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Abstract of the Dissertation
Correlating Structure and Function in Class A GPCRs
by
Joseph Goncalves
Doctor of Philosophy
in
Molecular and Cellular Biology
Stony Brook University
2012

Class A G protein-coupled receptors (GPCRs) serve as the gatekeepers for cell signaling in
eukaryotes. With over 4% of the human protein-encoding genome dedicated to their expression,
GPCRs are accountable for a variety of physiological responses including, vision, vasodilation,
and cell migration. These receptors all contain seven transmembrane helices and a number of

conserved residues suggesting a universal activation mechanism.

In order to understand GPCR activation, it is essential to delineate the structural differences
between ligand-bound receptor conformations. Despite the breadth of biophysical studies
conducted to date, how ligand binding is coupled to receptor activation remains to be elucidated.
In this thesis, solid-state NMR studies are presented that target conformational changes in the
low light visual pigment rhodopsin, a prototypical GPCR. Rhodopsin is activated by a light-
induced 1l-cis to trans isomerization of a covalently bound retinal chromophore. The
experimental data presented define global structural changes that couple receptor activation with
the binding of downstream signaling targets. Activation-induced changes are described in the
region of transmembrane helices H5 and H6. First, NMR distances measurements are used to
temporally separate the motion of H6. Using "°C..."*C dipolar couplings we observe a rotation of
transmembrane helix H6 upon formation of Meta I. Meta I is the inactive predecessor of the

signaling competent state, Meta II. Rotation of H6 in Meta I reflects the disruption of a salt
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bridge between Argl35°°° and Glu247°*° prior to displacement of the transmembrane helix in
Meta II, which is required for coupling to heterotrimeric G protein. In addition, we show that H5
undergoes a rotation in the transition to Meta II. Specifically, we observe NMR contacts between
Tyr223, Tyr306, Met257, and Argl35 that reveal a close association between these residues in
the active Meta II state. Rotation of HS5 allows a direct interaction to form between signature-

conserved residues Tyr223°® and Arg135>°

. Fluorescence spectroscopy is used to measure the
rate of active state decay. We find that the Tyr223°>® and Argl35°”" interaction is crucial in
stabilizing the active conformation of H5. The structural studies on rhodopsin are extended to the
ligand-activated P,-adrenergic receptor. We use NMR to probe the rotational orientation of
transmembrane helix HS in the presence of various ligands. The data show a graded rotation of
HS5 that correlates with ligand efficacy. Together, the structural studies on rhodopsin and the f3,-

adrenergic receptor reveal that HS rotation is a common element of GPCR activation.
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CHAPTER 1: INTRODUCTION

1.1. G protein-coupled receptors: a superfamily of integral membrane receptors.

The superfamily of G protein-coupled receptors (GPCRs) comprises an extensive group of
integral membrane proteins that are essential for a wide variety of cell signaling pathways.
Members of the GPCR superfamily share a common secondary structure consisting of seven
transmembrane helices that are bridged by extended loop regions, which help to make up both
the intracellular and extracellular surface of the receptor. GPCRs also share a common class of
intracellular binding partners in the eponymous heterotrimeric G proteins (Gofy) whose o
subunits (Ga) are bound to guanosine diphosphate (GDP). Upon activation, the cytosolic surface
of GPCRs interacts with Ga to induce guanine nucleotide exchange. In its GTP-bound form, Go
dissociates from the fy subunit and both moieties interact with downstream signaling targets to

propagate the signal of ligand binding.

In spite of the global similarities in both topology and intracellular binding partners, GPCRs
have evolved to recognize and transduce an extraordinarily broad range of signals that includes
light, Ca™", small organic molecules and large peptide hormones. These receptors are exclusive
to eukaryotes and are found in both vertebrates as well as invertebrates (/). GPCRs can be

divided into six classes (A-F) based on sequence homology and functional similarity (/-3).

