecule movement in response to a huge centrifugal force inside the centrifuge, which provides
data related to the molecular mass and shape of molecules [39]. Arrestin samples were diluted
into different desired concentrations in 120 mM salt dialysis buffer (95 mM KCI, 15 mM NacCl,
5mM MgCl,, 2 mM DTT, and 10 mM HEPES, adjust to pH 7.8). Experiments were performed at
10 °C with Beckman Coulter ProteomLab XL-A analytical ultracentrifugation equipped with
absorbance detection at 230 nm and a four-hole An-60 Ti rotor at 60,000 rpm (262,000 xg). The
arrestin samples were scanned with the time interval between scans being zero for 300 scans and
analyzed by the continuous distribution method c(s) in the program SEDFIT [40].

By using the Sedphat software, the protein self-association analysis could be obtained
from the isotherm of weight-average sedimentation coefficients S,, as a function of arrestin
concentrations, allowing the determination of thermodynamic information of arrestin self-
association in solution. Various self-association models for global analysis were chosen in to find

the best model fitting the data [41].
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2.2.6 Generation of Transgenic Xenopus Using Restriction Enzyme-Mediated Integration
(REMI)

REMI reaction was performed by the mixture of sperm nuclei, egg extract, linearized
plasmid and restriction enzyme [42-44]. After the REMI reaction, microinjection of sperm nuclei
into eggs were performed [45]. Then fertilized eggs were selected and well-developing embryos
were sought out at different stages until the 7th day when they were able to be sorted under the

dissecting microscope with UV light [44].

2.3 Results
2.3.1 Purification of PreScission Protease

SDS-PAGE with Coomassie blue staining was used to confirm the purity of prescission
protease after purification (Fig. 1A). Only one band appeared on the gel, which was located
between 37 kD and 50 kD standards, indicating that there was no contamination in the precision
protease purification. Then O pl, 5 pl, 10 pl and 25 pl of purified prescision protease were
incubated overnight with 270 ul resin (EGFP bound to Ni-NTA Agarose), respectively, and after
centrifugation, 5 pl supernatant was loaded on the gel. The cleavage activity of purified
prescission protease was shown from Coomassie blue gel (Fig. 1B). As expected, 0 pl purified
prescission protease did not cleave any EGFP from Ni-NTA Agarose, and 5 pl purified
prescission protease did not cleave much EGFP from Ni-NTA agarose either, while 10 pl
purified prescission protease cleaved some EGFP and 25 pl purified prescission protease cleaved
more EGFP, with one band at ~25 kD indicating EGFP and the other band between 37 kD and
50 kD showing redundant purified prescission protease, suggesting that the prescission protease
exceeded the need for EGFP cleavage and confirming the cleavage activity of prescission

protease.
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To test the binding affinity of prescission protease with glutathione agarose, 5 pl
supernatant was taken promptly after the mixture of 50 pl glutathione agarose and 50 pl
prescission protease. Centrifugation was performed after 1 h combination, and 5 pl supernatant
was taken as well. Fig. 1C confirms the binding affinity of prescission protease with glutathione
agarose. A faint band appeared (Fig. 1C, lane c), but when compared with the band in lane b
(Fig. 1C), the protein gel still indicated that most of the prescission protease was able to bind
glutathione agarose within 1 h.

It was worth noting that prescission protease should be stored in 20 % glycerol (v/v) to
prevent it from aggregation and to maintain its activity [46]. The several upper bands in lane b

