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To a king,
Intellect is his glory.
So, his wisdom and intelligence
Are his strong army.
(Asad Tusi)

خرد شاه را بهترین افسر است
هش و دانشش نیکتر لشکر است
)(اسدى طوسى
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General introduction

G-protein-coupled receptors
G-protein-coupled receptors (GPCRs) are regarded as the largest superfamily of
integral membrane proteins containing seven transmembrane α helices (Tate and
Grisshammer, 1996). More than 800 GPCRs have been identified in the human genome, representing 2-3% of the coding sequences (Baneres et al., 2011). They play
a crucial role in transmembrane signal transduction by binding extracellular ligands
(e.g. neurotransmitters, peptides and hormones), participating in the regulation
of major biological processes such as neurotransmission, proliferation, differentiation, chemotaxis or inflammation and are the target of approximately 30% of
current pharmacological drugs. Ligand binding is thought to trigger a conformational change in the receptor, resulting in the activation of heterotrimeric guanine
nucleotide-binding proteins (G proteins) at the intracellular face of the plasma
membrane. Because of their central role in biological systems, it is therefore critical
to gain detailed knowledge of their structure and their dynamics to understand
their function. A major difficulty encountered in the study of GPCRs is obtaining
the target protein in sufficient quantities for functional and structural studies.
Membrane proteins are usually present at low levels in their native membrane and
thus usually heterologous overexpression is attempted. The main subject of this
thesis, melanopsin, is a light-sensitive protein and member of the opsin subfamily
of GPCRs.

Light-triggered physiology
Life on earth has evolved around a predictable light and dark cycle. And, all organisms
have an inner clockwork mechanism which allows them to anticipate to predictable
changes, thus permitting them to be prepared to respond to future challenges in an
optimal way. This endogenous circadian system ( derived from the Latin words circa
diem, about a day) is indeed an evolutionarily, highly conserved feature of virtually
all light sensitive organisms from cyanobacteria to humans suggesting that such a
system functions as an orchestral conductor that arranges the rhythm and synchrony
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of the physiological processes in the body. Circadian rhythms are biological cycles
that have period of about a day. Many behavioral, physiological and biochemical
facets of life are dependent on circadian organization. This internal clock mechanism coordinates biochemical, physiological and behavioral processes to maintain
synchrony with the environmental cycles of light, temperature and nutrients. The
main task of the circadian timing system can be viewed as the optimization of
metabolism and energy utilization for sustaining life processes in the organism.
Most mammalian physiology is influenced at least to some extent by the circadian
clock (Schibler et al., 2003). For example, rest and activity, heart rate, blood pressure, liver and renal plasma flows, bile and urine production, intestinal peristalsis,
secretion of digestive enzymes into the gastrointestinal tract, major endocrine
functions and metabolism and other physiological variables exhibit such daily oscillations. In mammals, a master pacemaker resides in the suprachiasmatic nucleus
(SCN) of the brain’s hypothalamus which drives these circadian rhythms and orchestrates countless clocks in most peripheral cell types (Ralph et al., 1990). The
SCN is a self-sustaining oscillator, generating endogenous rhythms whose period
length can deviate up to 20 minutes from the 24 h day. This rhythm will slowly drift
out of phase from the environmental rhythm, hence must be tuned daily to the
day/night cycle, a process known as photoentrainment (Roenneberg and Foster,
1997). This photic information reaches the SCN through a dedicated monosynaptic
pathway, the retinohypothalamic tract (RHT) originating in the retina (Figure 1.1)
(Gooley et al., 2001;Hattar et al., 2002). The RHT is the projection from only a
minor fraction (<1 %) of the retinal ganglion cells (Provencio et al., 1998). It should
be noted that the photic regulation of the circadian system is qualitatively different
from the processes involved in generating a visual image. A visual image is formed
when light is detected as a measure of brightness in a certain point of space, whilst
the circadian photoreceptor acts as an irradiance detector, providing a measure of
the gross amount of light in the environment (Foster, 2002).
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Figure 1.1. Schematic summary of brain regions and circuits influenced by intrinsically photosensitive retinal ganglion cells (ipRGCs).
The ipRGCs and their axons are shown in dark blue, their principal targets in red. Projections
of ipRGCs to the suprachiasmatic nucleus (SCN) form the bulk of the retinohypothalamic tract
and contribute to photic entrainment of the circadian clock. Another direct target of ipRGCs
is the olivary pretectal nucleus (OPN), a crucial link in the circuit underlying the pupillary light
reflex, shown in light blue (fibers) and purple (nuclei). Other targets of ipRGCs include two components of the lateral geniculate nucleus of the thalamus, the ventral division (LGNv) and the
intergeniculate leaflet (IGL). This figure is adapted from Berson et al. 2003. Reproduced with
permission of Elsevier Science Ltd.

Anatomy of the eye and retina
In mammals the eyeball is the only sensory organ for the detection and translation
of light into electrochemical signals that are passed to the brain (Figure 1.2). It is
surrounded by a protective orbital cavity of the skull. The outermost structures of
the eyeball are primarily avascular, providing structural support and a mucous layer
to keep the eye moist. The posterior eye is composed of concentric membranous,
vascular, and neural layers that convert light into neural signals. The choroid is a
highly vascularized membrane that lies between the retina and the sclera, providing nourishment to the eye, especially the retina. The retina receives the focused
image formed by the lens and cornea and converts it into neural signals transmitted by the afferent fibers of the optic nerve. The neural signals are transferred via
optic tracts to the occipital region of the brain, where visual images are integrated.
The anterior eye contains the structures essential for light transmittance: the iris,
ocular lens, and ciliary body. A circular opening in the center of the iris, called pupil,
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controls the amount of light that enters the eye by means of sphincter and dilator
muscles. The ocular lens lies directly behind the pupil and is attached circumferentially to the ciliary body via suspensory ligaments called zonules. The ciliary body
changes the shape of the lens for near and far vision and secretes aqueous humor,
the main nutrient source for the avascular anterior structures.

Figure 1.2. Cross-section of a human eye.
Adapted from: http://www.harvard-wm.org/the-body-of-the-eye-model-human-model-anatomy-2/anatomy-of-the-eye-labeled/

The spaces created by the anatomic structures are the anterior chamber, posterior chamber, and vitreous space. The vitreous space, located posterior to the
ocular lens, contains vitreous humor, a gel-like substance that holds the lens and
retina in place and provides an additional refractive medium for the incoming light.
The retina is approximately 0.5 mm thick and lines the back of the eye. It is
a highly organized sheet of neural tissue, composed of five classes of neurons
(rod and cone photoreceptors, bipolar cells, horizontal cells, amacrine cells and
ganglion cells), two types of glial cells (microglia and Müller cells) and vascular
endothelium cells (Figure 1.3). The optic nerve contains the ganglion cell axons
(the output neurons of the retina) running to the brain and, additionally, blood
vessels that branch out into the retina to vascularize the retinal layers and neurons.
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A radial section of a portion of the retina reveals that the photoreceptors lie
posterior in the retina against the pigment epithelium and choroid. Light must,
therefore, travel through the entire retinal layer before striking and activating the
rods and cones. Subsequently the absorption of photons by the visual pigment
of the photoreceptors is translated into first a biochemical message and then an
electrical message that can modulate the activity of all the projected neurons of
the retina.

1

Figure 1.3. An overview of the organization of the retina. Courtesy of http://webvision.med.
utah.edu/

Establishment and maintenance of proper cell-cell interaction are essential
processes in retinal development and homeostasis. All vertebrate retinas are
composed of three layers of nerve cell bodies and two layers of synapses which
are rich in interneuronal contacts (Figure 1.3). The outer nuclear layer (ONL)
contains cell bodies of the rods and cones, the inner nuclear layer (INL) contains
cell bodies of the bipolar, horizontal and amacrine cells and the ganglion cell layer
contains cell bodies of ganglion cells and amacrine cells. Separating these nerve
cell layers, there are two areas where synaptic contacts occur. The first area is the
outer plexiform layer (OPL) where rod and cones are interconnected, and vertically
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running bipolar cells and horizontally oriented horizontal cells are situated. The
second area is the inner plexiform layer (IPL), and it functions as a relay station
for the vertical-information-carrying nerve cells, the bipolar cells, to connect to
ganglion cells. In addition, different varieties of horizontally- and vertically-directed
amacrine cells somehow interact in further networks to modulate and integrate
the ganglion cell signals. The complex neural processing in the retina culminates in
the inner plexiform layer where eventually the coded visual image is transmitted to
the brain along the optic nerve.
Müller cells on the other hand, belong to the class of non-neuronal cells called
glia and comprise 90% of the retinal glia. These cells interact with most of the
neurons in the retina (Kubrusly et al., 2005).They traverse the entire retina in a
radial direction from the ganglion cells to the photoreceptor cell bodies. They are
considered to be the principal glial cells of the retina, because of their ability to
perform functions that astrocytes (also known collectively as astroglia which are
characteristic star-shaped glial cells in the brain and spinal cord) effect in other
regions of the central nervous system (Guidry, 2005;Limb et al., 2002). In addition
to providing structural support within the retina and blood vessels, Müller cells
regulate the control of ionic concentrations, degradation of neurotransmitters, and
removal of certain metabolites and may be important for the normal development
of photoreceptor cell connections with other retinal neurons and for the maintenance of cone functionality. They also prevent aberrant photoreceptor migration
into the subretinal space (Limb et al., 2002).

The visual photoreceptor cells
The human retina contains approximately 125 million photoreceptors which can
be subdivided into two types. They are named rods and cones after their morphology. Approximately 95% of the photoreceptor population consists of rods, which
are located in the peripheral retina. The remaining 5% of cones photoreceptors are
predominantly found in the foveal area, the center of our visual field (see Figure
1.2 and 1.4). Primates and birds have true foveas (some birds, notably hawks and
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eagles, actually possess two foveas per retina!), other species such as squirrels, cats,
dogs, deer, etc., have a less pronounced regional specialization, and possess what is
called an area centralis or a visual streak. The optic nerve receives all of the signals
created in the eye and transfers them to the brain to be processed. The nerve exits
in the posterior of the eye, and that place lacks photoreceptors (blind spot).

1

Figure 1.4. Distribution of rods and cones in the human retina.
Graph illustrates that cones are present at a low density throughout the retina, with a sharp
peak in the center of the fovea. Conversely, rods are present at high density throughout most
of the retina, with a sharp decline in the fovea. The increased density of cones in the fovea is
accompanied by a striking reduction in the diameter of their outer segments. Source: adapted
with permission from http://webvision.med.utah.edu/

Rods are extremely light sensitive and are of greatest importance under dim
light conditions where discriminating colours is not of prime importance (scotopic
vision). All rods express only one type of visual pigment, rhodopsin (Nathans and
Hogness, 1984;Wald, 1968). The cones are about 103 fold less photosensitive,
hence require higher levels of light to generate a signal (photopic vision). However
they offer a much higher spatial and temporal resolution than rods. In addition the
cones in a retina usually cover different spectral ranges, and are therefore responsible for colour vision. In man and some other primates, colour vision is mediated
by three types of cones (trichromats), each containing a distinct visual pigment
absorbing maximally at 420 nm (blue or short wavelength sensitive pigment, SWS),
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530 nm (green sensitive pigment) and 560 nm (red sensitive pigment) (Nathans et
al., 1986). The latter two belong to the long wavelength sensitive (LWS) class of
cone pigments. Most mammals possess only one LWS pigment in addition to a SWS
pigment (dichromats). The rods and cones are the actual sites of transduction of
light energy into neuronal signals. They are, in essence, exceptionally specialized
bipolar neurons, which have developed some structural features to carry out this
task. Rods and cones have a similar structure, but there are some differences. Both
photoreceptors are composed of an inner segment and an outer segment, as well
as a cell body and synaptic terminal (Figure 1.5). The main difference between rods
and cones is in the outer segment, where the visual pigment is located and light absorption and subsequent signal transduction takes place. The capture of individual
photons by the photopigment molecules in the disc membranes is what initiates
neural signaling. The characteristically shaped outer segment at the distal end of
the rod cell is composed of an intracellular stack of numerous flattened membrane
disks. In contrast, the shorter cone outer segments are composed of a stack of
plasma membrane invaginations called sacs. The disks from the rod cell contain the
visual pigment, rhodopsin. In primates the sacs of the cone photoreceptors contain
a single one of the above mentioned cone pigments. Disks and sacs are formed
by invagination of the plasma membrane at the ciliary region and migrate, while
the outer segment is under continuous renewal, through the entire length of the
outer segment. They are removed at the distal end of the outer segment through
phagocytosis by the retina pigment epithelium cells (Bok, 1985). The photoreceptor
cell body harbors the nucleus, support organelles (mitochondria, ribosomes, endoplasmic reticulum, synaptic vesicles, etc.), and the axon terminal which contains
neurotransmitter vesicles for signal transduction onto the bipolar and horizontal
cells. The outer and inner segments of the photoreceptors are connected by the
cilium. This cilium is a primary cilium which has an axonemal structure consisting of
a circular array of nine pairs of microtubules (9 + 0 arrangement).
They can be found on most eukaryotic cells. Primary cilia, which are usually
nonmotile, are thought to have either a chemosensory or mechanosensory function. These cilia often contain high concentrations of receptors and are ideally
positioned to interact with their environment, a good starting point for the highly
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specialized cone and rod photoreceptors that respond to light (Calvet, 2003). In
addition, photoreceptor cells are packed, together with processes of Müller glia
cells which serve for structural and metabolic support, in the ONL. The establishment and maintenance of apical–basal polarization and cell adhesion is crucial for
functionality and survival of the photoreceptors. At the apical site of the ONL, an
adhesion belt, named the outer limiting membrane (OLM) contains specialized adherence junctions, which are present between the photoreceptors and Müller glia
cells. The adherence junctions consist of multi-protein complexes and are linked to
the cell skeleton for the cell shape (Tepass, 2002;van de Pavert et al., 2004).

Figure 1.5. Schematic overview of the photoreceptor cells.
Left: Rod, right: Cone;
source: smsm2a2012.weebly.com/reading-site.html

Visual photopigments
Living organisms share a fundamental principle in their ability to respond to light
stimuli: all photobiological responses are mediated by organic molecules that absorb light quanta and then undergo physico-chemical changes. These light-induced
changes subsequently evoke broader physiological responses within the organism.
This process is termed phototransduction.
The visual pigments belong to the large family of GPCRs. They are integral membrane proteins containing seven transmembrane helical segments. The human
visual pigments contain 348 (rhodopsin and SWS or blue sensitive cone pigment)
or 364 amino acids (LWS or green and red sensitive cone pigment) and have a
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molecular weight between 37-55 kD. The protein moiety, called opsin, provides
a pocket for a light sensitive vitamin A derivative, 11-cis-retinal (Baldwin et al.,
1997;Wald, 1968). In mammals, all visual pigments carry this same chromophore.
This chromophore is covalently linked to the opsins via a protonated Schiff base
between the carbonyl group of retinal and the amino group of a lysine residue in
the seventh transmembrane helix of the protein (Bownds, 1967;Hargrave et al.,
1983). In vertebrate visual pigments, the positive charge on the protonated Schiff
base is stabilized by a negatively charged H-bonded network around a glutamate
residue, which acts as a ‘counterion’ (Nathans, 1990;Zhukovsky and Oprian, 1989).
Several amino acids in the transmembrane domain are highly conserved among
the visual pigments and a small selection of amino acids, involving mainly hydroxyl
bearing residues lining the chromophore binding pocket, is involved in tuning the
spectral properties of the pigment. A protonated Schiff base of retinal in solution
(e.g. methanol) has an absorbance band peaking around 440 nm (Wald, 1968).
When bound in the opsin pocket the protein environment can tune this to cover
different ranges of the light spectrum. In mammals the absorbance maxima vary
between 360 – 560 nm.

The phototransduction cascade and visual cycle
In general, a molecule converts to an excited state when it absorbs a photon and
returns to its ground state through a variety of relaxation processes. The absorption of a photon triggers, in a similar way, a photochemical reaction in the chromophore of visual pigments, resulting in isomerization of the 11-cis into the all-trans
configuration (Wald, 1968). This occurs in an ultrafast reaction completed within
50 fs, one of the fastest chemobiological reactions known so far (Kandori et al.,
1996;Schoenlein et al., 1991). Photoisomerization of the chromophore in fact is a
mechanism to trap light energy in a high-energetic twisted conformation that can
be used to drive subsequent conformational changes in the protein.
After photon absorption, rhodopsin eventually dissociates into all-trans retinal
and the apoprotein opsin through several thermolabile intermediate states (Figure
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1.6) (Shichida, 1986). During this process, conformational transitions in the opsin
as well as changes in the interaction between the chromophore and opsin occur.
Each step in the transitions has been identified as an intermediate state having
unique spectral properties (Peteanu et al., 1993;Schoenlein et al., 1991). The signaling intermediate in the photochemical process of rhodopsin, metarhodopsin II,
is formed within a few milliseconds and persists for several minutes. This activated
form of rhodopsin interacts with a trimeric GTP-binding protein, transducin (Gt)
(Emeis et al., 1982). Transducin is membrane-associated heterotrimeric complex,
which is composed of the GTP-binding α-subunit (Tα), a ß-subunit (Tβ) and a
γ-subunit (Tγ). In its inactive form the α-subunit of the G-protein complex binds
GDP, but upon interaction with metarhodopsin II the GDP is exchanged for GTP and

Figure 1.6. Molecular states involved in rhodopsin after photon absorption and formation of
its photointermediates. In batho-rhodopsin the photo-isomerization to all-trans is completed.
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a typical G-activation pathway is initiated. The α-subunit dissociates from the βγsubunits of transducin and both dissociate from metarhodopsin II. Subsequently,
the α-subunit of transducin diffuses away to bind to a phosphodiesterase complex
(PDE). Each PDE comprises two catalytic subunits (α and β), two inhibitory subunits
(γ) and a (δ) subunit. The PDE α and β subunits become active when the inhibition
by the γ subunits is released upon binding of the transducin α subunit.
The activated PDE at top speed hydrolyzes cGMP, the intracellular messenger
of phototransduction, to GMP. This leads to a rapid local decrease of the cGMP
concentration and closure of a cation channel present in the plasma membrane
of the outer segment. The conductance of this channel depends directly on the
cGMP concentration. Channel closure reduces the inward current of cations, which
leads to hyperpolarization of the photoreceptor cell plasma membrane and subsequent inhibition of neurotransmitter release at the synaptic terminus (Hamm,
1998;Shichida and Imai, 1998). The light stimulus is thus transmitted to adjacent
neurons. In inactivation of this active state calcium ions are involved. Upon closure
of the cGMP sensitive channels, Ca2+ no longer enters the cell and the cytosolic
Ca2+ concentration drops because a Na+/Ca2+K+ exchanger, also present in the
outer segment plasma membrane, still extrudes calcium (Lagnado et al., 1992).
The reduction in the Ca2+ concentration activates a rhodopsin kinase that rapidly
phosphorylates metarhodopsin II in its C-terminal region (Ohguro et al., 1993)
followed by the binding of a capping protein, arrestin, which inhibits activation
of Gt and so blocks the ability of the phosphorylated metarhodopsin II to further
generate activated transducin α subunits. During the decay of metarhodopsin II,
the chromophore, all-trans retinal is released from the pigment via hydrolysis of
the protonated Schiff base leaving the not-photosensitive apoprotein opsin. In the
vertebrate retina, regenerating opsin to the holoprotein is a complex process called
the visual cycle, which involves multiple enzymatic reactions inside and outside the
photoreceptor cell (Figure 1.7).
The released all-trans retinal is first reduced to all-trans-retinol (vitamin A) by an
all-trans-retinol dehydrogenase (RDH) in the outer segment (Rattner et al., 2000).
All-trans-retinol is then transported from the photoreceptor to the retina pigment
epithelium (RPE) by an extracellular lipid transfer protein, the interphotoreceptor
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retinoid binding protein (IRBP). Within the RPE cell all-trans-retinol is bound to
a cellular retinol binding protein (CRBP) and esterified for storage in lipid bodies
in the RPE by a lecithin:retinol acyltransferase (LRAT) into a long-chain all-trans
retinyl ester (Edwards and Adler, 1994). When required, the all-trans retinyl ester
is converted by an isomerohydrolase (RPE65) into 11-cis retinol, which either is
converted to the ester for storage, or oxidized to 11-cis retinal by an oxidoreductase, 11-cis retinol dehydrogenase (11-cis RDH) (Driessen et al., 1995;Suzuki et al.,
1993). Subsequently the 11-cis retinal is bound to a cellular retinal binding protein
(CRALBP) and transported to the apical membrane of the RPE where it is transferred to IRBP and transported to the photoreceptor cell (Crabb et al., 1988). Back
in the outer segment, 11-cis-retinal binds to opsin regenerating visual pigment.
Notably, the enzymatic reactions that catalyze the conversion of all-trans retinal
into 11-cis-retinal comprise the light-independent part of the visual cycle and take
place in both photoreceptor and RPE cells.

Figure 1.7. Retinoid cycle where all-trans retinal is converted back to 11-cis.
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Non visual (circadian) photopigment (melanopsin)
As mentioned above, circadian clocks are not exactly 24h and must be synchronized
to ensure that internal and local time coincide. This regulation is mediated by photoreceptors which can detect changes in the quantity and quality of light over the 24 h
dawn/dusk cycle, a process called photoentrainment. For over decades, researchers
were convinced hat rods and cones are the only photoreceptors in the eye which are
responsible for both visual and non-visual responses (but see (Foster et al., 1991)). Only
recently, a third photoreceptor system was discovered in the mammalian retina, in fact
in a small subset of retinal ganglion cells (RGCs). These cells appeared to be photosensitive (ipRGCs) thanks to a novel opsin-related photopigment, expressed within this
subpopulation of RGCs, which has been named melanopsin (Provencio et al., 1998).
Origin, structure and different types of melanopsin
Actually, the discovery of melanopsin did not originate in studies of the retina,
but rather of amphibian melanophores. Unlike mammals, most non-mammalian
vertebrate as well as invertebrate species also have photosensitive cells located
outside of the eye. In the skin of several amphibians and fish, photopigments
respond to light by triggering dispersion or aggregation of intracellular pigment
granules. These photopigments are related to those in the rods and cones in the
retina as they display intrinsic photosensitivity based upon a retinal chromophore.
Upon screening a Xenopus laevis melanophore cDNA library, Provencio and colleagues isolated a clone with significant homology to visual opsins. This gene,
corresponding to melanopsin, is now designated as Opn4, and was shown to be
responsible for light-induced melanosome aggregation and dermal photoreception
in Xenopus laevis (Provencio et al., 1998). Subsequently, melanopsin was shown to
be expressed within retinal horizontal cells and RPE, iris and brain (Provencio et
al., 1998). Later on, in mammals its orthologs were detected in a small subset of
retinal ganglion cells (see next section) (Provencio et al., 2000). Unexpectedly, sequence analysis showed that melanopsin was more closely related to invertebrate
opsins than to the typical vertebrate rod and cone opsins. The deduced amino acid
sequence of melanopsin shows only approximately 30% amino acid identity to the
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rod and cone opsins, and 39% identity to octopus rhodopsin. Similar to visual pigments, melanopsin has a predicted topology of seven transmembrane segments
with an extracellular amino terminus and a lysine residue (Lys-337 in mouse (Figure
1.8) and Lys-340 in human melanopsin) in the seventh transmembrane domain
to presumably serve as the site for a Schiff base linkage with the chromophore.
A pair of cysteines (Cys-100 and Cys-178) in the second and third extracellular
loops is also present to allegedly stabilize the tertiary structure by disulfide bridge
formation. The similarity to invertebrate photopigments is also apparent in several
predicted structural and biological features. In most species melanopsin contains
an exceptionally long cytoplasmic tail, which may contain up to 14 potential phosphorylation sites (Provencio et al., 1998), suggesting that melanopsin may trigger a
signaling cascade with a complex regulatory mechanism. In vertebrates, the melanopsin gene falls into two independent lineages, a mammalian-like (Opn4m) class
and a non-mammalian-like or Xenopus-like (Opn4x) class. So far, both genes have
been discovered in non-mammalian vertebrates such as teleosts, Xenopus, and
chicken (Bellingham et al., 2006). The previously discovered chicken melanopsin
gene was renamed Opn4x (for “Xenopus-like”) on the basis of its greater similarity
to the originally published X. laevis melanopsin sequence (Provencio et al., 1998).
A newly discovered chicken melanopsin gene was shown to be the ortholog of
mammalian (mouse and human) melanopsin and was named Opn4m. Based upon
RT-PCR amplification expression of both Opn4m and Opn4x genes were detected in
tissues known to be photosensitive (e.g., eye, brain and skin). Torii and coworkers,
identified five melanopsin isoforms in the chicken pineal gland (Torii et al., 2007).
Three isoforms, with a long (L), a short (S) and a very short (SS) C terminal, respectively, were derived from the Opn4m gene, and two isoforms, with a long and a
short C terminal, respectively, were derived from the Opn4x gene. These genes are
coexpressed in subsets of cells within the outer nuclear, inner nuclear and ganglion
cell layers of the retina (Torii et al., 2007). In many teleosts, melanopsin complexity
is further augmented by gene duplications that result in multiple copies of the
Opn4 gene within each major class. Examples include the five genes (Opn4m1-3
and Opn4x1-2) in the zebrafish (Davies et al., 2011) and two Opn4m subtypes in the
catfish (Cheng et al., 2009).
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Figure 1.8. Schematic structure of mouse melanopsin showing the presence of seven helical
transmembrane domains as predicted by Uniprot (http://www.expasy.org/uniprot/Q9QXZ9).
Highlighted amino acids include in purple the lysine residue binding the ligand 11-cis retinal in a
protonated Schiff base (Lys-337), putative residues stabilizing the protonated Schiff base in brown
(Tyr-145; E-214), the aspartate, arginine and tyrosine triad (DRY) involved in the photoactivation
mechanism in red at position 166–168, two cysteines for disulphide bridge formation in yellow
(Cys-142, Cys-220) (Pires et al., 2009), two N-terminal glycosylation sites in orange (Asn-30 and
Asn-34) (Shirzad-Wasei et al., 2013) and possible phosphorylation sites in green (Ser-381, Ser388, Thr-389, Ser-391, Ser-392, Ser-394, Ser-395 and Ser-398) (Blasic, Jr. et al., 2014a;Fahrenkrug
et al., 2014). Mouse melanopsin consists of two distinct isoforms (466 and 521 residues) with
short (gray) and long (blue) C-terminal tails, respectively. Residues 354-521 were isolated to construct the Rho-C-Mel chimera discussed in chapter four (position Tyr-354 is depicted in gray). The
loop containing E-214 probably bends inwards bringing this residue fairly close to the Schiff base,
as demonstrated for squid rhodopsin(Murakami and Kouyama, 2008).
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The differential function of this gene variety in two lineages remains to be determined; in any case, the mammalian lineage appears to have lost the Opn4x
gene (Pires et al., 2007). All mammals so far studied, comprising the monotremes
(Davies et al., 2010), themarsupials (Bellingham et al., 2006;Pires et al., 2009) and
many eutherians (Davies et al., 2010) possess only an opn4m gene that is expressed
exclusively in the eye (Davies et al., 2010;Davies et al., 2012b). A comprehensive
study of the mouse gene has revealed that transcription of this Opn4m gene generates two isoforms, Opn4L and Opn4S, through alternative splicing. Both isoforms
are expressed in mouse retina and are restricted to a subset of RGCs (Pires et al.,
2009). According to their cDNA sequence, Opn4L and Opn4S would consist of 521
and 466 residues, respectively, with the first 454 residues being identical, hence
mainly differing in the length of their C terminus (Figure 1.8).
Melanopsin spectral sensitivity and photobiology
There is ample evidence in literature that photopigments in invertebrate photoreceptors have two thermostable states that are photointerconvertible in a
wavelength-dependent manner (Hardie and Raghu, 2001). This bistability confers
their ability to regenerate the 11-cis ground state without the need to liberate
the all-trans retinal and involve exogenous isomerases. The stable photoproduct
(metarhodopsin) reverts to the “dark” state by subsequent absorption of light,
usually of a longer wavelength. In view of the similarities of melanopsin to invertebrate photopigments, potential bistability of melanopsin has also been studied
by several research groups. Amphioxus melanopsin, expressed in a mammalian cell
line, shows two states. The ground state peaks around 485 nm, which corresponds
to that of action spectra obtained from mammalian melanopsin-expressing native
retinal ganglion cells as well as cultured host cells (Berson et al., 2002;Hattar et al.,
2003;Lucas et al., 2001;Panda et al., 2005;Qiu et al., 2005;Sekaran et al., 2003).
The peak of the photoproduct shifts to 520 nm, which could be photoconverted
to the ground state (Koyanagi et al., 2005). In another study, melanopsin-evoked
responses were measured for several hours in a heterologous expression system
without supplementing retinal, which is consistent with melanopsin functioning
without the need of exogenous isomerases (Qiu et al., 2005). In addition, Mure and
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coworkers demonstrated in vivo enhancement of non-visual responses of melanopsin to short-wavelength light by previous exposure to long-wavelength light
(Mure et al., 2007). In fact, melanopsin bistability would conveniently explain independence of the intrinsically photosensitive retinal ganglion cells (ipRGCs) from
the chromophore-regenerating pathways used to replenish rod and cone opsins.
Melanopsin localization and ipRGCs
Since over more than 40 years of studies of retinal physiology, no evidence was
found for photosensitive cells in the mammalian retina other than rods and cones.
The discovery of a novel photopigment raised questions as to whether, and if so,
where this photopigment would be located in the retina. In situ hybridization studies showed that in primate and murine retinas melanopsin mRNA was restricted
to a small subset of neurons in the ganglion cell layer (Provencio et al., 2000). This
observation was corroborated by neuronal retrograde tracing and it was shown
that RGCs projecting to the SCN indeed express melanopsin (Gooley et al., 2001).
Using a genetic approach, Hattar and co-workers generated knock-in mice where a
tau-LacZ reporter gene was inserted into the melanopsin gene locus. This allowed
for direct visualization of the axons of melanopsin-expressing ganglion cells in the
mouse brain by histochemical staining for β-galactosidase. The results revealed
that the axons of these ganglion cells terminated in the SCN and in other brain
centers associated with non-image photophysiology (Hattar et al., 2002). At the
same time the Berson group introduced fluorescent microspheres into the rat
SCN which retrogradely labeled SCN-projecting RGCs. They recorded light-evoked
electrophysiological responses from labeled RGCs. The labeled RGCs responded to
light stimulation independently of rods and cones as light responses persisted even
when rods and cones were severely photobleached and their synaptic projection
onto ganglion cells was pharmacologically blocked (Berson et al., 2002). These findings provided convincing evidence for a third, novel class of photoreceptor type in
the mammalian retina, which employs melanopsin as the photopigment. These
neurons were called ‘intrinsically photosensitive retinal ganglion cells’ (ipRGCs)
(Berson et al., 2002;Berson, 2003).
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The ipRGCs project monosynaptically to deep brain centres. One target of this
projection is the suprachiasmatic nucleus (SCN) in the anterior hypothalamus
which serves as the master circadian pacemaker (Berson et al., 2002;Gooley et al.,
2001;Hannibal, 2002;Hattar et al., 2002). This monosynaptic pathway linking the
eye to the SCN is called the retinohypothalamic tract (Figure 1.1). Other central
targets include two components of the lateral geniculate nucleus of the thalamus,
the ventral division (LGNv) and the intergeniculate leaflet (IGL) that participates in
circadian photoentrainment. A third pathway reaches the olivary pretectal nucleus
(OPN), a key element in the circuit mediating the pupillary light reflex (Hattar et al.,
2002;Morin et al., 2003).
In primates, including man, ipRGCs are relatively rare as revealed by immunohistochemical analyses. It is estimated that in the human retina ipRGCs constitute
only 0.2% of the total RGC population (Dacey et al., 2005). Within this small
number, there is a surprising diversity of subtypes, which can be distinguished
morphologically and physiologically. ipRGCs are classified into five subtypes, M1
to M5 (Sand et al., 2012). M1 is the largest and most numerous subtype having
sparsely branched, long dendritic projections that stratify and interconnect in the
outermost sublaminae of the inner plexiform layer (IPL) (Berson et al., 2002;Hattar
et al., 2002;Provencio et al., 2002). M2 cells have large soma and more complex
dendritic arbor, which stratify in the innermost sublaminae of the IPL and is
more highly branched than those of M1 cells (Berson et al., 2010;Dacey et al.,
2005;Schmidt and Kofuji, 2009). The monostratified M1 and M2 cells constitute the
majority of ipRGCs (up to 74-90%) (Berson et al., 2010;Schmidt and Kofuji, 2009).
A third subtype, appropriately termed M3 is bistratified. This cell has dendrites
which extend in both sublaminae of the IPL (Berson et al., 2010;Schmidt and Kofuji,
2011;Viney et al., 2007). An entirely new subtype of ipRGCs, termed M4, has been
recently discovered by Ecker and co workers (Ecker et al., 2010) containing a large
soma and widely radiated dendritic arbor. This cell type is distinguishable from M2
cells by more highly branched and slightly larger dendritic fields. These researchers
have also observed a smaller field bushy type, named M5. The latter two subtypes
have intrinsic light responses of relatively low amplitude, perhaps because they
express melanopsin at a relatively low level (Ecker et al., 2010).
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Physiological functions of melanopsin
The identification of a third non-rod, non-cone photoreceptor in the mammalian
retina was not established until late 1999. The process of image detection in the
eye has been extensively studied in order to understand how we can perceive
visual information. However, irradiance detection in order to perceive dawn and
dusk and drive circadian photoentrainment has quite different demands. Rods and
cones are highly sensitive radiance detectors, which rapidly adapt and can only integrate signals of short duration. In contrast, circadian entrainment requires higher
intensity and longer duration stimuli. In mammals removal of the eyes abolishes
photoentrainment; hence the mammalian eye performs two radically different
sensory tasks. The first indication that different photoreceptors are involved came
from the observation that mice homozygous for the retinal degeneration gene (rd/
rd), lacking all functional rods and most of the cones were able to regulate their
circadian system very similar to fully sighted animals (Foster et al., 1991;Provencio
et al., 1994). Further studies with rd/rd cl mice, where rods and cones were fully
ablated, established that mammals had to possess another ocular photoreceptor
primarily for circadian entrainment (Freedman et al., 1999). Subsequently, it was
reported that these novel photoreceptors also contribute to a wide range of irradiance dependent physiology, including melatonin synthesis and pupil constriction
(Lucas et al., 2001).
The identification of the cells mediating non-rod/cone responses to light as
a minor subclass of the retinal ganglion cells that is photosensitive was already
briefly described above. Subsequently, calcium imaging on the retina of rd/rd cl
mice demonstrated three types of light-evoked Ca2+ influx: a sustained, a transient
and a repetitive response (Sekaran et al., 2003). Around the same time, Hattar
and co workers revealed that these ipRGCs express the photopigment melanopsin
(Hattar et al., 2002).
Definitive evidence that melanopsin is the responsible as well as the only
photopigment in ipRGCs came from gene ablation studies. Melanopsin knockout
mice (Opn4-/-) show attenuated phase shifting, fail to show full pupil constriction
and show loss of direct photosensitivity in ipRGCs (Lucas et al., 2003;Panda et al.,
2002a;Ruby et al., 2002). Furthermore, triple-knockout studies demonstrated that
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mice lacking rods, cones and melanopsin are totally unresponsive to light (Hattar
et al., 2003;Panda et al., 2003). Meanwhile, it has become obvious that these three
photoreceptor systems have a complex interrelationship, with rods and cones
contributing to circadian photo-entrainment and pupillary reflex, ipRGCs providing
irradiance information to the visual system (Brown et al., 2011;Dkhissi-Benyahya
et al., 2007;van Oosterhout et al., 2012). This arrangement has previously been
considered only insofar as it allows the clock to respond to changes in irradiance.
However, a recent study reports that, in particular, cones influence the SCN by
receiving information about changes in the spectral composition of light and
hence play a role for appropriate circadian timing relative to the natural solar
cycle (Walmsley et al., 2015). The ability of SCN neurons to not only determine the
amount of light but also the spectral composition by comparison of the relative
activation of the different photoreceptors provides additional information. The
detection of changes in spectral composition may be an additive way to detect
the timing of the day-night cycle, complementing irradiance detection alone (van
Diepen et al., 2015). Finally, there is strong evidence that ipRGCs have a profound
impact on sleep/wake regulation and maybe implicated in several mental disorders
(Davies et al., 2012b).
Melanopsin phototransduction
Invertebrate phototransduction involves interaction of the active state (meta
rhodopsin) of a rhodopsin with a Gq/G11 -type G-protein, followed by G-protein
mediated activation of a phospholipase C (PLC) and subsequent opening of transient receptor potential cation channels (TRPs), resulting in depolarization of the
cell membrane. By contrast, rod and cone visual pigments utilize quite a different
cascade, involving the activation of transducin (a Gi/G0 type G-protein), a phosphodiestrase (PDE), hydrolysis of cGMP, closure of cyclic nucleotide gated cation channels (CNG) and hyperpolarization of the cell membrane. Considering the significant
homology of melanopsin with invertebrate rhodopsins, it was not really surprising
that it shows strong parallels with invertebrate light signaling. Both ipRGCs and
cells transfected with melanopsin react with depolarizing responses to light stimuli
(Melyan et al., 2005;Panda et al., 2005;Qiu et al., 2005). In heterologous expression
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systems melanopsin responses are greatly attenuated (although not completely
blocked) by antibodies against Gq/G11 G-proteins, but not by antibodies against Gi/
G0 (Panda et al., 2003) and are not affected by Gi/G0 blockers, but fully blocked by
Gq/G11 antagonists (Melyan et al., 2005;Qiu et al., 2005). Furthermore, downstream
of the G protein, melanopsin signaling is greatly attenuated or completely blocked
by PLC inhibitors (Panda et al., 2005;Qiu et al., 2005). In HEK293 and D407 cells
expressing recombinant melanopsin an immediate but transient light-triggered
calcium response was observed (Giesbers et al., 2008). Further downstream,
light-induced FOS expression was observed in melanopsin-expressing PC12 cells,
that was suppressed by pharmacological inhibition of the kinase ERK1/2 (Moldrup
et al., 2010). Combined pharmacological and morphological studies suggest that
in native ipRGCs a similar cascade is operative. Specific blockers of PLC and Gq/
G11 class G proteins abolish the light response and upon melanopsin activation
eventually a TRPC7 cation channel in the plasma membrane is gated (Sekaran et
al., 2007;Warren et al., 2006). Elegantly, using RNAi based gene silencing (Hughes
et al., 2014) demonstrated that of the Gq/G11 subfamily at least Gq, G11 and G14 can
participate in the melanopsin phototransduction. Eventually, continuous illumination leads to sustained induction of the FOS protein (Hannibal et al., 2001;Semo et
al., 2003). A recent gene profiling study also puts protein kinase C zeta somewhere
in the signaling cascade(s) triggered by melanopsin activation (Peirson et al., 2007).
Further, studies show that in the active state a small cluster of six to seven sites
on the carboxyl tail of melanopsin is phosphorylated which subsequently leads to
suppression of activity. These clusters do not correspond to the known phosphorylation sites in rhodopsin (Blasic, Jr. et al., 2012a;Blasic, Jr. et al., 2014b). Also it
has been shown that β arrestin 1 and 2 are involved in inactivation of melanopsin
(Cameron and Robinson, 2014).
The currently available evidence suggests that light-activated melanopsin at
least signals via Gq/G11 that in turn activates a phospholipase C-β, which generates
inositol 3-phosphate (IP3) and diacylglycerol (DAG), ultimately modulating release
of Ca2+ from intracellular and/or extracellular stores. Hence, this is based on a
phosphoinositide cascade similar to that operating in invertebrate vision (Graham
et al., 2008).
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Molecular characterization of melanopsin
Our current understanding of the molecular properties of melanopsin such as the
3D structure, but also photochemical and signaling modes, is still very limited due
to its low natural abundance. To allow a better molecular characterization it is
therefore essential to overexpress melanopsin in a heterologous host and obtain
a functional protein in sufficient quantity. However, heterologous overexpression
of GPCRs, in general, still forms a major hurdle and often results in low yield and
protein misfolding and/or aggregation. Functional studies in general require much
lower expression levels than structural studies, although it should be noted that
while a certain level of functional expression is essential, this level strongly depends
on the research aims. Ligand binding and downstream signaling may require only
1,000 – 10,000 functional copies per cell, but are dependent on cell type (presence
of signal transduction elements, and their relative concentration), and receptor
targeting (Tate and Grisshammer, 1996). High resolution structural analyses on
the other hand, whether employing nuclear magnetic resonance (NMR) or X-ray
crystallography, require tens of milligrams of purified protein, while, when aiming
at less high resolution, single particle analysis of cryo-electron microscopy samples
would still require significant over-expression (>> 105 functional copies per cell). A
range of heterologous expression studies have dealt with several variants and addressed various properties of melanopsin (Table 1.1 and 1.2). In this section we first
present a short overview of current overexpression methods, and solubilization
and purification approaches reported for GPCRs. Subsequently, we will describe
the different expression systems utilized for overexpression of melanopsin and
zoom in on the various strategies undertaken to overexpress, solubilize and purify
melanopsin for further functional and spectral analysis.
Expression systems commonly used for GPCRs
Escherichia coli