The class A (rhodopsin-like family) receptors respond to the presence of diverse stimuli
ranging from light to various ligands, which include small molecule amines, and hormones.
Class B (Secretin and Adhesion families) receptors are activated by peptides of the glucagon
hormone family (4, 5). Receptors in class C (Glutamate family) are composed of the
metabotropic glutamate receptors, which are characterized by a large N-terminal ligand-binding
domain (6) that is structurally homologous to the amino terminal domain of the ligand-gated
ionotropic glutamate receptors in postsynaptic neuronal membranes (7). Pheromones (e.g. a-
factor) secreted by Saccharomyces cerevisiae bind to class D GPCRs (e.g. STE2) during the
mating process. Similar mechanisms are in place for mating of several fungi (8). Class E
receptors have been implicated in the chemotactic migration of slime mold and can potentially be

exploited as antifungal targets (9, 10). Class F (Frizzled/smoothened/taste2 family) contains



receptors in the Wnt signaling pathway (/7), which perform indispensable roles in embryonic

development (/2).

The majority of GPCRs are categorized as class A receptors. In the GPCR database, there are
over 20,000 class A sequences from various species. 952 of 1061 GPCRs in the human genome
are in class A, most (509) of which are involved in olfaction. Non-olfactory class A GPCRs are
further divided among 19 subfamilies including the well-studied visual and small molecule
amine receptors, as well as hormone and peptide receptors. Despite the breadth of the class A
subfamily, there exists a degree of sequence conservation among these receptors. Furthermore,
the class A receptors share similar mechanisms of receptor downregulation. Activated receptors
are targeted for phosphorylation by one of seven related G protein-coupled receptor kinases
(GRK1-7) (13-16). Subsequently, these post-translational modifications serve as docking sites
for yet another homologous class of proteins, arrestin(/7-20). Once bound to a receptor, arrestin
molecules recruit components of the clathrin-mediated mechanism for endocytosis. The fact that
arrestin molecules from the retina are able to desensitize B, adrenergic receptor (B.AR) signaling
underscores a common mechanism by which class A GPCR signaling is down-regulated (21,
22).

In terms of their pharmacology, members of the class A GPCR subfamily currently make up
over 25% of the proteome accessible to small molecule drugs (23). There are a number of factors
that make class A GPCRs such a predominant pharmacological target. First, they are widely
involved in a variety of cellular processes. In addition, their location on the cell surface renders
them accessible to drug binding. Furthermore, there are several clinical mutations in GPCRs that
are associated with pathologies ranging from asthma and allergies to Parkinson’s disease (24,
25). These mutations modulate activity and the resulting phenotypes are associated with the
aberrant signaling properties of non-native receptors. In the visual system for example, mutations
in thodopsin can result in autosomal dominant retinitis pigmentosa, an inherited human disease
that causes progressive retina degeneration due to the misfolding of the visual receptor, or

congenital night blindness, which is due to constitutive receptor activation (26).

The amine subfamily of receptors (including the noradrenaline, dopamine, histamine, and 5-
hydroxytryptamine receptors) is the largest drug target among GPCRs. Saunders (27) estimated
that of the 35 top GPCR prescription drugs in 2003, 24 ligands targeted monoaminergic

2



receptors. Inhibitors of the angiotensin-II receptor were a distant second in the number of drugs
on the market. Over the past seven years, the drug targets have expanded well beyond this
limited set. For example, CCRS5 and CXCR4 and their cognate chemokine agonists have been
implicated in various inflammatory and autoimmune conditions as well as cancer. CXCR4 has
also been shown to be crucial for embryonic development. Furthermore, CCRS (28, 29) and
CXCR4 (30, 31) are the major co-receptors used by HIV-1 for entry into host cells and specific
entry inhibitors targeting these receptors have emerged as a new class of anti-HIV-1 drugs.
Maraviroc (UK-427,857) is a potent antagonist of the CCRS receptor that prevents HIV entry

and is currently one of the only small molecule inhibitors available for HIV treatment (32).

1.2. Overall structure and activation mechanism.

Models of GPCR activation have been based on a two-state receptor model (33, 34). In these
models, ligands modulate an equilibrium between two distinct conformations of the receptor.
Under the framework of the two-state model, constitutive activity can be explained by an
agonist-independent conversion from an inactive (R) state to an active (R*) state. Recently, data
suggesting the existence of multiple conformational states have emerged that call for a
reevaluation of the two-state model. For example, biochemical data have shown that an activated
receptor is often capable of coupling to a number of heterotrimeric G proteins (35) and that
different signaling cascades can be activated from a single receptor depending on the nature of

the bound agonist (36).