(Fig. 1D) demonstrated that prescission protease was easily aggregated if it was not stored in

glycerol.
a b ¢ d e
50kD *# 50kD
37kD 50kD
70 s0k0 3740
25kD

Figure 1. Determination of prescission protease purity and activity. (A) Purified prescission protease was
subjected to SDS-PAGE and visualized by Comassie blue staining as described in Methods. (a) Precision
Plus Protein all blue standard. (b) Purified prescission protease was shown as only one band. (B)
Cleavage activity of purified prescission protease was tested. (a) Precision Plus Protein all blue standard.
(b)-(e) O pul, 5 pl, 10 pl and 25 pl of purified precision protease were incubated overnight with 270 pl
resin, respectively, and after centrifugation, 5 pul supernatant was loaded on the gel. (C) Binding affinity
of purified prescission protease with glutathione agarose was tested. (a) Precision Plus Protein all blue
standard. (b) Supernatant taken immediately after mixing prescission protease and glutathione agarose. (c)
Supernatant taken after 1 h mixing of prescission protease and glutathione agarose. (D) The aggregation
of prescission protease without storing in glycerol was tested. (a) Precision Plus Protein all blue standard.
(b) Multiple bands shown in prescission protease without storing in glycerol.
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2.3.2 Different Species of Arrestin Purification

Experiments of Coomassie protein gel and western blot were performed to test the
arrestin purity, and only purified arrestin could be used to perform the analytical centrifugation
experiment. Only one band appeared on the Coomassie blue protein gel of each arrestin species
(Fig. 2A-D, lane a), indicating the protein was purified and qualified for the analytical
centrifugation experiment. Western blot was performed as well, and arrestin was detected by

arrestin antibody (Fig. 3A-D, lane a), confirming that the purified protein was arrestin.

a b a b a b a b
(A) (B) C) = (D) =
s = 50kD
50kD - [Ra— 50kD
e 50kD
- —
- -
-

Figure 2. Determination of arrestin purity with Coomassie blue protein gel. (A)-(D) are bovine wild-type
arrestin, mouse wild-type arrestin, Xenopus wild-type arrestin, and Xenopus mutated arrestin
(F78A/Y84A/F193A), respectively. (a) Purified arrestin was shown as only one band. (b) Precision Plus
Protein all blue standard in A-B and Precision Plus Protein Kaleidoscope Standards in (C) and (D).

A _a b ® a b (C) a b (D) a b

~|50kD

— 50kD
e 50kD “|I** [pokD

Figure 3. Western Blot Analysis for purified arrestin. (A)-(D) are bovine wild-type arrestin, mouse wild-
type arrestin, Xenopus wild-type arrestin, and Xenopus mutated arrestin (F78A/Y84A/F193A),
respectively. (a) Purified arrestin was detected as the only signal. (b) Precision Plus All Blue Standard
was used in (A)-(C) and Precision Plus Protein WesternC Standards was used in (D).
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2.3.3 Determination of Arrestin Self-association

The self-association property of visual arrestin of different species at micromolar
concenrations was investigated using sedimentation velocity experiments. Data sets collected at
multiple concentrations were carried out using Sedfit program and the weight-average
sedimentation coefficients were obtained at the corresponding concentrations. For wild-type
arrestin of all three species (bovine, mouse and Xenopus), the results of sedimentation coefficient
distributions from the analysis of the sedimentation profiles (crossing in Fig. 4A, C and E)
suggested that they possessed the self-association characteristic of forming at least dimers,
indicating that the performance of analytical ultracentrifugation experiment was feasible in
determining the oligomerization phenomenon of arrestin. Isotherms of weight-average

sedimentation coefficient as a function of concentrations were fitted to both Monomer-Dimer

Self-Association (MD, ZM:&D) and Monomer-Dimer-Tetramer Self-Association (MDT,

D.dim

2D—=—>T) models, however, no significant differences of the two fittings were observed.