Expression levels of GPCRs in Escherichia coli usually are extremely low but have
the advantage of producing homogeneous recombinant protein with almost no
posttranslational modification, within a short time span and rapid onset of expression (Grisshammer and Tate, 1995). This system offers the possibility to rapidly test
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a huge number of different genetic coding sequences and to optimize expression
levels before undertaking purification (Tucker and Grisshammer, 1996). This host
does not contain any endogenous G protein and is therefore not suitable for functional studies of the receptor on a cellular level. In addition, the lipid composition
of the E. Coli membrane is different from eukaryotic cells and this can greatly affect
the ligand binding properties of recombinant proteins.
Yeast

Yeasts are unicellular eukaryotes that possess endogenous GPCRs and G proteins
(Blumer et al., 1988) and have the capacity to perform posttranslational modifications (Eckart and Bussineau, 1996), which can be essential for GPCR functionality.
Glycosylation is however different from that in mammalian cells and some GPCRs
are not glycosylated in this system (Kaushal et al., 1994). Also, the low cholesterol
content of internal membranes may alter the functionality of some GPCRs (Lagane
et al., 2000). Yet, there are many reports of successful expression of GPCRs in this
system with functional levels being extremely variable, however. For instance, the
β2-adrenergic receptor was successfully expressed at very high yield (King et al.,
1990) while the m1-muscarinic receptor gave very low expression levels, but still
could be employed for ligand binding studies (Payette et al., 1990).
Baculovirus/insect cell system

The Autographa californica baculovirus is a double stranded DNA virus surrounded
by a lipid membrane. This virus is able to infect different types of insect cell lines,
among which the most frequently used are derived from the fall armyworm
Spodoptera frugiperda (cell lines Sf9 and Sf21). These insect cells have longer
doubling times (24 h) and require more complex culture media than bacteria and
yeast, but these are nowadays commercially available. These cell lines can be easily grown in suspension culture, and are able to perform every posttranslational
modification common to mammalian cells. Expression of GPCRs in insect cell lines
is widely used, since the advantage of this system is that it expresses most GPCRs
in a functional form, and can yield quite high expression levels (Klaassen et al.,
1999;Ratnala et al., 2004;Sarramegna et al., 2003;Seifert et al., 1998;Shirzad-Wasei
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et al., 2013;Vissers and DeGrip, 1996;Vissers et al., 1998). This opens the way to
extensive functional as well as structural studies.
Mammalian cell lines

Mammalian cells are widely used for expression of recombinant GPCRs because
their properties often most closely approach native tissue and they are usually
able to properly perform all posttranslational modification. Moreover, these cells
in principle can provide all components necessary for the interaction of GPCRs with
G proteins and effector coupling (Grisshammer and Tate, 1995;Sarramegna et al.,
2003;Sarramegna et al., 2006). In general, mammalian cells appear most appropriate for functional studies, which require correctly folded active protein, but do not
require high expression levels. Next to transient expression, where cells usually
perish within several days, mammalian cell lines also offer the option of expression in stably transformed cells. This requires integration of the recombinant DNA
into the genome, and although cellular expression levels mostly are lower than
with transient expression, continuous cultures can be generated exploiting a cointegrated selection marker and the recombinant target protein can be harvested
frequently.
The solubilization step
Membrane proteins are naturally embedded in a membrane bilayer constituted of
a variety of proteins and lipids comprising a complex, heterogeneous and dynamic
environment. Even when a recombinant protein is highly overexpressed, it will at
the most account for only 0.5 % of the total membrane protein population, hence
for structural studies as well as many functional assays it needs to be solubilized,
purified, concentrated and preferably reconstituted in a lipid environment. The
objective of the solubilization step is to extract the membrane protein from its lipid
superstructure into small soluble monomeric units, which should largely preserve
its functional integrity. This is routinely achieved using detergents. Detergents are
amphipathic molecules, consisting of a polar head group and a hydrophobic chain,
which in aqueous solution form spherical or oblong micellar structures with a hydrophobic core, that to some extent can substitute for a membrane environment.
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Depending on the nature of their polar head (charged, zwitterionic or nonionic)
detergents can be charged or neutral at physiological pH (Seddon et al., 2004).
Charged detergents (SDS, DTAB) are quite aggressive and can partly or completely
denature or unfold membrane proteins. Neutral detergents (CHAPS, Triton X-100,
DDM, digitonin) are milder and may have less deleterious effects on the structural
and functional integrity of membrane proteins (Grisshammer, 2009;Seddon et al.,
2004;Silvius, 1992;Zhou and Cross, 2013). Nevertheless, it should be kept in mind
that detergents always will reduce the thermal stability and increase the confor
mational space of membrane proteins. However, there is no general rule, and
the optimal detergent-membrane protein combination and optimal solubilization
conditions have to be established anew for every single membrane protein (Sarramegna et al., 2006).
The purification step
Purification of GPCRs usually is not a simple task. For purification soluble, single
units containing the membrane protein are required. Hence, this is routinely done
in micellar form after solubilization by detergents, which implicitly carries the risk of
progressive denaturation that is exacerbated upon delipidation. In addition, detergents may affect the intrinsic physicochemical properties of membrane proteins, as
well as promote their aggregation (Gohon and Popot, 2003;Zoonens et al., 2013).
Purification in the state of lipid nanodiscs, small lipid bilayer patches stabilized by
SMA copolymers or membrane scaffold proteins, currently attracts much interest
(Bayburt and Sligar, 2010;Jamshad et al., 2011;Long et al., 2013;Orwick-Rydmark
et al., 2012;Shirzad-Wasei et al., 2015), but needs further study. The disadvantage of the nanodisc approach is that the scaffold may come to determine the
physicochemical properties of the unit. Generally it can be stated that the classical
chromatographic methods based on the intrinsic chemical and physical properties
of the protein are less suitable for the purification of membrane proteins, but can
be exploited to investigate the homogeneity of purified samples. For membrane
proteins affinity chromatography is the preferred mode of purification. The most
simple intrinsic application, if the expression system supports posttranslational
glycosylation, is to use lectin affinity chromatography (Reiländer et al., 1991),
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which is based on the affinity of glycans for immobilized lectins (Cummings and
Kornfeld, 1982). Since many host membrane proteins also are glycosylated, this
usually only allows partial purification (DeCaluwé et al., 1993). However, nowadays
it has become a simple procedure to extend the cDNA sequence of the target
protein with a specific tag, which allows identifying it within the entire pool of
host membrane proteins. Most popular to date have become the 1D4 epitope tag,
a nonapeptide that binds with high affinity to the (immobilized) 1D4 monoclonal
antibody (Molday, 1989;Oprian et al., 1991), and the Nxhistidine-tag (N = 6-10),
which has high affinity for matrices with immobilized Ni2+ or Co2+ ions (Schmitt
et al., 1993). The bound target protein then can be eluted by a specific competitor, e.g. the free peptide and imidazole, histidine or protons, respectively. These
purification methods usually do not discriminate very well between functional and
non-functional protein. For that purpose ligand-based affinity chromatography can
be exploited, which also can be employed to purify GPCRs from native sources
(Reiländer et al., 1991). However, it often appears to be a complex or too laborious
procedure to develop a suitable immobilized-ligand matrix that has sufficient affinity and selectivity, and allows easy recovery of the bound target protein
Melanopsin expression studies
Since the discovery of melanopsin (Provencio et al., 1998) a plethora of studies
have been conducted aiming at better understanding the photochemical and signaling properties of this intriguing photopigment. Melanopsin was found to play a
critical role in triggering phototransduction in ipRGCs, but analysis of downstream
signaling in and extraction of the protein from native tissue appeared to be quite
problematic. Hence, most data have been gathered with melanopsin expressed in
a heterologous host. In that case we have to keep in mind of course, that downstream signaling will depend on and also will partially be biased by the available
protein machinery in the host cell.
In the next sections, we will review the various expression systems, the production and purification strategies and the variety of melanopsin species utilized
for these studies. Here we present a brief overview to introduce these systems.
Not surprisingly, positive results have only been reported for eukaryotic expres-
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sion hosts. Occasionally Xenopus oocytes have been used, since they usually yield
proper functional expression and targeting, and allow ligand-binding studies and
electrophysiological analysis, but expression yields are low (Sarramegna et al.,
2003). Most studies have been performed in mammalian cell lines. These cells can
be easily transfected, and although folding and transport can be a problem, usually
sufficient recombinant protein is properly folded and targeted to allow functional
studies. Electrophysiological studies are more complicated in these cells, but ligand binding and action spectra can be well investigated, and reporter systems
to analyze downstream signaling are available or can be cotransfected. Functional
expression levels are relatively low, however, and only a few attempts succeeded in
purifying modified melanopsins from these cells, allowing photochemical analyses,
but not yet in sufficient quantities to proceed to detailed structural studies. Most
commonly used, have been the well-known HEK293 and COS-1 cell lines, but also
the paraneuronal Neuro-2a cell line, the pheochromocytoma PC12 cell line and
the RPE derived D407 cell line have been exploited. The latter three do not seem
to give significant advantages over the former two. Finally, the baculovirus-insect
cell system has been used in a single report aiming at high-level expression and
purification. This system is less suitable for functional studies, since the insect cell
signaling machinery does not very well support mammalian GPCRs.
Xenopus oocytes

Heterologous expression in Xenopus oocytes have been used for expression of
many membrane proteins in functional form (Knox et al., 2000;Nagel et al., 2002).
Panda and coworkers injected mRNA of mouse melanopsin-L into Xenopus oocytes
and recorded whole-cell currents elicited in response to light pulses after exposure
of the oocytes to chromophore (Panda et al., 2005). Melanopsin expressing oocytes
incubated with 11-cis retinal produced large, transient currents in response to illumination. Coexpression of melanopsin with arrestins (mouse arrestin β1 or β2 or
fly arrestin-2) resulted in an even larger photocurrent when incubated with either
11-cis retinal or all-trans retinal. This also was taken to suggest that melanopsin
is a bistable pigment, able to photoregenerate bound all-trans chromophore into
the 11-cis configuration. Further, using specific antibodies or inhibitors, it was
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observed that light-activated melanopsin preferentially activates the Gq/G11 class
of G proteins, followed by activation of PLC-β. Finally, upon additional coexpression
with members of the TRP family of cation-channels, photo-activation of a TRPC
subtype (TRPC3) was observed, which resulted in a more sustained component in
the photocurrent.
Mammalian cell lines
HEK293

The majority of the melanopsin expression studies have used the HEK293 cell line
as a host. Qiu and coworkers expressed mouse melanopsin-L cDNA in a HEK293
derived cell line that stably expressed the TRPC3 non-specific cation channel (Qiu
et al., 2005). The mouse melanopsin open reading frame was cloned into a bicistronic expression vector (pIRES2-EGFP). This allows identification of successfully
transfected cells by their EGFP fluorescence. These cells were also demonstrated
to be photosensitive and exhibited large light-evoked depolarizing changes in
transmembrane voltage that developed sluggishly but were quite sustained. This
light response was challenged by including a competitive inhibitor of Gq (GPant-2a)
and an antagonist of PLC (U73122). Both compounds either abolished or strongly
suppressed the light response. When pre-incubated with 11-cis retinal the action
spectrum of the obtained photoresponse peaked around 479 nm which is in good
agreement with the spectral response of isolated rat ipRGCs (Berson et al., 2002).
Collectively these findings suggested that melanopsin activates the Gq class of G
proteins followed by stimulation of phospholipase C which leads to the opening of
cation-selective TRPC channels in this cell line.
Further evidence was obtained in our group upon transfection of HEK293 cells
with a pCDNA3 vector construct expressing a fusion protein of mouse melanopsinL, fused at its C terminal to eYFP, under control of the CMV promoter (Giesbers et
al., 2008). This allowed us to monitor the intracellular distribution of the fusion
protein by confocal microscopy. We could show that around 80% of the incubated
cells were expressing the fusion protein and it was largely targeted to the cell
membrane. Cells were supplemented with 11-cis retinal or all-trans retinal and
subsequently loaded with the calcium indicator Fura2-AM to monitor the intracel-
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lular Ca2+ concentration. An immediate but transient increase in the Ca2+ level was
observed upon illumination (Figure 1.9). This corroborates the earlier evidence
that a Gq protein is activated resulting in release of Ca2+ in the cytosolic compartment. Further details are provided in chapter two.
This approach was further elaborated by Robinson and coworkers, investigating
whether the transient nature of the Ca2+ response was induced by phosphorylation of activated melanopsin and subsequent desensitization, as well-established
for visual pigments. For this purpose the long isoform of mouse melanopsin was
appended with the 1D4 tag for easy identification and a PMT3 vector with the
corresponding cDNA was used to transiently transfect HEK293 cells as well as to
generate a stable HEK293 cell line (Blasic, Jr. et al., 2012a). Melanopsin-containing
membranes were isolated on a 30% sucrose gradient. Melanopsin was identified
and quantified by dotblot using the 1D4 antibody.

Figure 1.9. Melanopsin expression in HEK293 cells results in a photoresponse triggering a
transient Ca2+ signal.
Upon illumination of HEK293 cells, transfected with a mouse melanopsin-L-eYFP fusion construct and pre-incubated with 11-cis retinal, an immediate rise in the intracellular Ca2+ level
is observed (blue curve; no pre-exposure). Pre-exposure to white light has a strong adaptive
effect (red curve: 1 min pre-exposure) and eventually renders the cells fully photorefractory
(green curve: 4 min pre-exposure). Adapted from Giesbers et al (2008).
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Incorporation of phosphate was assayed using the radiolabel ATP-γ-32P. In the dark,
melanopsin-containing membranes showed minimal incorporation of radioactivity.
However, upon illumination, an approximately fivefold increase in label incorporation was observed. This increase was completely eliminated when a “phospho-null”
melanopsin was tested, where all serines and threonines in the C terminal domain
had been converted to alanines. In addition, the Ca2+ assay demonstrated that the
decay in the Ca2+ response, observed for wild type melanopsin, was strongly delayed in case of the “phospho-null” mutant (Figure 1.10). These data suggest that
in the active state the carboxyl tail of melanopsin becomes phosphorylated, which
subsequently leads to suppression of activity. In a further study, aiming at identifying the respective phosphorylation sites using partial truncation of the C terminal
and site-specific modification, it was shown that a small cluster of six to seven sites
on the C terminal is involved (c.f. Figure 1.8) and that these do not correspond
to the known phosphorylation sites in rhodopsin. In addition, in a comparison of
mouse melanopsin-L and -S and the five melanopsin proteins expressed by zebrafish, different patterns were observed for these sites that could result in different
decay kinetics of the Ca2+ response (Blasic, Jr. et al., 2014b).

Figure 1.10. Melanopsin signaling is desensitized by phosphorylation at specific sites in its
C-terminal by GR-kinases.
HEK-293 cells were transiently transfected with DNA for wild-type melanopsin or the phosphonull melanopsin mutant, as indicated. Some cells transfected with wild-type melanopsin were
also treated with siRNA targeting GRK2. Cells were re-seeded into a 96-well plate at a density
of 80,000 per well, and loaded with the calcium sensitive dye Fluo-4. Melanopsin signaling was
monitored by measuring intracellular Ca2+ levels following illumination. This figure is based on
data reported in Blasic et al. (2012a). Courtesy of dr. P.R. Robinson.
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In visual pigments the light-triggered activity is quenched following phosphorylation through binding of visual arrestin (Kühn et al., 1984;Palczewski et al., 1989).
Robinson and coworkers used the same set-up as described above to test whether
β-arrestin-1 and -2, which colocalize with melanopsin in ipRGCs, would have
a similar role in case of melanopsin (Cameron and Robinson, 2014). Indeed,
it was observed that overexpression of β-arrestin-1 as well as of β-arrestin-2 in
HEK293 cells expressing melanopsin significantly accelerated the decay of the
Ca2+ response. This effect was abolished in case of the “phospho-null” mutant of
melanopsin. Direct interaction between photo-activated melanopsin and either arrestin was demonstrated by chemical crosslinking and immunoprecipitation and by
a proximity ligation assay. Significant less interaction was observed for inactivated
melanopsin or its “phospho-null” mutant.
The same research group also identified some enzyme species contributing to
the light-dependent phosphorylation of melanopsin in HEK923 cells. Often, specialized members of the GPCR kinase (GRK) family of serine/threonine kinases are
involved in desensitization of GPCR activity by phosphorylation of specific sites in
the C terminal tail of the receptor. Phosphorylation serves to reduce the activation
rate of G proteins by at least 70% (Miller et al., 1986). For melanopsin-expressing
HEK293 cells evidence was presented that indeed a member of GRK (GRK2) is most
likely involved in light-dependent phosphorylation of C terminal sites in melanopsin (Blasic, Jr. et al., 2012a). The relevance for this in vivo is not clear, however
(Sexton and Van Gelder, 2015). Interestingly, a subsequent study revealed that
protein kinase A (PKA), a serine-threonine kinase that is activated by an increase
in the intracellular cAMP level, can phosphorylate resting-state melanopsin (Blasic,
Jr. et al., 2012b).The target sites of PKA are different from GRK2, in fact located in
the second and third intracellular loop of melanopsin, and their phosphorylation
strongly inhibits subsequent photo-activation. Mutation of these three sites to an
alanine residue renders melanopsin almost completely refractory to this inhibitory
effect.
Most heterologous studies have been performed on mouse melanopsin-S and
–L (Figure 1.8). It might be expected that, similar to the visual pigments, signaling
pathways activated by melanopsin would show high similarity among different spe-
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cies. However, it should be realized that in vertebrates already two independent
sister lineages have been identified for melanopsin genes, Opn4m and Opn4x, and
that within these lineages splice variants or multiple copies via gene duplication
can occur, that give rise to a large variety of melanopsin proteins. The highest
diversity is observed in the extracellular N terminal and intracellular C terminal
regions (Bellingham et al., 2006;Davies et al., 2011;Pires et al., 2009;Torii et al.,
2007). This suggests a common principle in the photo-excitation mechanism and
basic signal processing, but high variability in regulatory mechanisms and signal
branching, probably conforming to photoreceptor cell-type specialization (Borges
et al., 2012;Dong et al., 2012).
The Fahrenkrug lab addressed rat melanopsin (see also PC12 cells, below), using as read-out the cellular FOS level (mRNA and protein), a downstream signal
that has also been detected in ipRGCs (Semo et al., 2003), as well as the intracellular Ca2+ level. Stable transfection was established in a host cell line, derived
from HEK293, that allows tetracycline inducible expression driven by the CMV
promoter (Fahrenkrug et al., 2014). In this report the phosphorylation pattern was
investigated of potential residues (Ser-381 and Ser-398; c.f. Figure 1.8), outside the
region outlined before (Blasic, Jr. et al., 2014b), using site-specific anti-phosphoantibodies. Remarkably, it was observed that Ser-381 was phosphorylated in the
dark, which was reversed upon photo-activation of melanopsin, while Ser-398 then
became phosphorylated. Inhibitors of several kinases (GRK2, PKA, casein kinase 1)
did not affect either process, but PKC might be involved with Ser-381 and S6K1 with
Ser-398. These reactions did rather contribute to activation, and not to desensitization, since, in order to fully inhibit phosphorylation of Ser-381 and Ser-398, single
and double Ser→Ala mutants were generated, which all strongly reduced the Ca2+
response (Fahrenkrug et al., 2014). Furthermore, evidence was presented that this
(de)phosphorylation sequel is also active in vivo, via immunohistochemical analysis
of the isolated rat retina before and after irradiation, using the same anti-phosphoantibodies. This again suggests a much more complex modulatory and regulatory
network than so far evident for vertebrate rod and cone pigments
Studies with HEK293 cells expressing human melanopsin-L (Bailes and Lucas,
2013;Kumbalasiri et al., 2007) essentially reproduced the general picture painted
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by the mouse melanopsin studies. Hereto, the human melanopsin open reading
frame was inserted into the pcDNA3.1 or the pcDNA5 vector, and transient as well
as stably transfected cells were generated with a HEK293 parental cell line or with
the cell line overexpressing TRPC3 channels. Kumbalasiri also generated a control
cell line expressing melanopsin with a mutation of the chromophore-binding lysine in the seventh transmembrane domain into alanine, rendering it incapable
of covalently binding its chromophore and hence incapable of photo-activation.
Melanopsin expression was established in all cell lines by immunostaining or immunoblot. Photo-activation again evoked a transient increase in the intracellular
Ca2+ level, as monitored by Ca2+ imaging using the indicator Rhod-2AM, indicative
of activation of Gq. This could be blocked by pre-incubation with thapsigargin, a
blocker of the SER-Ca2+- ATPase, but not with extracellular EGTA or lanthanum ions,
suggesting that the Ca2+ was released from intracellular stores. Bailes and Lucas
(Bailes and Lucas, 2013) also reported a slight transient decrease in the intracellular cAMP level upon photo-activation, and hinted that human melanopsin might
also be capable of interacting with the Gi/0 class of G-proteins. Further, Bailes and
Lucas generated an action spectrum for the Ca2+ response after pre-incubation with
11-cis retinal, and this fitted best with templates with a peak absorbance around
479 nm. The Fahrenkrug lab also generated a stably transfected HEK293-derived
cell line, allowing tetracycline inducible expresseion of human melanopsin (Georg
et al., 2014). Melanopsin expression saturated at 0.1 μg/mL tetracycline and like
rat and mouse melanopsin (Fahrenkrug et al., 2009;Shirzad-Wasei et al., 2013) it
was shown to be glycosylated. The read-out signal (FOS expression) was dependent
on the melanopsin level and the irradiance intensity. The increased FOS protein
level persisted during illumination, and slowly decreased in the dark with a half
life of 30-60 min. In contrast, the FOS mRNA level already started to decay after
ca 50 min of illumination to close to dark level, and even more rapidly decayed
in the dark nearly reaching base-level in 30 min. Possibly this reflects sustained
phosphorylation of FOS by ERK1/2 (Moldrup et al., 2010).
Scattered reports have appeared describing heterologous functional studies
in HEK293 cells on melanopsins from other species. This ranges from species in
the earliest vertebrate lineages (the cephalochordate amphioxus, which has rhab-
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domeric photoreceptor cells for putative nonvisual functions, and the deep-sea
chimaera Elephant Shark) to zebrafish, Xenopus and the chicken pineal gland.
Koyanagi and coworkers expressed the coding region of amphioxus melanopsin
employing the pcDNA3.1 vector and following treatment with 11-cis retinal obtained sufficient levels of holoprotein to solubilize this with the mild detergent
n-dodecyl-β-D –maltoside (DDM) and record the first absorbance spectrum (Koyanagi et al., 2005). In agreement with earlier action spectra a typical retinal-protein
spectrum was obtained with a maximum at 485 nm. In addition they obtained
evidence for bistability (photoisomerization of the meta-state back to the ground
state) in agreement with electrophysiological data, suggesting that melanopsin acts
as a photoisomerase as well as a sensory photopigment (Melyan et al., 2005;Panda
et al., 2005). Their data also strongly suggest that amphioxus melanopsin triggers
a Gq mediated signaling cascade. This is supported by the observation that amphioxus melanopsin triggers a strong Ca2+ response upon illumination (Bailes and
Lucas, 2013).
Further, chicken Opn4x as well as Opn4m were reported to express a photoreceptive protein that triggers a strong Ca2+ response in HEK239 cells (Bailes and
Lucas, 2013). The latter authors even suggested that both chicken species could
trigger a Gs mediated signaling cascade, as they observed a moderate lighttriggered increase in the cellular cAMP level.
On the other hand, diverging data were obtained in zebrafish by Davies and
coworkers (Davies et al., 2011). In this study, they set out to determine the spectral
sensitivity of five melanopsin genes in zebrafish (Opn4m1-3, Opn4x1-2) by difference spectroscopy after solubilization and purification. Hereto, full-length cDNAs
were extended with the epitope for 1D4, and transfected into HEK293 cells using
the pMT4 expression vector. After incubation with 11-cis retinal or all-trans retinal,
extraction into 1% DDM, and immunopurification over immobilized 1D4, absorbance spectra were taken before and after illumination. Surprisingly, and in spite
of the fact that all species generated photocurrents in Neuro-2a cells (see below),
spectral evidence for a photosensitive pigment was only obtained for Opn4m2
and Opn4x1, and only after incubation with 11-cis retinal. Fitting the difference
spectra with a visual pigment template (Govardovskii et al., 2000) suggested a
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peak sensitivity at 484 nm for the Opn4m2 and at 470 nm for the Opn4x1 photopigment. This is consistent with earlier data from a variety of studies on other
melanopsins, as discussed above. The failure to detect spectral sensitivity for the
Opn4m1, Opn4m3 and Opn4x2 proteins may have been due to the very low levels
of photopigments obtained, only the Opn4m2 and the Opn4x1 proteins rising
above noise level. However, since similar expression levels were observed for the
five proteins when assayed by immuno-blot, the authors suggest that the opn4m2
and the opn4x1 opsins are mono-stable, like the classic visual pigments able to
incorporate 11-cis retinal, but not all-trans retinal. Support for this concept was
obtained in patch-clamp studies on Neuro-2a cells (see below). On the other hand,
it cannot be excluded that the five opsins primarily differ in their regenerability or
in their thermal stability after detergent solubilization.
Similar discrepancies were observed by Torii and coworkers, who identified
five melanopsin isoforms in the chicken pineal gland (See above) (Torii et al.,
2007). The L- and S-isoforms were transfected into HEK293 cells using the pUSRα
expression vector, incubated with 11-cis retinal, solubilized with 0.4% DDM and
subjected to difference absorbance spectroscopy (before and after illumination in
the presence of hydroxylamine). However, no photoactive pigment was detectable,
unless β-arrestin-2 was co-expressed. Only then a small amount of photoactive
pigment was detected for the Opn4m-L and the Opn4x-S proteins, but still not for
Opn4m-S and Opn4x-L. A peak absorbance around 484 nm and around 476 nm was
determined for the Opn4m-L and the Opn4x-S isoforms, respectively. A more blueshifted absorbance band for the Opn4x pigment was also reported in zebrafish
(Davies et al., 2011). The crucial effect of β-arrestin may lie in stabilization of the
opsin structure, as reported for Drosophila rhodopsin (Kiselev and Subramaniam,
1997) and/or in enhancing uptake of chromophore (Zemelman et al., 2002) and/or
in enhanced expression (Shirzad-Wasei et al., 2013). Still it remains puzzling why
only two of the isoforms profited from the presence of arrestin, in fact one S- and
one L-type. These opsins were not probed with all-trans retinal, hence whether
mono- or bi-stability might play a role was not inferred.
It is obvious that HEK293 cells have been used quite successfully for expression
of melanopsins, which could very well be related to their presumable neural lineage
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(Shaw et al., 2002). Apparently HEK293 cells can provide the necessary machinery
for proper folding, trafficking and activation of melanopsin proteins to the extent
that sufficient functional pigment is present to investigate the signaling cascade
and record action spectra. However, only occasionally the quantities of functional
pigment suffice to directly record spectral properties, let be allow purification for
biophysical studies. Two reports have been published where melanopsin could be
functionally expressed, but only a C-truncated version could be purified in such
quantities, that more detailed analyses became possible.
Both studies were accomplished in the Shichida lab. The first one (Terakita
et al., 2008) built upon their earlier work, showing that amphioxus melanopsin
could be expressed in HEK239 cells and its spectral properties could be assayed
by difference spectroscopy, as discussed above (Koyanagi et al., 2005). To allow
rapid affinity purification, the melanopsin cDNA was tagged with the 1D4 epitope
sequence and expressed as mentioned (Koyanagi et al., 2005). However, following
presumed extraction with 1 % DDM, no melanopsin could be eluted from the 1D4antibody matrix. Since it was shown before that C-terminally truncated squid and
octopus visual pigments can be purified (Ashida et al., 2004;Murakami et al., 2007),
the same approach was tested on melanopsin and the C terminal was truncated
from 336 to 40 residues (Terakita et al., 2008). This truncated version of amphioxus
melanopsin could be successfully expressed and purified. The purified truncated
melanopsin exhibited the same absorbance maximum (485 nm) as the intact protein in the cellular membrane extract. This truncated melanopsin, and in particular
its metamelanopsin photoproduct, were not stable in detergent solution, but could
be stabilized by reconstitution in a lipid environment (egg PC proteoliposomes).
Under those conditions bistability could be unequivocally established, since the
stable red-shifted photoproduct (≈ 515 nm) could be photoconverted into the parent pigment. Equally important, with this liposomal preparation also the first direct
evidence was obtained that upon photo-activation melanopsin can subsequently
activate the Gq class of G-proteins.
Subsequently, the same strategy came out successfully with a mammalian
melanopsin, mouse melanopsin-L (Matsuyama et al., 2012). The cDNA was again
extended with the 1D4 epitope, but apparently intact mouse melanopsin-L could
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not be purified by immunoaffinity chromatography and truncation of the large C
terminus was again effective in improving expression yield and purification. In this
case the C-terminal was truncated after residue Ser-381, hence the final 140 residues were removed (c.f. Figure 1.8). The truncated melanopsin was expressed using the pCAG expression vector and the cells were incubated in culture with 11-cis
retinal because this increased the final yield of pigment. Membrane proteins were
solubilized with DDM and the extract shown to contain photosensitive pigment.
Yields were only about 10% of those obtained with bovine rhodopsin, however.
Immunopurification over a 1D4-matrix did provide purified truncated mouse melanopsin. Surprisingly, this pigment exhibited an absorbance band with a maximum
at 467 nm (Figure 1.11), which is more reminiscent of data obtained with x-lineage
than with m-lineage melanopsins (see above). Several spectral parameters were
determined for the truncated pigment. The ratio A280/Amax, a rough indicator for the
purity of the preparation, varied between 8 and 10, which considering the 1.6-1.8
ratio in bovine rhodopsin, would indicate the presence of an excess of apoprotein,
either due to misfolding or to poor uptake of 11-cis retinal. Upon irradiation, a
slightly red-shifted metamelanopsin was formed (λmax ≈ 476 nm; Figure 1.11)
that indeed contained an all-trans chromophore, as shown by extraction and HPLC
analysis. Irradiation generated a steady-state photo-mixture, at least suggestive
of a bistable pigment, in spite of the fact that no pigment formation with all-trans
retinal could be accomplished. This was suggested to be due to the much lower
thermal stability of the metamelanopsin, which was only stable at 0 °C in the very
mild detergent digitonin, while the purified truncated melanopsin was also stable
in 0.02% DDM and in 0.75% CHAPS with 1 mg/mL PC.
Compared to bovine rhodopsin, it was estimated that the truncated melanopsin
had a somewhat lower molar absorbance coefficient (33 000 vs 40 600 M-1 cm-1)
and a somewhat lower photochemical quantum yield (0.52 vs 0.65). In line with
rhabdomeric pigments the molar absorbance coefficient of the metamelanopsin
was significantly higher (52 600 M-1 cm-1). Because of the relatively low functional
expression levels in HEK293 cells, so far only spectral data and preliminary signal
transduction studies have been reported for purified melanopsins. Taken together,
these results are consistent with previous studies suggesting that mammalian
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melanopsin is a bistable pigment with rhabdomeric pigment-like properties. It is
unfortunate, however, that the spectral data do not match very well, although it
has been suggested that this might be due to a detergent effect on the truncated
mouse melanopsin (Matsuyama et al., 2012).

1

Figure 1.11 Model spectra of C-terminally truncated mouse melanopsin (blue) and
metamelanopsin (red), as calculated by the authors from the data published in Matsuyama
et al. (2012).
The difference in the amplitude corresponds to the difference in the absorbance coefficient of
the two pigments. Courtesy of dr. T. Matsuyama and dr. S. Shichida.