The challenge is to now unravel what appears to be a continuum of possible conformations
with varying degrees of activation selectively stabilized by different ligands (37). A crucial step
in this process is to correlate cell-based activity data with structural characterization of
differentially activated receptors. In the following subsections, a survey is presented of the high-
resolution structural data that have contributed our current understanding of GPCRs and their
activation mechanism. The current body of structural data available for GPCRs is dominated by
X-ray crystallography. However, solid-state nuclear magnetic resonance (NMR) spectroscopy
has also made a significant contribution. Together, these two high-resolution techniques provide
a framework for understanding the wide range of biochemical (38-42) data in the literature, as

well as biophysical data obtained from electron paramagnetic resonance (EPR) (43-47),



fluorescence (48-50), UV absorbance (51, 52), Fourier transformed infrared (FTIR) (53-61), and

resonance Raman spectroscopy (62-64).

The subsections below present a survey of the structural data that currently describes the
activation mechanism of class A GPCRs. For clarity, the relevant literature is discussed in the
context of specific regions of the receptor. For each region, open questions for future pursuits are

enumerated.

1.2.1. N terminus and extracellular loops.

In GPCRs, the peptide sequence prior the start of a-helical secondary structure in
transmembrane helix H1 is variable in length and structure. Nevertheless, the N-terminal region
(ATD) of GPCRs contains structural modules that are targets of post translational modification
and ligand binding. Regions of the ATD have also been implicated in homodimerization of the

bradykinin B, receptor (65).

Several Asn residues in the ATD fall within the consensus sequence for N-linked
glycosylation. Post translational receptor glycosylation is required for proper trafficking in a
number of GPCRs including the gonadotropin-releasing and luteinizing hormone receptor (66),
as well as the neurokinin receptor (67). In other cases, such as the p2AR (68), sugar moieties in

the ATD influence ligand affinity.

There are several examples where the ATD is directly involved in ligand binding. For
instance, crystal structures of soluble forms of the ATD from the metabotropic glutamate
receptor have been determined which show a '"Venus flytrap' moiety in its open and closed state
(69, 70). In addition, chemokine receptors operate under a two-step ligand binding process,
whereby regions of chemokines associate with the ATD of their cognate receptors prior to
interacting with the transmembrane core (7/). In one unique receptor, the PAR (protease-
activated receptor) the native peptide ligand is a component the ATD and activation is induced

by a proteolytic event, which allows the tethered ligand to enter the binding pocket (72).

In rhodopsin, the ATD contains two stretches of residues that adopt [-sheet secondary
structure (B1 and (2). In addition there are two N-linked glycosylation sites at Asn2 and Asnl5,

the latter of which is required for proper folding and receptor activation (73). Epitope mapping



reveals that binding of antibodies to the ATD results in a decrease in the dark state stability of
rhodopsin (74). In addition, several mutations associated with autosomal dominant retinitis
pigmentosa are found in the extracellular region. The implication is that ATD is more than a

flexible region of GPCRs. As such, it will warrants further inquiry.

1.2.2. H1-H4 transmembrane core.

Much of the biophysical data that currently describes GPCR activation reveal structural
changes predominantly in transmembrane helices H5, H6 and H7. One of the common features
of H5-H7 is that each of the three helices contains a conserved proline residue, whose presence is
known to disrupt secondary structure in a-helices (75, 76). In contrast, there are no conserved
proline residues on H1-H4. In addition, the interfaces between H1-H4 are lined with a number of
small residues (Gly, Ala, Ser), whose individual conservation is low but rises to over 90% when
considered as a group. It has been proposed that the presence of these so-called ‘group
conserved’ residues helps to mediate close packing interactions between a-helices (77). In the

case of rhodopsin, site-directed mutagenesis of Gly121°*°

, a group conserved residue,
compromises thermal stability of the inactive state (78). (Note, superscript denotes Ballesteros-
Weinstein numbering. The first digit identifies the transmembrane helix. The remaining digits
describe the proximity of a particular residue to the most conserved amino acid in the
corresponding transmembrane helix, which is denoted 50 (79)). In the ,AR, point mutations that
introduce larger residues at group conserved positions on transmembrane helix H4 decreased
ligand affinity (80). The deleterious effects of increasing the side chain volume at group
conserved positions in the $,AR were rescued by introducing smaller residues at neighboring
positions within the H1-H4 core (80). When coupled with the lack of proline residues, group

conservation within HI-H4 supports that a stable tetrad core remains relatively static upon

receptor activation.