From Table 3, the data of bovine wild-type arrestin was fitted to MD model with Kp gim=736.4
1M, however, was fitted to MDT model with a Kp¢im=686.3 UM and Kp =4.8x10"° pM. The
data of mouse wild-type arrestin had a Kp 4im=1127.0 UM when fitted to MD model while had a
Kb.gim=1110.5 pM and a Kp =1.3x10'° pM when fitted to MDT model. For Xenopus wild-type
arrestin, the Kp gimwas 80.8 uM of the MD model while the Kp 4im=80.6 uM and Kp =1.9x10’
MM of the MDT model. The data also suggested that the arrestin formed unstable oligomers in
fast self-association and dissociation system, which could be indicated from the sedimentation
coefficient peak positions dependent on protein concentrations. Interestingly, the mutant
Xenopus arrestin (3A), which was proposed to be constitutive monomer as well, still self-
associated with similar phenomenon of wild-type Xenopus arrestin, although with a lower
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affinity. Xenopus (F78A/Y84A/F193A) arrestin yielded a Kp 4im=200.7 uM when fitted to MD
model, and a Kp gim=199.8 pM and a Kp =2.8x10% uM when fitted to MDT model (Fig. 4G).
Fig. 4B, D, F and H showed the percentage of the visual arrestin of the corresponding species in
monomer and dimer forms as a function of total arrestin concentration computed for the MD
model. It was observed that the root-mean-square deviations of the MD fitting and the
corresponding MDT fitting were the same in bovine wild-type arrestin, as well as the mouse
wild-type arrestin (Table 3, the first two lines). Similarly, both Xenopus wild-type and mutated
arrestins fitted to both two models as well (Table 3, the third and fourth line). In the MDT model,
all arrestin types were found with a low Kp g4im and a remarkable high Kp (. Because the data was
fitted to MD and MDT models equally well, there was no reason for us to suggest the existence
of tetramer. However, the current data was still able to prove that bovine, mouse and Xenopus
wild-type arrestin could robustly self-associate at physiological concentrations, indicating that
this property might have biological importance. In addition, by comparing the dissociation
constant of the mutated arrestin with that of wild-type arrestin, the dimerization in mutated

arrestin was inhibited at some extent but not completely absent.
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Figure 4. Wild-type bovine, mouse, Xenopus and Xenopus mutated (F78A/Y84A/F193A) arrestins fitted
to the MD and MDT models. (A), (C), (E) and (G) are the isotherms of the four arrestins of weight-
average sedimentation coefficient as a function of concentration (black crossings). (B), (D), (F) and (H)
present the percentage of the four arrestin molecules in monomer (M) and dimer (D) forms as a function
of total arrestin concentration computed for the MD model and the data in panel (A), (C), (E) and G,
respectively.
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Table 3 Equilibrium constants characterizing self-association of bovine wild-type, mouse
wild-type, Xenopus wild-type and Xenopus mutated (F78A/Y84A/193A) arrestins.

protein MD model MDT model
Ko.dim (UM) rmsd Kodim (M) Kp et (LM) rmsd
Bovine WT Arrestin 736.4 0.1136 686.3 4.8x10" 0.1136
Mouse WT Arrestin 1127 0.0451 1110.5 1.3x10% 0.0451
Xenopus WT Arrestin 80.8 0.1332 80.6 1.9x10’ 0.1332
Xenopus Arrestin 2007 0.1126 199.8 28x10°  0.1126

(F78A/YB4A/F193A)

Xenopus laevis rod outer segment has the mean length of 60 um [25, 47, 48] with the
diameter of 6 um [25, 48]. The length and the diameter of the inner segment are both considered
to be 6 pm in the following calculation based on the data from our laboratory. Approximately
regarded as a cylindrical shape as a whole with negligible volume of connecting cilium, the
envelope volume of the entire rod was 1.87x10™? | calculated according to Equation (1). Rod
photoreceptor was shown to possess 3x10° rhodopsin molecules [25], and the expression level of
visual arrestin and rhodopsin was similar [21, 22], therefore, for simplification, the amount of
arrestin molecules in rod photoreceptor could also be considered as 3x10°. Based on the
envelope volume of entire rod photoreceptor, the effective concentration of arrestin in the entire
rod in the dark-adapted state, which is proposed to be the same in rod inner segment and outer

segment, is 2.67 mM calculated based on Equation (2).