Actually, it is more unfortunate that only truncated forms could be purified,
since the long C terminal most likely is very important in protein-protein contacts
and in signal modulation or triggering multiple signaling pathways (Borges et al.,
2012;Dong et al., 2012). This aspect will be discussed in some detail in chapter
four. It is unlikely that the C-terminus would even modestly (≥ 3 nm) contribute to
spectral tuning in the “dark”state (Ashida et al., 2004;DeGrip et al., 1985;Murakami
et al., 2007;Terakita et al., 2008). However, it cannot be excluded that in the meta
state, where the stability of the truncated form strongly depends on its microenvironment (Matsuyama et al., 2012;Terakita et al., 2008), the C-terminus would
exert a stabilizing effect on conformational and/or spectral properties. Hence, it
awaits further confirmation that formation of metamelanopsin involves a red-shift
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of only 9 nm, which is small relative to other rhabdomeric pigments (Ashida et al.,
2004;Gärtner, 2000;Höglund et al., 1973;Terakita et al., 2008).
Neuro-2a
The mouse paraneuronal cell line Neuro-2a usually yields even lower functional expression levels than HEK293, but is quite suitable for whole-cell electrophysiology
exploiting patch-clamp recording of membrane current. This allows quite sensitive
registration of the photocurrents triggered upon photo-activation of expressed
melanopsin. The set-up is less labor-intensive than the use of Xenopus oocytes
and has been utilized in several studies to express a variety of melanopsin species
testing photo-activity and ligand preference. In order to identify melanopsinexpressing cells usually a fluorescent reporter is co-expressed.
A U.K. consortium (Hankins, Lucas, Foster) was the first to exploit the Neuro-2a
cell line (Melyan et al., 2005). The cells were transfected with an expression vector
engineered to express both the complete coding sequence of human melanopsin-L
with a C terminal 6xHis-tag, under control of the immediate early cytomegalovirus
promoter (CMV), and an enhanced green fluorescent protein (EGFP) reporter gene
driven by an SV40 promoter. Melanopsin expressing cells became considerably
photosensitive following incubation with either 9-cis retinal or 11-cis retinal. Preincubation with all-trans retinal yielded much smaller photocurrents, but this could
be strongly enhanced by pre-illumination with 540 nm, suggestive of the presence
of a red-shifted metamelanopsin, and hence a bistable photopigment (Melyan et
al., 2005). Surprisingly, the highest photoresponse was obtained with blue light
(360-420 nm), which is not in line with other studies on human melanopsin (Bailes
and Lucas, 2013;Kumbalasiri et al., 2007), and may reflect overdosage with retinal.
Nevertheless, studies on the signaling pathway suggested involvement of the Gq
type of G-proteins since pre-incubation with G-protein inactivators (GTPγS, suramin) or depletion of Ca2+ ions (EGTA + thapsigargin) precluded the light response. No
effect was observed upon incubation with protein kinase A or C inhibitors (KT5720
or RO31-8220), but interestingly a high dosis of 8-Br-cGMP (1 mM) completely suppressed the photoresponse, suggesting intervention by a cGMP dependent kinase
(Melyan et al., 2005).
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The same consortium was the first to show the existence of two isoforms of
melanopsin (Opn4L and Opn4S) in the adult mouse retina, generated by alternative splicing of the Opn4 gene (Pires et al., 2009).To directly determine whether
both isoforms would encode functional photopigments, Neuro-2a cells were
transiently transfected with the full-length coding region inserted in the expression vector pIRES2-AcGFP. Melanopsin-expressing cells were identified by the
GFP fluorescence and analyzed by the whole-cell patch-clamp technique. Both
isoforms triggered photocurrents when pre-incubated with 9-cis or 11-cis retinal
demonstrating that both act as retinal-dependent photopigments. Interestingly, in
both isoforms 420 nm photons again evoked a much larger response than 480 nm
photons, in contradiction to the action spectra obtained with mouse melanopsin in
all other heterologous hosts (see above). Hence, this may be an expression-system
dependent feature. Using S- and L- specific antibodies immunoreactive proteins
were detected by Western blotting at ~ 55 and ~ 60 kDa, comparable to calculated
molecular weights of 51 kDa and 57 kDa, respectively. In retinal extracts slightly
higher molecular weights were observed, and it was suggested that both isoforms
probably contain posttranslational modifications
In an elegant follow up study, stably transfected Neuro-2a cells were generated
with the same expression construct to identify which Gα subunits in the Gnaq/11
subfamily of G-proteins would couple to mouse melanopsin-L and –S (Hughes et
al., 2014). siRNA based gene silencing techniques were exploited in vivo as well as
in the host cells to demonstrate that both melanopsin-L and melanopsin-S could
signal through Gnaq, Gna11 and Gna14 G-proteins. There were no significant differences between Opn4L and Opn4S expressing cells under any condition they tested.
In this case the read-out signal was modified in that the light-evoked intracellular
Ca2+ response was measured instead of the photocurrent (Hughes et al., 2014).
However, the illumination conditions were not disclosed.
In order to determine whether the new mammalian-like melanopsin gene
Opn4m, they discovered in chicken (Bellingham et al., 2006), generates a functional
sensory pigment, the Neuro-2a cell line was again adopted as a host using the
same pIRES2-AcGFP expression vector for either cOpn4m or cOpn4x.The same setup was used as described before (Melyan et al., 2005), also with illumination at
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420 nm. The light-evoked currents observed in the cells expressing cOpn4m were
in line with those observed for human melanopsin (Melyan et al., 2005) and were
inhibited by pre-incubation with suramin. They concluded that both cOpn4m and
cOpn4x can function as G-protein coupled photopigments, which was further supported by more recent results in HEK293 cells (Bailes and Lucas, 2013).
A further comparison of Opn4m and Opn4x proteins was performed for the
protein products of the five distinct melanopsin genes in zebrafish (Opn4m1,
Opn4m2, Opn4m3, Opn4x1 and Opn4x2) (Davies et al., 2011). To determine
whether all five melanopsin genes encode functional photopigments, full-length
sequences were inserted into a 1D4 expression vector and transiently transfected
into Neuro-2a cells together with a pSIREN-DNR-DsRed-Express vector to identify
positive cells by their mCherry fluorescence. After incubation with 9-cis retinal or
all-trans retinal whole-cell patch clamp recording from the positive Neuro-2a cells
revealed that illumination of all five melanopsins with 420 nm photons generated
a strong photocurrent only after incubation with 9-cis retinal. Only zOpn4m1 and
zOpn4m3 generated photocurrents, albeit much weaker, after incubation with
all-trans retinal. The authors conclude that only zOpn4m1 and zOpn4m3 are displaying rhabdomeric-like bistability, while the other melanopsins are monostable
and more similar to the ciliary photopigments. This ignores, however, their greater
sequence similarity with rhabdomeric pigments. Further these authors observed
that upon expression in HEK293 cells and following incubation with 11-cis retinal
only zOpn4m2 and zOpn4x1 presented a measurable difference spectrum upon illumination, while none of the proteins did so with all-trans retinal. This would support their conclusion, if one assumes that monostable melanopsin proteins would
be able to regenerate with only 11-cis retinal but would be stable enough to survive
purification in detergent solution, while bistable melanopsins would be able to regenerate with both 11-cis retinal and all-trans retinal, but either would regenerate
only poorly or would not survive purification in detergent solution. Poor in vitro
regeneration and low stability in detergent solution indeed is well documented
for bistable rhabdomeric pigments (Ebrey, 2000;Harada et al., 1994;Hillman et al.,
1983;Höglund et al., 1973;Murakami et al., 2007) and this might indicate that bistability is not a universal property of the melanopsin photopigment family. On the
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other hand, the situation probably is more complex, since the putative monostable
zOpn4x2 was not spectrally detectable in HEK293 cells, and co-expression in the
Neuro-2a cell line of the “bi-stable” zOpn4m3 with the “monostable” zOpn4x1
generated photocurrents much more pronounced than with zOpn4m3 alone. The
latter phenomenon was not observed upon co-expression of the two putative
bistable pigments (Davies et al., 2011).
Similar complex observations were also reported for the elephant shark, a cartilaginous deep-sea fish that resides at the base of the jawed vertebrate lineage, and
may reveal relevant information about evolution and divergence of the two melanopsin lineages –M and –X (Davies et al., 2012a). This study identified two genes in
the elephant shark that belong to the Opn4m class (Opn4m1 and Opn4m2) and one
in the Opn4x class, with the latter having “long” and “short” isoforms. The functional properties of the corresponding melanopsin proteins were studied through
expression in the Neuro-2a cell line. Hereto, the full-length sequence of Opn4m1,
Opn4m2 and Opn4x was inserted into the pMT4 expression vector, resulting in a
fusion construct between melanopsin DNA and a short sequence encoding the 1D4
epitope. This construct was again cotransfected with the pSIREN-DNR-DsRed-Express reporter vector. Whole cell patch-clamp recording following incubation with
chromophore revealed that both Opn4m proteins generated photocurrents with
9-cis retinal, and to a less extent with all-trans retinal, while the Opn4x protein only
generated photocurrents with 9-cis retinal. Again the conclusion was drawn, that
the elephant shark Opn4m1 and Opn4m2 photopigments are likely to be bistable,
whereas Opn4x is likely to be monostable (Davies et al., 2012a). Further studies are
most seriously needed to substantiate this conclusion.
COS-1
The first study reporting heterologous expression and purification of melanopsin
addressed mouse melanopsin-L and used the COS-1 cell line (Newman et al., 2003),
at the time a popular heterologous host for expressing recombinant proteins.
Melanopsin cDNA was extended with the sequence coding for the 1D4 epitope
and inserted into a modified pMT-2 vector. Transfected COS-1 cells were incubated
with 11-cis retinal and cellular membranes solubilized using a combination of
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DDM and phosphatidylcholine. Melanopsin-L was subsequently purified by immunoaffinity chromatography over a 1D4-matrix and identified by immunoblot and
spectroscopy. Immunoblot analysis using the 1D4 antibody identified a monomer
migrating at 57 kDa together with higher oligomers, in line with the expected molecular weight. The difference absorbance spectrum generated in the presence of
hydroxylamine revealed a very small absorbance band peaking around 420 nm. In
the absence of hydroxylamine an increase in absorbance was observed, apparently
due to formation of a larger absorbance band peaking around 440 nm. This stable
photoproduct was suggested to represent the metamelanopsin, but it was remarkably insensitive to subsequent treatment with hydroxylamine. Further, it was
concluded from a [35S] GTPγS binding assay on recombinant COS-1 cell membranes
that mouse melanopsin-L could mediate light-dependent activation of the Gt
protein transducin, the cognate G-protein of ciliary visual pigments. These results
are difficult to reconcile with data reported later, where most literature agrees on
a more red-shifted pigment between 460 and 490 nm, and no evidence for activation of the Gt subfamily could be detected. Possibly, the blue-shifted absorbance
band is in some way induced by the expression host, as has been claimed for the
Neuro-2a cell line (but see below), and contamination with Gq proteins present
in the COS-1 membrane preparation may have led to a misinterpretation of the
G-protein activation assay.
In fact, contrasting results were reported upon expression in COS-1 cells of
melanopsin from very primitive vertebrates, hagfish and lamprey (Sun et al., 2014).
These authors identified a single melanopsin gene in these species, both of the
m-type. Full-length sequences were again extended with the 1D4-epitope coding
sequence, inserted in the pMT2 vector, transfected into COS-1 cells, incubated with
11-cis retinal and photosensitivity tested with calcium imaging using the Fura-2
Ca2+ indicator. Upon illumination both melanopsin species triggered a strong,
transient increase in the intracellular Ca2+ level. Purification exploiting the 1D4 epitope and solubilization with DDM was not successful for the full-length proteins,
and subsequently tested upon C terminal-truncated species. In that case only the
truncated lamprey melanopsin survived sufficiently to record a small absorbance
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band, peaking around 480 nm. These data follow the general consensus on basic
melanopsin properties.
Other cell lines

Several cell lines have been used only occasionally: PC12, D407, U87, SK-N-MC and
CHO. In one report the human retinal pigment epithelium (RPE) derived D407 cell
line was tested next to HEK293 (Giesbers et al., 2008), in view of the claim that
mouse RPE would be able to express melanopsin-L (Peirson et al., 2004). The results
were very similar to those obtained with HEK293, as presented in chapter two,
showing proper expression and targeting of a functional melanopsin-eYFP fusion
protein, which upon illumination triggered a transient increase in the intracellular
Ca2+ level. In the same report also the human glioma U87, human neuroblastoma
SK-N-MC and Chinese hamster ovary (CHO) cell lines were tested, but these showed
poor expression and/or poor targeting of the recombinant protein.
Before turning to HEK293 derived cell lines (see above) the Fahrenkrug lab
exploited the rat pheochromocytoma PC12 cell line to investigate posttranslational
modification and further downstream signaling of rat melanopsin (Fahrenkrug et
al., 2009;Moldrup et al., 2010). Hereto, rat melanopsin cDNA was inserted in the
pcDNA3 vector and this construct used to generate stably transfected PC12 cells
expressing melanopsin, as indicated by an immunopositive band migrating at 62
kDa, identified with a selective antibody. As read-out for melanopsin function the
light-triggered increase in the cellular FOS mRNA level was used again. In the first
paper (Fahrenkrug et al., 2009), it was demonstrated that rat melanopsin is posttranslationally N- and O-glycosylated in PC12 cells. N-deglycosylation by treatment
of live cells with PNGase F or by incubation with tunicamycin during expression did
not at all impair the light-dependent increase in cFOS level. Likewise, the melanopsin double mutant N31I, N35I, where putative N-glycosylation sites were replaced
by isoleucine, while showing lower expression levels, still enhanced the cFOS mRNA
level upon illumination. Evidently, similar to what has been reported for visual pigments, downstream signaling by melanopsin does not depend on N-glycosylation.
In the second paper (Moldrup et al., 2010), the melanopsin-triggered signaling
pathway leading to cFOS expression in PC12 cells was further explored. Evidence
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was presented that illumination resulted in Gq/11 mediated increase in inositol
phosphate turnover, and phosphorylation of the MAP kinases ERK1/2 and p38, but
not of JNK1/2, all known regulators of cFOS expression. Pharmacological inhibition of Gq/11 or JNK1/2 fully, respectively strongly, suppressed light-induced cFOS
expression. On the other hand, inhibitors of protein kinase C, calmodulin, CaMKII,
PI 3-kinase and protein kinase A did not attenuate light-induced cFos expression.
It was concluded that in PC12 cells ERK1/2 plays a pivotal role in melanopsintriggered downstream signaling leading to an increase in cFOS expression
Baculovirus-mediated expression in combination with the Sf9 cell line

So far, expression of melanopsin using the baculovirus-driven expression system
has only been reported by our lab (Shirzad-Wasei et al., 2013). The main purpose
was to go for large scale production and purification to allow more detailed characterization. This section is further outlined in chapter three.
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Mouse
Human

Opn4m-L

HEK293
HEK293

HEK293

Mouse

Opn4m-L

HEK293
HEK293

HEK293

Mouse

Opn4m-L

HEK293
D407

Mouse

Mouse

Opn4m-L

HEK293-TRPC3

Oocytes

Opn4m-L C term.del.

Mouse

Opn4m-L

HEK293
HEK293
HEK293
HEK293
HEK293
HEK293
HEK293
HEK293
HEK293

Mouse

Opn4m-L

Cell type

Opn4m-L
Mouse
Opn4m-S
Opn4m-L C term.del. (Δ 385)
Opn4m-L C term.del. (Δ 396)
Opn4m-L Cterm.del. (Δ 420)
Opn4m1
Zebrafish
Opn4m2
Opn4m3
Opn4x1

Origin

Melanopsin

Table 1. Melanopsin expression in different systems

11-cis
11-cis

9-cis

11-cis

11-cis
11-cis
11-cis
11-cis
11-cis
11-cis
11-cis
11-cis
11-cis

11-cis
11-cis

11-cis, All-trans
11-cis, All-trans

11-cis, All-trans

11-cis, All-trans

Ligand tested

-

-

-

-

CMV

CMV
CMV

-

-

Promoter

pMT3
pMT3

pMT3

pCAG

pMT3
pMT3
pMT3
pMT3
pMT3
pMT3
pMT3
pMT3
pMT3

pMT3
pMCV-tetO

pcDNA3
pcDNA3

Bicistronic
pIRES2-EGFP

pOX

Vector

(Qiu et al., 2005)

479.2

-

1D4

1D4

1D4
1D4
1D4
1D4

1D4

nd
nd

(Blasic, Jr. et al., 2012b)

(Cameron and Robinson,
2014)

(Matsuyama et al., 2012)

467
nd

(Blasic, Jr. et al., 2014)

(Blasic, Jr. et al., 2012a)

nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd

(Giesbers et al., 2008)

(Panda et al. 2005)

480

Max.
Absorption Reference
(nm)

eYFP, deca-His nd
eYFP, deca-His nd

-

-

Tag
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Origin

Chicken
Chicken
Mouse
Amphioxus
Human

Human

Amphioxus

Amphioxus

Chicken

Zebrafish

Melanopsin

Opn4x
Opn4m
Opn4m-L
Opn4
Opn4m-L

Opn4m-L
Opn4m-L
Opn4m-L-K340A

Opn4

Opn4

Opn4x1-L
Opn4x1-S
Opn4m2-L
Opn4m2-S

Opn4m2
Opn4x1

HEK293T
HEK293T

HEK293-SV40T
HEK293-SV40T
HEK293-SV40T
HEK293-SV40T

HEK293
HEK293
HEK293
HEK293

HEK293

HEK293-TRPC3
HEK293
HEK293

HEK293
HEK293
HEK293
HEK293
HEK293

Cell type

Table 1. Melanopsin expression in different systems (continued)

11-cis, all-trans
11-cis, all-trans

11-cis
11-cis
11-cis
11-cis

11-cis
11-cis
11-cis
11-cis

11-cis

All-trans
All-trans
All-trans

9-cis
9-cis
11-cis
9-cis
11-cis

Ligand tested

-

-

SV-40
CMV
SV-40
CMV

-

-

-

Promoter

pMT4
pMT4

pUSRα
pUSRα
pUSRα
pUSRα

SRα
pcDNA3.1
SRα
pcDNA3.1

pcDNA3.1

pcDNA3.1(+)
pcDNA3.1(+)
pcDNA3.1(+)

pcDNA3.1
and pcDNA5/
FRT/TO

Vector

-

1D4
1D4
1D4
1D4

1D4
1D4
1D4
1D4

-

-

-

Tag

484
470

nd
476
484
nd

nd
nd
485
nd

485

nd
nd
nd

nd
nd
484
nd
479

(Davies at al., 2011)

(Torii et al., 2007)

(Terakita et al., 2008)

(Koyanagi et al., 2005)

(Kumbalasiri et al., 2007)

(Bailes and Lucas, 2013)

Max.
Absorption Reference
(nm)
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Origin

Human

Mouse

Mouse
Mouse

Zebrafish

Elephant
shark

Chicken

Mouse

Melanopsin

Opn4L

Opn4L
Opn4S

Opn4L
Opn4S

Opn4m1
Opn4m2
Opn4m3
Opn4x1
Opn4x2

Opn4m
Opn4m2
Opn4x

Opn4m
Opn4x

Opn4m-L
Opn4m-L-K337A

Neuro-2a
Neuro-2a

Neuro-2a
Neuro-2a

Neuro-2a
Neuro-2a
Neuro-2a

Neuro-2a
Neuro-2a
Neuro-2a
Neuro-2a
Neuro-2a

Neuro-2a
Neuro-2a

Neuro-2a
Neuro-2a

Neuro-2a

Cell type

Table 1. Melanopsin expression in different systems (continued)

11-cis
11-cis

9-cis
9-cis

11-cis, all-trans
11-cis, all-trans
11-cis, all-trans

9-cis, all-trans
9-cis, all-trans
9-cis, all-trans
9-cis, all-trans
9-cis, all-trans

9-cis
9-cis

11 or 9-cis
11 or 9-cis

9-cis, all-trans

Ligand tested

-

-

-

-

-

-

CMV

Promoter

1D4
1D4
1D4
1D4
1D4

-

-

-

Tag

pMT-2
pMT-2

pIRES-AcGFP1
pIRES-AcGFP1

1D4
-

-

All constructs: 1D4
pMT4 co1D4
expressed with 1D4
pSIREN-DNRDsRed-Express

All constructs:
1D4 coexpressed with
pSIREN-DNRDsRed-Express

pIRES-AcGFP1
pIRES-AcGFP1

pIRES-AcGFP1
pIRES-AcGFP1

pCMS-EGFP

Vector

(Bellingham et al., 2006)

(Newman et al., 2003)

420
nd

(Davies et al., 2012)

(Davies et al., 2011)

nd
nd

nd
nd
nd

nd
nd
nd
nd
nd

(Hughes et al., 2014)

(Pires et al., 2009)

420
420
nd
nd

(Melyan et al., 2005)

420

Max.
Absorption Reference
(nm)
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Hagfish
Lamprey
Lamprey
Mouse
Amphioxus

Rat

Mouse

Human

Rat

Opn4m
Opn4m
Opn4m C term.del. (Δ387)
Opn4m-L C term.del.
Opn4 C term.del.

Opn4m

Opn4m-L

Opn4

Opn4

HEK293derived
Flp-In T-Rex-

HEK293derived
Flp-In T-Rex-

Sf9

PC-12

COS-1
COS-1
COS-1
COS-1
COS-1

Cell type

-

Retinal isomers

11-cis

11-cis

11-cis
11-cis
11-cis
11-cis
11-cis

Ligand tested

pcDNA3

pcDNA3.1
pcDNA3.1
pMT2
pMT2
pMT2

Vector

Tetracyclin
inducible
CMV

Tetracyclin
inducible
CMV
pcDNA5/FRT/
To-TOPO

pcDNA5/FRT/
To-TOPO

Polyhedrin pAcGP67

-

-

Promoter

≈ 480

nd

nd
nd
480
nd
nd

-

nd

(Fahrenkrug et al., 2014)

(Georg et al., 2014)

(Fahrenkrug et al., 2009,
Moldrup et al., 2010)
(Shirzad-Wasei et al., 2013)

(Sun et al., 2014)

Max.
Absorption Reference
(nm)

V5-epitope
nd
(14 aa) 6xHistag

Deca-his

-

1D4
1D4
1D4
1D4
1D4

Tag

Data extracted from the original papers cited in the most right column. The absorbance maximum was taken either from action spectra or measured in absorbance spectra.
The membrane photocurrent was used as a read-out in case of oocytes and Neuro-2a cells. In PC12 cells the cFOS expression level was measured and in all other studies the
intracellular Ca2+ level was measured. L, long isoform; S, shortisoform; m, mammalian like, x, Xenopuslike; C term.del., C terminal deleted; nd, not determined

Origin

Melanopsin

Table 1. Melanopsin expression in different systems (continued)

Chapter 1

HEK293

Mouse
Mouse

COS-1
Sf9

0.4% DDM
0.4% DDM

nd
nd

nd
2-5 mg/L

0.1% DDM
20mM DDM + DPC
or DHPC

1% DDM
1% DDM
1 % DDM

0.4% DDM

nd

nd
nd
nd

0.4% DDM
1% DDM or 2% SML
1% DDM or 2% SML
1% DDM or 2% SML
1% DDM or 2% SML
0.4% DDM

1% DDM

nd
nd
nd
nd
nd
nd

1/10 yield rho

-

-

-

-

1D4 immunoaff.
1D4 immunoaff.
-

np
np
nd

np

np

np

np
np
np
nd
nd
np

Purification
Purification
Yield
steps
1D4 immunoaff. nd

-

-

-

-

(Newman et al., 2003)
(Shirzad-Wasei et al.,
2013)

(Sun et al., 2014)

(Davies et al., 2011)

Reconstitution
Lipid/
Reference
detergents
(Matsuyama et al.,
2012)
(Koyanagi et al., 2005)
(Terakita et al., 2008)
PC
PC
(Torii et al., 2007)

1D4 1D4 immunoaff. nd
Deca- IMAC
0.13mg/L* his

1D4

1D4

1D4

1D4

1D4
1D4
1D4
1D4
1D4

1D4

Tag

PC, phosphatidylcholine from egg yolk; nd, not determined; np, not purified; SML, sucrose monolaurate, DDM, n-dodecyl-β-D-maltoside; DPC, dodecylphosphocholine*
0.13 mg/L , purified melanopsin per liter Sf9 cell culture

Opn4m-L
Opn4m-L

Opn4m-2
Opn4x-1
Opn4m C. term.
del. (Δ387)

Opn4m2-S

Opn4m2-L

Opn4x1-S

Mouse

Opn4m-L C term.
del.
Opn4
Opn4
Opn4
Opn4 C term. del.
Opn4 C term. del.
Opn4x1-L

Solubilization
Cell type Expression level detergent

Amphioxus HEK293
Amphioxus HEK293
HEK293
HEK293
HEK293
Chicken
HEK293SV40T
HEK293SV40T
HEK293SV40T
HEK293SV40T
Zebrafish HEK293T
HEK293T
Lamprey COS-1

Origin

Melanopsin

Table 2. Solubilization respectively purification of melanopsin
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Aim and outline of this thesis
Only recently, melanopsin, a novel branch of the G protein coupled visual photoreceptor protein (opsin) family, was discovered. It was localized in a minor subclass
of retinal ganglion cells, that project to the central pacemaker, the suprachiasmatic
nucleus in the anterior hypothalamus. These cells were shown to be intrinsically
photosensitive with a spectral dependence that corresponds well with that observed for non-visual responses in several mammalian species.
The major aim of this thesis was to initiate further understanding and to
characterize elementary properties of the non-visual photoreceptor melanopsin
at a molecular level such as spectral data, photochemical trajectory and signaling
partners, in principle via expression of recombinant protein.
In chapter one, a general introduction is presented, the last section of which
is dedicated to heterologous expression studies which have dealt with several
orthologs and addressed various properties of melanopsin. In that section we first
present a short overview of current overexpression methods, as well as solubilization and purification approaches reported for GPCRs. Subsequently, we describe
the different expression systems utilized for overexpression of melanopsin and
zoom in on the various strategies undertaken to overexpress, solubilize and purify
melanopsin for further functional and spectral analysis.
Chapter two describes the construction of a melanopsin-eYFP fusion protein
and its expression in several mammalian cell lines of diverse origin. The melanopsineYFP fusion protein showed distinct plasma membrane targeting in two of these
cell lines. Functional characterization was sought in these cell lines (HEK293, D407),
also since they contain the retinal-processing machinery. Because melanopsin has
higher homology with invertebrate opsins that couple to Gq, a signaling pathway
involving Ca2+ transients was considered. We present evidence that melanopsin
can be functionally expressed in the D407 cell line and that the melanopsin-eYFP
fusion protein is able to signal via a Gq-mediated pathway triggering a transient
Ca2+ response. However, the expression level was so low (< 50 µg/L) that no spectral
analysis was possible, nor purification was in reach. Therefore in chapter three we
turned to recombinant baculovirus-driven expression in insect cell lines, a system
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that was developed quite successfully before in our group for the heterologous
expression of larger quantities of several visual pigments. Indeed, good expression
levels were obtained for melanopsin as well (2-5 mg/l), but functional solubilization and purification turned out to be a major bottleneck. Since, worldwide, no
other research group so far has reported production and purification of full-length
mammalian melanopsin in sufficient quantities to even allow spectroscopic
analysis, we invested a major effort in a search for conditions that would improve
functional expression (addition of ligands and chemical chaperones; co-expression
of biological chaperones) and stability during purification (additives, detergents,
lipid nanodiscs). Although expression levels could be increased, only very poor
recoveries of functionally purified melanopsin could as yet be realized.
In view of our problems with functional purification of melanopsin and the
relatively successful expression of rhodopsin in insect cells (functional levels of 2-4
mg/l) and good recovery upon purification(Klaassen et al., 1999), we decided in
chapter four to follow a detour and construct a chimeric protein with rhodopsin
where its C-terminus was exchanged for the C-terminus of melanopsin (Rho-CMel). This would allow to pull down signaling partners of melanopsin, binding
to the C-terminus, both in a signaling-silent state and in the photoactive-state.
Initially without a his-tag, we purified the chimera by concanavalin-A sepharose
affinity chromatography but this procedure is not very selective and led to serious
contamination with viral and cellular glycoproteins. Hence, we subsequently successfully constructed a his-tag version of this chimeric protein.
Isolating a membrane protein is not an easy task since the protein was obligatorily exposed to detergents for solubilization and subsequent purification. This
process is usually quite harmful to the structural and therefore functional integrity
of a membrane protein and in case of melanopsin probably has led to dramatic
losses of functional protein. The aim of chapter five was to explore the possibility
of transferring a membrane protein directly from its membrane location into a
small bilayer nanodisc particle that would be suitable for further purification. In
this process the protein of interest is very shortly exposed to detergents and this
was inspired by the problems we encountered during purification of melanopsin.
We tested this on bovine rhodopsin, since this protein can be easily identified by
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spectral analysis. We were able to develop a reliable protocol that also seems
promising for more labile membrane proteins like melanopsin.
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Able is he who possesses knowledge
an old heart stays young
When it is filled with knowledge
(Firdawsi)

توانا بود هر كه دانا بود
ز دانش دل پير برنا بود
)( فردوسى
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ABSTRACT
Melanopsin, first discovered in Xenopus melanophores, is now established as a
functional sensory photopigment of the intrinsically photosensitive retinal ganglion cells. These ganglion cells drive circadian rhythm and pupillary adjustments
through projection to the brain. Melanopsin shares structural similarities with all
known opsins.
Comprehensive characterization of melanopsin with respect to its spectral
properties, photochemical cascade and signaling partners requires a suitable
recombinant system and high expression levels. This combination has not yet
been described. To address this issue, we have expressed recombinant mouse
melanopsin in several cell lines. Using enhanced yellow fluorescent protein (eYFP)
as a visualisation tag, expression was observed in all cell lines. Confocal microscopy
revealed that melanopsin was properly routed to the plasma membrane only in
retinal pigment epithelium (RPE)-derived D407 cells and in human embryonic
kidney (HEK) cells. Further, we performed intracellular calcium measurements in
order to probe the melanopsin signalling activity of this fusion protein. Transfected
cells were loaded with the calcium indicator Fura 2-AM. Upon illumination, an immediate but transient calcium response was observed in HEK as well as in D407
cells, while mock-transfected cells showed no calcium response under identical
conditions. Supplementation with 11-cis retinal or all-trans retinal enhanced the
response. After prolonged illumination the cells became desensitized. Thus, retinal
pigment epithelium-derived cells expressing recombinant melanopsin may constitute a suitable system for the study of the structural and functional characteristics
of melanopsin.
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Introduction
The photopigment melanopsin, originally cloned from amphibian melanophores
(Provencio et al., 1998), is expressed in the retina of many vertebrate species. In
mammals, melanopsin is mainly expressed in a small subset of retinal ganglion cells
(RGCs;(Berson et al., 2002;Hannibal et al., 2002;Hattar et al., 2002;Provencio et
al., 2000), but more recently melanopsin has also been detected in other parts of
the retina such as the retinal pigment epithelium (RPE) and cone photoreceptors
(Dkhissi-Benyahya et al., 2006;Peirson et al., 2004). The melanopsin-expressing
RGCs are intrinsically photosensitive (ipRGCs), with a peak sensitivity around 480
nm, and primarily project to sites in the brain that are known to participate in nonvisual light responses, such as photic entrainment of the circadian system and the
pupillary light reflex (Berson et al., 2002;Hattar et al., 2002). Targeted disruption of
the melanopsin gene abolishes direct photoresponses in mouse ipRGCs (Lucas et
al., 2003;Panda et al., 2002b;Ruby et al., 2002). In vitro, human and mouse melanopsin form functional photopigments upon heterologous expression in several
vertebrate cell lines (Melyan et al., 2005;Panda et al., 2005;Qiu et al., 2005). However, the question of the spectral sensitivity of melanopsin is as yet unresolved. In
two recombinant systems the action spectrum was reported to closely match that
of the ipRGCs with peak absorbance around 480 nm (Panda et al., 2005;Qiu et al.,
2005), but studies using purified melanopsin suggested a peak absorbance closer
to 420 nm (Newman et al., 2003). A similar value was obtained from electrophysiological measurements in another recombinant expression system (Melyan et al.,
2005).
Although the 3D structure of melanopsin remains unknown, analysis of the peptide sequence reveals strong similarities with the class of heptahelical G proteincoupled receptors (GPCRs), in particular the subfamily of visual pigments. Whereas
melanopsin has so far not been detected in invertebrate species, the amino acid
sequence shows greater homology to invertebrate opsins (Provencio et al., 1998).
Also intriguing are the large interspecies differences between size and sequence
of the N- and C-terminal tails (Bellingham et al., 2002) , which is very different
from the vertebrate visual opsins, that show strong interspecies homology (Yo-
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koyama and Yokoyama, 2000). Functional studies in recombinant systems indeed
suggest a signaling pathway that is uncommon for vertebrate opsins (Melyan et
al., 2005;Panda et al., 2005;Qiu et al., 2005), and bears more similarities with the
invertebrate opsins. Concurrent evidence indicates that melanopsin may interact
with a Gq protein, which in turn activates a PLC-β. PLC- β generates IP3 and DAG,
which ultimately modulates release of Ca2+ from intracellular stores (Koyanagi et
al., 2005;Panda et al., 2005;Qiu et al., 2005). A very recent gene profiling study
also puts protein kinase C zeta somewhere in the signaling cascade(s) triggered by
melanopsin activation (Peirson et al., 2007).
Also, the isomeric composition of the chromophore of melanopsin is still unresolved. Retinal is required for activity of melanopsin in recombinant systems,
but the various isomers all-trans, 11-cis and 9-cis retinal are all effective (Melyan
et al., 2005;Panda et al., 2005). There are indications that, just like invertebrate
visual opsins, melanopsin is a bistable pigment (Koyanagi et al., 2005), i.e. has the
ability to form a stable pigment with 11-cis as well as all-trans retinal as a ligand.
The 11-cis form has the sensory function, and the all-tans form purely functions
as a photoisomerase to regenerate the sensory 11-cis form. In the visual system
recycling of the chromophore requires a dedicated pathway, the visual cycle,
mainly operating in the retinal pigment epithelium (Kuksa et al., 2003). In the photosensitive ganglion cells melanopsin might combine these functions (Foster and
Bellingham, 2002). A bottleneck for more detailed characterization of melanopsin
with respect to spectral properties, photochemical cascade and signaling partners
is the lack of a suitable recombinant system that allows expression and purification
of milligram quantities of functional melanopsin.
Here we report functional expression of recombinant tagged mouse melanopsin
in several cell lines of diverse origin. Tagging with eYFP was employed to follow the
intracellular distribution, and intracellular Ca2+ measurements were performed to
assess functionality. Good results were obtained in the retinal pigment epitheliumderived cell line D407. C-terminal tagging with eYFP or with a poly-his sequence
did not affect the activity of melanopsin to the extent that illumination induced a
transient Ca2+ response that was down-regulated by preceding light exposure.

70

Functional Expression, Targeting and Ca2+ Signaling of a Mouse Melanopsin-eYFP Fusion Protein

Material and methods
Cloning of melanopsin construct: A plasmid containing the mouse melanopsin
coding sequence was a kind gift from I. Provencio (University of Virginia). Using
a polymerase chain reaction with primers 5’-GATCGAATTCATGGACTCTCCTTCAGGACC-3’ and 5’-GATCTCTAGACCTTCCCTCGATCAGATGTCTGAGAGTCACATCATCC-3’,
the melanopsin coding sequence was amplified and extended with EcoR I and XbaI
restriction sites (underlined) for cloning purposes. Using alternative reverse primer
5’-GATCTCTAGATTAATGGTGATGGTGATGGTGATGGTGATGGTGCCTTCCCTCGATCAGATGTCTGAGAGTCACATCATCC-3’ a melanopsin coding fragment was amplified with
aXbaI restiction site (underlined) and a deca-histidine (his10) tag to allow for detection and purification of the protein. In both reverse direction primers the original
TAG stop codon was replaced by the coding sequence for a Factor Xa protease
recognition sequence (Fig. 2.1), which can also be used in purification. While the
melanopsin (mel)-his10 construct incorporates a stop codon immediately after the
his10 tag, the lack of a stop codon in the other construct provides an easy way to
insert the coding sequence for a marker protein into the XbaI site. Here we used
enhanced yellow fluorescent protein (eYFP) as a tag in a mel-eYFP fusion protein.
Primers 5’-GATCTCTAGAATGGTGAGCAAGGGCGAGGAGC-3’ and 5’-GATCTCTAGATTACTTGTACAGCTCGTCCATGCCG-3’ were used to amplify the open reading frame
for eYFP with its stop codon from a vector kindly provided by S. Verkaart (Dept.
of Biochemistry, Radboud University Nijmegen Medical Centre). All PCR products
were cloned into the pGEM-T-Easy vector (Promega) and subsequently subcloned
into the pCDNA3 vector (Invitrogen) under control of the CMV promoter using the
indicated restriction sites as depicted in Figure 2.1. The full coding sequences of
the mel-eYFP and mel-HIS10 constructs were verified by dideoxy sequencing.
Cell culture: Unless specified otherwise, all cell culture media and supplements
were purchased from Invitrogen. HEK293 cells and CHO cells were maintained in
DMEM medium containing 10% FCS, 1 mM pyruvate, 2 mM L-glutamine and 50
µg/ml gentamicin. D407 human retinal epithelial cells were maintained in DMEM
medium containing 4.5 g/l glucose, 25 mM HEPES, 10% FCS, 1 mM pyruvate, 2
mM GlutaMAX I and 50 µg/ml gentamicin. SK-N-MC human neuroblastoma and
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U87 human glioma cells were maintained in RPMI 1640 medium with 10% FCS, 1
mM pyruvate, 2mM L‑glutamine and 50 µg/ml gentamicin. All cells were kept in
ventilated culture flasks in a humidified CO2 incubator at 37°C. For transfection,
cells were used at 50-75% confluency. Transfection was carried out either using
Lipofectamin (Invitrogen) and Plus reagent (Invitrogen), or TransPEI (Eurogentec)
according to the manufacturer’s protocols. For the transfection of cells on glass
coverslips, 2 mg of the expression vector, 6 ml of Plus reagent and 4 ml of Lipofectamin were used per well of a 6-well cell culture plate. Optimem 1 medium
(Invitrogen) was used for all transfection incubations. Alternatively, 2 mg DNA and
6.4 ml TransPEI were separately diluted into 100 ml 150 mMNaCl, combined, and
used for transfection. Both methods of transfection yielded in comparable results,
as judged by fluorescence microscopy. For calcium response experiments (see below), cells were cultured in 25 cm2 cell culture flasks and the transfection reagent
volumes were adjusted accordingly.

