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IN G PROTEIN-COUPLED RECEPTORS

He Tian, Ph.D.

The Rockefeller University 2015

G protein-coupled receptors (GPCRs) constitute a large family of transmembrane
receptors that transduce extracellular signals into intracellular biochemical responses.
Understanding with chemical precision how GPCRs function in cellular membranes is an
active area of biological research, but despite recent reports of X-ray crystal structures of
several GPCRs, some important questions remain unresolved. For example, the kinetics
and thermodynamics of ligand-receptor interactions that lead to receptor activation and
how allosteric modulators affect receptor signaling need to be addressed. In addition to
basic understanding of transmembrane signaling, studies of GPCRs can provide insights
that might advance drug discovery since a large proportion of existing therapeutic agents
target GPCRs. The first aim of my thesis project was to develop a strategy for the
bioorthogonal labeling of GPCRs with useful chemical probes or chemically reactive
handles at specific defined sites. Several strategies were explored to label unnatural
amino acid residues genetically encoded into GPCRs expressed in mammalian culture.
Using the visual pigment rhodopsin (Rho) as a model GPCR, the strain-promoted [3+2]

azide-alkyne cycloaddition reaction (SpAAC) between dibenzocyclooctyne (DIBO) and



p-azido-L-phenylalanine (azF) was shown to be a suitable strategy for attaching labels to
GPCRs. While characterizing the specificity, kinetics, topology-dependent reactivity of
the labeling chemistry, the reaction rate of SpAAC with azF situated in the
transmembrane region of the receptor was enhanced by up to 1000-fold, which was
attributed to DIBO partitioning into the hydrophobic core of micelles. Then a
fluorescence resonance energy transfer (FRET) assay was developed for the labeled Rho
to demonstrate its functionality with respect to ligand binding. Rho consists of a
chromophore ligand, 11-cis-retinal, bound to the opsin via a Schiff base bond. The
photoisomerization of 11-cis-retinal to all-trans-retinal activates the receptor to trigger
the downstream signaling cascade in photoreceptor cells. The Schiff base bond in the
active conformation is prone to hydrolysis, allowing all-trans-retinal to dissociate from
the ligand-binding pocket. The ligand-free opsin then recombines with 11-cis-retinal to
complete the visual cycle. The FRET assay used to measure the reaction rates of
bioorthogonal labeling chemistries also enabled measurement of retinal entry kinetics and
was utilized first to address the energetics of the recombination reaction between opsin
and 11-cis-retinal. The activation energy for retinal binding was obtained from the
temperature-dependent retinal entry kinetics. The reaction enthalpy was measured by
isothermal titration calorimetry (ITC). The activation energy for the reverse reaction was
measured by chromophore exchange of the bound 11-cis-retinal with exogenous 9-cis-
retinal. Based on these results, the complete energy diagram was derived for the binding
between 11-cis-retinal and opsin. Additional studies were carried out to determine how
retinal entry and release kinetics were affected by site-directed mutagenesis of set of

highly conserved amino acid residues postulated to be in the pathway for retinal entry



and/or release. A set of mutations located at the fifth and sixth transmembrane (TM)
helices was found to exert a much greater influence on the retinal entry kinetics than on
the retinal release kinetics. Three criteria were used to evaluate the influence of these
mutations: 1) the correlation between side-chain size and entry kinetics; 2) the change in
the activation energy for retinal entry; 3) the effect of increasing polarity at these sites.
Based on these findings, a model was proposed to describe the retinal entry pathway
leading from the membrane-embedded receptor surface to the ligand-binding site in the
transmembrane core. In summary, the methods described in this thesis add to the
chemical biology tool kit for probing the structure-function relationship in GPCRs. As a
specific application of the methodology a detailed analysis is presented that describes the
kinetics and thermodynamics of ligand binding and release in the prototypical GPCR
rhodopsin. Additional applications of the current methodology include, for example,

single-molecule studies of the GPCR signaling complex.
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Chapter One: Introduction

1.1. G protein-coupled receptors as important drug targets

The G protein-coupled receptor (GPCR) superfamily constitutes the largest group
of transmembrane receptors. All GPCRs share seven transmembrane helices as a
common structural framework and several highly conserved amino acid residues reside
within the transmembrane domain and define receptor sub-classes. As discussed below,
the ligand-binding pocket for class A GPCRs is generally situated within the
transmembrane core region. The extracellular N-terminus, intracellular C-terminus and
the loops between transmembrane helices are much less well conserved but nevertheless
play critical roles in defining receptor trafficking and receptor-G protein interaction,
among other functions.