Vtotal :TCXI’ZX(|05+|IS) (1)
N/N

C= A 2
Y @)

total
Where Vi is the envelope volume of the entire rod photoreceptor; r is the radius of
outer and inner segment; los and l;s denotes the lengths of the outer segment and the inner

segment, respectively; C is the effective concentration of arrestin in the entire rod based on the
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envelope volume; and N is the total amount of arrestin molecules in rod photoreceptor and Na is
the Avogadro Constant.

With similar arrestin expression level in all the arrestin species in the dark-adapted state
[23, 49], Xenopus arrestin expression level was used to estimate the monomer and dimer
percentages in the entire rod with the arrestin concentration of ~2.7 mM based on the envelope
volume of rod. The disparate equilibrium constants of the three wild-type arrestin species yielded
predicted levels of monomer and dimer at a total arrestin concentration of 2.7 mM,
demonstrating high dimer percentage (69.0 %, 63.6 % and 88.5 %, respectively) and lower
monomer percentage (31.0 %, 36.4 % and 11.5 %, respectively) (Table 4). In addition, the
predicted mutated arrestin expression level also showed higher dimer percentage in the outer
segment (82.5 %) and lower monomer percentage (17.5 %) at the concentration of 2.7 mM

(Table 4).

Table 4 Predicted concentrations and percentages of the monomer and dimer of bovine
wild-type, mouse wild-type, Xenopus wild-type and mutant Xenopus (3A) arrestins in
entire rod photoreceptor (2.7 mM) in the dark-adapted state.

Entire Rod (2.7 mM)

protein [Monomer](uM) [Dimer](uM)
(% of total) (% of total)
Bovine WT Arrestin 836.9 (31.0 %) 931.5 (69.0%)
Mouse WT Arrestin 983.5 (36.4%) 858.2 (63.6%)
Xenopus WT Arrestin 309.9 (11.5%) 1195.0 (88.5%)
Mutant Xenopus (3A) 472.8 (17.5%) 1113.6 (82.5%)

Outer segment contained thousands of disks [50] which occupied half volume of the
outer segment [51]. As discussed above, the effective concentration of arrestin (2.7 mM) was
based on the envelope volume of the entire rod. However, when thinking about the disk excluded
volume, the effective concentration of arrestin was ~2-fold (for simplification) of 2.7 mM, given

the value of ~5.4 mM in the entire rod photoreceptor. Furthermore, when considering steric
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volume exclusion, the concentration was even higher, reaching ~4-fold of 2.7 mM, given the
effective concentration of ~10 mM with the dimer percentage at least ~80 % in all four types of

arrestins (Table 5).

Table 5 Predicted concentrations and percentages of the monomer and dimer of bovine
wild-type, mouse wild-type, Xenopus wild-type and mutant Xenopus (3A) arrestins in
entire rod photoreceptor (10 mM, considering steric volume exclusion) in the dark-adapted state.

Entire Rod (10 mM, considering steric volume

protein exclusion)
[Monomer](uM) [Dimer](uM)
(% of total) (% of total)
Bovine WT Arrestin 1743.4 (17.4%) 4128.3 (82.6%)
Mouse WT Arrestin 2101.8 (21.0%) 3949.1 (79.0%)
Xenopus WT Arrestin 615.7 (6.2%) 4692.2 (93.8%)
Mutant Xenopus (3A) 952.9 (9.5%) 4523.5 (90.5%)

2.4 Discussion

Arrestin has been shown for more than thirty years that it binds to light-activated
phosphorylated rhodopsin, where it terminates rhodopsin signaling [52, 53]. Several years earlier
than this observation, arrestin self-association was firstly discovered by sedimentation velocity
experiment [54]. The phenomenon of self-association was confirmed both in crystal structures
[55, 56] and in solution [3-5], however, the tetramer structure in the solution was shown to be
significantly different from that found in crystal. From previous study with electron
paramagnetic resonance experiment, residues 172, F79, L173 and T233 were at or near the
tetramer interface in solution, however, they did not make any contacts in the crystal structure
[3]. In addition, V224 was shown at the interface of solution tetramer, but was not at crystal
contacts either. Only arrestin in monomeric form was able to bind light-activated phosphorylated
rhodopsin [3], demonstrating that the oligomers might function as the storage form of arrestin.