Figure 2.1. Constructs for the expression vector of melanopsin-eYFP and melanopsin-His
fusion proteins.

Confocal microscopy: Transfected cells that had been growing on glass coverslips were washed with phosphate-buffered saline (PBS) and directly embedded in
Mowiol (Calbiochem) one to three days after transfection. Images were obtained
using a Biorad MRC 1024 confocal microscope using filter settings for detecting
eYFP
Calcium response measurements: Several hours after transfection, selected
cells were supplemented with 11-cis retinal or all-trans retinal and kept in the dark
for 8-12 hours. From a 1-2 mM stock solution of 11-cis retinal or all-trans retinal
in hexane, an aliquot was dried using evaporation by argon, and redissolved in
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dimethylformamide (DMF) to a concentration of 1 mM. The retinals were added
under dim light conditions in alumimium foil-covered cell culture flasks to a final
concentration of 400 nM. In negative controls, only DMF was added. All subsequent
manipulations were performed under dim red light using a long pass (>650nm)
filter (Schott). After overnight incubation at 37°C in the dark, the cells were trypsinized and washed twice with calcium-depleted HEPES-TRIS (HT) medium (132 mM
NaCl, 4.2 mM KCl, 1 mM MgCl2, 5.5 mM D-glucose and 10 mM Hepes, pH 7.4;(Visch
et al., 2004) with 0.1% bovine serum albumin (BSA). Cells were resuspended in 1
ml HT medium with 1% BSA and 0.025% Pluronic (Invitrogen). Cells were loaded
with 5 mM Fura2-AM (Molecular Probes) for 30-60 minutes, after which the excess
Fura2-AM was removed by washing the cells twice with 5 ml HT medium. The cells
were resuspended in 2 ml HT medium with 0.1% BSA and kept in the dark until the
recording. A Shimadzu RF-5301PC fluorometer with Supercap software was used
to record fluorescence intensity at 490 nm with alternating excitation at 340 nm
(calcium-bound Fura2) and 380 nm (calcium-free Fura2). The fluorescence ratio at
340/380 nm reflects the intracellular calcium concentration. After the cells were
transferred to the reading cuvette, recordings were started immediately. In order
to obtain an impression of the spectral sensitivity expressed of the photopigment,
melanopsin-eYFP-expressing HEK293 cells were pre-exposed to light at various
wavelengths before each measurement. Interference-type filters (Schott) were
used for this goal (half-bandwidth 10-15 nm) in combination with a Stocker-Yale
fiber optic illuminator 20.

Results and discussion
Expression and targeting of melanopsin
The coding sequence of mouse melanopsin was cloned in an eukaryotic expression
vector under control of the early CMV promoter. Melanopsin was C-terminally fused
to enhanced yellow fluorescent protein (eYFP) in order to ensure that full-length
protein production could be detected by fluorescence spectroscopy and could be
used to estimate transfection efficiency, and to study intracellular localisation.
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Alternatively, we used a C-terminal deca-histidine (his10) tag for immunodetection
and purification purposes. In functional assays the his-tagged melanopsin gave
results similar to those of eYFP-tagged melanopsin (data not shown).
The eYFP-tagged melanopsin was produced in a variety of cell lines, including
D407, HEK293, CHO, U87 and SK-N-MC (Table 2.1). HEK293 and CHO cells have
been used before and were taken as a reference. D407 (retinal epithelial origin),
U87 (glial) and SK-N-MC (neuronal) were selected in view of the cellular build-up
of the retina; a corresponding background could be an advantage for functional
expression. However, melanopsin expression in U87 and SK-N-MC was very low,
judged from the level of eYFP fluorescence. In addition, the fluorescent signal in
these cells accumulated in the endoplasmatic reticulum and/or the Golgi apparatus, indicating a problem with the maturation of the protein. Therefore, functional
measurements were not attempted with these cell lines. In CHO cells we observed
a much stronger signal, but the localization was still mainly intracellular.
Table 2.1. Expression of eYFP-tagged mouse melanopsin in several mammalian cell lines
Cell line
Origin
Percentage of
Localization
positive cells
U87
Human glioma
<5%
Intracellular
SK-N-MC
Human neuroblastoma
< 10 %
Intracellular
CHO
Chinese hamster ovary
40-60 %
Mainly intracellular
HEK293
Human kidney
30-60 %
Mainly plasma membrane
D407
Human RPE
30-70 %
Mainly plasma membrane
Percentage of positive cells was scored by visual detectable eYFP fluorescence

HEK293 and D407 cells did show a strong response as well, and in these cell lines
most of the fusion construct was correctly routed to the plasma membrane (Figure
2.2). Since in ipRGCs melanopsin is targeted to the plasma membrane (Hattar et al.,
2002), we presume that in CHO, U87 and SK-N-MC the protein processing machinery is not capable of producing mature melanopsin or of correctly targeting it. Since
melanopsin binds retinal as a ligand (Fu et al., 2005;Melyan et al., 2005), and since
it has been reported that HEK293 and D407 possess retinal processing machinery
(Brueggemann and Sullivan, 2002;von Recum et al., 1999), the availability of retinal
in a usable form might be important during the biosynthesis and/or maturation of
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melanopsin. Another interesting observation is the non-uniform way in which the
expressed melanopsin was distributed in HEK293 as well as D407 cells (Figure 2.2).
This is reminiscent of the native “grainy” expression pattern found in ipRGCs (Hattar et al., 2002). Also remarkable in this context is the appearance of dendrite-like
cell extensions in the positive HEK293 and D407 cells, which were not detected in
mock-transfected cells. We surmise that melanopsin, with its exceptionally long
intracellular tail, may be able to interact with a variety of other proteins, possibly
also the cytoskeleton, as has been proposed for invertebrate opsins that are part
of a light-sensitive multiprotein signalling complex, a ‘signalosome’ (Hardie and
Raghu, 2001;Montell, 1999).

2

Figure 2.2. Typical distribution of melanopsin upon expression in HEK293
(panel A) or D407 (panel B) cells. This confocal analysis shows prominent staining of the plasma
membrane. Intracellular staining probably represents endoplasmic reticulum, Golgi apparatus
and targeting vesicles. Note the uneven distribution of the staining in the plasma membrane
and the dendritic extensions of the plasma membrane in both cell lines. Scale bar 20μm.

Functional measurements
Melanopsin-expressing cells were loaded with the fluorescent calcium reporter
Fura2-AM and the intracellular calcium concentration was measured by ratio
recording. The fluorescence intensity ratio of calcium-bound and calcium-free species of Fura2-AM is a direct indicator for the intracellular calcium concentration and
is independent of the loading efficiency. During the fluorescence measurements,
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the sample was illuminated with alternating pulses of 340 and 380 nm light. Since
retinal proteins also absorb in the near-UV, we expected that this would excite
melanopsin as well. Indeed, an immediate but transient calcium response was observed in melanopsin-transfected D407 cells (Figure 2.3a), while mock- transfected
cells showed no calcium response (Figure 2.3b).
The absence or presence of 1 mM extracellular calcium did not make a significant difference, from which we conclude that the opening of intracellular calcium
stores is a key element in the melanopsin signaling cascade.This is in accordance
with earlier data for recombinant as well as native melanopsin (Kumbalasiri et al.,
2007;Melyan et al., 2005;Sekaran et al., 2003). Evidently, expression of melanopsin is able to induce a typical light-triggered response in D407 cells. Apparently,
a complete, C-terminally attached eYFP domain does not abolish the capacity of
melanopsin to trigger its Ca2+ signaling pathway. Supplementation with 11-cis retinal significantly increased the response in HEK293 and in D407 cells (Figure 2.3b),
which suggests that either the available melanopsin was not fully complemented
with chromophore, or that the endogenous retinal supply was limiting for functional
melanopsin expression. Supplementation with all-trans retinal also enhanced the
response in both cell lines (Figure 2.3b). This is in line with the reports that these
cells maintain retinal processing machinery (Brueggemann and Sullivan, 2002;von
Recum et al., 1999) and further supports the hypothesis that the availability of 11cis retinal during melanopsin biosynthesis is an important factor in the production
and maturation of functional recombinant melanopsin. Possibly 11-cis retinal is
incorporated in the molecule during biosynthesis and essential for proper folding
and targeting, as has been reported for invertebrate opsins (Huber et al., 1994). It
has been reported that ipRGCs light-adapt (i.e. desensitize) upon prolonged light
exposure (Wong et al., 2005). We observed a similar phenomenon. Pre-exposure to
white light decreased the response until it was fully abolished after approximately
four minutes under the prevailing conditions (Figure 2.3a and 2.3b). The same was
observed upon exposure to light of a limited wavelength range, using interference
filters. As expected, the rate of response-decrease depended on the wavelength.
However, we could not yet deduce a discrete action spectrum from these data.
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Figure 2.3. Melanopsin expression in HEK293 and D407 cells results in a photoresponse triggering a transient Ca2+ signal. a)
Upon illumination of melanopsin-eYFP transfected D407 cells an immediate rise in the intracellular Ca2+level is observed (blue curve; no pre-exposure). Pre-exposure to white light has
a strong adaptive effect (red curve: 1 min pre-exposure) and eventually renders the cells
fully photo refractory (green curve: 4 min pre-exposure). b) Relative response of HEK293 or
D407cells to supplementation with retinals or pre-exposure to white light. For each cell type
the response without any treatment is set at 100%. Pre-incubation with retinals further enhances the response in both cell types. In cells pre-exposed to white light for at least 4 min or
in mock-transfected cells no response above background was detectable.

This may be due to the fact that melanopsin has two stable states, the signaling
state with probably 11-cis retinal as the chromophore and a non-signalling state
with probably all-trans retinal as the chromophore. Illumination will create a
photo-equilibrium between both states (Koyanagi et al., 2005;Mure et al., 2007), in
which the percentage of signaling state will depend on the illumination wavelength,
but will not correspond to the spectral absorbance band of the signaling state.
After light exposure no recovery of the response was observed, even after dark
incubation for up to 60 minutes. This would agree with a photo-isomerase function of melanopsin that, of course, depends on illumination with the appropriate
light regime. At present we cannot exclude, however, that for response recovery
in these cell lines biosynthesis of melanopsin is required, and that this process is
compromised because of the suboptimal incubation conditions prevailing during
the Ca2+ measurements and/or of insufficient supply of retinal.
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Conclusion and prospects
In this report, we confirm that melanopsin expression alone is sufficient for cells
to become photosensitive, provided that there is a supply of retinol (vitamin A)
or retinal, and that the cell can process these compounds. We can now add the
human RPE-derived cell line D407 to the cell lines reported before to have this
capacity, namely the HEK293 cell line (Qiu et al., 2005), the Neuro-2a cell line
(Melyan et al., 2005), and Xenopus oocytes (Panda et al., 2005). This is of interest
for the still debated issue whether melanopsin is expressed in the RPE in vivo (Fu
et al., 2005;Peirson et al., 2004).

Figure 2.4. Immunblot analysis of decahis-tagged melanopsin
expressed in Sf9 cells.
The extract of 25000 cells was loaded on a 12% SDS-PAGE gel and
probed with an anti-his monoclonal antibody

As in the other cell lines, the light response of D407 following melanopsin
expression involves the release of Ca2+ from intracellular stores, so this seems to
be an important signaling route for melanopsin. We consider it of major interest to
have shown here that even with a large C-terminally placed tag this light response
of melanopsin is preserved. This provides a convenient means to monitor the intracellular trafficking of melanopsin using fluorescent tags. eYFP-tagged melanopsin
was exploited to demonstrate that in HEK293 and D407 cells melanopsin was correctly targeted to the plasma membrane. C-terminal poly-histidine tagging should
provide a convenient way towards purification of recombinant melanopsin while
maintaining functionality. This will make it possible to study the photochemical
and signaling properties of melanopsin in more detail, and may shed more light on
some of its intriguing features such as the function of its unique intracellular tail.
Unfortunately, also in D407 cells we find the expression level of melanopsin not
sufficiently high to embark on large-scale expression and purification attempts. A
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better candidate for such targets may be the baculovirus-based expression in insect
cell lines, where we observe strong expression of intact his-tagged melanopsin that
is easily detected by immunoblotting (Figure 2.4).
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There is nothing in the world
better than knowledge
A dead body and an ignorant soul
are just as one!

ﺯﺩانش به اندﺭﺟهاﻥ هيﭻ نيست
تن ﻣرﺩﻩ و ﺟاﻥ ناﺩاﻥ ﻳﻜﻳست
)(اسدى طوسى

(Assad Tusi)
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ABSTRACT
Melanopsin is the mammalian photopigment that primarily mediates non-visual
photoregulated physiology. So far, this photopigment is poorly characterized with
respect to structure and function. Here, we report large-scale production and purification of the intact long isoform of mouse melanopsin (melanopsin-L) using the
baculovirus/insect cell expression system. Exploiting the baculoviral GP67 signal
peptide, we obtained expression levels that varied between 10-30 pmol/106 cells,
equivalent to 2-5 mg/L. This could be further enhanced using DMSO as a chemical
chaperone. LC-MS analysis confirmed that full-length melanopsin-L was expressed
and demonstrated that the majority of the expressed protein was N-glycosylated
at Asn30 and Asn34. Other posttranslational modifications were not yet detected.
Purification was achieved exploiting a C-terminal deca-histag, realizing a purification factor of several hundred-fold. The final recovery of purified melanopsin-L
averaged 2.5 % of the starting material. This was mainly due to low extraction
yields, probably since most of the protein was present as the apoprotein. The
spectral data we obtained agree with an absorbance maximum in the 460-500 nm
wavelength region and a significant red-shift upon illumination. This is the first
report on expression and purification of full length melanopsin-L at a scale that can
easily be further amplified.
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Introduction
Melanopsin is an integral membrane protein that belongs to the family of the GPCRs. Melanopsin was first discovered in the dermal melanophores of Xenopus leavis (Provencio et al., 1998), and subsequently the mammalian ortholog was found
to be expressed in a small subset of retinal ganglion cells (RGCs) that project to
the central pacemaker, the suprachiasmatic nucleus in the anterior hypothalamus
(Provencio et al., 2000), and to deeper parts of the brain (Gooley et al., 2001;Hattar
et al., 2006;Sexton et al., 2012a) .This photopigment is responsible for non-visual
photic responses such as photo-entrainment of the circadian system, the sustained
response of the pupillary light reflex (Lucas et al., 2003;Panda et al., 2002a;Ruby
et al., 2002), and sleep-awake processes (Altimus et al., 2008). Most studies report
a peak sensitivity of its action spectrum around 480 nm (Hankins et al., 2008).
The melanopsin-expressing RGCs were shown to be intrinsically photosensitive
(ipRGCs) with a spectral dependence that corresponds well with that observed for
non-visual responses in several mammalian species (Berson et al., 2002;Melyan et
al., 2005;Qiu et al., 2005). A series of elegant studies with transgenic mice led to
the current view that all three photoreceptor systems (rod, cone and ipRGCs) contribute to non-visual photophysiology (Hattar et al., 2003;Lucas et al., 2003;Panda
et al., 2002a;Panda et al., 2003;Ruby et al., 2002), and that melanopsin is in particular required for the response at higher light intensities and for sustained activity
(Berson et al., 2002). Interestingly, melanopsin has greater sequence similarity to
invertebrate opsins (Bellingham et al., 2002;Provencio et al., 1998) and, in contrast
to the vertebrate visual opsins, shows large interspecies differences in size and
sequence of the N- and C-terminal tails (Bellingham et al., 2002). Recently, it has
been shown that a long and a short isoform of melanopsin, mainly differing in the
length of their C-terminals, are differentially expressed in the mammalian retina
(Pires et al., 2009).
Our current understanding of the molecular properties of melanopsin (3D
structure, photochemistry, signaling) is still very limited, mainly because of its
low natural abundance. Due to the paucity of melanopsin-expressing cells in the
mammalian retina purification from natural sources is very laborious (Salom et
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al., 2012;Sexton et al., 2012b;Walker et al., 2008) and does not provide sufficient
material for molecular studies. The alternative, therefore, would be expression in
a heterologous system.
Heterologous expression of membrane proteins has been accomplished in
many systems such as Escherichia coli (Karnik et al., 1987), yeast (Lang-Hinrichs
et al., 1994), insect cell lines (Janssen et al., 1988), cell-free conditions (Sonar et
al., 1993) and mammalian cell lines as well as “in vivo” in Caenorhabditis elegans
(Salom et al., 2012) and in mouse photoreceptor cells (Li et al., 2007;Salom et al.,
2008), but with varying degree of success because of the different conditions in the
host cell environment. For a recent review see Midgett and Madden (Midgett and
Madden, 2007).
Successful heterologous expression of mammalian melanopsin was reported in
several mammalian cell lines such as HEK293 (Qiu et al., 2005), Neuro 2A (Melyan
et al., 2005) and D407 (Giesbers et al., 2008) and in Xenopus oocytes (Panda et al.,
2005), but because of the very low expression levels only limited information on
ligand type (retinal), action spectrum (around 480 nm) and signaling (Gq protein;
Ca2+ transients) has become available. Terakita and coworkers (Terakita et al.,
2008) succeeded in expressing and purifying melanopsin of the cephalochordate
Amphioxus Branchiostoma belcheri from HEK293 cells, but only after truncation of
the C-terminal. They reported a λmax of 485 nm and a, typical for invertebrate rhodopsins, stable photoproduct (metamelanopsin; λmax about 520 nm) that could
be photoregenerated into the melanopsin parent state. Recently, Matsuyama and
coworkers. (Matsuyama et al., 2012) described expression of mouse melanopsin
in HEK293 cells, but functional purification was again only achieved after nearly
completely truncating the C-terminal tail. Remarkably, they report a peak sensitivity at 467nm for this recombinant melanopsin and about 476 nm for the meta
photoproduct. These data clearly deviate from earlier estimates based upon action
spectra of about 480 and 587 nm, respectively (Hankins et al., 2008;Mure et al.,
2009).
Successful amplified production of vertebrate visual opsins has been achieved
with the baculovirus/insect cell expression system yielding functional expression
levels of up to 5 mg/L cell culture (Janssen et al., 2000;Janssen et al., 2003;Vissers
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and DeGrip, 1996;Vissers et al., 1998;Wilkie et al., 1998). Therefore, we investigated the potential of this system for production and purification of the intact long
isoform of mouse melanopsin (melanopsin-L). The long isoform was selected, since
the long C-terminal probably is involved in a variety of signaling processes. Here
we report large-scale production and purification of mouse melanopsin-L using
recombinant baculovirus-driven expression in the Sf9 insect cell line. A major effort
was invested in a search for conditions that would improve functional expression
and stability during purification.

Materials and Methods
Materials
Buffer A: 20 mM Bis/Tris propane, 1 mM dithioerythritol (DTE), 1 mM benzamidine,
5 mM MgCl2, 5 µM leupeptin (pH 7.6); Buffer B: 20 mM Bis/Tris propane, 1 M NaCl,
1 mMhistidine, 5 μM leupeptin, (pH 7.2); Buffer C: 20 mM Pipes [piperazine-N,N’bis(2-ethanesulfonic acid)], 0.1 mM EDTA, 130 mM NaCl, 10 mM KCl, 3 mM MgCl2,
2 mM CaCl2 (pH 6.5); Buffer D: 20 mM Pipes, 30 mM EDTA (pH 7.0); Buffer E: buffer
B, with DPC, DDM, DHPC or ASB-14-4 either single or in combination at 20 mM pro
detergent, 20 mM imidazole (pH 7.2); Buffer F: same as buffer E, but with 50 mM
imidazole (pH 7.2); Buffer G: same as buffer E, but with 200 mM imidazole (pH 7.2);
Buffer H: same as buffer E, but with 400 mM imidazole (pH 6.5).Penicillin and streptomycin were from Gibco-BRL, Breda, The Netherlands. Leupeptin was obtained
from MP Biomedicals, CA, USA. Grace’s insect medium and Insect-Xpress medium
were obtained from Lonza, USA. Mouse anti tetra-His tag monoclonal antibody was
obtained from Qiagen, Hilden, Germany. The polyclonal antibodies CERN9412 and
CERN911 were raised against Gtαβγ in albino New Zealand rabbits as described
before (Foster et al., 1993;Schalken and DeGrip, 1986) and were selective for the α
and β subunit, respectively, of trimeric G-proteins (Bovee-Geurts and DeGrip, unpublished). The goat anti-rabbit (IR Dye®700 CW) and goat anti-mouse (IR Dye®800
CW) secondary antibodies were obtained from Li-Corbiosciences,U.S.A. Monoclonal anti-FLAG® M2 antibody was from Sigma-Aldrich Chemie B.V., The Netherlands
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and rabbit polyclonal anti-calnexine (C-20)-R sc-6465 was obtained from Santa
Cruz Biotechnology, CA, USA. Rabbit polyclonal anti-ninaA was a kind gift from Dr.
Jacques Janssen (Ophthalmology, Radboud University Nijmegen Medical Centre,
The Netherlands). All-trans retinal was obtained from Sigma-Aldrich Chemie B.V.,
and 11-cis retinal was a generous gift from Dr. Rosalie Crouch (Medical University
of South Carolina, Charleston, USA) through financial support from NEI. DDM and
digitonin were obtained from Serva Electrophoresis GmbH, Heidelberg, Germany.
ASB-14, ASB-14-4 and ASB-C8φ were obtained from Calbiochem, an affiliate of
Merck KGaA, Darmstadt, Germany. DHPC was obtained from Avanti polar lipids Inc,
Alabama, USA. DPC, CTAC, C12E8, Cholate, Cymal7, CHAPS and TDM were obtained
from Anatrace Inc, Ohio, USA. DM was prepared and purified as described before
(DeGrip and Bovee-Geurts, 1979). The plasmids with FLAG-tagged β-arrestin-1
and β-arrestin-2 were kindly donated by Dr. Robert Lefkowitz (Duke University
Medical Center, Durham, N.C., USA) (Luttrell et al., 1999). The corresponding recombinant baculoviruses were generated as described below for the recombinant
mel-baculovirus. The baculoviruses expressing ninaA and calnexin were a kind gift
from Dr. Chris Tate (MRC Laboratory of Molecular Biology, Cambridge, UK) (Tate et
al., 1999). The baculoviruses expressing Gqα, Gβ1 and his-tagged Gγ2 were kindly
provided by Dr. Ted McMurchie (CSIRO, Adelaide Laboratories, Australia) (Leifert
et al., 2005).

Methods
Construction of recombinant baculovirus for expression of melanopsin-L: The
baculovirus transfer vector pAcGP67 (BD Biosciences Clontech, Palo Alto, CA, USA)
was modified by introduction of a synthetic sequence encoding a 10xhistidine tag
preceded by a BamHI and SpeI site in frame and followed by a stop codon and an
EcoR1 site. Mouse melanopsin-L cDNA (Genbank accession no.: AAF24979.1) was
then excised from the pCDNA3 construct (Giesbers et al., 2008) and ligated into
pAcGP67-10xhis using the BamHI and SpeI sites. The resulting pAcGP67-Mel-10xhis
vector was then used to generate recombinant baculovirus in the Spodoptera frugi-
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perda derived Sf9 cell line (ATCC: CRL-1711) employing the Baculogold homologous
recombination system (BD Biosciences Clontech, Palo Alto, CA, USA) according
to the manufacturer’s instructions. This results in recombinant mel-baculovirus
with the melanopsin-L cDNA under control of the strong late-phase polyhedrin
promoter. The correct insertion and sequence of the His-tagged melanopsin-L in
the mel-baculovirus genome was verified by cycle sequencing of baculovirus DNA
isolated from Sf9 cell nuclei as described before (Klaassen and DeGrip, 2000).
Sf9 cell culture and melanopsin-L expression: The Spodoptera frugiperda (Sf9)
cell line was used for generation and amplification of the mel-baculovirus and for the
amplified production of melanopsin-L protein. Although of the insect cell lines tested
Sf9, Sf-21 and High-Five yield similar expression levels of recombinant protein in
culture flasks (monolayers), this is volumetric quite restricted and does not produce
sufficient recombinant protein for purification and characterization. In suspension
culture (shaker flasks), Sf-21 performed less well than Sf9, and High-Five grew and
produced poorly, hence Sf9 was selected for all here described experiments. The
cells were grown as monolayers at 27 °C in Grace’s insect medium for generation
and amplification of the baculovirus. High titer stocks (> 10 7 pfu) were produced by
three rounds of virus amplification, and the optimal multiplicity of infection (MOI)
for recombinant protein expression was determined empirically by infection of Sf9
cells with different MOIs of high-titer virus stock. The protease inhibitor leupeptin
was routinely added to the cell culture (5 mM final concentration) to suppress proteolysis of melanopsin. For production of melanopsin-L, serum-free and protein-free
Insect-Xpress medium was utilized. For large-scale production (400-1000 mL culture
volume), Sf9 cells were inoculated at 0.5x106 cells/mL and grown in suspension culture in Erlenmeyer flasks (Corning, USA) using Insect-Xpress medium, with addition
of penicillin and streptomycin to 5 i.u./mL and 5 µg/mL respectively, under constant
rotation of 100 rpm at 27°C . Under these conditions, the cell doubling time was
typically 20-24 h. Total cell counts were performed with a haemocytometer (VWR International Ltd) hence with an accuracy of ± 10%. When the cell density had reached
approximately 2x106 Sf9 cells/mL, the culture was infected with mel-baculovirus at a
MOI= 0.1. The cells were routinely harvested at 4 dpi.

87

3

Chapter 3

Cell culture with biological and chemical chaperones: Production tests of
melanopsin-L with biological or chemical chaperones and combinations were
performed in the same Insect-Xpress medium. DMSO and glycerol were added at
1-2% v/v directly to the culture medium through a 0.2µm filter (Whatman GmbH,
Dassel, Germany). 11-cis and all-trans retinal were added under dim room light
as a solution in DMF through a 0.2µm filter to a final concentration of 6µM. The
recombinant baculoviruses for FLAG-tagged ß-arrestin-1 or -2 were either added
separately or in combination to the culture medium at various MOIs (0.01, 0.05,
0.1, 0.5) together with the mel-baculovirus (MOI= 0.1). Expression of ß-arrestins
was confirmed in immunoblots using anti-FLAG primary antibody.
The same approach was taken for the Gqα, Gß1 and Gγ2 subunits, where the
baculoviruses for the three subunits were added together at four different MOIs
(0.1, 0.3, 0.5, 1). Only Gγ2 is his-tagged and the expression of this subunit was
confirmed via immunoblot with the anti-his antibody. The expression of Gqα and
Gß1 was confirmed via immunoblotting with polyclonal antibodies raised against
Gtαßγ (CERN9412 and CERN911, respectively). The recombinant baculoviruses
for ninaA and calnexin were added to the culture medium together with the melbaculovirus, all at a MOI=0.1. Calnexin expression was confirmed by immunoblot
using the polyclonal rabbit anti-calnexin antibody (1:500) and ninaA expression
was confirmed using the rabbit anti-ninaA antibody (1:100)
Incubation of melanopsin-L with ligand: At 4dpi the infected Sf9 cells were collected by centrifugation (10 min, 3000xg, 4°C). The cell pellet was re-suspended at
a density of 50x106 cells/ml in buffer A. The cells were subsequently homogenized
with 3 strokes (5 second per stroke) of a polytron homogenizer (IKA®T10 basic,
Ultra-Turrax, Staufen, Germany) at 4°C. The cell homogenate was centrifuged (20
min, 35000xg, 4°C) and the resulting membrane pellet was re-suspended in buffer
B at a density equivalent to 108 cells/ml. All subsequent manipulations were performed in the dark or under dim red light (λ >620 nm, RG620 cut-off filter, Schott,
Menden, Germany). The ligand 11-cis retinal was added as a freshly prepared concentrated solution in dimethylformamide to a final concentration of 30 µM and the
suspension was incubated for 1-2 hours under an argon atmosphere with constant
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rotation at ambient temperature. The membrane suspension was then directly
used for solubilization tests or purification of melanopsin-L, as described below.
Screening of detergents for solubilization of recombinant melanopsin-L: Detergents were selected either from the Solution Master Detergent Kit (Anatrace)
which were pre-dissolved at a concentration of 10 %, or added as stock solution
in buffer B to the membrane suspension in a final concentration of 20 mM per
detergent. Detergents and, if required, buffer B were added to the membrane suspension containing the ligand-treated melanopsin-L such that the final membrane
density was equivalent to 10-20x106 cells/mL. The samples were incubated for 1
hour at 4°C with constant rotation and supernatants were collected after centrifugation (20 min, 40,000xg, 4°C). For SDS-PAGE analysis, 2.5 µl of the supernatant,
corresponding to approximately 20,000 cells originally, were mixed with 2.5 µl of
SDS-PAGE solubilisation buffer (Laemmli sample buffer, Bio- Rad, CA, USA), incubated for 15min at ambient temperature, and applied to the gel-slot. After electrophoresis, proteins were visualized by silver staining (see below), or transferred
onto nitrocellulose membrane for immunoblot analysis (see below).
Solubilization and purification of recombinant melanopsin-L: After treatment
with ligand, the melanopsin-L containing membrane suspension was diluted with
buffer B to a density equivalent to 10-20x106 cells/mL. Stock solutions of detergents in buffer B and ß mercaptoethanol were added to a final concentration of
20 mM per detergent and 5 mM, respectively. After incubation for at least 1 h at
4°C with constant rotation under an argon atmosphere, the unsolubilized material
was removed by centrifugation (20 min, 80,000xg, 4°C). The supernatant was applied to superflow Ni2+-nitrilotriacetic acid (NTA) beads (Ni2+-NTA, Qiagen, Hilden,
Germany) for batch-wise purification. The beads were pre-equilibrated with buffer
B. The extract from originally 6x108 cells was applied to 0.5 mL of settled beads.
After overnight incubation under rotation at 4°C, the beads were allowed to settle
and the supernatant was carefully removed. The loaded beads were then washed
sequentially with 5 bead volumes (BV) of buffer B and 0.5 BV of buffer E. Elution of
melanopsin was then initiated with twice 0.5 BV of buffer F, followed by twice 0.5 BV
of buffer G, and completed with twice 0.5 BV of buffer H. The fractions containing
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melanopsin-L, as shown by immunoblot, were stored at -80°C. They were assayed
for purity by SDS-PAGE followed by silver staining and quantified by immunoblot.
UV/visible spectroscopy: Spectra were recorded at ambient temperature
from 250 to 700 nm on a Lambda-15 spectrophotometer (Perkin-Elmer, Norwalk,
CT, U.S.A.) equipped with an end-on photomultiplier tube. Photoproducts were
generated by illumination for 15 min through a 430 nm cut-off filter (Schott). If
“dark state” spectra without interference of photoproducts were required, hydroxylamine was added to a final concentration of 50 mM before illumination.
Immunoblot analysis: Proteins were separated on a 12.5% SDS polyacrylamide
gel (Laemmli, 1970) and transferred to a nitrocellulose membrane (0.2 µm iBlotTM
Dry Blotting System, Invitrogen). The nitrocellulose membranes were washed with
50 ml of buffer D and then blocked by incubation for 1 h at RT with gentle shaking
in 10 ml of Odyssey blocking buffer (Li-Cor Biosciences, USA) diluted 1:1 with PBS.
For the primary antibody step, the membranes were incubated for 1 h at RT under
gentle shaking with 10 ml blocking buffer containing 0.05 % tween-20 and mouse
anti-his-tag monoclonal antibody diluted 1:10,000, followed by 3 washes for 10
min with 50 ml PBS containing 0.05 % tween-20 (washing buffer). In the secondary
antibody step, the primary-antibody loaded membranes were soaked for 1 hour
under gentle shaking in 10 ml blocking buffer containing 0.05 % tween-20 and goat
anti-mouse (IR Dye® 800 CW) antibody diluted 1:10,000, followed by 3 washes for
10 minutes with 50 ml washing buffer. After drying, the blots were scanned with
the Odyssey imaging system (Infrared imaging system, application software version
3.0, Li-Corbiosciences,USA). The signal intensities were quantified using the Odyssey imaging system software.
Silver staining: Proteins were separated on a 12.5% SDS-polyacrylamide gel
(Laemmli, 1970) and the gel was subsequently treated with fixative (40% ethanol,
10% acetic acid and 50% deionized water) under constant shaking for 1 hour at
RT or overnight at 4 °C. Thereupon the gel was incubated under shaking for 20
minutes at RT, first three times in 30% ethanol in deionized water and finally once
in distilled water . The gel was then treated for 1 minute at RT with sensitizing
solution (0.02% Na2S2O3), washed three times for 20 seconds at RT with deionized
water, and finally stained for 20 minutes at RT in silver nitrate reagent solution
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(0.2% AgNO3 + 0.02% formaldehyde 37% in deionized water) under protection from
light. After staining, the gel was washed again with deionized water (three times
30 seconds at RT) and subsequently incubated in developer solution (3% Na2CO3,
0.05% formaldehyde (37%), 0.0005% Na2S2O3 in deionized water) until the desired
intensity was reached. Stop solution (0.5% glycine) was then added to stabilize
the image, and the image was digitized with an imaging densitometer (Bio-Rad,
Molecular Analyst™ version 1.5, CA, USA).
Preparation for LC-MS: Purified melanopsin-L prepared as described above,
was subjected to enzymatic N-linked deglycosylation with PNGase F (Roche diagnostics GmbH, Germany). In brief, 4.5 pmol of purified melanopsin-L was incubated
for 1.5 hour at 37 °C with 2 µl of PNGase F in 0.1 ml containing 0.5% (w/v) SDS, 2
µM leupeptin. A control sample of purified melanopsin-L was treated in the same
way without addition of the enzyme. Samples were prepared for SDS-PAGE as
described above and 0.43 pmol (± 22 ng) of melanopsin was applied to a 12.5 %
SDS-polyacrylamide gel. Following electrophoresis the gel was washed with milliQ
(three times, 2 min) and incubated with 50 ml of Coomassie blue stain (Bio-Safe
Coomassie G250 Stain, Bio-Rad, USA) for 1 hour at room temperature under
constant shaking. The gel was washed subsequently until the optimal signal/background ratio was reached. Samples were prepared for LC-MS analysis by cutting
bands out of the gel. From an untreated sample, the upper and the middle band
were kept together and the lower band was cut out separately (see results). From
the enzyme-treated sample the two bands were cut out separately. The samples
were analyzed at the Proteomics Facility Nijmegen by LC-MS.