Despite the common structural features, GPCRs respond to a wide array of stimuli
that are chemically (photon, ions, small molecules, lipids, peptides, proteins) and
functionally (hormones, neurotransmitters, cytokines, ordorants, efc.) divergent. Not
surprisingly, GPCRs mediate a myriad of physiological processes and are widely
implicated in diseases, making them the most important category of all the known drug
targets (Overington et al., 2006). Notable examples include S blockers targeting 3
adrenergic receptor for treating hypertension, and HIV entry blockers targeting the
chemokine CCRS receptor for treating AIDS.

The GPCR superfamily is further divided into five classes named after their
representative member: rhodopsin (class A), Secretin (class B), Adhesion (originally class
B), Glutamate (class C), and Frizzled/Taste? (Bockaert and Pin, 1999). The rhodopsin

1



receptor family is the largest category, covering a number of nearly 700 receptors

(Lagerstrom and Schioth, 2008).

Biogenic amines Amino acids and ions Lipids
Noradrenaline, dopamine, Glutamate, calcium, LPA, SIP, prostaglandins, leukotrienes

5-HT, histamine, GABA
Peptides and proteins

acetylcholine
/“"—_ Chemokines, angiotensin, thrombin, bombesin, endothelin, bradykinin

— Others
Light, odorants, nucleotides

D D B B D S D D D O O S D D D S S S D D D D S S D D D S S S S S S S O O

Biological responses

Bw-s Proliferation, cell survival,
Yo °°°°° S0005 4 differentiation, migration,
Y0, ECM degradation, angiogenesis,
S metastasis, cancer

Go, GO 5 Go, Goy, Goy, ...
GaSXL Gao' G(XT Gaﬂ' Ga]S/]é GaB *
Gasolf Ga‘z‘ Gagust
Effector
Adenylyl cyclase  Adenylyl cyclase PLCB P115—-RhoGEF
Axin Phosphodiesterases Lbc LARG
T(cAMP) Phospholipases T(Ca®) PDZ-RhoGEF
PKA J(cAMP) PKC AKAP-Lbc

Rho Rho

Figure 1-1. The GPCR signaling pathway. A wide range of ligands can activate
GPCRs. The activated receptor activates the heterotrimeric G protein. The downstream
signaling pathway is determined by the type of Ga being activated by the receptor. The
four classes of Ga are specialized to activate adenylyl cyclase (Gs), inhibit adenylyl
cyclase (Gj), activate phospholipase C (Gg), and regulate guanine nucleotide exchange
(Gi213). The biological response may range from transient events (e.g., opening of ion
channel) to long-term change (e.g., gene expression). Figure taken from (Dorsam and
Gutkind, 2007).



1.2 Intracellular signaling through GPCRs

GPCRs are exquisitely regulated signaling machines. As the name suggests, the
canonical signaling pathway involves the coupling between the receptor and G protein.
Unlike many other important transmembrane receptors, such as ligand-gated ion channel
receptors and enzyme-coupled receptors, GPCRs lack catalytic activity and requires the
heterotrimeric G protein (Gafy) to serve as an intermediate between receptor and effector.
Specifically, GPCR activation by agonist binding leads to GDP-GTP exchange in the Ga
subunit and subsequent decoupling of Ga with Gfy and receptor. In this regard, GPCRs
functions as a guanine nucleotide exchange factor (GEF). Ga is a weak GTPase whose
activity is regulated by GTPase activating proteins (GAPs). The hydrolysis of GTP to
GDP deactivates Ga and eventually results in the re-association of Ga with Gy (Oldham
and Hamm, 2008).

Besides the G protein cycle, the duration of signaling is also regulated through a
process termed desensitization. The receptor can be phosphorylated by GPCR kinases
(GRKs) to induce arrestin binding, which prevents further interaction between receptor
and G protein, and induces endocytosis of the receptor to reduce the density of receptors
on the cell surface.