Previous research using multiangle light scattering suggested that mouse visual arrestin self-
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associated, existing in a monomer-dimer-tetramer equilibrium [57]. Bovine visual arrestin
formed oligomers as well, however, it was still difficult to determine whether it could form
tetramer or not [3-5]. Moreover, it is also not clear whether self-association is a common feature
of amphibian animals including Xenopus laevis, or is only a peculiar phenomenon in mammalian
animals.

In this chapter, the self-association phenomena of visual arrestin from bovine, mouse and
Xenopus laevis were compared by performing analytical ultracentrifugation experiments. Bovine
was chosen as one of the three experimental subjects because previous studies always used
bovine for biochemical properties of visual arrestin. Mouse visual arrestin was also studied
because most functional studies in vivo were performed on mice. Analytical ultracentrifugation is
a powerful method for the quantitative analysis of molecular interactions in solution, among
which, sedimentation velocity experiments are able to determine the concentration-dependent
self-association reactions [58]. By comparing the results with previous studies on bovine and
mouse arrestins [2-5], the practicability of performing sedimentation velocity experiments were
confirmed to demonstrate the self-association property of bovine and mouse visual arrestins.
Xenopus arrestin was chosen as well because it was one of the best animal models in live cell
multiphoton & confocal imaging methods. In each species, visual arrestin was found to
oligomerize at physiological concentrations, indicating the biological importance of self-
association. Dimerization was observed in all three species, however, tetramers were not
unequivocally observed. In addition, the dissociation constants of each species were significantly
different. When fitted to the MD model, the value of measured dissociation constants between
bovine and Xenopus arrestins showed a ~9-fold difference, and the Kp gim between mouse and

Xenopus proteins differed by ~14-fold. Homologous residues determined in bovine arrestin that
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block self-association were discovered not to be conserved in Xenopus proteins. Thus the
solution structure of Xenopus arrestin oligomers would need further investigation.

Previous multiangle light scattering experiment demonstrated that bovine and mouse
arrestins were fitted to MDT model with Kp gim=37.2 UM and Kp=7.4 uM for bovine arrestin,
and Kp gim=57.5 UM and Kp =63.1 UM for mouse arrestin [2]. Our result was different from the
previous study, showing that bovine and mouse arrestins were fitted to MD and MDT models
equally well. Hence, our data might not be able to suggest the existence of tetramer. By fitting to
the MD model, the dissociation constants of bovine arrestin was 736.4 uM and mouse arrestin
possessed the dissociation constant of 1127.0 uM. The dissociation constants of these two
species obtained in my study were both 20-fold of the dimer dissociation constants in published
result. Several possibilities might cause this significant differences of the dissociation constants
between my result and previous study. Firstly, the previous published data was based on the
concentration lower than 20 M and then extrapolated to higher concentrations. However, in my
experiment, the highest concentrations obtained was ~100 uM for bovine arrestin and ~200 uM
for mouse arrestin. Secondly, contamination in the tested sample could affect the result of
scattering experiment, however, analytical ultracentrifugation could reduce this effect by only
choosing the peak of arrestin. Another possibility might lead to the inaccurate result in my
experiment. The measurement of arrestin concentration in my study might not be accurate due to
the existence of the unfolded arrestin accompanied with the active arrestin, leading to the
inaccurate fitting to the models and the incorrect dissociation constants obtained.