Results
Construct for expression of recombinant histidine-tagged melanopsin-L
Our aim to produce melanopsin in insect cells required the construction of a
baculovirus vector containing the melanopsin-L cDNA under control of a strong
baculoviral promoter (DeCaluwé et al., 1993). For this purpose, we chose the baculovirus transfer vector pAcGP67, which leads to protein expression driven by the
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strong late-stage polyhedrin promoter, and results in fusion with the signal peptide
of the baculoviral protein GP67. GP67 is a glycoprotein of the viral envelope that
is required for the uptake of the virus by the host cell via adsorptive endocytosis.
Once the cell is infected, a large amount of the GP67 protein is produced and
anchored to the virus peplomers, which renders it the most effective baculovirusencoded signal sequence. This signal peptide is cleaved off in the endoplasmic
reticulum (ER) during or after protein translation. Placing the GP67 signal peptide
in front of the rhodopsin c-DNA indeed leads to a significant increase in expression
level, while the signal sequence was properly removed (Bovee-Geurts and De Grip,
unpublished data). For easy purification, a tag consisting of ten histidine residues
was introduced at the C-terminus of melanopsin-L. There is ample evidence that
the extension of the C-terminus of GPCRs with a his-tag does not interfere with
their functional properties (Janssen et al., 1995;Ratnala et al., 2004;Vissers and
DeGrip, 1996) , and expression of C-terminally his- or eYFP tagged melanopsin
in mammalian cells indeed generated the typical downstream signaling effects
of melanopsin upon illumination (transient increase in intracellular Ca2+ level) as
described in chapter two (Giesbers et al., 2008).
Expression and production of deca his-tagged Melanopsin-L in the Sf9 insect cell
line
Recombinant baculovirus encoding mouse melanopsin-L was used to infect Sf9 cells
as described under Methods. In order to monitor the expression of melanopsin,
membranes isolated from Sf9 cells expressing the recombinant his-tagged melanopsin, were analyzed by SDS-PAGE and probed with anti-his antibody (Figure 3.1).
Calibrated amounts of purified recombinant bovine his-tagged rhodopsin (Klaassen
et al., 1999) were applied as an internal standard. The immunostaining clearly demonstrates that the melanopsin protein is expressed and migrates with the expected
molecular weight of approximately 57 kDa. The presence of the C-terminal his-tag
is confirmed by the positive reaction with the antibody, which is a strong indication
that full-length melanopsin is produced. Consistently, three separate bands running
closely together are observed, most likely due to different (extents of) posttrans-
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lational modification (see below). Proteomic analysis unambiguously identified all
three bands as representing the full-size melanopsin-L protein (see below).
Production of melanopsin was maximal at 3-4 days post infection and this
level subsequently decreased slightly. This time course is typical for genes under
control of the polyhedrin promoter. The expression level ranged between 10-30
pmol/106 cells, equivalent to 2-5 mg/L, which is in the same range as the visual
pigments produced in this system without the GP67 signal peptide (Bosman et al.,
2003;Klaassen and DeGrip, 2000).
Effect of chaperones on melanopsin-L production
In case of vertebrate visual pigments, addition of the ligand 11-cis retinal to the
Sf9 membrane fraction, followed by solubilization in a mild detergent and spectral
analysis, already results in a discernable absorbance peak that can be quantified
by difference spectroscopy (DeCaluwé et al., 1993). This was not the case for
melanopsin; we found no obvious difference in spectral properties of membranes
from melanopsin-producing Sf9 cells or control cells upon solubilization in the
mild detergents DDM or CHAPS. Also, we observed no effect of illumination (data
not shown). This could be due to a low level of functionally folded protein or to a
low stability of melanopsin in detergent solution, as suggested in earlier studies
(Koyanagi et al., 2005;Matsuyama et al., 2012). Unfortunately, we could not use
the downstream assay, we applied in mammalian cells (Giesbers et al., 2008), since
as reported before (Knight et al., 2003), this did not work properly in insect cells.

Figure 3.1. Immunoblot detection of mouse melanopsin-L
expression in Sf9 cells.
Blot was screened with anti-histag antibody. Left lane presents calibration proteins (Mw in kD). Right lane represents
the membrane fraction of Sf9 cells expressing melanopsinL. Typically three bands are detected around 55 kD with the
upper two often merging.
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Therefore, our first objective was to investigate the effect of a variety of chemical
and biological chaperones on the expression level of melanopsin-L. It has been
demonstrated that the presence of such chaperones can enhance the total and
functional expression level of GPCR’s, although their activity is usually very selective (Dunham and Hall, 2009;Kost et al., 2005).
Therefore, all subsequent expression trials were performed in the presence of one
or more chaperones, either added to the culture upon infection of the insect cells
or co-expressed from their individual baculovirus. Figure 3.2 presents an overview
of the results of these studies. The expression levels in the presence of chaperones
(pmol/106 cells) were normalized against those obtained under the standard condition included in each experiment (Sf9 cells infected with the melanopsin virus at
a MOI = 0.1). The chemical chaperones used in this study were dimethylsulfoxide
(DMSO) and glycerol, added at 1-2% v/v to the culture medium, and the ligands
11-cis and all-trans retinal, added to a concentration of 6 mM. Evidence has
been presented that addition of DMSO to cell cultures can increase the yield of
recombinant GPCRs (Marino, 2009), while glycerol is an established stabilizer of
tertiary protein structures (Sousa, 1995;Timasheff, 1993). Ligands in general may
promote correct protein folding (Ulloa-Aguirre et al., 2004) and in this specific case
an increase in functional level was observed upon addition of 11-cis or all-trans
retinal to mammalian cell lines or oocytes expressing melanopsin (Giesbers et al.,
2008;Melyan et al., 2005;Panda et al., 2005;Qiu et al., 2005).
The only chemical chaperone that, as a single compound, significantly enhanced
(up to 3-fold) the expression level of melanopsin-L in Sf9 cells was DMSO (Figure
3.2). In combinations this effect was always reduced. It is noteworthy that while
glycerol and the retinals individually did not have a significant effect, combinations
clearly promoted expression of melanopsin-L (Figure 3.2).
In addition, a number of proteins for which scattered evidence is available that
they can support heterologous expression of GPCR’s, were tested both individually
and in combination with other chaperones. For instance, co-expression with the
signaling partner β-arrestin-2 stabilized recombinant chicken melanopsin (Torii et
al., 2007) and enhanced the light-evoked response of Xenopus oocytes expressing
mouse melanopsin (Panda et al., 2005). Drosophila ninaA is a photoreceptor-
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specific cyclophilin required for the biogenesis of the visual pigment, rhodopsin. It
is an integral membrane glycoprotein and forms a stable complex with Drosophila
rhodopsin, acting as a chaperone-like molecule escorting rhodopsin through the
secretory pathway (Baker et al., 1994;Stamnes et al., 1991). In addition, it is
reported to support functional expression of cone visual pigments in COS cells
(Ferreira et al., 1996). Finally, calnexin is an universal biological chaperone in the
E.R. assisting protein folding and quality control, such that only properly folded and
assembled proteins proceed further along the secretory pathway (Betenbaugh et
al., 1996;Ellgaard and Helenius, 2003).
Co-expression with the β-arrestins had no stimulatory effect (Figure 3.2). In
fact, at a higher infection level (MOI = 0.5) it strongly suppressed melanopsin-L
expression. Co-expression with Gq also had an inhibitory effect at a higher MOI,
but a slightly stimulatory effect at the low MOI of 0.1. The combination of ninaA
and 11-cis retinal enhanced melanopsin-L expression, as well. The largest effect in
this category came from the combination of DMSO, 11-cis retinal and β-arrestin-2,
but this combination still was not as effective as DMSO by itself.
Screening of detergents for solubilization of recombinant melanopsin-L
Solubilization from the host cell membrane using detergents is essential for purification and subsequent characterization of membrane proteins. In earlier studies, melanopsin was reported to only survive solubilization when using very mild
detergents such as DDM or CHAPS (Koyanagi et al., 2005;Matsuyama et al., 2012).
However, these detergents performed very poorly in extracting melanopsin-L from
insect cell membranes (8 ± 8 and 10 ± 10 %, respectively) (Figure 3.3). Therefore
we investigated the efficacy of fourteen individual detergents and several combinations in the extraction of recombinant his-tagged melanopsin-L. The selection
spanned the different classes (anionic, cationic, zwitter-ionic, non-ionic) and was
based on their efficacy in extracting a variety of membrane proteins (Janssen et
al., 1995;Ren et al., 2009;Tschantz et al., 2008;Vissers and DeGrip, 1996). The
detergent concentrations used for extraction were 20 mM for individual detergents, adding up to 40 mM for a combination of two detergents. Crude membrane
fractions from melanopsin-L expressing Sf9 cells were incubated for at least 1h
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Figure 3.2. Normalized expression level of mouse melanopsin-L in Sf9 cells in the presence
of chemical or biological chaperones and various combinations.
Cells were grown in Insect-Xpress medium. Chemical chaperones were added upon infection,
biological chaperones were co-expressed with melanopsin. The expression level (pmole/106
cells) was quantified on immunoblots using his-tagged rhodopsin for calibration and normalized against standard conditions. Standard conditions contain melanopsin virus at a MOI
= 0.1 without chaperones and are represented by the vertical line at x = 1. The number of
experiments per condition varies between 1 and 4 with an average range in the levels ± 30%.
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at 4°C with the selected detergent (combination). Unsolubilized material was
precipitated by centrifugation and the amount of melanopsin in the supernatant
was quantified from the intensity of the corresponding bands in western blots of
the extraction mixture before and after centrifugation. To ensure maximal possible
extraction at the moderate detergent concentration of 20 mM, the density of the
membrane suspension was kept relatively low (equivalent to 10-20x106 cells/ml).
Of the individual detergents, only DPC displayed a good solubilization capacity
(50±20 %, n= 12; Figure 3.3). Although phosphocholines have been reported to
be effective in solubilizing several types of GPCR’s (Cook et al., 2008;Ren et al.,
2009), including vertebrate visual pigments, solubilization and purification using
DPC did not yield a light-sensitive absorbance band in the 450-550 nm region in the
purified fraction. This need not be surprising, since invertebrate visual pigments
are notoriously unstable in most detergent solutions, except very mild ones like

Figure 3.3. Solubilization potential of detergents versus recombinant mouse melanopsin-L
produced in insect cells.
The extraction capacity is given as the percentage of melanopsin-L in the cellular membrane
fraction that is detected in the supernatant after centrifugation of the extraction mixture. The
amounts are quantified on Western blot as detailed in the Methods section. Bars represent the
average with S.D. of 3-12 experiments.
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digitonin and DDM (Höglund et al., 1973;Koyanagi et al., 2005). Unfortunately, as
mentioned before, mild detergents such as DDM and CHAPS were very ineffective
in solubilizing melanopsin-L. Therefore, we tested several detergent combinations. The combination of DDM with the more aggressive detergents DPC or DHPC
gave reasonable extraction yields in the range 20-30% (Figure 3.3). A new mild
detergent, ASB-14-4, shown to be efficient in solubilization of complex membrane
proteins (Tschantz et al., 2008), performed second best as a single detergent with
an extraction efficiency of more than 20%.Hence, we selected DPC, ASB-14-4 and
the combination of DDM with DPC or DHPC to test solubilization and purification of
melanopsin-L from insect cell membranes.

Purification of recombinant melanopsin-L
Several conditions yielding a good production of melanopsin-L in small-scale culture were amplified to a larger scale, usually in units of 400-500 ml culture volume.
In all cases crude membrane fractions isolated from Sf9 cells, harvested 4 days
post-infection, were incubated with 11-cis retinal at a final concentration of 30
mM. To gain on time-consuming centrifugation and column loading, we attempted
to use a 5-10 fold more concentrated membrane suspension (equivalent to 108
cells/ml) for extraction of melanopsin. This resulted however in very low yields
of solubilized protein, even at higher detergent concentrations, and we further
routinely used less concentrated suspensions, similar to the detergent screens.
For purification by immobilized metal-affinity chromatography (IMAC), melanopsin
was extracted using the detergent selection described in the previous section, and
loaded onto superflow Ni2+-NTA agarose columns. Imidazole was used to elute
bound melanopsin, since this proved to be more effective in eluting deca-histagged
membrane proteins (Ratnala et al., 2004). Typical results are presented in figure 3.4
and quantitative data are summarized in table 3.1. The melanopsin-L bands on the
blots were quantified using a calibration curve of purified his-tagged rhodopsin,
run on the same gel. As is evident from table 1, on the average, approximately 50%
of the extracted melanopsin becomes bound to the affinity column (Table 3.1 and
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Figure 3.4). Additional washing steps with only detergent elute a complex protein
population (Figure 3.4B, lane 4), probably representing non-specifically or very
weakly bound proteins. Most of the low affinity contamination could be removed
by washing with 20 mM imidazole (Figure 3.4B; lane 5), The major part of the
bound melanopsin was eluted upon raising the imidazole concentration from 20 to
200mM (Figure 3.4A, lanes 5 and 6).
Table 3.1. Yield of mouse melanopsin-L from each step upon IMAC purification as percentage of the starting amount of melanopsin-L.
Steps
Melanopsin-L (%)
% of total membrane protein
Whole cell lysate
< 0.5
≡ 100
Detergent extract
14.3 ± 6.7
< 0.5
Non-bound fraction
7.2 ± 5.1
Wash fraction
1.4 ± 2.6
Purified fraction
2.5 ± 1.9
≥ 70
Quantification was done on immunoblots using the Odyssey fluorodetection and analysis software. Values given are mean ±SD of five experiments. The whole cell lysate is taken as 100%.

Figure 3.4. Typical purification profile of mouse melanopsin-L using IMAC.
Fractions were analyzed by SDS-PAGE, followed by immunoblotting (A) or silver-staining (B).
The immunoblot was screened with anti-histag antibody. Lane 1 represents the Sf9-cell membrane fraction. Lane 2 represents the solubilized extract loaded onto the Ni2+-NTA-agarose
column. The nonbound fraction is shown in lane 3. Lane 4 and 5 represent the fractions obtained upon washing with only detergent and detergent with 20 mM imidazole, respectively.
The strongly bound fractions, eluted from the column using 200 mM and 400 mM imidazole,
respectively, are shown in lane 6 and 7. Arrow shows position of melanopsin-L in panel B.
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A small amount of melanopsin remained bound to the column and could be eluted
by raising the imidazole concentration to 400mM (Figure 3.4A, lane 7). Based
upon silver staining, melanopsin-L accounted for at least 70% of the protein in
the purified fractions, indicating a purification factor of several hundred-fold. Upon
purification the same triad band pattern was maintained that was observed in the
membrane fraction (Figure 3.1): A major band, positioned at 57 ± 5 kD, representing two closely migrating species, and a minor band at 50 ± 5 kD (Figure 3.4B, lanes
6 and 7; Figure 3.5, lane 3).
Table 3.1 shows the destination of melanopsin-L through the purification steps.
On average, the final recovery in the purified fractions accounted for 2.5 % of the
amount of melanopsin-L in the starting material. The yield of purified melanopsin-L
protein averaged about 0.13 mg/L culture volume (Table 3.1). When the membrane
fraction was stored at -80 °C prior to purification, degradation of melanopsin-L was
observed, resulting in a further loss of recovery. Therefore, purification was always
performed with freshly prepared membranes from freshly harvested melanopsin-L
producing insect cells.

Posttranslational modification of recombinant
melanopsin-L
To verify that the three protein bands around 55 kD obtained after purification indeed represent full-length mouse melanopsin-L, an LC-MS analysis was performed
on the combined upper bands that were difficult to isolate separately, and the
lower band. Several dominantly present peptides were obtained in both samples
that all derived from the melanopsin-L sequence (Figure3.6). Since this includes a
near N-terminal peptide (Val9-Arg38), and since all three bands are detected by the
anti-his tag antibody, i.e. contain the C-terminal his-tag, we conclude that all three
bands contain the full-length melanopsin-L protein. Therefore, the different migration of the three bands is probably due to secondary factors, such as posttranslational modification. We first investigated potential N-glycosylation, since mouse
melanopsin-L contains two sequences (Asn30-Gly-Thr and Asn34-Ser-Val) within its
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extracellular amino terminal domain, and one (Asn87-Leu-Thr) in its putative first
membrane helix (Figure 1.8) that obey the consensus sequence for N-linked glycosylation. It was demonstrated before that rat melanopsin could be glycosylated at
the equivalent N-terminal positions Asn-31 and Asn-35 (Fahrenkrug et al., 2009).
To determine whether mouse melanopsin-L is glycosylated, purified melanopsin
was incubated with N-glycosidase F, which specifically cleaves N-glycan chains
from glycoproteins. Upon incubation with N-glycosidase F, the upper band of the
melanopsin triad disappears and the middle band increases in intensity. The lowest
band was unaffected with respect to relative position and intensity (Figure 3.5).
We conclude that the upper band is N-glycosylated and upon deglycosylation comigrates with the middle band. The middle and lower band are not N-glycosylated.
Figure 3.5. Effect of N-glycosidase F treatment
on the band pattern of purified melanopsin-L.
Lane 1 shows the pattern after incubation with
PNGase F and lane 2 is the control, incubated
without the enzyme. Lane 3 represents the
original triad pattern. Upon enzyme treatment
the upper band disappears and comigrates with
the middle band. Arrows point at the position of
the middle and lower band in the melanopsin-L
triad.

The main band obtained after deglycosylation was also examined by LC-MS, since
upon N-glycosidase F treatment the glycosylated Asn residue is deamidated, which
can be detected by MS. This LC-MS analysis indicated that Asn30 and Asn34 in
peptide Val9-Arg38 both had become subject to deamidation. The very long amphipatic peptide containing Asn87 (Ala39-Arg96) was not detected, but Asn87 most likely
resides in a transmembrane helix (Provencio et al., 1998) Figure 1.8) and will not be
glycosylated. At present, it is not clear why the middle and lower band migrate with
a different apparent molecular weight. It has been reported that melanopsin can
be phosphorylated at several sites (Blasic, Jr. et al., 2012a;Blasic, Jr. et al., 2012b),
but so far we have found no evidence from our LC-MS analyses that this also occurs
in the insect cell line. Also, these analyses did not find evidence for thiopalmitoylation (data not shown), which was confirmed by prolonged incubation with 1 M

101

3

Chapter 3

hydroxylamine, that would release palmitoyl chains (Pepperberg et al., 1995), but
did not change the triad pattern.

Figure 3.6. Amino acid sequence of deca-his tagged mouse melanopsin-L (mus musculus).
The peptides identified in our LC-MS analyses are shown in bold and upper case. Potential Nglycosylation sites are shown in italics and are highlighted in gray.

Spectral analysis of purified melanopsin-L
While following IMAC purification of vertebrate visual pigments, the obvious absorbance bands were reproducibly obtained (Klaassen et al., 1999;Vissers et al.,
1998), the purified melanopsin-L fractions did not present a consistent pattern.
As expected from the SDS-PAGE analyses, a clear protein band at 280 nm was
always observed, but often an absorbance band in the 450-550 nm region, was
not discernable. Difference spectroscopy (subtracting the spectrum taken after
illumination from the one before) was not of much help, since changes in scattering perturbed the baseline such that any other small differences were usually
completely overruled. In case an absorbance band in the region mentioned was
detected, it was always of low intensity, which rendered it difficult to estimate the
absorbance maximum, but this was confined to the 460-500 nm range. An example

102

Large scale expression and purification of mousemelanopsin-L in the baculovirus expression system

is presented in figure 3.7. Difference spectra were of very poor quality, as explained
above. The best one is shown in the insert of figure 3.7 and suggests that upon
illumination the absorbance band red-shifts, peaking between 540 and 570 nm.
While a variety of culture conditions, including the use of promising chaperones,
were used for production and various detergents or combinations were used for
purification of melanopsin-L, we did not find a correlation with observing a detectable absorbance band in the visible region.

3

Figure 3.7. UV-visible spectrum of a purified melanopsin-L fraction, showing an absorbance
band with a maximum in the 480-500 nm range.
The difference spectrum in the insert was obtained by subtracting the spectrum recorded after
10 min of illumination with blue light (432 nm) from the “dark” spectrum. Our interpretation
is that upon illumination the absorbance band red-shifts to a photoproduct with a maximal
absorbance between 540 and 570 nm.

Discussion
Melanopsin is a not until 1998 identified photoreceptor protein, belonging to the
rhodopsin subfamily of the GPCRs (Provencio et al., 1998). Melanopsin provides
photosensitivity to a minor subclass of ganglion cells in the mammalian retina that
are committed to non-visual photo-regulated tasks (Hankins et al., 2008). This vertebrate “non-visual” pigment is already noteworthy in that it is most homologous
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to invertebrate visual pigments (Bellingham et al., 2006;Provencio et al., 1998). In
spite of the broad interest in melanopsin, relatively little is known about its structure and its functional characteristics such as its spectral properties, photochemical
trajectory, mechanism of photo-activation and signaling partners. Biophysical and
structural studies of membrane proteins require milligram quantities of protein. To
obtain such quantities of sufficiently pure and functional membrane protein still
is a major bottleneck. Here we report a successful application of the baculovirus
expression system to produce and purify up to mg quantities of melanopsin-L
protein.
Expression of melanopsin-L in the baculovirus-insect cell system
Because of the low abundance of melanopsin in the mammalian retina, overexpression of recombinant melanopsin offers the only way to purify and investigate the
protein in more detail. So far, functional expression and purification of melanopsin
has been achieved only in a C-terminally truncated form at low yield in HEK293
cells (Matsuyama et al., 2012;Terakita et al., 2008). This should provide at least
some information on its spectral sensitivity, but unfortunately these studies targeted different species (Amphioxus and mouse, respectively) and report a different
λ max (485 and 467 nm, respectively).
The baculovirus-insect cell expression system has proven to be quite effective
in the expression of relatively large amounts of a variety of GPCRs with properties
conforming to those of the native proteins, including visual pigments (e.g. (Grisshammer, 2009)). Hence, we selected this system and here we present the first
baculovirus-mediated expression and purification of full-length mouse melanopsinL. Using the GP67 signal peptide, which strongly enhanced the expression level of
rhodopsin to about 30 mg/L, we could boost the production level of melanopsin-L
to 2-5 mg/L. In HEK293 cells the expression level of melanopsin also was about tenfold lower than that of rhodopsin (Matsuyama et al., 2012). In addition, we applied
C-terminal histidine tagging, since this allows, in combination with immobilized
metal affinity chromatography, rapid and relatively inexpensive large-scale purification of recombinant visual pigments without significant functional side-effects
and allows simple identification with anti-histag antibodies (Janssen et al., 1995).
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A deca-histag was selected for mouse melanopsin-L, since this affords stronger
binding to the affinity matrix and more easy disposal of contaminating proteins
(Ratnala et al., 2004). The expressed melanopsin-L was indeed detectable by immunoblot using a histag specific antibody (Figure 3.1). This identification, together
with the apparent Mw (ca 55 kD), is a strong indication that the full-length protein
is expressed, for which a Mw of about 57 kD is expected. However, the immunoblot
in fact reveals three anti-his tag positive bands with two major ones at 57± 5 kD
running closely together and a third minor one at 50± 5 kD (Figure 3.6). Hence, we
resorted to analyze these bands by limited proteolysis followed by LC-MS. In this
way it became obvious that the major peptides identified in these bands indeed
derive from melanopsin-L (Figure 3.6) and include a near-N-terminal sequence
(Val8 –Arg38 ). This leads us to conclude that all three bands represent full-length
melanopsin-L. Their different migration behavior can be partly explained by posttransitional modification (see below).
Evaluation of chaperones
Expression of melanopsin-L under standard conditions, followed by incubation with
the ligand, 11-cis retinal, did not produce a detectable absorbance band in the 500
nm range. This might originate in destabilization upon solubilization with detergent
or in a high extent of improper folding upon and following translation. As we used
DDM for solubilization, a fairly stable condition for melanopsin according to earlier
reports (Matsuyama et al., 2012;Terakita et al., 2008), we first investigated the
effect of a variety of biological and chemical chaperones, that were reported to
enhance functional and/or total expression of recombinant membrane proteins in
several expression systems. Most chaperones, single or in combination, had little
effect on the expression level of melanopsin-L, sometimes even reducing it (Figure
3.2). The major exception was DMSO that by itself enhanced expression levels up to
three-fold. The impact of DMSO on cellular structures and metabolism is complex
(Yu and Quinn, 1994), and the mechanism involved in enhancing recombinant protein production is not very well understood (André et al., 2006;Chang et al., 2004).
A study in S. cerevisiae (Murata et al., 2003) showed that DMSO treatment leads to
membrane proliferation and affects membrane integrity in yeast. Thus, DMSO may
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enhance the membrane pool for membrane proteins and/or increase membrane
dynamics (Maurice et al., 2011) and/or influence genetic factors that control the
rate of membrane protein translation and folding. The second best condition in
stimulating melanopsin-L expression was the combination of glycerol and 11-cis
retinal (Figure 3.2), two chemical chaperones that individually had no significant
effect. Glycerol is a recognized stabilizer of protein tertiary structure and possibly
folding intermediates (Sousa, 1995;Ulloa-Aguirre et al., 2004), while the presence
of ligand can increase the production of intact recombinant protein, as not only
reported for melanopsin (Giesbers et al., 2008;Matsuyama et al., 2012;Melyan et
al., 2005;Panda et al., 2005;Qiu et al., 2005) but for GPCRs in general (André et
al., 2006). Why only the combination of these chaperones had a stimulatory effect
is presently unexplained, in particular since it still did not result in a detectable
absorbance band around 500 nm after solubilization of cellular membranes with
DDM. The combination of ß-arrestin and 11-cis retinal with DMSO also showed
a significant stimulatory effect, but this was presumably mainly the influence of
DMSO.
The negative effect of the ß-arrestins at higher expression level, upon
melanopsin-L expression (Figure 3.2) is surprising, considering earlier reports that
co-expression of mouse as well as chicken melanopsins with ß-arrestins in Xenopus
oocytes leads to large and consistent photocurrents (Panda et al., 2005;Torii et al.,
2007). ß-Arrestins can also target GPCRs for lysosomal or proteasomal degradation
(Maurice et al., 2011;Pan et al., 2003) and possibly this is the preferred pathway for
recombinant mammalian melanopsin in insect cells, in particular when its folding
is slow or incomplete.
Taken this all together, the presence of any chaperone did still not result in a
detectable photosensitive absorbance band around 500 nm after solubilization in
DDM. Hence, our next effort was to screen detergents for optimal solubilization
and purification of recombinant melanopsin-L.
Screening of detergents for solubilization of recombinant melanopsin-L
We set out to test the efficacy of a number of detergents or detergent mixtures in
solubilizing melanopsin-L. Detergents were selected on the basis of our experience
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with visual pigments (e.g.(DeGrip, 1982b)) and literature data on GPCRs (e.g.(Eifler
et al., 2007;Grisshammer, 2009)). DPC turned out to be most effective in solubilizing melanopsin-L. This detergent indeed is reported to efficiently solubilize hydrophobic and amphipathic α-helices (Beswick et al., 1999;Soulie et al., 1999) and has
been used in quite a few GPCR studies (Cook et al., 2008;Eifler et al., 2007;Ren
et al., 2009). However, following solubilization and purification of melanopsin-L
in DPC, we did not detect any light-sensitive absorbance band in the 450-550 nm
region. This suggests that DPC destabilizes melanopsin-L upon solubilization, which
would agree with the reported poor detergent stability of Amphioxus melanopsin
(Terakita et al., 2008) and invertebrate visual pigments in general (Höglund et al.,
1973). Consequently, we resorted to the second best options, solubilizing 20-30 %
of the expressed melanopsin-L using mild detergents such as ASB-14-4 and DDM in
combination with DPC and DHPC.
We also tested some reportedly stabilizing additives such as NaCl (0.5M),
arginine (50 mM), glutamine (50mM) and cholesterol hemisuccinate (CHS) (0.2%
w/v), but neither of these did specifically result in higher yields of solubilized
melanopsin-L (data not shown).
A striking observation was the poor extraction of melanopsin-L with DDM and
CHAPS, detergents that were successfully employed in solubilizing C-terminally
truncated melanopsin (Matsuyama et al., 2012;Terakita et al., 2008). One possible
explanation could be that the large C-terminal tail of melanopsin-L strongly interacts with other components or perturbs the micellar structure. However, we consider it more likely that most of the melanopsin may be present as the apoprotein,
due to intrinsic poor uptake of free ligand and/or to suboptimal folding. The retinal
apoproteins (“opsins”) are notoriously less stable in detergent micelles than the
holoproteins (e.g.(Eifler et al., 2007) ), and have a tendency to aggregate in mild
detergents. For instance, upon solubilization of visual rhodopsin, produced with
the baculovirus-insect cell system, by means of DDM or NG most of the apoprotein
stays behind in the pellet (Bovee-Geurts and DeGrip, unpublished).
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Purification of melanopsin-L
Being able to produce mg quantities of full-length melanopsin-L, the next step is
to achieve sufficient purification. In view of melanopsin-L taking up < 0.5 % (w/w)
of the membrane protein population in the insect cells and of the instability of
melanopsin in a micellar environment, this requires a rapid high-affinity procedure
that can easily be scaled up. IMAC in combination with a his tag satisfies these
conditions (e.g.(Klaassen et al., 1999)). This approach worked satisfactorily and
yielded comparable results, irrespective of the culture conditions (with or without
chaperones) and the detergent (mixture) used for solubilisation. During purification the same triad band pattern was conserved that was observed in the original
membrane fraction, consisting of two closely migrating major bands at 57± 5 kD,
and a minor band at 50 ±5 kD (see above). Based upon protein staining, these
three bands together account for ≥ 70% of the total protein in the purified fraction,
which entails a satisfactory purification factor of several hundred-fold. The recovery is problematic, since the 20% of the extracted melanopsin-L that is recovered
in the purified fraction, accounts for only 2.5 % of the original content in the cellular membrane fraction (Table 3.1). Still, this opens the way to production in the
baculovirus/insect cell system of adequate quantities of purified melanopsin for
functional studies, provided the purified protein would be fully functional.
However, the second enigma we encountered was the low level of functional
protein, as represented by an absorbance band around 500 nm in the purified fraction. Based on a molar absorbance similar to that of squid rhodopsin (35,000 M-1.
cm-1(Suzuki et al., 1976)), the percentage of spectrally intact melanopsin varied in
the purified fraction from not detectable to approximately 10 %.
Presumably, both symptoms, low recovery and low level of functional protein,
originate from poor uptake of the ligand 11-cis retinal, resulting in a high level
of apoprotein that is much less stable in detergent micelles. The poor uptake of
free ligand may be due to incomplete folding and/or to an intrinsic property of an
invertebrate-like opsin (Hara and Hara, 1991;Höglund et al., 1973). If incomplete
folding would be the major factor, we would expect that this at least partly could
be remedied by employing chaperones. For instance, the presence of ligand (9cis, 11-cis or all-trans retinal) has been reported to enhance the photo-activity of
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melanopsin expressed in mammalian cell lines (Giesbers et al., 2008;Matsuyama
et al., 2012;Melyan et al., 2005;Panda et al., 2005;Qiu et al., 2005), as does coexpression with ß-arrestins in Xenopus oocytes (Panda et al., 2005;Torii et al.,
2007). Furthermore, folding and targeting of visual pigments can be enhanced
upon co-expression with the chaperones ninaA or calnexin (Baker et al., 1994;Ferreira et al., 1996;Noorwez et al., 2009). However, neither of these or any other of
the chaperones we tested did significantly and consistently increase the level of
holo-melanopsin-L. It might be an option to search for more specific chaperones,
e.g. possibly operating in the ipRGCs. On the other hand, 50-70 % of the expressed
melanopsin-L is N-glycosylated, which in the baculovirus-insect cell system usually
is equivalent to correct folding (DeCaluwé and DeGrip, 1996;Janssen et al., 1991).
Hence, we postulate that the major problem lies in poor uptake of free ligand. In
fact, in the cephalopod photoreceptor cell 11-cis retinal is provided to the visual
opsin by a relay system consisting of retinochrome, a photo-isomerase producing
11-cis retinal from all-trans retinal, and a specialized retinal-binding protein (RALBP)
that takes up 11-cis retinal from retinochrome and shuttles it to opsin (Ozaki et al.,
1987;Terakita et al., 1989). Since multi-protein co-expression is easily established
in the baculovirus expression system (Fitzgerald et al., 2006), this seems the best
option in further trials to improve large-scale functional expression of melanopsinL. The spectral properties of melanopsin still are a matter of debate (Hankins et al.,
2008). Although our data are not very specific, they are consistent with a maximal
absorbance around 480 nm and a significant red-shift upon photoconversion to
metamelanopsin.
Posttranslational modification
Proteins can be subject to a variety of posttranslational modifications (disulfide
bridge formation, methylation, acetylation, targeted proteolysis, N- and O-glycosylation, thiopalmitoylation, phosphorylation, ubiquitination, sumoylationa.o.),
that are involved in a variety of processes like quality-control in the endoplasmic
reticulum, targeting, complex formation, signal transduction and modulation,
stabilization and degradation. Insect cell lines can also execute such modifications,
except that N-glycosylation mostly involves simpler oligomannose chains (Horst-
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meyer et al., 1996;Jarvis et al., 1998;Okamoto et al., 1997). Visual pigments are Nglycosylated in their extracellular N-terminus, which is not a functionally relevant
modification, but probably a stabilizing factor (Kaushal et al., 1994;Tam and Moritz,
2009;Zhu et al., 2004). A similar role was recently inferred for two glycosylation sites
in rat melanopsin (Fahrenkrug et al., 2009). Mouse melanopsin-L contains two corresponding glycosylation consensus sequences within its extracellular N-terminal
domain (Asn30-Gly-Thr and Asn34-Ser-Val). Via treatment of purified melanopsin-L
with N-glycosidase F, in combination with LC-MS analysis, we could demonstrate
that the upper band of the melanopsin triad is glycosylated at both sites and that
the two lower bands are not glycosylated. This explains the difference in apparent
Mw between the upper and the middle band.
Visual pigments are usually also thiopalmitoylated, which anchors a short Cterminal helical segment to the membrane (Ovchinnikov et al., 1988;Palczewski et
al., 2000). This probably has a stabilizing function as well (Maeda et al., 2010). In
fact, rhodopsin produced in the baculovirus system is thiopalmitoylated (DeCaluwé
and DeGrip, 1996). Melanopsin-L contains several cysteine residues in its large Cterminal domain, of which Cys-364 probably corresponds to the thiopalmitoylated
residues in visual pigments. The peptide containing this residue (Val356 - Arg375)
was identified in our LC-MS analysis (Figure 3.6), but no evidence was found for
palmitoylation in any of the triad bands. Furthermore, mouse melanopsin was
reported to be phosphorylated in its C-terminal by a GR-kinase and on Thr-186 and
Ser-287 by protein kinase A (Blasic, Jr. et al., 2012a;Blasic, Jr. et al., 2012b). Our
LC-MS-identified peptides covered some serine and threonine residues in the Cterminal, as well as Ser-287 (Figure 3.6), but also here we did not find evidence for
modification. Since phosphorylation probably is triggered upon photo-activation, it
is possible that we would not detect this modification because of the low level of
holo-melanopsin. On the other hand, Thr-186 and most of the C-terminally located
serine and threonine residues were not covered by the peptides we identified.
Finally, we did not yet search for O-glycosylation, but it was reported that octopus rhodopsin is O-glycosylated at two N-terminal sites (Nakagawa et al., 2001).
Further analysis combined with a higher coverage of the melanopsin-L sequence
with LC-MS introduced peptides, using the approach reported elsewhere (Sansuk
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et al., 2008), may detect further modifications explaining the different migration
of the middle band of the triad and the lower band. In conclusion, we successfully
expressed his-tagged full length mouse melanopsin-L using the baculovirus expression system. Immunoblot analysis revealed a triad band pattern, consisting of two
closely migrating major bands at 57± 5 kD, and a minor band at 50 ±5 kD. All bands
represent full-length melanopsin-L. The upper band accounts for 50-70% of the
triad protein content and is N-glycosylated at Asn-30 and Asn-34. The expression
level of melanopsin-L ranged between 2-5 mg/L culture volume. Out of a variety
of chemical and biological chaperones tested, only DMSO significantly enhanced
the total expression level, whereas ß-arrestins had a surprisingly strong inhibitory
effect. None of the tested conditions resulted in a consistently detectable photosensitive absorbance band around 500 nm after solubilization in the mild detergent
DDM. Better solubilization was achieved with DPC, ASB-14-4 or combinations of
DDM with DPC or DHPC. Purification of the recombinant melanopsin-L using IMAC
yielded fractions containing at least 70 % melanopsin-L on a protein basis. However,
the recovery of melanopsin is quite low after purification (2.5 ± 1.9%) resulting in a
yield of purified protein of about 0.13 mg/L. The yield of spectrally intact protein is
even lower, maximally 10% of the purified protein, which we currently impute to a
combination of incomplete folding and poor uptake of free ligand.
To our knowledge this is the first report on production and purification of fulllength mouse melanopsin-L at a scale that can easily be further put up. The next
step should investigate stabilization of the protein either by co-expression with a
specialized chaperone and/or with ligand-bearing RALBP. Large-scale production
of functional melanopsin-L then will trail-blaze the much-awaited unraveling of its
structural and functional properties.
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The skillful wise man,
Needs two lives in this world:
One to learn
The other to put it into practice.
(Sa’adi)