The picture described here, however, is quite primitive, with many key questions
to be tackled. One important question open to debate concerns the allosteric regulation of
GPCRs. In the classic scenario, ligand-receptor binding precedes receptor-G protein
binding (the “free collision” model). Meanwhile, there is increasing evidence suggesting
that G protein may engage receptor prior to agonist binding (the “pre-coupling” model),

which in turn increases receptor’s affinity to the ligand (Oldham and Hamm, 2008;



Nobles et al., 2005). Whether the pre-assembled receptor-G protein complex exists in the
cellular context, and if so, what is their physiological significance, is being actively
investigated. Another pharmacologically significant question is the biased signaling of
GPCRs. A particular ligand may not elicit the full repertoire of downstream signaling, but
selectively activate some of the pathways (Violin and Lefkowitz, 2007). Because many
GPCRs mediate more than one downstream signaling pathway with important
physiological consequence, these biased ligands may be exploited to precisely target the
most relevant pathway while leave the rest undisrupted. Addressing these questions often
require a detailed understanding on the conformational dynamics and heterogeneity of

GPCRs.



1.3 Rhodopsin as a Model System for Studying GPCR: a Historical Perspective

This thesis presents novel chemical approaches for studying GPCR signaling
complex, using the visual photoreceptor rhodopsin as the model system, an excellent
prototypical receptor for class A GPCRs. Here I would like to briefly review the history
of research on rhodopsin to illustrate how knowledge accumulated for a particular
receptor contributed to the grand picture of GPCRs.
1.3.1 The early years of research on rhodopsin

The scientific quest on the biochemistry of visual process has a long-standing
history dating back to the 1830s, when microscopic anatomists began to investigate the
fine structure of the eye and its associated parts. These efforts led to the identification of
the layer structure of retina, including the outer layer consisting of cones and rods, and
the connectivity between retina and nerve fiber. Although the overall importance of retina
in visual function was evident, it remained controversial on which element of retina
mediates the light-sensing function. Heinrich Miiller, an anatomist working in Wiirzburg,
showed that the nerve fibers terminates at the rods and cones, supporting the view that
rods and cones are responsible for light-sensing (Schickore, 2000). Moreover, Miiller was
the first to describe the reddish color of vertebrate rod cells.

The significance of Miiller’s seminal finding was made clearer by the work of
Franz Boll, who described in 1876 that the red-purple color of rod changed to yellow
upon photobleaching in a wavelength-dependent manner, and that the red color could be
regenerated in the live animal in the dark (Boll, 1876). The reversible change of color
strongly suggested a direct connection between rod cells and the visual action, and

immediately inspired Willy Kiihne, a physiologist well acquainted with chemical



approaches, to pursue this question. Kiihne decided that purple was more suitable than
red for describing the color of rod, and coined the neologism “visual purple (sehpurpur)”,
and later “ thodopsin” to refer to this colored substance. Kiihne, together with his
assistants, produced a strikingly large body of knowledge into the chemistry of visual
system that remained unsurpassed for the next fifty years. They found that in contrary to
Boll’s claim, visual purple was not degraded upon death of animal. The photobleaching
of this purple substance involved an intermediate yellow species and the rate of
photobleaching was dependent on the wavelength and intensity of incident light. The
regeneration of visual purple required direct contact between retina and fresh pigment
epithelium. They extracted visual purple with bile salt, and performed the recombination
reaction in vitro by combining the retina and pigment epithelium extraction. Because
visual purple could be salted out, but did not penetrate semi-permeable membrane, Kiihne
inferred it to be a protein (Gamgee, 1877; Kiihne, 1878; Wolf, 2001).

The pioneering works by the physiologists in the 19th century established the idea
that visual function involved a chemical process in the rod cells of retina. The subsequent
development of spectrophotometry enabled quantitative verification of Kiihne’s
qualitative description. Selig Hecht, a biophysicist at Columbia University, proposed a
conceptual scheme for this reversible chemical process. Visual excitation is initiated by

the dissociation of the photosensitive pigment (S) into two molecules (S—P+A), and one

of the resulting products mediates the photo excitation. In turn, the pigment was
regenerated by the recombination of P and A, or a variant P +B (Wald, 1968). A major
contribution by Hecht was the recognition of the quantal nature of visual photochemistry.