Rod photoreceptors are responsible for vision at low light levels [60]. Previous studies of
arrestin distribution in dark-adapted rods were performed on mouse, indicating that arrestin was

predominately localized in the inner segment in dark-adapted state [21, 22]. The phenomenon of
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arrestin translocation from rod inner segment to outer segment in response to light and back to
the inner segment in the dark has been discovered for more than twenty years [36, 61, 62].
However, the mechanism of arrestin translocation between rod subcellular compartments has not
been determined yet [1]. Some people suggested that active transport was involved by showing
that arrestin translocation required ATP and was an energy-dependent process [63-66] while
other studies showed the contrary result, indicating that it was an energy-independent process
[67]. However, if active transport was indeed the case, the translocation of arrestin, which moved
1000-fold faster than the motor-driven delivery of rhodopsin into rod outer segments [22], would
saturate the capacity of molecular motors rapidly, unless arrestin moved in large aggregates or
vesicles; however, such aggregates had not been found yet [1], indicating active transport could
not be the mechanism of arrestin translocation. Studies have shown that in the dark-adapted state,
the distribution of the arrestin-EGFP fusion protein was different from that of the soluble EGFP
[68], and arrestin was able to bind to microtubules in vitro [18, 67, 69]. Hence, people proposed
that the mechanism of the light-driven translocation of arrestin was the “competitive, two
binding sinks” model, in which the mechanism could be explained as a simple competition
between low affinity microtubule binding sites in the inner segment and high affinity rhodopsin
binding sites in the outer segments [1]. However, with the concentration of ~50 uM in neural
cells [70], a-tubulin is significant lower than he millimolar levels of arrestin [22]. In addition, the
other two binding partners in the inner segment, enolase 1 and N-ethylmaleimide-sensitive factor
(NSF), were ruled out as well because of the low concentration of enolase 1 at ~5 uM in rods [71]
and NSF being not co-localized with arrestin in rods [72]. Therefore, the mechanism by which
arrestin translocated from rod outer segment to inner segment could not be the binding affinity to

microtubule, enolase 1 or NSF. Hence, even though the binding of arrestin to light-activated
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phosphorylated rhodopsin was the most possible mechanism of light-driven movement of
arrestin to outer segment, the mechanism of arrestin movement back to inner segment could not
be the low affinity to the binding partners in the inner segment. Another hypothesis was
proposed, demonstrating that a diffusion barrier in the ciliary transition zone which prevented
proteins from moving to the outer segment without active transport machinery [66, 73], however,
this hypothesis was later defeated. The mobility of photoactivatable green fluorescent protein
(PAGFP), which was a soluble protein, was determined in the connecting cilium (CC), rod inner
segment (IS) and outer segment (OS) of Xenopus rod by using confocal and multiphoton
microscopy [31]. The diffusion coefficients of CC (De=2.5 pm?/s) was shown only half of Dis
(5.2 um?/s), and because PAGFP diffused more rapidly in IS than any other compartments, CC
was not possible to contain a distinct diffusion barrier to soluble protein movement, including
arrestin [31]. Moreover, recent study in our laboratory found that the fluxes of monomer and
3XPAGFP through the cilium transition zone were not significantly different with sizes, further
confirming that no diffusion barrier was existed in the ciliary transition zone [29].

Our laboratory also studied the distribution patterns of soluble GFP monomers, dimers
and trimmers which were expressed in Xenopus rod photoreceptors and were able to move
through the connecting cilium and translocate between rod subcellular compartments [29]. The
result showed that in the steady-state and compared with calcein which was a small soluble
protein, GFP monomers existed in the outer segment at 1.8-fold lower abundance relative to that
in the inner segment; however, GFP dimers and trimmers were present at 2.9- and 6.8-fold,
respectively, indicating that distribution of GFP to the rod outer segment depended on its
molecular size. Our laboratory then introduced “steric volume exclusion” idea, which posited the

protein size-dependent compartmental partitioning as the mechanism for the control of soluble
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protein access to the rod outer segment. Arrestin has been shown to self-associate at physiology
concentrations for decades [2] and the result presented in this chapter bolstered this property. In
addition, the molecular sizes of 2xGFP (27 kDa for GFP monomer and 54 kDa for GFP dimer
[74]) and arrestin monomer (48 kDa [75]) were remarkably similar. Based on the result in this
chapter and previous studies in our laboratory, it was suggested that the mechanism for the light-
driven translocation of arrestin involved free diffusion through the connecting cilium with local
binding partner of light-activated phosphorylated rhodopsin in the outer segment, and
translocation to the inner segment was via steric volume exclusion, which provided a superior
solution to the long-standing problem.