ﻣرد خردﻣند هنرپيشه را
عمر دو باﻳست در اﻳن روزگار
،با ﻳﻜى آن تجربه آﻣوختى
با دﻳگرى تجربه بردى به كار
)(سعدى
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ABSTRACT
Melanopsin, a non-visual photopigment of specialized mammalian retinal ganglion
cells, is a member of the GPCR superfamily. Unlike the vertebrate visual pigments,
melanopsins contain a very long C terminal tail that most likely is involved in
protein-protein interactions that modulate downstream signaling and/or contact a
signalosome scaffold. However, purification of recombinant melanopsins was only
successful after truncation of this C-terminal (Terakita et al 2008; Matsuyama et al
2012). Here we report construction and large scale production of a chimeric receptor (Rho-C-Mel) where the C terminal of bovine rhodopsin is exchanged for that of
mouse melanopsin-L. Using the baculovirus expression system, we obtained expression levels of Rho-C-Mel, that varied between 10-20 pmol/106 cells, equivalent
to 2-3 mg/L. Partial purification was achieved applying affinity chromatography
over Concanavalin A-Sepharose. The chimera shows the characteristic photosensitive absorbance band of rhodopsin around 500 nm. To allow high-level purification
over a Ni2+matrix we extended the C terminal of Rho-C-Mel with a His-tag and
already accomplished production of Rho-C-Mel_His in insect cells using recombinant baculovirus.
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Introduction
GPCRs interact not only with heterotrimeric G proteins, protein kinases and arrestins, but can also hetero- or homo-dimerize and interact with accessory proteins
called GPCR interacting proteins (GIP). These proteins are implicated in various
functions such as targeting of a GPCR to specific subcellular compartments, assembly of these receptors into large functional complexes, control of their trafficking to
and from the plasma membrane as well as fine tuning of their signaling properties
(Bockaert et al., 2004b;Gavarini et al., 2004). In particular the C terminal region of
GPCRs is important in these regulatory processes and contains specific binding motifs which can be subject to posttranslational modification such as phosphorylation
and palmitoylation and are involved in specific protein-protein interactions. With
several proteomic- and genomic based approaches, many of these GIPs have been
identified for several GPCRs (Bockaert et al., 2004a;Gavarini et al., 2004;Maurice
et al., 2008).
Opsins, which mediate light-dependent physiological processes, are among
the most extensively members of the GPCR family. Melanopsin, a member
of the opsin sub-family, is primarily responsible for non-image forming light
responses including circadian entrainment, pupil constriction, suppression of
pineal melatonin synthesis and direct photic regulation of sleep (Altimus et al.,
2008;Berson et al., 2002;Lucas et al., 2003;Panda et al., 2003;Ruby et al., 2002).
Like the visual pigments, melanopsin has a predicted topology of an extracellular
amino terminus and seven transmembrane segments (Figure 1.8), but in contrast
to vertebrate visual pigments, melanopsins harbor a very long cytoplasmic tail,
which for instance contains 14 potential phosphorylation sites (Blasic, Jr. et al.,
2014b;Provencio et al., 1998). In fact, melanopsin has greater sequence similarity
to rhabdomeric opsins (Bellingham et al., 2002;Provencio et al., 1998) and, also
in contrast to the visual opsins, shows large interspecies differences in size and
sequence of the N – and C terminal tails (Bellingham et al., 2002). In addition,
it has recently been shown that a long and a short splice variant of melanopsin,
mainly differing in the length of their C terminals, are differentially expressed in the
mammalian retina (Pires et al., 2009). Functional studies in recombinant systems in
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fact suggest a downstream signaling cascade that bears more similarities with the
rhabdomeric opsins (Melyan et al., 2005;Panda et al., 2005;Qiu et al., 2005). Many
studies suggest that melanopsin interacts with a Gq/G11 -type G protein leading to
activation of phospholipase C (PLC) and subsequent opening of IP3 or transient
receptor potential gated Ca2+channels (TRPs), resulting in depolarization of the cell
membrane (Giesbers et al., 2008;Koyanagi et al., 2005;Panda et al., 2005;Qiu et
al., 2005). Recent gene profiling and pharmacological studies also put downstream
protein kinases (C zeta and ERK1/2) somewhere in the signaling cascade(s) triggered by melanopsin activation (Moldrup et al., 2010;Peirson et al., 2007). Other
functional studies in recombinant systems show that the melanopsin signal can be
quenched when its C-terminal tail is phosphorylated (Blasic, Jr. et al., 2012a;Blasic,
Jr. et al., 2012b;Blasic, Jr. et al., 2014b;Cameron and Robinson, 2014). Despite the
advance in the field of proteomics, genomics and protein identification methods by
mass spectrometry, the characterization of GIPs is still in its infancy. In the case of
melanopsins, very little progress has been gained so far in identifying proteins interacting with their C terminal part. This is due to low natural abundance, and poor
expression and/or purification of functional recombinant full-length melanopsin
(Matsuyama et al., 2012;Terakita et al., 1989). A possible short-cut would be to
construct a chimeric protein where the C terminal of rhodopsin is exchanged for
that of melanopsin. Here we demonstrate that this is feasible for the C terminal
tail of mouse melanopsin-L, and the construct will be named Rho-C-Mel for short.
We use bovine rhodopsin for this purpose, since it has been extensively structurally and functionally characterized, can be photo-activated probably very similar
to melanopsin, and the recombinant protein can be easily purified with retention
of spectral and other functional properties. Vertebrate visual opsins can be easily
heterologously expressed in the baculovirus/ insect expression system yielding
functional expression levels up to 5 mg/L cell culture (Janssen et al., 1995;Klaassen
et al., 1999). Subsequently, they can be easily purified using his-tag based affinity
chromatography and reconstituted into a lipid environment (proteoliposomes or
MSP-nanodiscs). Here we report construction, expression using recombinant baculovirus, large-scale production and purification of the chimeric protein Rho-C-Mel.
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Materials and Methods
Materials
Leupeptin was obtained from MP Biomedicals, CA, USA. Grace’s insect medium
and Insect-Xpress medium were obtained from Lonza, USA. Mouse anti tetra-His
tag monoclonal antibody was obtained from Qiagen, Hilden, Germany. The goat
anti-rabbit (IR Dye®700 CW) and goat anti-mouse (IR Dye®800 CW) secondary
antibodies were obtained from Li-Cor biosciences, U.S.A. The polyclonal antibody
CERN922 was raised against Con-A purified bovine rhodopsin in rabbits as described (DeGrip, 1985;Foster et al., 1993). Penicillin and streptomycin were from
Gibco-BRL (Breda, The Netherlands). Concanavalin A-Sepharose was from Pharmacia, Uppsala, Sweden. 11-cis retinal was a generous gift from Dr. Rosalie Crouch.
n-Dodecyl-β-D-maltoside (DDM) was obtained from Serva Electrophoresis GmbH
(Heidelberg, Germany). The pAcGP67 vector and baculogold recombination system
were obtained from BD Biosciences, Belgium, and the pFastBacDual vector and
Bac-to-Bac recombination system from Life Technologies, Breda, the Netherlands.
Buffer A: 20 mM Bis/Tris propane, 5 mM MgCl2, 1 mM dithioerythritol (DTE), 1
mM benzamidine and 5 µM leupeptin (pH 7.6). Buffer B: 20 mM Bis/Tris propane,
1 M NaCl, 1 mM histidine, 5 μM leupeptin (pH 7.2). Buffer C: 20 mM Pipes [piperazine-N,N’-bis(2-ethanesulfonic acid)], 0.1 mM EDTA, 10 mM KCl, 3 mMMgCl2, 2
mM CaCl2 (pH 6.5)
Methods
Expression construct: Two procedures have been followed to construct a chimeric
protein, where the C terminus of rhodopsin is sequentially substituted for the corresponding C terminus of mouse melanopsin-L (Figure 1.8, Figure 4.1). The first
procedure uses the C terminus of melanopsin without any tag (residues 354-521)
which was isolated from a pCRII-topo vector (kindly provided by dr. Iggy. Provencio,
University of Virginia). The second procedure involves the isolation of a deca-His
tagged C terminus of melanopsin-L from the pAcGP67mel-His vector (ShirzadWasei et al., 2013). Every cloning step was checked by means of comprehensive
restriction analysis.
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A BamH1/EcoR1 cDNA fragment of 1026 bp including the coding sequence for
the C terminal region of melanopsin was isolated from pCRII-Topo. The C terminal
region of melanopsin-His was isolated as a 1062 bp BamH1/EcoR1 fragment from
pAcGP67mel-His.
The melanopsin fragments were subcloned into BamH1/EcoR1 digested
pBluescript SK(-). After ligation of this fragment, the pBluescript SK(-)-Mel product
contains only two Tat1 sites, one in the vector backbone and one in the melanopsin
fragment . The latter is located at the beginning of the C terminus of melanopsin-L.
A Tat1/EcoR1 digestion is used to isolate the C terminus from pBluescript SK (-).
A synthetic cDNA fragment containing the bovine opsin sequence, which
consists of 1089 bp, was isolated from pAcGP67-ops (Shirzad-Wasei et al., 2015)
by digestion with BamH1/EcoR1 and also subcloned into pBluescript SK(-). Subsequently a BsrG1 site, which is compatible with Tat1, was introduced at 929 bp
downstream of the 5’ end of opsin to restrict the C terminus of opsin (residues 310348). For this mutation, two complementary 40-mer oligonucleotides (sense and
antisense) were designed with the mutation in the middle. The resulting mutant
was digested with BsrG1/EcoR1 and dephosphorylated. The resulting plasmid fragment (3874 bp) was isolated and ligated with the Tat1/EcoR1 fragment containing
the C terminus of melanopsin. The resulting chimeric Rho-C-Mel constructs were
isolated from pBluescript SK(-) using EcoR1/BamH1 digestion and purified.
The Rho-C-Mel_His fragment was then ligated into EcoR1/BamH1 digested
pFastBacDual vector downstream of the polyhedrin promoter. The Rho-C-Mel fragment was ligated into EcoR1/BamH1 digested pAcGP67 vector, also downstream
of the polyhedrin promoter. Correct insertion and sequence of Rho-C-Mel_His
in pFastBacDual and of Rho-C-Mel in pAcGP67 were verified by cycle sequence
analysis (Klaassen et al., 1999).
Production of recombinant virus: The constructed pAcGP67-Rho-C-Mel plasmid
was used to generate recombinant baculovirus by means of homologous recombination with linearized baculovirus in insect cells using the baculogold recombination system, as described in chapter three (Shirzad-Wasei et al., 2013;Shirzad-Wasei
et al., 2015).The constructed pFastBacDual Rho-C-Mel _His plasmid was used
to generate recombinant baculovirus employing the Bac-to-Bac recombination
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system based upon transposon-mediated exchange of DNA fragments in E. coli
cells, according to the manufacturer’s instructions. In brief, competent DH10Bac
Escherichia coli cells harboring the adapted baculovirus genome were transformed
with the pFastBacDual transfer vector containing Rho-C-Mel_His.
In both cases, bacmid DNA was isolated, sequenced, and transfected (Laemmli, 1970) in the S. frugiperda derived Sf9 cell line (ATCC: CRL-1711) to generate
the corresponding recombinant baculovirus. This was harvested, plaque-purified
and amplified to obtain a stock of recombinant baculovirus (Laemmli, 1970). The
baculovirus stocks were stored at 4º C.
Cell culture, infection and preparation of membranes: For recombinant
protein production, Sf9 cells were infected with recombinant baculovirus at an
approximate MOI of 0.1 in suspension culture up to 2 L volume, as described
(Klaassen and DeGrip, 2000;Shirzad-Wasei et al., 2013;Shirzad-Wasei et al., 2015).
At 4 dpi the Rho-C-Mel infected Sf9 cells were harvested by centrifugation (10 min,
3000 g, 4°C) and membranes isolated following cell disruption in a polytron. The
resulting membrane suspension was directly used for regeneration of the opsin
into rhodopsin by incubation with 11-cis retinal.
Rho-C-Mel regeneration: All subsequent manipulations were performed in the
dark or under dim red light (Schott Jena, 610 long pass filter). The Rho-C-Mel membrane suspension was incubated for 2 h at room temperature with 11-cis retinal,
added from a DMF solution to a concentration of 30 μM. Membranes were then
pelleted and stored at –80 ºC. Details are provided in chapter five (Shirzad-Wasei
et al., 2015).
Solubilization of Rho-C-Mel: The mild detergent DDM in which rhodopsin is
very stable (DeGrip, 1982b) was used to solubilize and purify Rho-C-Mel. The membrane pellet with regenerated Rho-C-Mel was resuspended in buffer B containing
20 mM DDM to a membrane density equivalent to 50 x106 cells/ml. The samples
were incubated for at least 1 h at 4°C with constant rotation. Insoluble material was
removed by centrifugation (30 min, 100 000g, 4°C). The supernatant was collected
and directly used for further purification.
Affinity chromatography over Cona A-sepharose: Con A-sepharose (0.5 ml
bead volume ) was used for batch-wise purification. The beads were washed se-
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quentially 2 times with 10 bead volumes (BV) of buffer C + 1M NaCl, 2 times with
10 BV buffer C + 5 mM DDM, 2 times 10 BV buffer C + 5 mM DDM + 12.5% isopropanol and finally again 2 times with 10 BV buffer C + 5 mM DDM. The Rho-C-Mel
extract was applied to the beads for overnight incubation under rotation at 4°C,
after which the beads were allowed to settle and the supernatant was carefully
removed. The loaded beads were then washed 3 times with 20 BV of buffer C + 5
mM DDM + 50 mM glucose. The first two times the buffer also contained 50 mM
hydroxylamine in order to convert all free and randomly bound retinal into the
free oxime. Glycoproteins bound to Con A were eluted with 2 BV using buffer C
supplemented with 5 mM DDM, 0.2 mM MnCl2 and 200 mM α-methylmannose.
The presence of Rho-C-Mel in the fractions eluted with α-methylmannose was
monitored by absorbance spectroscopy. The Rho-C-Mel protein was also identified
by immunoblotting following SDS-PAGE separation.
UV/visible spectroscopy: Spectra were recorded at ambient temperature from
250 to 700 nm on a Lambda18 spectrophotometer (Perkin-Elmer, Norwalk, CT,
USA). To quantify Rho-C-Mel, spectra were recorded before and after illumination
(30 s, Schott 470 cut-off filter) in the presence of 50 mM hydroxylamine to convert
all Rho-C-Mel photoproducts into retinaloxime (Hubbard et al., 1971). A molar
absorbance of 41,600 M-1cm-1was used to quantify the chimeric pigment (Daemen
et al., 1970;Wald, 1968)
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Figure 4.1. Schematic representation of the construction of the Rho-C-Mel and Rho-C-Mel_
His transfer vectors.
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Immunoblot Analysis: Membrane samples and fractions eluted from the ConAmatrix were mixed with SDS-buffer solution, separated on SDS gels containing
12.5% acryl amide and transferred to a nitrocellulose membrane as described before (Laemmli, 1970;Shirzad-Wasei et al., 2013). For the primary antibody reaction,
the Rho-C-Mel_His samples were incubated with mouse anti-his-tag monoclonal
antibody and the Rho-C-Mel samples were incubated with polyclonal CERN922
rabbit anti-bovine rhodopsin. Subsequently, goat anti-mouse (IR Dye® 800 CW)
antibody or goat anti-rabbit (IR Dye® 700 CW) antibody was used as the secondary
antibody and the blots were finally scanned with the Odyssey imaging system (LiCor Biosciences, USA).

Results
Construction of the chimeric protein
For expression of Rho-C-Mel(-His) in insect cells we created the chimeric constructs
shown in Figure 4.1. The Rho-C-Mel construct contains an in-frame fusion of bovine opsin without its C terminus (residues 1-309) with the C terminus of mouse
melanopsin-L (residues 354-521) without a tag. The construct is directionally
ligated as EcoR1/BamH1 fragment into the baculovirus transfer vector pAcGP67
(Shirzad-Wasei et al., 2013). The protein expression in this vector is driven by
the strong polyhedrin promoter. Rho-C-Mel, containing the C-terminal of mouse
melanopsin-L starting from residue 309 of bovine opsin, is a protein of 458 residues, somewhat shorter than mouse melanopsin-L (521 residues). Rho-C-Mel lacks
the C-terminal tail of bovine opsin (310-348), which was truncated just before the
start of the 8th helical fragment.
Expression and production of Rho-C-Mel in Sf9 cells
Recombinant baculovirus encoding Rho-C-Mel was used to infect Sf9 cells at a
MOI of 0.1. The expression of Rho-C-Mel was monitored by analyzing membranes
isolated from the Sf9 cells by SDS-PAGE and probing the gels by immunoblotting
with the polyclonal anti-Rho serum CERN922 (Figure 4.2). Calibrated amounts of
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purified recombinant bovine his-tagged rhodopsin (Klaassen et al., 1999) were applied as an internal standard. The immunostaining clearly demonstrates that the
Rho-C-Mel protein is expressed and migrates with the expected molecular weight
of approximately 53 kDa. Production of Rho-C-Mel was maximal at 3-4 days post
infection and this level subsequently decreased slightly. This time course is typical
for genes under control of the polyhedrin promoter. The expression level of Rho-CMel ranged between 10-20 pmol/106 cells, equivalent to 2-3 mg/L culture, which
is in the same range as the visual pigments produced in this system (Bosman et
al., 2003;Janssen et al., 1995;Klaassen and DeGrip, 2000;Vissers et al., 1998).To
further characterize this Rho-C-Mel chimera we set out to purify the protein and
eventually reconstitute it into a proper lipid environment.

Figure 4.2. Western blot detection of Rho-C-Mel expression
in Sf9 cells.
The blot was screened with the polyclonal CERN922 anti-bovine rhodopsin antibody. Left lane presents calibration proteins (Mw in kDa). Lane 1 represents the membrane fraction
of Sf9

Purification of Rho-C-Mel
For proper spectral and functional studies the Rho-C-Mel apoprotein should be
able to recombine with 11-cis retinal in order to generate a photosensitive pigment
(DeGrip, 1982a;Wald, 1968). Similar to bovine opsin this was accomplished using a
crude membrane fraction isolated from a large-scale culture of Sf9 cells, harvested
4 days post-infection, by incubation with 11-cis retinal at a final concentration of
30 μM. This reaction was completed at room temperature (RT) within 60 min.
Subsequently, hydroxylamine was added to 50 mM final concentration to convert
excess retinal into the chemically more stable retinaloxime (Groenendijk et al.,
1980;Wald, 1968).
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Considering that DDM is a relatively mild detergent, that maintains a relatively
high thermal stability (DeGrip, 1982a) and is a good extractant for rhodopsin (Klaassen et al., 1999), we selected this detergent for solubilization of Rho-C-Mel. At a
membrane suspension of relatively low density (equivalent to 50 x 106cells/ml) a
moderate concentration of DDM (20 mM) was used and the mixture incubated for
at least 1 h at 4 °C. Spectral analysis of these extracts hinted that indeed a photosensitive pigment was present, hence further purification was warranted. Since the
common affinity purification methodology for recombinant rhodopsin (Ni2+ matrix
or 1D4 antibody matrix) cannot be applied to Rho-C-Mel, we decided to exploit
the fact that recombinant rhodopsin is also manno-glycosylated (DeCaluwé et
al., 1993). The simple and inexpensive technique of affinity chromatography over
Concanavalin A-Sepharose (ConA) works very well for native rhodopsin (DeGrip et
al., 1980;DeGrip, 1982a), but is less effective for recombinant rhodopsin because
of the abundance of host membrane glycoproteins. Nevertheless, spectral properties can be very well determined in the eluted fraction (DeCaluwé et al., 1993)
and we made the same observation for Rho-C-Mel. After elution with methyl -α-Dmannopyranoside, fractions were obtained with the typical absorbance spectrum
depicted in Figure 4.3 (curve 1). This shows the characteristic absorbance band
of rhodopsin around 500 nm, which upon illumination in the presence of hydroxylamine is converted to a band at 365 nm ( Figure 4.3, curve 2), representing the
liberated retinal as the oxime derivative (Wald, 1968). Hence, this unequivocally
demonstrates that a photosensitive retinal-based pigment has been generated. The
two other absorbance bands in curve 1 peaking near 280 and 365 nm represent the
total protein population in the Rho-C-Mel fraction recovered from the ConA matrix
and excess retinal, respectively. Previously, most of the excess retinaloxime could
be removed by extensive washing the column with 50 mM glucose prior to elution
(DeCaluwé et al., 1993), but we chose to avoid excessive loss of pigment and hence
a relatively large amount of residual retinaloxime was retained.
Rhodopsin’s chromophore, 11-cis retinal, is covalently bound to the apoprotein
opsin, via a protonated Schiff base to Lys296 on helix 7. It is theoretically very
unlikely that the C terminal of rhodopsin is involved in modulating its spectral properties. In fact, proteolytic removal of its C terminal does not affect its absorbance
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band or photochemical cascade (DeGrip et al., 1985). Hence, it is to be expected
that exchange for the C terminal of mouse melanopsin-L will not perturb its spectral properties, either. This indeed is obvious from figure 4.3. The ratio A280/A500 in
the spectra of purified rhodopsin is an indication for the efficacy of the purification
procedure. In the purified Rho-C-Mel samples this ratio varies between 30 and 35
(inset in figure 4.3), indicating that, as anticipated, we did not achieve high-level
purification using this mode of affinity chromatography.
Now that we can show that the Rho-C-Mel construct affords a photosensitive
pigment, a higher level of purity would be desirable to allow better molecular
characterization and application in structural and functional studies. Keeping in
mind that so far there is no indication that a C terminal His-tag impairs downstream
signaling of melanopsin-L (Giesbers et al., 2008), we opted for construction of RhoC-Mel with a C-terminal 10xHis-tag, which would allow easy purification over a Ni2+
matrix, as described for recombinant rhodopsin (Janssen et al., 1995;Klaassen et
al., 1999). Cloning of His-tagged Rho-C-Mel in the pAcGP67 vector presented a variety of technical problems and eventually we decided for another transfer vector,
pFastBacDual, which has previously been utilized in the Bac-to-Bac recombination
system for expression of visual pigments (Janssen et al., 2000;Janssen et al., 2003).
This new construct (Figure 4.1) contains Rho-C-Mel with a 10xHis-tag inserted
in the EcoR1/BamH1 site of pFastBacDual. Protein expression with the resulting
recombinant baculovirus is driven by the strong polyhedrin promoter, as well. The
resulting chimeric protein will be further indicated as Rho-C-Mel_His.
Following infection of Sf9 cells with the recombinant Rho-C-Mel_His baculovirus, expression of Rho-C-Mel_His was analyzed by SDS-PAGE and probed with
anti-his antibody (Figure 4.4). The immunostaining clearly demonstrates that the
Rho-C-Mel_His protein is expressed and migrates with the expected molecular
weight of approximately 54 kDa. The presence of the C terminal his-tag is confirmed by the positive reaction with the antibody, which is a strong indication that
full-length Rho-C-Mel_His is produced. Production of Rho-C-Mel _His was maximal
at 3-4 days post infection and this level subsequently decreased slightly. Expression
levels, generation of a photosensitive holoprotein and efficacy of affinity purification over a Ni2+ matrix still need to be established.
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Figure 4.3. Spectral analysis of Rho-C-Mel fractions eluted from the ConA–Sepharose matrix.
UV/Vis absorbance spectrum of eluted fraction of Rho-C-Mel kept in darkness (red continuous
curve 1) displaying the typical rhodopsin band at 500 nm and excess ligand-derived retinaloxime at 365 nm. Upon illumination in the presence of 50 mM hydroxylamine (blue dashed curve
2) the band at 500 nm is converted to a band around 365 nm, representing the liberated retinal.
The inset in this figure shows a larger spectral range, including the protein band at 280 nm.

Figure 4.4. Immunoblot analysis of Rho-CMel_His expression in Sf9 cells.
The blot was screened with anti-His antibody.
Left lane represents calibration proteins (Mw
in kDa). Lane 1 represents the membrane fraction of Sf9 cells expressing Rho-C-Mel_His. The
arrow with RCM indicates the band around 54
kDa representing Rho-C-Mel_His. Lane 2 represents control membrane fractions of Sf9 cells
expressing his-tagged melanopsin-L (ShirzadWasei et al., 2013)
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Discussion
Interactions between GPCRs and associated proteins are known to involve the
intracellular loops, the transmembrane segments and the C terminal tail of GPCRs.
Next to homo- and hetero-dimerization, G-proteins and arrestins, certainly as
interesting are proteins interacting with the C terminal of the GPCRs which for
instance may serve as a scaffold for the formation of a signalosome containing
diverse effectors and clustering proteins. Such proteins can determine not only
targeting to a specific cellular compartment but also the association with other
signaling or structural proteins and can be involved in fine-tuning of signaling pathways including desensitization and resensitization (Bockaert et al., 2004a).
In the mammalian retina, melanopsin is expressed at relatively low levels in
only 1-2% of the RGCs. Such low abundance of native melanopsin strongly limits molecular characterization of this pigment. For this purpose it is essential to
overexpress melanopsin in a heterologous host and obtain a functional protein in
large quantities. Unfortunately, so far only a C-terminally truncated form could be
spectrally intact purified in still limited quantities from HEK293 cells (Matsuyama
et al., 2012;Terakita et al., 2008).
In this study we set out for a short-cut: construction, production and purification of a chimeric receptor, where the C terminal of bovine rhodopsin is exchanged
for the C terminal of mouse melanopsin-L. In this chimera, dubbed Rho-C-Mel, the
first 309 residues of rhodopsin are fused to the C terminal residues of melanopsin
(354-521). If such a chimeric receptor can be functionally produced and purified in
sufficient quantities, it would allow to probe structural and interactive properties
of the melanopsin C terminal by crystallography and fishing studies, respectively.
Here, we already have shown that with the baculovirus expression system relative large quantities of the recombinant chimeric protein can be produced, that
upon incubation with 11-cis retinal generates a photosensitive pigment with the
same spectral properties as bovine rhodopsin. The chimera can be stably and with
good recovery solubilized from the host membrane with the mild detergent DDM
and remains stable in the dark towards 50 mM hydroxylamine. Purification of the
untagged Rho-C-Mel is less straightforward, since a selective antibody allowing
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immuno-affinity chromatography is not yet available. We exploited the posttranslational modification of rhodopsin, N-glycosylation at Asn-2 and Asn-15, to achieve
partial purification over the immobilized lectin Concanavalin A (DeCaluwé et al.,
1993). High-level purification with good recovery or pull-down assays is problematic with this approach due to the abundance of membrane glycoproteins in the
host cell. Hence, we subsequently decided to extend the C terminal of Rho-C-Mel
with a His-tag, since evidence so far suggests that this does not interfere with
downstream signaling (Giesbers et al., 2008).
Histidine tagging in combination with immobilized metal affinity chromatography allows rapid and extensive purification of recombinant bovine rhodopsin
and melanopsin-L (Janssen et al., 1995;Klaassen et al., 1999;Shirzad-Wasei et al.,
2013). So far, we have been able to show that Rho-C-Mel_His can be produced in
insect cells using recombinant baculovirus (Figure 4.4). Production can be easily
scaled up to culture volumes of 5-10 L, allowing large-scale purification. This will
give access to a variety of approaches to characterize the C-terminus of mouse
melanopsin-L structurally as well as functionally as shown for other membrane
proteins (e.g. Daulat et al., 2009; Gavarini et al., 2004; Maurice et al., 2008; Stagljar
and Fields, 2002). One such approach would be to identify proteins interacting with
the C-terminus of melanopsin for instance by a proteomic analysis combining a pull
down assay with affinity chromatography, mass spectrometry (MS) and SDS-PAGE.
Rho-C-Mel_His can be used as “bait” and captured by IMAC. Lysate of cultured
ganglion cells or even whole retina lysate can be used as “prey”. The his-tagged
complex can be eluted from the IMAC matrix and analyzed by SDS-PAGE and LCMS. This can be expanded to analyzing the effect of dark phosphorylation (Blasic,
Jr. et al., 2012a), of photo-activation and of photo-phosphorylation.
Further, crystallographic studies can be initiated based upon crystallization conditions established for rhodopsin (Li et al., 2004;Palczewski et al., 2000;Standfuss et
al., 2007). Establishing the 3-D structure of the C terminus of mouse melanopsin-L
would already be an important step forward. Even more exciting avenues would
then become accessible, like using a constitutively active rhodopsin mutant like
N2C/M257Y/D282C that forms a quite stable activated state (Maeda et al., 2014),
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as the Rho-part of Rho-C-Mel_His, aiming at crystallizing complexes of activated
Rho-C-Mel_His with signaling partners.
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Wisdom is
The sight of the soul,
No sight,
No joy of life!
(Firdawsi)

خرد چشم ﺟان است چون بنگرى
تو بى چشم شادان ﺟهان نسپرى
)(فردوسى
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ABSTRACT
Structural and functional characterization of integral membrane proteins in a
bilayer environment is strongly hampered by the requirement of detergents for
solubilization and subsequent purification, since detergents commonly affect
their structure and/or activity. Here we describe a rapid procedure with minimal
exposure to detergent to directly assemble an overexpressed integral membrane
protein into soluble lipid nanodiscs prior to purification. This is exemplified with
recombinant his-tagged rhodopsin, which is rapidly extracted from its host membrane and directly assembled into membrane scaffold protein (MSP) nanodiscs.
We further demonstrate that, even when the MSP was his-tagged as well, partial
purification of the rhodopsin-nanodiscs could be achieved exploiting immobilizedmetal chromatography. Recoveries of rhodopsin up to 80% were achieved in the
thus purified nanodisc fraction. Over 95% of contaminating membrane protein and
his-tagged MSP could be removed from the rhodopsin-nanodiscs using a single
Ni2+-affinity chromatography step. This level of purification is amply sufficient for
functional studies. We provide evidence that the thus obtained rhodopsin-nanodisc
preparations are fully functional both photochemically and in their ability to bind
the cognate G-protein.
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Introduction
Membrane proteins are involved in numerous biological processes, such as
transport, signal transduction, and a variety of metabolic pathways. Up to 30%
of the human proteome consists of integral membrane proteins (Wallin and VonHeijne, 1998), and these account for approximately half of all currently marketed
therapeutic targets (Wishart et al., 2006). Despite their crucial biological relevance,
relatively little is known in detail about their molecular mechanism and interaction
patterns. An important bottleneck is the requirement of membrane proteins for a
native-like membrane environment to maintain their correct structural folding and
flexibility, and thereby their physiological function.
Unfortunately, for most membrane proteins, studies of structure and function
are limited due to either low expression levels and/or the absence of a simple
and reproducible procedure for isolating these proteins in a monodisperse form
that maintains their native structure. In the first purification step, membrane
proteins commonly undergo solubilization with detergents, which nearly always
destabilize these proteins and strongly affect their activity (Gohon and Popot,
2003;Zhou and Cross, 2013;Zoonens et al., 2013). The micellar environment, although amphipathic, will by itself destabilize the protein structure. Further, specific
lipids that are essential for stability and/or activity may be lost during purification
(DeGrip, 1982b;DeGrip and Daemen, 1982;Rosenbusch, 2001). Recently, studies
have emerged that use small styrene-malic acid copolymers (SMA) for extracting
integral membrane proteins from their natural cellular membrane. This eliminates
a detergent solubilization step (Jamshad et al., 2011;Long et al., 2013;OrwickRydmark et al., 2012). The resulting complexes retain functional properties and
can be readily purified by affinity chromatography. However, this approach has a
restricted pH range, the copolymer is highly negatively charged and the membrane
protein is surrounded by only a limited number of lipid molecules (Gulati et al.,
2014;Swainsbury et al., 2014).
Here, we present an alternative versatile approach exploiting the potential of
“membrane scaffold protein” (MSP) nanodiscs. This allows to extract integral membrane proteins from cellular membranes under minimal exposure to detergent,
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and to purify them in a preferentially monodisperse, stable state that maintains an
amphipathic environment optimally preserving their structure and activity.
Over the last decade, elegant technology has been developed reconstituting
integral membrane proteins into a soluble discoidal phospholipid bilayer environment confined by two copies of a genetically engineered MSP, termed nanodiscs
(Bayburt et al., 2002;Bayburt et al., 2006;Marty et al., 2013;Ritchie et al., 2009).
These nanodiscs have diameters ranging from 9.5 nm (nanodiscs) to 30 nm (macrodiscs) (Chromy et al., 2007;Park et al., 2011) and provide a native-like environment
surrounding the hydrophobic domains of the membrane proteins. They exhibit
high stability in a detergent-free aqueous solution, and allow standard chromatographical procedures for protein purification (Banerjee et al., 2008;Bayburt et
al., 2007;Blanchette et al., 2009;Ritchie et al., 2009;Whorton et al., 2007). The
nanodisc technology has enabled biochemical and biophysical studies of a variety
of membrane proteins (Banerjee et al., 2008;Bayburt et al., 2006;Boldog et al.,
2006;Leitz et al., 2006;Pandit et al., 2011;Whorton et al., 2007), and membrane
bound enzymes (Civjan et al., 2003;Denisov and Sligar, 2011). However, in almost
all studies the target proteins were purified using detergents before incorporation
into nanodiscs. Only in a single early study, N-terminally anchored CYP was assembled into nanodiscs prior to purification (Civjan et al., 2003).
In this report we describe the first study in which an integral membrane protein
is extracted from its host membrane and directly assembled into MSP nanodiscs.
The nanodiscs with the target protein can subsequently be purified e.g. by affinity
chromatography (Figure 5.1, panel B). This strongly minimizes exposure to detergents, and the resulting preparation retains full functional activity. The particular
protein we selected is rhodopsin, the visual pigment of the vertebrate rod photoreceptor cell, an established paradigm for the G protein-coupled receptor (GPCR)
family. Rhodopsin folds into the membrane-spanning seven-helical bundle typical
of GPCRs. Its ligand and chromophore, 11-cis retinal, is covalently bound to Lys-296
in helix VII via a protonated Schiff-base linkage (Palczewski et al., 2000;Wald, 1968).
The presented approach is amenable to any membrane protein, and in particular useful for those proteins that are susceptible to perturbation by detergents. We
further demonstrate that, even when his-tagged MSPs are employed for nanodisc
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formation, a single Immobilized Metal Affinity Chromatography (IMAC) purification
step can already isolate the his-tagged target-protein containing nanodiscs from
most of the contaminating nanodisc population.