He showed that visual excitation only required 5 to 8 photons, an incredibly small



number, thus the visual system must possess an exceptional efficient signal amplification
mechanism (Hecht et al., 1942).

In 1930s, various lines of evidence suggested visual purple was a protein with a
colored prosthetic group (Hecht, 1942). George Wald, Hecht’s pupil, made a crucial step
towards uncovering the chemical nature of rhodopsin. Inspired by the observation that
dietary night blindness resulted from vitamin A deficiency, Wald showed by UV-Vis
spectroscopy that the chloroform extraction from retina contained a considerable
concentration of vitamin A (Wald, 1933), and proposed that rhodopsin was a carotenoid-
bound protein (Wald, 1934). In the ensuing years, Wald studied every species he could
possibly obtain, and concluded all the visual pigments, including the cone receptors for
photopic color vision and rod receptor for scotopic vision, shared a similar architecture: a
molecule of retinal bound to a colorless protein opsin, and it was the difference in opsins
that produced the characteristic absorption spectrum for each pigment (Wald, 1953,
1964). The abundance of rhodopsin in bovine retina made it possible for enough material
to be obtained in large quantity, which was non-trivial in an era prior to the advent of
recombinant protein technology. Using bovine rhodopsin as the model system, Wald and
his co-workers delineated the serial conversion of retinoids in the visual cycle (Wald et
al., 1950; Wald and Brown, 1950; Hubbard and Wald, 1952), and elucidated how retinal
was attached to the apoprotein opsin (Bownds and Wald, 1965; Bownds, 1967). These
findings were summarized in Figure 1-2.

1.3.2 Rhodopsin found to be a GPCR
By the year of 1967 when Wald was awarded the Nobel Prize in Physiology or

Medicine, his relentless investigation had pushed the research on rhodopsin to the



boundary of the contemporaneous chemical and spectroscopic methodologies.
Nonetheless, how rhodopsin could convert photo-signal into neuroelectric signal could
not be answered without explicit knowledge on the action of opsin. In the late 1970s
sequencing of soluble globular protein was routine. However, sequencing a highly
hydrophobic molecule like rhodopsin remained a formidable challenge. Paul Hargrave, a
leading peptide biochemist, overcame a series of technical difficulties to determine the N-
and C-terminal sequence of thodopsin (Hargrave and Fong, 1977; Hargrave et al.,
1982a), locate the lysine that formed a Schiff base bond with retinal (Wang et al., 1980;
Hargrave et al., 1982b), and characterize the oligosaccharides attached to the N-terminus
(Fukuda et al., 1979, 1982).

From 1982 to 1983, the Ovchinnikov group based in Moscow (Ovchinnikov,
1982) and the Hargrave group (Hargrave et al., 1983) independently published their
magnum opus: the complete amino acid sequence of thodopsin. The primary structure
yielded the critical insight that the polypeptide of rhodopsin folded into seven
transmembrane helices (Figure 1-3) (Ovchinnikov, 1982; Hargrave et al., 1983). It also
suggested a structural and functional homology between rhodopsin and another known

retinal-bound protein bacteriorhodopsin (Ovchinnikov, 1982).



Figure 1-2. Summary of the knowledge on the visual cycle by 1968. A) The structures
of 11-cis-retinal (1), 11-cis-retinol (2), all-trans-retinal (3), all-trans-retinol (4) and all-
trans-retinyl ester (5). B) The proposed diagram of rod visual cycle. The enzymes in the
visual cycle identified after 1968 are colored in red. The question mark represents the
enzymes Ward hypothesized to exist. The photobleaching of thodopsin by light causes
11-cis-retinal to isomerize to all-trans retinal that subsequently dissociates from opsin.
All-trans-retinal is then reduced to its alcohol form by all-trans retinol dehydrogenase
(all-trans RDE) (Rattner et al., 2000), the only enzymatic activity identified in the visual
cycle by 1968(Koen and Shaw, 1966). All-trans-retinol then forms all-frans retinyl ester
with fatty acid by the activity of lecithin retinol acyltransferases (LRAT) (Saari and
Bredberg, 1989; Ruiz et al., 1999). All-trans-retinyl ester is isomerized and de-esterified
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