In summary, in this chapter, the property of visual arrestin self-association is shown to be
conserved both in mammalian species (bovine and mouse) and an amphibian species (Xenopus
laevis), suggesting that this property has biological importance. Although the tetramerization
equilibrium constants are extremely high and the dimerization equilibrium constants are different
in each species, it could still be confirmed that arrestin oligomerizes at physiological
concentrations. Moreover, the Xenopus mutant protein, which was proposed to disrupt the self-
association interfaces and become essentially monomerical, is found to self-associate as well and
has the dissociation constants shifted to a 2.5-fold higher value, indicating that the self-
association interfaces are not conserved in amphibian animals including Xenopus laevis. Also,
the dimer percentage is at least twice of the monomer percentage of all four types of arrestin at
physiological concentrations. The importance of visual arrestin self-association demonstrates that
together with the steric volume exclusion mechanism, it is probably sufficient to explain the

distribution pattern in dark-adapted rods.
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2.5 Conclusions

Visual arrestin self-association was shown to be conserved in bovine, mouse and
Xenopus laevis, indicating the biological significance of this phenomenon. Results showed that,
even though the equilibrium constants were different in the three species, the data fitted equally
well to both MD and MDT models and as a result, it might not be suggested the tetramer
formation. Despite the variations in the thermodynamics of association of different species, the
percentage of the dimer was higher than that of monomer at the concentration of 2.7 mM.
Mutations in Xenopus arrestin (F7T8A/Y84A/F193A) did not form constitutive monomer as

expected, suggesting that these regions were not conserved in Xenopus laevis arrestin.
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CHAPTER 3 GENERAL CONCLUSION AND FUTURE DIRECTIONS

Many genetic mutations, which lead to blindness, deafness, mental retardation, kidney
disease and other related maladies, result from the improper transport and localization of proteins
to sensory and primary cilia [1, 2]. Study on the arrestin self-association property and the
mechanism of phototransduction proteins transport is of critical clinical significance on retinal
diseases, especially progressive visual loss caused by retinitis pigmentosa and photoreceptor
degeneration [3, 4]. Understanding the mechanism of light-driven movement of
phototransduction protein in rod photoreceptors provide the information on the causes of
blindness and lay the foundation for new therapeutic methods, which could therefore slow the
photoreceptor degeneration [5]. Drugs and therapeutic methods could be designed to correct the
improper protein translocation and distribution [6]. Moreover, research on the protein transport
through the cilia is critical for understanding photoreceptor survival and mechanisms of
ciliopathic diseases [7].

Bovine visual arrestin has been discovered to form oligomers at physiological
concentrations via sedimentation equilibrium analysis and small-angle X-ray scattering
experiments [8-12]. But different results were obtained, with the data fitted to either monomer-
dimer equilibrium model [11, 12] or monomer-dimer-tetramer model [8-10]. Kim et al also
found that mouse visual arrestin self-associates, with the existence of a monomer-dimer-tetramer
equilibrium [8]. One of the most accurate methods to determine the protein hydrodynamic and
thermodynamic properties is the analytical ultracentrifugation [13]. With the access of this
method at SUNY Upstate Medical University, sedimentation velocity experiment, which belongs

to one of the AUC methods, was performed with the collaboration of Dr. Michael Cosgrove’s
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laboratory. In this study, therefore, we experimentally and theoretically confirmed the self-
association property in bovine and mouse visual arrestin via analytical ultracentrifugation
experiment, and the feasibility of performing sedimentation velocity experiment in determining
the oligomerization of proteins.