Materials and Methods
Materials
Penicillin and streptomycin were from Gibco-BRL (Breda, The Netherlands).
Leupeptin was obtained from MP Biomedicals (CA, USA), heptakis (2,6-di-Omethyl)-β-cyclodextrin (β-cyclodextrin) and asolectin from Sigma-Aldrich Co (St.
Louis, MO USA) and Grace’s and Insect-Xpress insect media from Lonza (Breda,
The Netherlands). 11-cis retinal was a generous gift from Dr. Rosalie Crouch (Medical University of South Carolina, Charleston, USA) through financial support from
NEI. n-Dodecyl-β-D-maltoside (DDM) and n-nonyl-β-glucoside (NG) were obtained
from Serva Electrophoresis GmbH (Heidelberg, Germany). The plasmid for ZAP1
(Banerjee et al., 2008) was provided by Dr. Thomas Sakmar (The Rockefeller University, New York, USA). The plasmids for MSP1D1 and MSP1E3D1 (Bayburt et al.,
2002) were acquired through Addgene (Cambridge, MA, USA). Ni-NTA Superflow
beads were purchased from Qiagen Benelux B.V. (Venlo, The Netherlands) and the
high affinity analog of the Gta C-terminal peptide (NH2–VLEDLKSCGLF–COOH) from
United Peptide Corporation (VA, USA).
Buffer A: 40 mMTris, 0.3 M NaCl, 1 mM NaN3 (pH 8.0). Buffer B: 20 mMBis/Tris
propane, 5 mM MgCl2, 1 mM dithioerythritol (DTE), 1 mM benzamidine and 5 µM
leupeptin (pH 7.6). Buffer C: 20 mMBis/Tris propane, 1 M NaCl, 1 mM histidine, 5
μM leupeptin (pH 7.2). Buffer D: buffer B + 100 mM NG.
Methods
Construction of recombinant baculovirus: Bovine opsin cDNA was ligated into the
transfer vector pAcGP67 (BD Biosciences Clontech, Palo Alto, CA, USA). This vector
was modified by introduction of a synthetic sequence encoding a 10xhistidine tag
preceded by a BamHI and SpeI site in frame and followed by a stop codon and
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an EcoR1 site. Bovine synthetic opsin cDNA (Oprian et al., 1987) was ligated into
pAcGP67-10xhis using the BamHI and SpeI sites. The resulting pAcGP67-rho-10xhis
vector was then used to generate recombinant baculovirus in the Spodoptera
frugiperda-derived Sf9 cell line (ATCC: CRL-1711) employing the Baculogold homologous recombination system (BD Biosciences Clontech, Palo Alto, CA, USA) according to the manufacturer’s instructions. This results in recombinant rho-baculovirus
with the bovine opsin c-DNA under control of the strong late-phase polyhedrin
promoter. The correct insertion and sequence of the his-tagged rhodopsin in the
rho-baculovirus genome was verified by cycle sequencing of baculovirus DNA isolated from Sf9 cell nuclei as described before (Klaassen and DeGrip, 2000).
Sf9 cell culture and rhodopsin expression: The Sf9 cell line was used for generation and amplification of the rho-baculovirus and for the amplified production
of rhodopsin protein. The cells were grown as monolayers at 27 °C in Grace’s insect
medium for generation and amplification of the baculovirus. High-titer stocks (>
107 pfu) were produced by three rounds of virus amplification, and the optimal
multiplicity of infection (MOI) for recombinant protein expression was determined
empirically by infection of Sf9 cells with different MOIs of high-titer virus stock.
The protease inhibitor leupeptin was routinely added to the cell culture (5 mM final
concentration) to suppress proteolysis of rhodopsin. For production of rhodopsin,
serum-free and protein-free Insect-Xpress medium was utilized. For large-scale
production (400-1000 ml culture volume), Sf9 cells were inoculated at 0.5x106
cells/ml and grown at 27°C in suspension culture in Erlenmeyer flasks (Corning,
USA) using Insect-Xpress medium, with addition of penicillin and streptomycin to 5
i.u./ml and 5 µg/ml respectively, under constant rotation at 100 rpm. Under these
conditions, the cell doubling time was typically 20-24 h. Total cell counts were performed with a haemocytometer (VWR International Ltd) hence with an accuracy
of ± 10%. When the cell density had reached approximately 2x106 Sf9 cells/ml, the
culture was infected with rho-baculovirus at a MOI = 0.1. The cells were routinely
harvested at 4 dpi and directly processed for regeneration with 11-cis retinal..
Overexpression and purification of membrane scaffold proteins (MSP): ZAP1,
MSP1D1 and MSP1E3D1 were overexpressed in the BL21(DE3)-Rosetta2 Escherichia coli strain and purified over a Ni-NTA matrix using their N-terminal his-tag

138

Rapid transfer of overexpressed integral membrane protein from the host membrane

as described (Pandit et al., 2011). The yield of purified MSP varied between 60-200
mg/L culture. According to immunoblot analysis, the purified ZAP1 consisted of
two major bands and a minor lower band between 25 and 30 kD (Figure 5.2), that
all are competent in nanodisc formation (Pandit et al., 2011). The purified MSP1D1
and MSP1E3D1 consisted of a single band at ca 25 and ca 30 kD, respectively. Purified MSPs were concentrated on a 10K filter (Amicon ® Ultra-15, EMD-Millipore,
Billerica, MA, USA) and mixed with 1 volume of buffer A containing 5mM DDM to a
final concentration of 10-20 mg/ml.
Regeneration of opsin with ligand: generation of rhodopsin: At 4 dpi the
infected Sf9 cells were collected by centrifugation (10 min, 3000 g, 4°C). The cell
pellet was resuspended at a density of 50x106 cells/ml in buffer B. The cells were
subsequently homogenized with 3 strokes (5 second per stroke) of a polytron
homogenizer (IKA®T10 basic, Ultra-Turrax, Staufen, Germany) at 4°C. The cell
homogenate was centrifuged (20 min, 35 000 g, 4°C) and the resulting membrane
pellet was resuspended in buffer C at a density equivalent to 108 cells/ml. All subsequent manipulations were performed in the dark or under dim red light (λ>620
nm, RG620 cut-off filter, Schott, Menden, Germany). The ligand 11-cis retinal was
added as a freshly prepared concentrated solution in dimethylformamide to a final
concentration of 30 µM and the suspension was incubated for 1-2 hours under an
argon atmosphere with constant rotation at ambient temperature. Subsequently,
hydroxylamine was added from a 1 M solution (pH 7) to a final concentration of
50 mM. The membrane suspension was then directly used for solubilisation of the
components and subsequent nanodisc assembly.
Formation of nanodiscs: A membrane suspension, equivalent to 108 cells/ml,
containing regenerated rhodopsin, was diluted with buffer C containing 20 mM
DDM to a density equivalent to 20x106 cells/ml and mixed properly. After incubation under rotation at 4°C for maximally 1 h, the insoluble material was removed
by centrifugation (30 min, 100 000 g, 4°C). Asolectin was dissolved in buffer D
and added to the solubilized membrane constituents at a 1:4 (w/w) ratio to total
membrane protein, i.e. 60 mg per 106 cells. This mixture was incubated for 15 min
under constant rotation at 4°C. ZAP1 was added in a molar ratio of 2:1 to total
membrane protein, i.e. 8 nmoles of ZAP1 per 106 cells harvested, followed by
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incubation for maximally 30 min at 4°C under constant rotation. Nanodiscs were
then formed through extraction of the detergent by addition of heptakis-(2,6-diO-methyl)-β-cyclodextrin (DeGrip et al., 1998). Solid β-cyclodextrin was added in
three steps to a final molar ratio of 1.2:1 β-cyclodextrin to detergent. Every addition
of β-cyclodextrin was followed by incubation for 15 min at 4°C under constant rotation. Finally, insoluble material was pelleted (100 000 g, 30 min, 4°C). The collected
supernatant was directly used for purification or stored at ‑80oC until further use.
Purification of rhodopsin-nanodiscs: His-tagged rhodopsin nanodiscs were purified by batch-wise chromatography over Ni-NTA agarose beads pre-equilibrated
with buffer C containing 0.5 mM histidine. The supernatant with nanodiscs, obtained as described in the previous section, was incubated under rotation with
superflow NTA beads (0.3 – 0.4 ml of sedimented beads per nmol of rhodopsin)
for 2 hours up to overnight at 4°C. The beads were then allowed to settle and the
supernatant was carefully removed. The loaded beads were washed twice sequentially with six bead volumes (BV) of buffer C + 1 mM histidine, + 2,5 mM histidine
and + 5 mM histidine, respectively, and 0.8 BV of buffer C + 50 mM histidine. Elution of rhodopsin nanodiscs was then elicited with four times 0.8 BV of buffer C +
200 mM histidine, and completed with twice 0.8 BV of buffer C + 270 mM histidine
(270 mM histidine is the maximal solubility of histidine under these conditions). All
fractions were assayed by SDS-PAGE followed by silver staining or by quantification
via immunoblotting, as described before (Shirzad-Wasei et al., 2013). Fractions
containing rhodopsin nanodiscs were stored at -80°C.
UV/Vis Spectroscopy and Photolysis: UV/Vis spectroscopy was performed
on a Lambda 18 spectrophotometer (Perkin Elmer, Norwalk, CT, USA). To quantify rhodopsin present, spectra were recorded before and after illumination (30
s, Schott 470 cut-off filter) in the presence of 50 mM hydroxylamine to convert all
rhodopsin photoproducts into retinaloxime as described previously (Hubbard et
al., 1971). If functional rhodopsin is present, difference spectra (“dark” spectrum
subtracted from the spectrum after illumination) show a negative band around 500
nm, representing the photolysed rhodopsin, and a positive band around 365 nm
representing the retinaloxime formed upon illumination.
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The photochemical integrity of rhodopsin in the nanodisc preparation was
evaluated by photolysis at two pH values (pH 6.0 and pH 8.0). Spectra of the
samples were first recorded in the dark state (maximal absorbance of the main
band at 500 nm) and then briefly illuminated with >530 nm light to trigger the
photolytical cascade. Within milliseconds, illumination produces the late photointermediates Meta I (lmax at 480 nm) and Meta II (lmax at 380 nm) (Wald, 1968),
which are in a pH-dependent and temperature-dependent equilibrium with a pKa
of 6.5 ± 0.2 at 10°C (Janssen et al., 1995). Our measurements were performed
at 10°C, consequently at pH 6.0, 75 ± 10% of the photoproducts is in the Meta II
state. This intermediate decays with hydrolysis of the Schiff base into opsin and
all-trans retinal, in part generating protonated Schiff-bases of protein-bound and
lipid-bound retinal, represented by a new band around 450 nm (VanBreugel et al.,
1979). On the other hand, at pH 8.0, over 95% is in the Meta I state, which decays
into Meta III (lmax at 470 nm) or into opsin and free all-trans retinal (lmax at 380
nm) (Hofmann, 1986;Matthews et al., 1963;Vogel et al., 2003). In the photocascade of rhodopsin, up to and including Meta I, the Schiff-base linking the retinal
ligand to the protein remains protonated. However, the activation process in the
subsequent transition to Meta II (the “active” state) is triggered by proton transfer
from the Schiff base to the counterion Glu113 (Doukas et al., 1978;Martin et al.,
1996;Matthews et al., 1963).
Meta II will bind with high affinity to rhodopsin’s cognate heterotrimeric GTP
binding protein, transducin (Gt) (Hofmann, 1986). If transducin is present it will
bind to the Meta II intermediate, thereby pulling the Meta I/Meta II equilibrium
entirely to the Meta II side, both at pH 6.0 and at pH 8.0. For convenience, we
employed an analog of the C-terminal peptide of the transducin α-subunit (NH2VLEDLKSCGLF-COOH) that also has high affinity for Meta II (Aris et al., 2001;Sato et
al., 2010;Zaitseva et al., 2010).
The late photointermediates Meta I and Meta II were generated by brief illumination (10 s, Schott OG530 cut-off filter) at 10°C using buffer B at pH 8.0 and pH 6.0,
respectively. The high affinity analog of the C-terminal peptide of the Gta-subunit
was added to the rhodopsin-nanodisc samples at 20 µM final concentration just
before the assay. A “dark” spectrum was recorded and then photolysis was trig-
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gered by illumination for 10 s followed by immediately recording the first spectrum
after illumination. Subsequently, spectra were recorded every 3 min. After 30 min,
hydroxylamine was added to a final concentration of 50 mM and the presence of
remaining rhodopsin was checked via 5 min of illumination and a final recording.
This protocol was executed under four conditions, namely at pH 6.0 and at pH 8.0,
and with and without peptide. In order to clearly display the various transitions,
difference spectra were generated by subtracting the “dark” spectrum from the
first spectrum after illumination, and the latter from the spectrum recorded 30 min
after illumination.
Dynamic Light Scattering: The size distribution in the purified nanodisc samples
was analyzed by dynamic light scattering (DLS) using the ZetasizerNanoZS (Malvern
Instruments Ltd, Malvern, UK), equipped with a 633 nm laser. If required, the
rhodopsin-nanodisc samples were concentrated on a 10K filter (EMD-Millipore).
The DLS signals were analyzed by the internal software of the equipment and
converted into a size distribution with scatter intensity. Results
Nanodisc formation: strategy
Whereas the lipid bilayer in a nanodisc presents an appropriate environment for
membrane proteins, the target-protein is routinely solubilized and purified using a
suitable detergent prior to incorporation into nanodiscs (Figure 5.1, panel A). However, detergent solubilization and lipid removal seriously compromise structural and
functional integrity of membrane proteins (Gohon and Popot, 2003;Zhou and Cross,
2013;Zoonens et al., 2013). These negative effects often cannot be fully repaired
upon reconstitution of the purified protein within a bilayer environment. Here we
propose an approach to minimize this problem by incorporating membrane proteins
into nanodiscs immediately after brief solubilization of the cellular membranes with
detergent. This has the major advantage that the target protein is only briefly exposed
to detergents and that stabilizing lipids remain present. The nanodiscs are assembled
with the available lipid pool in the cellular membranes used for heterologous expression, creating a system that closely mimics a natural membrane environment. We
expect that this should provide sufficient lipids, since the lipid to protein ratio in
natural membranes is close to 1:1 (w/w) and large proteins and complexes will not
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easily incorporate into nanodiscs. In fact, it has been recently demonstrated that
nanodisc solubilization does represent the entire membrane proteome (Marty et al.,
2013). Our approach is schematically explained in panel B of Figure 5.1. In order
to model our approach, we use rhodopsin, since it can be easily monitored by its
spectral properties and was shown before to retain full functionality in a nanodisc
environment (Banerjee et al., 2008;Bayburt et al., 2007;Bayburt et al., 2011;Leitz
et al., 2006;Tsukamoto et al., 2011;Whorton et al., 2008). Native rhodopsin can
be extracted from purified rod outer segment membranes (DeGrip et al., 1980).
His-tagged opsin can be heterologously expressed in Sf9 insect cells (Janssen et al.,
1995;Klaassen et al., 1999) and incubation with 11-cis retinal generates his-tagged
rhodopsin. For the generation of nanodiscs we opted for the membrane scaffold
protein Zebrafish Apo A-1 (ZAP1), shown before to form functional nanodiscs with
purified rhodopsin (Banerjee et al., 2008). To estimate the minimal quantity of ZAP1
required for proper nanodisc formation of the membrane protein population of Sf9
cells, we used a membrane protein content of 225 ± 25 mg per 106 cells (DeCaluwé
et al., 1993) and estimated the average mass of the membrane protein population
at 55 ± 5 kDa (Marty et al., 2013;Prior et al., 2011). This results in approximately
4 nmol of membrane protein per 106 cells. For nanodisc assembly with purified
membrane proteins, a minimal molar ratio of two MSP per membrane protein
(MP) is required, but in practice ratio’s of 2 to 25 have been employed (Banerjee
et al., 2008;Bayburt et al., 2007;Inagaki et al., 2013;Mors et al., 2013;Pandit et al.,
2011;Ritchie et al., 2009). A higher ratio may result in a more homogeneous population of MP-nanodiscs, but also generates larger contamination with empty nanodiscs
and single MSPs. Since not the entire membrane protein population will insert into
nanodiscs, and to be cost-effective with respect to MSP, we considered a two-three
fold molar excess of MSP, that is, 8-12 nmol of MSP per 106 cells. For solubilization of
rhodopsin we selected n-dodecyl-β-D-maltoside (DDM), a detergent commonly used
for membrane protein solubilization (Rigaud et al., 1998) and shown to be effective
as well as mild towards rhodopsin (DeGrip, 1982b). Detergent extraction to generate
nanodiscs is usually accomplished by incubation with a lipophilic matrix (Banerjee et
al., 2008;Bayburt et al., 2007;Civjan et al., 2003;Leitz et al., 2006;Rigaud et al., 1998).
However, this is a relatively slow process and, in our hands, also led to considerable
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Figure 5.1. Schematic representation of our approach.
Compared are the classic approach (panel A) (target-protein incorporation into nanodiscs after
purification) and our approach (Panel B). In the latter, first the entire membrane population
is incorporated into nanodiscs and out of this total mixture the target-protein nanodiscs are
purified. Note that the liposomes that can be generated with the purified target-protein (Panel
A), in reality are much larger (diameter varying between 100-5000 nm) than the nanodiscs
(12-30 nm)
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loss of protein. To effectuate rapid detergent extraction with minimal loss of protein,
we selected the cyclodextrin-inclusion procedure, which also affords quantitative
removal of detergent, but allows better control over kinetics and time investment
(DeGrip et al., 1998).

Nanodisc formation: experimental implementation
Opsin expression, rhodopsin regeneration and solubilization
Bovine opsin extended with a C-terminal deca-histidine tag was produced in
Sf9 insect cells using recombinant baculovirus, as described (Klaassen et al.,
1999;Shirzad-Wasei et al., 2013). Full-length opsin expression was confirmed by
immunoblotting (Figure 5.2, lane 1). The triad pattern represents diglycosylated

5
Figure 5.2. IMAC purification profile of rhodopsin-nanodiscs analyzed by immunoblot.
The blot was screened with anti-his-tag antibody. Lane M represents marker proteins with
molecular weights indicated. Lane 1 shows the Sf9 cell membrane fraction (see the text for
explanation of the triad pattern for opsin in the 30-40 kDa range). Lane 2 contains the DDM
extract of Sf9 membranes after regeneration of rhodopsin. The sample in lane 3 is taken after
addition of the MSP ZAP1 to the extract. Note the big blurred band below rhodopsin that represents the large excess of ZAP1. Lane 4 shows the supernatant after nanodisc formation and
spinning down the insoluble components, confirming that soluble rhodopsin-nanodiscs have
been generated. The majority of the protein contamination including ZAP1 elutes in the nonbound fraction and the additional washes with buffer and low concentrations of histidine (cf.
Figure 3). Most of the remaining ZAP1 is eluted in the 50 mM histidine fraction (lane 5) where
rhodopsin slowly starts to elute. The remaining rhodopsin co-elutes with the remaining ZAP1 in
the 200 mM histidine fraction (lane 6) and the 270 mM histidine fraction (lane 7). Lanes 8 and
9 present purified ZAP1 and his-tagged rhodopsin, respectively. ZAP1 is expressed and purified
in three major forms, that are all competent in nanodisc formation (Pandit et al., 2011).
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(upper band), mono glycosylated (middle band) and unglycosylated (bottom band)
opsin (DeCaluwé and DeGrip, 1996;Janssen et al., 1991). To convert the apoprotein opsin into the holo-pigment rhodopsin, which allows for a straightforward
spectroscopic assay (DeGrip, 1982b;Wald, 1968), membranes from infected Sf9
cells were incubated with 11-cis retinal. This reaction is completed at room temperature (RT) within 60 min. Subsequently, hydroxylamine was added to 50 mM
final concentration to convert excess retinal into the chemically more stable retinaloxime (Groenendijk et al., 1980;Wald, 1968). The expression level of rhodopsin
can be assessed after solubilisation from the absorbance and its molar absorbance
coefficient at 500 nm [40 600 M-1.cm-1;(Daemen et al., 1970;Wald, 1968). To minimize solubilization time and exposure of the target protein to detergent prior to
nanodisc formation, a relatively low membrane density was employed (equivalent
to 20x106 cells/ml) in combination with a moderate detergent concentration (20
mM DDM). Near-complete solubilization of rhodopsin was achieved within 30 min
at RT or within 60 min at 4°C. Immunoblot analysis demonstrates that predomi-

Figure 5.3: Rhodopsin-nanodisc formation from solubilized rod outer segment membranes.
Following nanodisc generation larger structures were precipitated and pellet and the supernatant analyzed by spectroscopy. The continuous curve displays the spectral properties of the
supernatant, showing the typical absorbance band of rhodopsin around 500 nm. The spectrum
of the pellet, after solubilization in the same volume, is presented in the dashed curve. Over 90
% of the rhodopsin is recovered in the soluble nanodisc fraction.
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nantly the diglycosylated upper band is solubilized (Figure 5.2, lane 2). This is in
line with earlier conclusions that the majority of the mono- and the unglycosylated
protein is not correctly folded and aggregates in the presence of a mild detergent
(DeCaluwé and DeGrip, 1996;Janssen et al., 1991).
Nanodisc assembly
For assembly of a homogeneous population of nanodiscs, a defined ratio of phospholipids to MSP is recommended (Bayburt et al., 2002). We utilize the available
lipid pool of cellular membranes, and first tested this on bovine rod outer segment
membranes, which mainly contain rhodopsin (DeGrip et al., 1980). After brief
solubilization, addition of ZAP1 to a 3-fold molar excess over rhodopsin, formation
of nanodiscs and centrifugation to precipitate larger structures, the supernatant
was analyzed for the presence of rhodopsin by spectroscopy. As shown in figure
5.3, over 90 % of the rhodopsin is recovered in the soluble nanodisc fraction,
indicating that the natural membrane lipid pool can be sufficient to accommodate
the nanodiscs. Subsequently, this was tested on his-tagged rhodopsin heterologously produced in Sf9 insect cells, where rhodopsin constitutes less than 0.5%
of the membrane protein population (Bosman et al., 2003;Klaassen et al., 1999).
In this case, lipid content and composition of the cellular membranes may vary
somewhat over different cultures. We observed that under those conditions the
recovery of rhodopsin in nanodiscs varied considerably. Instead, addition of extra
lipid [lipid:MP ratio of 1:4 (w/w)] produced quite reproducible results. For the extra
lipid we selected asolectin, a natural lipid source that has a good variety in lipid
species and fully maintains the functionality of a variety of membrane proteins,
including rhodopsin (Klaassen and DeGrip, 2000;Ratnala et al., 2004;Sone et al.,
1977). Asolectin could be added before or after solubilization of the membrane
fraction. Upon removal of detergent, nanodiscs self-assemble from a mixture of
phospholipid/detergent mixed micelles and MSP (Bayburt et al., 2002). Many GPCRs show a time-dependent loss of activity in detergents (Navratilova et al., 2005),
hence long-term exposure to detergents needs to be avoided. The cyclodextrininclusion procedure described earlier (DeGrip et al., 1998) allows rapid assembly
of membrane proteins (MP), lipid and MSP into nanodiscs with good recovery of
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MP (Pandit et al., 2011). In the example presented here (Figure 5.2), we used ZAP1
as MSP (Banerjee et al., 2008) and an estimated 1:2 molar ratio of membrane protein to ZAP1. Similar results were obtained with the MSPs MSPD1 and MSPE3D1.
Molar ratio’s of membrane protein to MSP of 1:3 yielded comparable recoveries.
Generation of nanodiscs was initiated by addition of a slight excess of heptakis
-2,6-di-O-methyl-β-cyclodextrin (b-cyclodextrin), which will extract detergent from
mixed micelles under formation of inclusion complexes (DeGrip et al., 1998). Addition in three steps allows gradual self-assembly of the nanodiscs. Even more rapid
formation of nanodiscs, that is. within 15 min, can be accomplished by single-step
addition of β-cyclodextrin, but this may result in a lower recovery or a more heterogeneous population of nanodiscs (Pandit et al., 2011).
Partial purification of rhodopsin-nanodiscs
Following nanodisc assembly, insoluble contamination such as protein aggregates
and accidental proteoliposomes was removed by centrifugation. The resulting
supernatant contains empty and MP-nanodiscs, possibly excess MSP, cyclodextrindetergent complexes and excess cyclodextrin (Figure 5.2, lane 4). The most
straightforward procedure to purify the target-protein nanodiscs from this mixture
would be exploiting dedicated affinity chromatography, for example, using an immobilized antibody against the target protein or an immobilized ligand. This is well
documented in the literature (Banerjee et al., 2008;Bayburt et al., 2007;D’Antona
et al., 2014;Whorton et al., 2008) and does not need to be further demonstrated
here. However, such options are not often available. A his-tag is the most popular
tag for recombinant proteins, allowing easy, affordable and high-capacity purification over immobilized-Ni2+ or Co2+-matrices (Janssen et al., 1995;Klaassen et
al., 1999). In our case, we anticipated that MSP’s and other nanodiscs would be
co-purified owing to the his-tag carried by the MSP, but we observed that empty
nanodiscs assembled with his-tagged MSP (HT-ND) have a relatively low affinity
for the Ni2+-matrix. This allows for a differential elution from the IMAC matrix of
HT-ND containing his-tagged rhodopsin, empty HT-ND and HT-ND containing nonhis-tagged membrane protein.

148

Rapid transfer of overexpressed integral membrane protein from the host membrane

A typical example is presented in Figure 5.2 and 5.4. While most of the rhodopsin-nanodiscs are bound to the nickel matrix (Table 5.1), most of the protein
contamination including the ZAP1 proteins appears in the flow-through and the
wash (Figure 5.4, lane 2).
Table 5.1. Recovery of rhodopsin-nanodiscs
Fraction
Membrane extract
Non-bound fraction
Wash fraction
Purified nanodiscs

Percentage Rhodopsin
Immunoblot
Spectroscopy
≡ 100
≡ 100
11 ± 7
n.d.
17 ± 15
n.d.
72 ± 8
55 ± 8

The amount of rhodopsin solubilized in detergent is taken as 100%. IMAC fractions are quantified with quantitative immunoblot analysis using primary anti-His
and anti- rhodopsin antibodies in combination with the Odyssey imaging system (left
column). Calibrated amounts of purified recombinant bovine his-tagged rhodopsin
were applied as an internal standard (Klaassen et al., 1999). Rhodopsin-nanodiscs
present in the purified IMAC fractions were also quantified by spectroscopy (right
column). Since immunoblotting is significantly more sensitive than spectroscopy,
the latter probably underestimates the rhodopsin levels in the IMAC fractions.
Values are given with SD, based upon 3 experiments. n.d., not detectable.
Most of the remaining ZAP1 elutes in the 50 mM histidine fraction, where
rhodopsin only slowly starts to elute (Figure 5.2, lane 5; Figure 5.4, lanes 5 and 6).
Subsequent treatment with 200 and 270 mM histidine elutes the remaining rhodopsin, co-purifying with the remaining ZAP1 (Figure 5.2, lanes 6 and 7; Figure 5.4,
lanes 7, 8 and 9). Thus, a single IMAC procedure can purify his-tagged rhodopsinnanodiscs from the large majority of contaminating proteins and nanodiscs, even if
the MSP is his-tagged as well. Preliminary evidence suggests that this purification
can be fine-tuned by using a slightly concave continuous gradient of histidine (10270 mM). We surmise that in the nanodiscs the his tag is not sufficiently accessible
or is structurally too restrained to bind with high affinity to the matrix-bound metal
ion. Quantitative immunoblot analysis using primary anti-his and anti-rhodopsin
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antibodies revealed excellent recoveries of up to 80% of the rhodopsin solubilized
from the cellular membranes (Table 5.1, left column). This is at least comparable to
earlier results obtained via path A in Figure 5.1, where following reconstitution into
proteoliposomes or nanodiscs after purification 40-70% of the originally solubilized
rhodopsin is recovered (Klaassen et al., 1999;Klaassen and DeGrip, 2000;Mors et
al., 2013). Spectra of the purified rhodopsin-nanodisc fractions are characterized
by three absorbance bands, peaking near 280, 365 and 500 nm (Figure 5.5). The
absorbance at 280 nm represents the total protein population, including rhodopsin
and ZAP1. The 365 nm band is due to retinaloxime, generated f rom hydroxylamine
and excess retinal, which became inserted in the lipid phase of nanodiscs. Retinaloxime is not a ligand for opsin and does not affect the functionality of rhodopsin
(Hubbard et al., 1971;Wald, 1968).

Figure 5.4. IMAC purification profile of rhodopsin-nanodiscs analyzed using silver staining.
Fractions were separated by SDS-PAGE, and analyzed for protein by silver staining. Membrane
fractions, extracts, supernatant after nanodisc formation and IMAC flow through are not
shown, since they are overabundant with Sf9 membrane proteins. Lane M represents marker
proteins with molecular weight indicated. Lanes 1 and 10 represent purified his-tagged rhodopsin and purified ZAP1, respectively. Lanes 2-4 present wash fractions showing that most
of the protein contamination and part of the ZAP1 proteins are removed at that stage. Lane 5
and 6 contain the 50 mM histidine elution fractions, demonstrating elution of most remaining
contaminating proteins and ZAP1, and rhodopsin beginning to elute. Lanes 7 and 8 (200 mM
histidine fractions) and lane 9 (270 mM histidine fraction) represent elution of rhodopsinnanodiscs, since rhodopsin and ZAP1 co-elute.
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The absorbance band around 500 nm is typical for rhodopsin. Upon illumination
in the presence of hydroxylamine it is converted to a band at 365 nm (Figure
5.6), caused by conversion of all photoproducts to retinaloxime (Wald, 1968).
We estimated the rhodopsin recovery in the IMAC fractions also by spectroscopy.
However, this assay has much lower sensitivity and did not detect rhodopsin in the
flow-through and wash fractions. The thus estimated recovery of rhodopsin in the
purified nanodiscs was somewhat lower than that estimated by immunoblot (Table
5.1, right column). The ratio A280/A500 in the spectra of the purified rhodopsinnanodiscs allows to estimate the efficacy of the purification procedure. For a highly
purified rhodopsin-ZAP1-nanodisc preparation this ratio was reported to be approximately 5 (Baneres et al., 2011). In our partially purified rhodopsin-ZAP1-nanodisc samples, this ratio varies between 15 and 20, indicating that, as anticipated,
we did not yet achieve high-level purification. Nevertheless, considering that in the
host membranes recombinant rhodopsin accounts for maximally 0.5% (w/w) of
the total MP population, and that MSP has been added in a two-fold molar ratio to
total MP, we estimate that over 95% of contaminating protein has been removed in
a single IMAC step. This level of purification is more than sufficient for spectral as
well as functional studies, as we will demonstrate in the next section.

5

Figure 5.5. Spectral analysis of IMAC purification fractions. Typical UV/Vis absorbance spectra of a diluted wash fraction (dashed curve) mainly presenting a protein band at 280 nm and a
purified rhodopsin-nanodisc fraction (continuous curve) displaying the additional typical rhodopsin band at 500 nm and excess ligand-derived retinaloxime at 365 nm.
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Figure 5.6. Typical difference spectrum demonstrating the photo-sensitivity of purified rhodopsin-nanodiscs. The spectrum of purified rhodopsin-nanodiscs was subtracted from that
obtained after illumination of the same sample in the presence of 50 mM hydroxylamine. It
shows the typical loss of the rhodopsin absorbance band near 500 nm with generation of the
retinaloxime band around 365 nm.

Rhodopsin-nanodiscs: characterization
Dynamic light scattering: size distribution: For empty ZAP1 nanodiscs diameters of 10-12 nm have been measured, while protein-containing ZAP1-nanodiscs
vary in size between 12-17 nm, probably depending on the type of assay and the
lipid content (Baneres et al., 2011). Dynamic light scattering analysis of our purified rhodopsin-nanodisc preparations yielded a bimodal distribution of a major
component (≥ 98% in particle number) with a fairly narrow size distribution (17
± 3 nm) and a minor larger component (82 ± 7 nm; ≤ 2% in particle number). The
size distribution of the smaller component agrees with a single nanodisc, while the
larger component probably consists of a more composite build-up (Baneres et al.,
2011;Inagaki et al., 2013;Ritchie et al., 2009).
Photochemical properties: pH-dependent photolysis: In this and the following section we show that our rhodopsin-nanodisc preparation not only is photosensitive, but also fully active in signal transmission. The rationale of this assay
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Figure 5.7: Late photointermediates and downstream signaling of purified rhodopsin-nanodiscs.
All spectra were recorded at 10°C (see the Methods section and the text for details of the protocol). The late transitions are best presented in difference spectra. In all panels curve 1 and 2
are difference spectra of rhodopsin-nanodiscs and/or photoproducts generated by brief irradiation of rhodopsin with >530 nm light at the indicated pH. Curve 1 is obtained by subtracting
the “dark” spectrum from the spectrum recorded 10 sec after illumination. Curve 2 is obtained
by subtracting the latter from the spectrum recorded at 30 min after illumination.Panel (A)
presents the late transitions following illumination at pH 6.0. Curve 1 shows the typical loss
of rhodopsin upon illumination (negative band near 500 nm) with predominant formation of
the active state Meta II (positive band around 380 nm) and a minor amount of Meta I (positive
indentation in the 500 nm band around 470 nm). Curve 2 presents the subsequent decay of
Meta II (negative band around 380 nm) with concomitant release of ligand (retinal) that generates a random population of protonated Schiff bases (positive band around 450 nm). Panel
(B) presents the late transitions following illumination at pH 8.0. The negative band in curve
1 representing loss of rhodopsin has a strong positive indentation around 480 nm, because
of the predominant formation of Meta I (480 nm) with some Meta III (470 nm). The negative
band at 360 nm is an alkaline pH artefact probably originating in the retained retinaloxime.
Curve 2 now presents slow decay of Meta I into Meta III and free retinal (positive band around
360 nm).Panel (C) presents the same condition as panel (A) (pH 6.0), except that 20 μM of the
Gtα-C-terminal peptide analog is present.
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Figure 5.7: Late photointermediates and downstream signaling of purified rhodopsin-nanodiscs. (Continued)
This strongly binds to Meta II, pushing the Meta I « Meta II equilibrium entirely to the Meta II
state. The overall pattern in panel (C) is very similar to that in panel (A), except that a larger
amount of Meta II is generated and that there is no indication for the presence of Meta I. The
peptide does not inhibit decay of Meta II, as signified by the release of retinal (curve 2). Panel
(D) presents the same condition as panel (B) (pH 8.0), except with 20 μM of the Gtα-C-terminal
peptide analog present. The pattern is now completely similar to that at pH 6.0 (panel C),
demonstrating that even at pH 8.0 binding of the peptide to Meta II completely shifts the equilibrium to the Meta II side.

is described in the Methods section. The photochemical integrity of rhodopsin in
the nanodisc preparation was evaluated by photolysis at two pH values (pH 6.0
and pH 8.0). The spectral transitions observed in illuminated rhodopsin-nanodiscs
at 10°C and pH 6.0 are shown as two difference spectra (Figure 5.7A, curves 1
and 2). Curve 1 is obtained by subtracting the “dark” spectrum from the spectrum
recorded immediately after illumination. Curve 2 is obtained by subtracting the
latter spectrum from that recorded 30 min after illumination. Curve 1 shows the
immediate disappearance of rhodopsin upon illumination (negative band around
500 nm), together with a slight positive inflection near 480 nm (Meta I) and a
strong new band at 380 nm (Meta II). Subsequently, Meta II decays under release
of retinal into several products (Figure 5.7A, curve 2), one of which is represented
by an absorbance band peaking around 450 nm (VanBreugel et al., 1979). Thus, the
rhodopsin-nanodisc preparation presents the established late-phase photocascade
(Emeis et al., 1982;Matthews et al., 1963;Sato et al., 2010;Tsukamoto et al., 2011).
The same conclusion can be drawn from a similar experiment at pH 8.0 (Figure
5.7B), where we expect Meta I and Meta III as the major late photoproducts, (Hofmann, 1986;Vogel et al., 2004;Wald, 1968). Indeed, curve 1 in figure 5.7B presents
a more red-shifted negative band near 525 nm (photolysed rhodopsin), because
now the photoproducts Meta I (480 nm) and Meta III (470 nm) dominate and there
is no evidence for formation of Meta II (380 nm). Subsequently, slow decay of Meta
I into Meta III and free retinal (380 nm) is observed (Figure 5.7B, curve 2).
G-protein interaction: effect of a transducin peptide on rhodopsin photolysis:
We next examined whether the Meta II photoproduct in our nanodisc preparation is able to bind its cognate heterotrimeric GTP binding protein, transducin
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(Gt). The principle again is explained in the Methods section. For convenience, we
employed an analog of the C-terminal peptide of the transducin α-subunit (NH2VLEDLKSCGLF-COOH) that has high affinity for Meta II (Aris et al., 2001;Sato et al.,
2010). Photolysis of the rhodopsin-nanodisc preparation at pH 6.0 in the presence
of this peptide clearly enhances the formation of Meta II, and there is no longer
evidence for the presence of Meta I (Figure 5.7C, curve 1). The relative amount
of Meta II generated in the absence of peptide varies between 60-70% of that in
the presence of peptide, which is in good agreement with a pKa of 6.5 ± 0.2. The
peptide does not influence the subsequent decay pattern of Meta II; the same patterns are observed with and without the peptide (curve 2 in Figures 5.7A and 5.7C).
Even more importantly, photolysis at pH 8.0 in the presence of peptide completely
matches the data at pH 6.0 with peptide, that is, single formation of Meta II (Figure
5.7D, curve 1). Hence, even at pH 8.0 binding of the peptide to Meta II completely
shifts the equilibrium to the Meta II side, and the subsequent decay follows the
same pattern as that at pH 6.0 (Figure 5.7D, curve 2).
Nanodisc formation with melanopsin-L
Melanopsin expression and regeneration and solubilization: The promising
results with direct transfer of rhodopsin into nanodiscs prompted us to perform
a preliminary test with melanopsin. Mouse melanopsin-L with a C-terminal decahistidine tag was produced in Sf9 insect cells using recombinant baculovirus, as
described (Klaassen et al., 1999;Shirzad-Wasei et al., 2013). Full-length melanopsin
expression was confirmed by immunoblotting using anti-his antibody and antimelanopsin antibody (Figure 5.8A and B , lane 3). For regeneration of melanopsinL, the same procedure was used as for rhodopsin (see above). For solubilization
again a relatively low membrane density was employed (equivalent to 20x106 cells/
ml) in combination with a detergent mix from chapter three (20 mM DDM + 20 mM
ASB-14-4 + 20 mM DPC). Partial solubilization of melanopsin was achieved within
30 min at RT at 4°C (Figure 5.8 , lane 4). Subsequently, the extract was used for
nanodisc assembly. In this test, we did not add extra lipids and we used ZAP1 as
MSP (Banerjee et al., 2008) at an estimated 1:2 molar ratio of membrane protein
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to ZAP1. Generation of nanodiscs was initiated by addition of a slight excess of
heptakis-2,6-di-O-methyl-β-cyclodextrin in three steps (Figure 5.8, lane 5).
Partial purification of melanopsin-L-nanodiscs: Following nanodisc assembly,
insoluble contamination such as protein aggregates and accidental proteoliposomes was again removed by centrifugation. The resulting supernatant contains
melanopsin (Figure 5.8, lane 6), but a large fraction of the melanopsin is detected
in the pellet (Figure 5.8, lane7) suggesting that only part of the extracted melanopsin was assembled into nanodiscs, possibly a consequence of not adding extra lipid.
While most of the melanopsin-L- nanodiscs are bound to the nickel matrix, most of

Figure 5.8. IMAC purification profile of melanopsin-L-nanodiscs analyzed by immunoblot
using anti- His-tag (Panel A) and anti-melanopsin (Panel B) antibodies. Lane M represents
marker proteins with molecular weights indicated. Lane 3 shows the Sf9 cell membrane fraction. Lane 4 contains the detergent mix extract of Sf9 membranes after regeneration of melanopsin-L. The sample in lane 5 is taken after addition of the MSP ZAP1 to the extract. Lane 6
shows the supernatant after nanodisc formation and spinning down the insoluble components,
confirming that soluble melanopsin-L-nanodiscs have been generated. Lane 7 shows the pellet
after nanodisc formation. The majority of the protein contamination including ZAP1 elutes in
the non-bound fraction (lane 8) and the additional washes ( lane 9) with buffer. Most of the
remaining ZAP1 is eluted in the 50 mM imidazole fraction (lane 10 and 11) where melanopsin-L
slowly starts to elute. The remaining melanopsin-L co-elutes with the remaining ZAP1 in the
400 mM imidazole fraction (lane 12 and 13). Lanes 1 and 2 contain purified his-tagged rhodopsin, and lane 14 contains purified ZAP1.