Specifically, with a number of advantages, especially on large rod photoreceptor outer
segment [14, 15], Xenopus laevis had been used extensively as a favorite experimental model in
the retinal research [16-18]. To the best of our knowledge, this is the first attempt to provide the
oligomerization information of Xenopus visual arrestin, demonstrating that visual arrestin self-
association is not only a common feature of mammalian visual arrestin, but also exists in
amphibian animals including Xenopus laevis. Besides, we also explored whether self-association
could be impaired by site-directed mutagenesis (F78A, Y84A and F193A), and found that these
mutations did not cause constitutively monomeric form, indicating for the first time that these
regions which were crucial for mammalian arrestin self-association, were not conserved in
Xenopus arrestin. Most importantly, results revealed that the data was fitted to monomer-dimer
equilibrium model, which challenged the monomer-dimer-tetramer model. In addition, the dimer
percentage is at least 2-fold higher than the monomer percentage in all four arrestin types at
physiological concentrations. The mechanism for the light-driven translocation of arrestin to the
outer segment was suggested to involve free diffusion with binding affinity of light-activated
phosphorylated rhodopsin, and we hypothesized that the translocation to the inner segment was
via steric volume exclusion [19]. Together, our results established the foundation for this
hypothesis, and the dynamic arrestin self-association and steric volume exclusion might be
adequate as the explanation for the distribution pattern of visual arrestin in dark-adapted state.

Future research directions related to this project were suggested in this chapter.
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e Activity of arrestin and its oligomerization in living cells

The result of my study demonstrated that bovine and mouse arrestins were fitted to MD
model with the dissociation constants of 736.4 uM and 1127.0 uM, respectively. The data was
different from the published paper using muliangle laser scattering , in which the two species of
arretins were fitted to MDT model with Kp 4im=37.2 uM and Kp =7.4 UM for bovine arrestin,
and Kpgim=57.5 UM and Kp =63.1 uM for mouse arrestin [8]. Firsty, the result of scattering
experiment is sensitive to the contamination in the tested sample, however, analytical
ultracentrifugation can reduce the impact of contamination by choosing the exact peak of arrestin.
Secondly, the highest concentration in previous paper was only 20 uM and then extrapolated to
higher concentrations. However, the highest concentrations obtained in my study was ~100 uM
for bovine arrestin and ~200 uM for mouse arrestin. Thirdly, in my study, it was possible that
unfolded arrestin, which was in inactive state, existed as well, leading to inaccurate measurement
of the arrestin concentration with the UV-Vis spectrophotometer and therefore affecting the
fitting to the models and the dissociation constants. Only active arrestin could form oligomers, so
the following study will test the activity of arrestin by measuring its binding affinity to
phosphorylated photoactivated rhodopsin. Method of size-exclusion chromatography could also
be performed in order to get rid of the unfolded arrestin which forms large soluble aggregates,
although these large species of proteins have not found in my gels yet.

While the hypothesis potentially answers the long-existing question in photoreceptor
physiology, it raises new challenges that need further exploration. Visual arrestin forms
oligomers at physiological concentrations in vitro; however, whether it can oligomerize in living
cells as well is unclear. And if so, it is obscure that in which subcellular compartments this

oligomerization could occur in living cells and under what conditions and concentration range,
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the self-association could happen. Further investigation will also be needed to determine in vivo
how oligomerization impacts arrestin distribution pattern in rod subcellular compartments. How
self-association affects the light-driven movement of arrestin needs to be examined as well.
e Influence of transducin subunits to protein distribution and their mobility

In the dark-adapted state, transducin is proposed to localize in the rod outer segment as
the afy complex because its sufficient binding affinity to disc membranes due to the myristoyl
on o subunit and the farnesyl group on By subunits [20-25]. The mechanism for the light-driven
transducin movement to the inner segment is considered as the reduced membranous binding
affinity because of the dissociation of a subunit and By subunits. However, neither of the
hypotheses has been proved yet, and therefore it is necessary to study the influence of individual
transducin subunits to protein distribution and their mobility. Meanwhile the impact of affy
complex on mobility and the distribution pattern needs to be further studied, as does whether
there is any interplay between the theory of steric volume exclusion and membrane affinity on

transducin distribution pattern.
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