156

Rapid transfer of overexpressed integral membrane protein from the host membrane

the protein contamination including the ZAP1 proteins appear in the flow-through
and the wash (Figure 5.8, lane 8 and 9). Most of the remaining ZAP1 elutes in the
50 mM imidazole fraction, where melanopsin-L only slowly starts to elute (Figure
5.8, lane 10 and 11 ). Subsequent treatment with 400 imidazole elutes the remaining melanopsin-L, co-purifying with the remaining ZAP1 (Figure 5.8, lane 12 and
13). Immunoblot analysis using a primary anti-melanopsin antibody (Figure 5.8B)
confirms the presence of melanopsin-L in the various fractions. Unfortunately due
to low concentration of melanopsin-L-nanodiscs, it was not possible to measure an
absorbance spectrum. These preliminary data demonstrate that our approach also
works for a more complex and less stable membrane protein like melanopsin-L.

Discussion
Various procedures have been developed to study membrane proteins in vitro
using detergents and/or lipid-based systems. It has gradually become apparent
that the natural phospholipid bilayer presents the optimal micro-environment to
investigate the physiological function and structure of membrane proteins (Popot,
2010;Silvius, 1992). For such studies membrane proteins have to be properly purified. However, for unrestricted extraction of membrane proteins from their membrane environment, detergents have proven to be indispensable. Here, we describe
an approach to directly transfer the target-protein from the cellular membrane
into MSP nanodiscs, basically employing the natural lipid pool and requiring only
short exposure to detergent. The target-protein nanodiscs can then be selectively
purified from the resulting total MP-nanodisc population.
We show that our model protein, recombinant his-tagged rhodopsin, can
be transferred directly and with good recovery from host membranes into MSP
nanodiscs through brief exposure to detergent in the presence of MSP and some
extra lipid, followed by rapid extraction of detergent via b-cyclodextrin inclusion.
Exposure to detergent can be limited to as brief as 60 min. This approach, which
strongly reduces the risk of detergent-induced irreversible loss of structural and/
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or functional integrity, is in principle applicable to any recombinant membrane
protein.
Furthermore, we demonstrate that, even if both the target-protein and the MSP
are his-tagged, extensive purification of the target-protein nanodiscs can be accomplished using a single IMAC step, removing over 95% of contaminating protein,
with high recovery of target-protein nanodiscs. This affords a level of purification
that is sufficient for spectral and other functional studies. We demonstrate this for
the in this way purified rhodopsin-nanodisc preparation, which upon illumination
generates the active photointermediate Meta II, and can transduce the activation
signal to its downstream signaling partner.
If required, high-level purification of the target-protein nanodiscs can be realized by a variety of established techniques like size-exclusion or ion-exchange
chromatography, velocity or density centrifugation or more dedicated methods like
ligand- or immuno-affinity chromatography [e.g.(Inagaki et al., 2013)].
Our approach provides a mild and generic platform for rapidly assembling
membrane proteins into a soluble unit with maintenance of structural stability and
functionality. This will be particularly useful for GPCRs as well as other integral
membrane proteins that are relative sensitive to perturbation by detergent action.
Here we demonstrate that this approach works successfully for rhodopsin, as well
as for a considerably less stable membrane protein like melanopsin-L. With this
paper we trust to have laid a foundation for further research into this promising
direction.
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Wisdom is your guide
Wisdom opens your heart
Wisdom will be with you
Through this life
And hereafter.

خرد رهنماى و خرد دلگشاى
خرد دست گيرد به هر دو سراى
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General Discussion
Our current understanding of the structure and function of GPCRs in general and
melanopsin in particular is still quite limited, to a large extent because of their low
natural abundance. A major hindrance to study melanopsin at the molecular level
is due to the fact that only a very small part of retinal ganglion cells (RGCs) contain
melanopsin and then at a relatively low density (<< 105 copies/cell). This makes
purification from in vivo sources impracticable, since for structural and functional
studies, a biochemically relevant amount of sufficiently purified protein is required
(up to tens of mgs). Hence, the only way to investigate molecular properties of
melanopsin or to analyze conformational changes induced by interaction with
ligands or with signaling proteins such as G proteins and arrestins, is through heterologous overexpression.
However, from the experience accumulated to date (chapter one) it is obvious that melanopsins are very refractory to amplified heterologous functional
expression and purification. This is a fundamental problem, actually quite common
to rhabdomeric opsins and many other GPCRs, as well (Grisshammer and Tate,
1995;Harada et al., 1994;Höglund et al., 1973;Sarramegna et al., 2003;Sarramegna
et al., 2006), which asks for innovative approaches. While expression levels in the
order of 1000 – 10 000 copies of a receptor per cell can already generate a detectable signal upon activation (Huang et al., 2007;Grisshammer and Tate, 1995) as also
demonstrated in chapter two, for more detailed characterization via solubilization
and purification at least 106, and preferentially ≥ 107 functional copies/cell are
required. Although most studies on melanopsins do not provide any information
on expression levels, numbers exceeding 106 copies/cell so far seem to have only
been achieved in the baculovirus-insect cell system as shown in chapter three.
The large variety in N-terminal and C-terminal sequences in orthologs of different melanopsin species, as well as between gene lineages, suggests that melanopsins have a rich interactive cellular life that also has become specialized for
their specific cellular environment. Expression in a heterologous host then carries
the risk that certain elements in downstream signaling and signal modulation are
dictated by the machinery available in the host cell and deviate from the native
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pathway, or may be entirely absent in the host cell. It is therefore an advantage if
a variety of hosts is used for expression studies. If similar patterns in ligand profile
and downstream signal elements turn up in different hosts, it can be assumed that
these are intrinsic to the melanopsin under study, provided they can also be identified in the native photoreceptor cell.
Chapter two confirms data from earlier studies, as discussed in chapter one,
that melanopsin can photo-activate a Gq/11-subfamily mediated signaling pathway, increasing, via a phospholipase C and IP3, the intracellular Ca2+ level. These
components have also been identified in ipRGC’s, but there is no solid evidence that
there DAG or IP3 are involved, rather there is evidence for direct modulation of TRP
Ca2+ channels and voltage gated ion channels. This reflects on the shortcomings of
using heterologous hosts to investigate downstream signaling. One pathway, most
likely involved in desensitization, is phosphorylation at C terminal sites followed by
β-arrestin binding (Blasic, Jr. et al., 2014b;Cameron and Robinson, 2014). We did
not detect this in insect cells (chapter three), probably due to the lack of proper
kinases or to the low level of functional pigment. There is no evidence, currently,
that phosphorylation may also lead to internalization and degradation of the metastate, as reported for rhabdomeric visual pigments (Gärtner, 2000;Hardie and
Raghu, 2001;Höglund et al., 1973). In fact, the elements discovered so far probably
form only part of a larger complex signaling network.
With respect to ligand preference and spectral properties we expected that
recombinant melanopsin would adhere closely to in vivo data, since the membrane domain shows relatively high homology between melanopsins and folding
and binding site structure should not really depend on cell type. Action spectra
recorded in ipRGCs and melanophores consent on a spectral response peaking
between 470-490 nm (Berson, 2007;Emanuel and Do, 2015;Isoldi et al., 2005). In
most heterologous systems action spectra or absorbance spectra of Opn4 proteins
indeed confine to this spectral range and likewise the crude spectral data we obtained in insect cells (chapter three). However, all data in the Neuro-2a cell line
strongly deviate (see chapter one), showing maximal photo responses between
360 and 420 nm. This is hard to explain, in particular since downstream signaling in
this cell line conforms to other hosts, unless some chemical or cellular interference
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occured with the read-out. Other deviations, one report of a 420 nm maximum for
mouse Opn4m-L in the COS-1 cell line, and a 467 nm maximum for the truncated
mouse Opn4m-L in the HEK293 cell line, may originate in an incorrect interpretation and in atypical folding or detergent perturbation of the truncated protein,
respectively (see chapter one).
In general, very low natural abundance, poor heterologous folding and regeneration, difficulties with solubilization and low stability in detergent solution have
strongly impaired structural and functional characterization of melanopsin. Table 2
in chapter one compiles reports on solubilization or purification of melanopsins. In
most cases expression levels or ligand uptake were too low to go for purification.
Only C-terminally truncated species could be solubilized and purified in sufficient
quantity to record spectral properties in more detail and provide direct evidence
for bistable behavior (Matsuyama et al., 2012;Terakita et al., 2008). Rhabdomeric
rhodopsins probably organize in larger units (signalosomes) that contain a complex
of signaling partners and scaffold proteins, which allows for very rapid response
kinetics (Hardie and Raghu, 2001). It is conceivable that the long C-terminal part
of melanopsins is also involved in comparable complex interaction patterns, which
may non-covalently link it to other membrane components, thereby restricting
solubilization. If so, it would be advisable to select a non-mammalian expression
host like insect cells, where such interaction motifs may be less compatible with
the vertebrate melanopsins. The baculovirus-insect cell expression system tested
in chapter three was indeed shown to produce relatively large quantities of fulllength mouse melanopsin-L that could also be solubilized to a reasonable extent.
In this case ligand uptake was a limiting factor, however, since only a small percentage of the produced opsin could be regenerated into the corresponding pigment.
However, there may be an approach to ameliorate this aspect. Mollusc opsins most
easily take up 11-cis retinal from a retinal transfer protein (RalBP), that shuttles
between the opsin and a photo-isomerase, and even can exchange the all-trans
chromophore in metarhodopsin for 11-cis retinal (Hara and Hara, 1991). It can be
tested in vitro whether this system would also function with vertebrate melanopsins. In that case, co-expression of melanopsin, RalBP and the photo-isomerase,
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which can be easily accomplished in the baculovirus-insect cell system, may give
access to substantial quantities of full length photoactive melanopsin.
The problem of low stability of melanopsins in detergent solution may remain,
however. In chapter five, we have implemented a novel approach that can at least
largely circumvent this problem. Rapid transfer of a membrane protein from its
host membrane into MSP-scaffolded lipid nanodiscs can be achieved with minimal
exposure to detergent (Shirzad-Wasei et al., 2015). A similar approach using an
amphipathic synthetic polymeric scaffold (SMA) even does not require exposure to
detergent, but this scaffold is highly negatively charged (Dörr et al., 2014;Gulati et
al., 2014;Jamshad et al., 2011;Long et al., 2013). Such approaches allow subsequent
purification in a stable lipid environment and may even simplify functional assays.
If the melanopsin family turns out to be refractory even to the alternative
strategies, suggested above, using chimeric proteins may provide the ultimate
lever. While N- and/or C-terminally truncated melanopsins will eventually become
available in sufficient quantities to resolve structural details of the membrane
domain in the ground and activated state, this leaves the intriguing C terminal
part out of reach. An interesting option to settle this shortcoming is to attach a
melanopsin C terminal part to the membrane domain of a suitable GPCR, that can
be functionally produced and purified in good quantity and is readily activated.
For instance, a ciliary type visual pigment would be a potential candidate for the
receiver part. In chapter four, we describe the construction of a chimera where
the main body of bovine rhodopsin (residues 1-309) is fused to the C terminal
part (residues 354-521) of mouse melanopsin-L. This construct expresses well in
insect cells under the polyhedrin promoter, shows good regeneration with 11-cis
retinal into a photosensitive pigment, and can be readily solubilized in DDM. This
can for instance be extended to also exchanging the third intracellular loop, which
is important in G protein type selection. Such chimeras can be used to investigate
structural and interactive properties of the C terminal part of melanopsin with a
variety of approaches already reported for other membrane proteins (e.g(Daulat
et al., 2009;Gavarini et al., 2004;Maurice et al., 2008;Stagljar and Fields, 2002))
including for instance crystallography and pull down assays.
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Major perspectives
An ultimate understanding of the mechanism of melanopsin-based photoreception
awaits sufficient quantities of purified functional pigment and determination of its
three-dimensional structure and native chromophore dynamics, and of identification of its network of signaling partners.
We have shown that it is possible to overexpress and purify full-length melanopsin; however, further research is needed to produce functionally purified
protein exploiting the baculovirus expression system. Building upon our current
knowledge we speculate that either heterologously produced melanopsin protein
does not easily take up its chromophore and/or the protein does not very well
survive the solubilization step. One of the possibilities to mediate regeneration of
recombinant melanopsin might be the presence of a specialized retinal binding
protein such as RALBP. This protein is a part of a conjugate system in the cephalopod retina which also contains rhodopsin and retinochrome, a photo-isomerase
producing 11-cis retinal from all-trans retinal. RALBP takes up 11-cis retinal from
retinochrome and shuttles it to opsin (Ozaki et al., 1987;Terakita et al., 1989).
Studies with isolated RALPB have shown that metarhodopsin is readily regenerated
to rhodopsin with the aid of RALBP by exchange of cis and trans retinals (Hara
and Hara, 1991;Terakita et al., 1989). Since multi-protein co-expression is easily
established in the baculovirus expression system (Fitzgerald et al., 2006), we could
consider co-expression of RALBP as well as retinochrome with melanopsin or addition of RALBP, retinochrome and all-trans retinal to the melanopsin containing
host membranes during the regeneration step.
An approach to circumvent loss of functionality during solubilization might be
the application of nanodisc technology. Direct incorporation of melanopsin into
nanodiscs (see Chapter 5) will allow to extract melanopsin from cellular membranes under minimal exposure to detergent, and to purify this in a preferentially
monodisperse, stable state that maintains an amphipathic environment optimally
preserving its structure and activity. Our preliminary data (Chapter five) show that
melanopsin is amenable to this procedure, but it needs to be optimized for mela-
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nopsin, for instance by addition of extra lipid, higher molar ratio of MSP:membrane
protein or application of MSPs with various lengths.
Major unresolved elements in melanopsin relate to the modulatory and regulatory steps. The C-terminal will be intimately involved in these processes. Generation of chimeric proteins like Rho-C-Mel_His, which we show can be produced in
a stable, functional and readily purified state, should give access to a variety of
approaches to characterize the C-terminus of melanopsins structurally as well as
functionally. This should reveal at least some of the unique properties of melanopsin’s signaling and associated proteins.
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Melanopsin is a fascinating, relatively recently identified photoreceptor protein
in the mammalian retina. It is contained in specialized retinal ganglion cells that
primarily mediate non-visual photoregulated tasks such as pupillary light reflex,
circadian entrainment and irradiance detection. This vertebrate ‘non-visual’ pigment is already noteworthy in that it is most homologous to invertebrate visual
pigments. Since its discovery in Xenopus laevis in 1998, melanopsin has received
tremendous interest, but has been very refractory to the many attempts to unravel
its photochemical and structural properties. Up to date, mainly some insight has
been gathered in its downstream signaling. Due to its low natural abundance most
molecular data have been collected via recombinant expression in heterologous
hosts. Biophysical and structural studies however require milligram quantities
of purified protein. To obtain such quantities of sufficiently pure and functional
membrane protein still forms a major hurdle.
This thesis describes several important developments in this context. A tagged
full-length recombinant mouse melanopsin was constructed and shown to be
functional upon expression in several mammalian cell lines. Because of low expression levels, I turned to the insect-cell/baculovirus expression system. This indeed
generated adequate levels of the apoprotein, but functionality and purification
proved problematic. Since worldwide, no other research group so far had reported
production and purification of full-length mammalian melanopsin in sufficient
quantities to even allow spectroscopic analysis, I invested a major effort in a search
for conditions that would improve functional expression and stability during purification. This revealed several complex pitfalls, which asked for novel strategies
and were addressed separately. For two of these pitfalls, poor solubilization and
poor stability in detergent solution, alternative approaches were developed, that
may open up new avenues and trigger succesfull studies towards unraveling the
molecular mechanism of melanopsin.
From chapter one it is obvious that transfection with melanopsin can confer
photosensitivity upon a variety of eukaryotic cells, when incubated with the proper
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ligand, implying that sufficient copies of properly folded, regenerated and targeted
melanopsins are produced to generate a detectable photoresponse. Often this
allows recording of an action spectrum, studying ligand selectivity and pharmacological analysis of aspects of downstream signaling.
In chapter two we confirm that melanopsin expression by itself can render cells
to become photosensitive provided that retinal is present in a sufficient amount.
We could demonstrate this also for the human RPE derived cell line D407, even
when melanopsin was tagged with a large fluorescent protein, eYFP, to monitor its
intracellular distribution. The results strongly suggest that the melanopsin-eYFP
fusion protein is able to signal via a Gq-mediated pathway because illumination
of cells expressing melanopsin triggered a transient increase in intracellular Ca2+
levels. In this case the Ca2+ ions derive from intracellular stores, as the response
persists at low extracellular Ca2+ levels. Further we showed that pre-illumination
slowly desensitizes the response, suggesting that the activated melanopsin slowly
lost activity.
Since the D407 cell line only afforded low expression levels, chapter three presents an extensive study on the expression and large scale production of the long
isoform of mouse melanopsin (Opn4L) in insect cells, exploiting the recombinant
baculovirus expression system under control of the strong baculovirus polyhedrin
promoter. This system was susccessfully used before to generate relatively large
quantities of functional visual pigments (2-6 mg/L culture). With the purpose of
easy affinity purification, a deca-histidine tag was introduced at the C-terminus
of melanopsin-L. Analysis of membrane fractions isolated from infected insect
cells by immunoblot probed with anti-his-tag antibody clearly demonstrated that
significant expression of full-length recombinant melanopsin was achieved (up to 5
mg/L). However, supplementation with 11-cis retinal did not result in formation of
a photosensitive pigment that could be solubilized by mild detergents such as DDM
and CHAPS utilized in earlier studies on melanopsin (Davies et al., 2011;Koyanagi
et al., 2005;Matsuyama et al., 2012;Newman et al., 2003;Terakita et al., 2008;Torii
et al., 2007)
Since analysis by LC-MS confirmed that the closely running triad of immunopositive bands around 55 kDa all represented full-length melanopsin, we investigated
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the effect of a variety of chemical and biological chaperones on the expression level
of melanopsin-L. Addition of 1-2% DMSO or a combination of DMSO, β-arrestin
and 11-cis retinal significantly enhanced expression but still without photosensitive pigment being detectable upon solubilization with a mild detergent. However,
solubilization is a complex issue, as it represents a quest for a finely tuned balance
between efficient extraction and activity preservation. Therefore, we investigated
fourteen different detergents and several combinations for extracting melanopsinL from the host membrane. Reasonable extraction efficiencies could be realized
with the more aggressive detergent dodecylphosphocholine (DPC; 40-60%) and
the milder ASB-14-4 and combinations of β-dodecylmaltoside (DDM) + DPC or
DDM + dihexanoylphosphatidylcholine (DHPC) (20-30%). These conditions were
also tested in affinity purification, and each one afforded several hundred fold
purification, resulting in the same triad of melanopsin bands. Treatment of the
purified melanopsin-L with N-glycosidase F, in combination with LC-MS analysis,
demonstrated that the upper band of the melanopsin triad is glycosylated at Asn30
and Asn34 and that the two lower bands are not glycosylated. The cause for the
different migration of the two lower bands has not yet been elucidated. In some
of the purified samples a small quantity of photosensitive pigment was detected
with an absorbance band around 490 nm, hence most likely representing the
melanopsin-L pigment. Unfortunately, we could not detect a clear relation with
specific culture or solubilization conditions.
We concluded that major problems were encountered with uptake of ligand
(11-cis retinal) by the heterologously produced opsin and/or with instability of
melanopsin in detergent solution. In the following two chapters novel approaches
were tested to alleviate at least one of these problems.
One approach was to construct a chimeric protein (Rho-C-Mel), where the
C-terminus of rhodopsin was exchanged for the C terminus of melanopsin. This
would most likely result in a chimera that should readily bind 11-cis retinal and at
least would allow in-depth studies on structure and function of the enigmatically
long C-terminus of melanopsins. Chapter four deals with the construction of two
chimeric proteins, Rho-C-Mel and Rho-C-Mel_His. The fusion protein Rho-C-Mel
could successfully be expressed in Sf9 cells using recombinant baculovirus, and
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indeed a photosensitive pigment was generated upon incubation with 11-cis retinal with an absorbance spectrum identical to rhodopsin. A production level of 2-3
mg pigment/L culture was achieved, which would generate sufficient pigment to
allow purification and detailed molecular characterization. Extensive purification
of the untagged chimera proved problematic, however. Concanavalin-A sepharose
affinity chromatography afforded partial purification, proving that the chimera
also is N-glycosylated, but retained serious contamination with host glycoproteins.
Consequently, a his-tagged version was constructed (Rho-C-Mel_His) and shown
to be correctly expressed in insect cells using the corresponding recombinant
baculovirus.
In chapter five we describe a novel procedure to transfer membrane protein
into soluble units with minimal exposure to detergent. Bovine rhodopsin was used
as a test protein. It was transferred directly from its membrane location into a
small bilayer nanodisc particle which is suitable for further purification. After brief
detergent solubilization of the entire membrane population a membrane scaffold
protein (MSP) was added and the detergent was rapidly extracted by β-cyclodextrin
inclusion. This was successful both with the native photoreceptor membranes and
with the host insect cell membranes. Recoveries of over 80% rhodopsin solubilized
into nanodiscs were achieved. Dynamic light scattering confirmed the presence of
a nearly homogeneous population of small particles with a hydrodynamic diameter
of 17 ± 3 nm, in line with the expected size of nanodiscs. In this case the MSP was
his-tagged for easy purification, but in spite of MSPs with his-tag, nanodiscs with
his-tagged rhodopsin could still be sufficiently purified by a single-step IMAC purification to allow functional analyses. These analyses demonstrated that rhodopsin
within the nanodiscs had retained its photochemical properties and downstream
signaling capacity. In preliminary experiments we could reproduce these results
for the much less detergent resistant melanopsin. This study demonstrates that
the developed procedure allows single-step functional purification of tagged membrane proteins in a lipid environment with only very brief exposure to detergent.
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Samenvatting
Melanopsine is een fascinerend, vrij recentelijk ontdekt lichtgevoelig eiwit in de
retina van de zoogdieren. Het bevindt zich in gespecialiseerde ganglioncellen,
die een belangrijke rol spelen bij niet-visuele lichtgestuurde processen, zoals de
synchronisatie van het dag/nacht ritme, de stabilisatie van de pupilreflex en de
inductie van slaap.
Qua structuur behoort het tot de grote familie van G-eiwit gekoppelde receptormembraaneiwitten en vertoont het verwantschap met de pigmenten in de staafjes
en kegeltjes cellen in de dierlijke retina, die de visuele waarneming verzorgen, en
opmerkelijk genoeg de meeste verwantschap met de visuele pigmenten van de
invertebraten. Sinds de ontdekking van melanopsine in Xenopus laevis in 1998,
heeft dit nieuwe photopigment zich in een enorme wetenschappelijke belangstelling mogen verheugen, maar de vele pogingen om nader inzicht te verkrijgen in
de fotochemische en structurele eigenschappen zijn tot nu toe niet erg succesvol
geweest. Voornamelijk is enige informatie verkregen over hoe het melanopsinesignaal verder in de cel wordt verwerkt. In zijn natuurlijke omgeving komt melanopsine in slechts zeer geringe hoeveelheden voor, en de meeste moleculaire
gegevens zijn dan ook verkregen via recombinante expressie in heterologe celkweken. Biofysische en structurele studies vereisen echter milligram hoeveelheden
gezuiverd eiwit. In het algemeen is het een zware klus om dergelijke hoeveelheden
membraaneiwit in voldoende zuivere en functionele vorm in handen te krijgen.
Dit proefschrift beschrijft een aantal belangrijke vorderingen in deze richting.
Een gelabelde recombinante vorm van intact muizen melanopsine is geconstrueerd
en bij expressie in verschillende zoogdier-cellijnen kon functioneel eiwit worden
aangetoond. Vanwege de lage expressie niveaus ben ik echter overgestapt naar het
insecten-cel/baculovirus expressie systeen. Hiermee konden inderdaad voldoende
hoeveelheden van het apo-eiwit worden geproduceerd, maar functionaliteit en
zuivering voldeden niet. Omdat het wereldwijd nog geen enkele onderzoeksgroep
gelukt was om intact zoogdier melanopsine in voldoende hoeveelheden te produceren en zuiveren om zelfs maar spectroscopische analyse te kunnen uitvoeren,
hebben wij zeer uitvoerig onderzoek verricht naar condities die functionele ex-
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pressie van melanopsine en stabiliteit tijdens de zuivering zouden kunnen verbeteren. Dit leidde tot het inzicht, dat er zich een aantal fundamentele problemen
voordeden, waar nieuwe strategieën voor vereist waren, die individueel moesten
worden onderzocht. Voor twee van deze probleemgebieden, het oplossen uit de
membraan-matrix en de stabiliteit in de resulterende detergens oplossing, kon een
alternatieve aanpak worden ontwikkeld, die nieuwe invalshoeken biedt en een
aanzet kan geven tot succesvol onderzoek naar het moleculaire mechanisme van
melanopsine.
Uit hoofdstuk een komt duidelijk naar voren dat transfectie met melanopsine
lichtgevoeligheid verleent aan verschillende eukaryotische gastheercellen, wanneer het melanopsine geïncubeerd is met het juiste ligand. Dit impliceert dat voldoende kopieën van correct gevouwen en geregenereerde melanopsine worden
geproduceerd voor het genereren van een detecteerbare fotorespons. Dit maakt
het mogelijk om een actiespectrum op te nemen, ligandactiviteit te bestuderen en
een farmacologische analyse uit te voeren van ‘downstream’ signalering.
In hoofdstuk twee bevestigen wij dat melanopsine-expressie cellen lichtgevoelig maakt, mits er een voldoende hoeveelheid retinal aanwezig is. We hebben
dit ook kunnen aantonen voor de humane, van het retina epitheel afgeleide cellijn D407. Dit gebeurde zelfs wanneer het melanopsine gemerkt was met eYFP,
een relatief groot fluorescent eiwit, om zijn intracellulaire distributie na te gaan.
De resultaten suggereren sterk dat het melanopsine-eYFP fusie-eiwit in staat is
om te signaleren via een Gq-gemedieerde route: het belichten van de cellen die
melanopsine tot expressie brachten stimuleerde een tijdelijke verhoging van de
intracellulaire Ca2+ -concentratie. In dit geval komen Ca2+ ionen vrij uit intracellulaire opslag. Verder hebben we aangetoond dat een voorbelichting de respons
langzaam desensibiliseert, hetgeen suggereert dat het geactiveerde melanopsine
langzaam zijn activiteit verliest.
Aangezien de D407-cellijn alleen lage expressieniveaus laat zien, presenteert
hoofdstuk drie een uitgebreide studie naar expressie en grootschalige productie van de lange isovorm van muis melanopsine (Opn4L; melanopsine-L) in een
insectencellijn, waarbij we gebruik maakten van het recombinante baculovirus
expressie systeem onder controle van de sterke baculovirus polyhedrine promoter.
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Dit systeem is eerder met succes gebruikt voor het genereren van relatief grote
hoeveelheden van functionele visuele pigmenten (2-6 mg/L kweekmedium). Aan
de C-terminus van het melanopsine-L werd een deca-histidine ‘tag’ geïntroduceerd
om een eenvoudige affiniteitszuivering mogelijk te maken. Analyse van membraanfracties geïsoleerd uit geïnfecteerde insectcellen door middel van immunoblot
met een anti-his antilichaam, toonde duidelijk aan dat er voldoende expressie
van ‘full-length’ recombinant melanopsine was bereikt (maximaal 5 mg/L). Echter,
supplementatie met 11-cis retinal leidde niet tot de vorming van een lichtgevoelig
pigment dat gesolubiliseerd kon worden door milde detergentia zoals DDM en
CHAPS.
Aangezien analyse door LC-MS bevestigde dat de drie immunopositieve banden
rond 55 kDa alle ‘full-length’ melanopsine representeerden, onderzochten wij het
effect van verschillende chemische en biologische chaperonnes op de mate van
expressie van melanopsine-L. Toevoeging van 1-2% DMSO of een combinatie van
DMSO, β-arrestin en 11-cis retinal verhoogde de expressie aanzienlijk, maar nog
steeds zonder lichtgevoelig pigment zoals dat aangetoond kon worden na solubilisatie met een mild detergens. Solubilisatie is een complex vraagstuk, aangezien
dat een zoektocht representeert naar een nauw afgestemde balans tussen efficiënte extractie en het behoud van activiteit. Hiertoe onderzochten we veertien
verschillende detergentia in verschillende combinaties voor het extraheren van
melanopsine-L vanuit de membraan van de gastheercel. Redelijke extractie- efficiënties konden worden gerealiseerd met het meer agressieve detergens dodecylphosphocholine (DPC; 40-60%), het mildere ASB-14-4 en met combinaties van
β-dodecylmaltoside (DDM) + DPC of DDM + dihexanoylphosphatidyl choline (DHPC)
(20- 30%). Deze condities werden ook getest in affiniteitszuivering en iedere conditie leverde twee- tot driehonderdvoudige zuivering, resulterend in dezelfde triade
van melanopsine banden. Behandeling van het gezuiverde melanopsine-L met
N-glycosidase F in combinatie met LC-MS-analyse toonde aan dat de bovenband
van het melanopsine triade geglycosyleerd is op Asn30 en Asn34 en dat de twee
lagere banden niet geglycosyleerd zijn. De oorzaak van het verschil in migratie
van de twee lagere banden is nog niet opgehelderd. In sommige van de gezuiverde monsters werd een kleine hoeveelheid lichtgevoelige pigment gedetecteerd
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met een absorptieband rond 490 nm, hetgeen waarschijnlijk het melanopsine-L
pigment representeert. Helaas konden we geen duidelijke relatie vaststellen met
specifieke kweek- of solubilisatiecondities. We concludeerden dat grote problemen
werden ondervonden bij de opname van ligand (11-cis retinal) door het heteroloog
geproduceerde opsine en/of dat de instabiliteit van het melanopsine in detergens
aanzienlijk is. In de volgende twee hoofdstukken werden nieuwe benaderingen
getest om ten minste één van deze problemen aan te pakken.
Één benadering bestond uit de contstructie van een chimeer eiwit (Rho-C-Mel),
waarbij de C-terminus van rhodopsine werd vervangen door die van melanopsine.
Dit zou naar verwachting resulteren in een chimaera die gemakkelijk zou moeten
binden met 11-cis retinal en daarmee diepgaande studies over de structuur en
functie van de raadselachtig lange C-terminus van melanopsine mogelijk maken.
Hoofdstuk vier gaat over de constructie van twee chimere eiwitten, Rho-C-Mel en
Rho-C-Mel_His. Het fusie-eiwit Rho-C-Mel kon met succes tot expressie gebracht
worden in insectencellen met behulp van recombinant baculovirus. Inderdaad
werd een lichtgevoelige pigment gegenereerd na incubatie met 11-cis retinal,
met een absorptiespectrum identiek aan rhodopsine. Er werd een productie van
2-3 mg pigment/L kweek bereikt. Dit zou voldoende pigment moeten genereren
om zuivering en gedetailleerde moleculaire karakterisatie mogelijk te maken. Een
goede zuivering van de niet-getagde chimaera bleek problematisch te zijn. Affiniteitschromatografie met Concanavaline A sepharose leverde een gedeeltelijke
zuivering op - wat aangeeft dat de chimaera ook N-geglycosyleerd is - maar het
product was nog ernstig verontreinigd met eiwitten van de gastheer. Daarom werd
er een versie geconstrueerd met een his-tag (Rho-C-Mel_His). Deze werd functioneel tot expressie gebracht in insectencellen met behulp van het bijbehorende
recombinante baculovirus.
In hoofdstuk vijf beschrijven we een nieuwe procedure om membraaneiwitten
over te zetten in oplosbare eenheden met minimale blootstelling aan detergentia.
Runder- rhodopsine werd gebruikt als testeiwit. Het werd direct overgebracht van
een membraanomgeving in een klein nanodisc deeltje dat geschikt is voor verdere
zuivering. Na een korte solubilisatie van de totale membraanfractie werd er een
‘membrane scaffold protein’ (MSP) toegevoegd en werd het detergens snel geëx-
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traheerd met behulp van β-cyclodextrine. Deze procedure bleek succesvol, zowel
met de natieve fotoreceptormembranen als met de insectencelmembranen. Er
werd een opbrengst bereikt van meer dan 80% rhodopsin gesolubiliseerd in nanodiscs . ‘Dynamic light scattering’ bevestigde de aanwezigheid van een nagenoeg
homogene populatie van kleine deeltjes met een hydrodynamische doorsnee van
17 ± 3 nm, in overeenstemming met de verwachte grootte van de gebruikte nanodiscs. In dit geval was de MSP voorzien van een ‘his-tag’ voor zuivering. Desondanks
konden de nanodiscs met van een his-tag voorziene rhodopsine nog voldoende
gezuiverd worden. Dit maakte functionele analyses mogelijk. Deze analyses toonden aan dat rhodopsine binnen de nanodiscs zijn fotochemische eigenschappen
en signaleringscapaciteit had behouden. In verkennende experimenten konden we
deze resultaten reproduceren voor het veel minder detergens-resistente melanopsine. Deze studie toont aan dat de door ons ontwikkelde procedure een een-stap
functionele zuivering van membraaneiwitten voorzien van een ‘tag’ in een lipide
omgeving mogelijk kan maken met slechts zeer korte blootstelling aan detergentia.
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Abbreviations
ASB-C8φ

4-n-Octylbenzoylamido-propyl-dimethylammoniosulfobetaine

ASB-14 		

3-[N,N-Dimethyl(3-myristoylaminopropyl)ammonio]propanesul-

fonate
ASB-14-4

Tetradecanoylamidopropyl-dimethylammonio-butanesulfonate

CHAPS		

3-[(3-Cholamidopropyl) dimethylammonio]-1-propane sulfonate

CNG 		

cyclic nucleotide gated cation channels

CRBP 		

cellular retinol binding protein

CTAC 		

Hexadecyltrimethylammonium chloride

Cymal7 		

n-Cyclohexyl-heptyl-β-D-maltoside

CMV 		

Cytomegalovirus

CRALBP 		

Cellular Retinal Binding Protein

C12E8		

Octaethylene glycol monododecyl ether

DAG 		

Diacylglycerol

DDM 		

n-Dodecyl-ß-D-maltoside

DHPC 		

1,2-Dihexanoyl-sn-glycero-3-phosphocholine

DM 		

n-Decyl-ß-D-maltoside

DMSO 		

Dimethylsulfoxide

DPC 		

n-Dodecylphosphocholine

Dpi		

Days post-infection

DTAB 		

Dodecyltrimethylammonium bromide

EGFP 		

Enhanced green fluorescent protein

ER 		

Endoplasmic reticulum

GCL 		

Ganglion cell layer

GIP 		

GPCR interacting proteins

GPCR 		

G-protein coupled receptor

Gt		

trimeric GTP-binding protein, transducin

Gtα		

Transducin α subunit

Gtßγ		

Transducin ß and γ subunit

IGL 		

Inter geniculate leaflet

INL 		

Inner Nuclear Layer
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IPL 		

Inner Plexiform Layer

ipGRC 		

intrinsically photosensitive Retinal Ganglion Cell

IP3 		

Inositol 3-Phosphate

IRBP 		

Interphotorecpetor Retinoid Binding Protein

LRAT 		

Lecithin:Retinol Acyltransferase

LGN 		

Lateral Geniculate Nucleus

LWS 		

long wavelength sensitive pigments

MOI		

Multiplicity of Infection

OLM 		

Outer Limiting Membrane

ONL 		

Outer Nuclear Layer

OPL 		

Outer Plexiform Layer

OPN 		

Olivary Pretectal Nuclei

PDE 		

Phosphodiesterase

PLC 		

Phospholipase C

PTX 		

Pertussis toxin

RDH 		

all-trans-retinol dehydrogenase

RGC 		

Retinal ganglion cells

RGS 		

Regulator of G-protein signaling

RHT 		

Retinohypthalamic tract

RPE 		

Retinal pigment epithelium

RPE65 		

isomerohydrolase

Sf9 		

Spodoptera frugiperda

SCN 		

Superchiasmatic Nucleus

SV40 		

Simian vacuolating virus 40

SWS 		

Short wavelength sensitive pigment

TDM 		

n-Tridecyl-ß-D-maltoside

TRPs 		

transient receptor potential cation channels

VGL 		

Ventral Lateral Geniculate
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