Interestingly, there are a number of studies that would argue for a pivotal role of
transmembrane helix H3 in receptor activation and therefore challenge the idea of a stable H1-
H4 core. For rhodopsin, activation-induced structural changes have been observed within the
region of the conserved E/DRY motif at the cytosolic end of H3 in rhodopsin (59). Moreover, the
rhodopsin activation mechanism is known to include an internal proton transfer between the

retinal Schiff base linkage and a conserved glutamate residue on H3 (60, 81, §2). In the
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dopamine D2 receptor, regions of H3 have been implicated in ligand binding (83-85). Perhaps
one of the more compelling pieces of structural data in support of H3 motion comes from a direct
comparison of active (86) and inactive (87) crystal structures of the f,AR where a ratcheting
motion is observed in the interface between transmembrane helices H3 and H6, which involves a
motion of both helices (86). Nevertheless, whether or not H3 motion is a feature of GPCR

activation remains an open question.

1.2.3. HS.

A variety of biophysical and biochemical studies have been conducted on active GPCRs to
map the binding site of the heterotrimeric G protein. For rhodopsin, peptide mapping and
crosslinking experiments have specifically implicated the second and third intracellular loop
regions (IL2 and IL3, respectively). Studies have demonstrated that the interactions between
active rhodopsin and transducin (Gy, the G protein associated with visual receptors) block the
binding of antibodies whose epitopes are on IL2 and IL3 (88). Of note, antibodies designed to
target the cytoplasmic surface of rhodopsin effectively inhibit the binding of G to $,AR (89) and
suggest that, despite a lack of sequence conservation, the cytosolic surfaces of class A GPCRs
are similar. In 1994, a study conducted by the group of Heidi Hamm demonstrated that peptides
designed to mimic IL3, were remarkably effective in disrupting the interactions between
transducin and the active state of rhodopsin (90). In contrast, the consequence of occluding 1L.2
was moderate (90). The dominant role of IL3 in the binding of heterotrimeric G protein to active
GPCRs is further demonstrated by site directed mutagenesis of both the $;AR and AR (97) as

well as the muscarinic acetylcholine receptor (92).

In order for ligand binding at the extracellular surface to modulate the conformation of IL3,
structural changes must be transmitted through the adjoined transmembrane helices, HS and H6.
The structure of active rhodopsin in complex with undecapeptides corresponding to the carboxy-
terminus of transducin reveals specific interactions between the peptide and the cytosolic ends of

transmembrane helices H5 and H6 (93-95).

The cytosolic end of transmembrane helix H5 contains a Y (x);K(R) motif which is conserved
throughout class A GPCRs. The Y(x);K(R) motif contains a pair of conserved residues whose

side chains form interactions that help to stabilize an active receptor conformation. Mutations in



this region have been shown to significantly destabilize the active state of rhodopsin (96) and
stabilize the inactive state of the ;AR (97). In rthodopsin, the two corresponding residues in the
Y(x)7K(R) motif are Tyr223>°® and Lys231>%. In the dark, neither of these residues forms
interactions within the receptor. Inactive crystal structures of ligand-activated GPCRs also fail to
shown any interactions involving the Y(x);K(R) motif. The implication is that sequence identity
of the Y(x);K(R) motif is maintained throughout GPCRs for the purpose of stabilizing active

receptor conformations.

On the extracellular surface, residues on H5 interact with the f3-ionone ring in rhodopsin (i.e.
Met207°*, His211>* and Phe212°*") (98). Upon retinal isomerization, these interactions are
modulated in concert with changes in the interhelical hydrogen bonding network between
transmembrane helices H3 and H5 (99, 7100). A similar mechanism may be at work in the amine
receptors where a triad of conserved serine residues interact with the hydrogen moieties of
aminergic ligands (/01-105). The goal is now to understand how specific interactions between
ligands and the residues on H5 result in the cytosolic change required to form the active state
interactions of Y(x);K(R) motif. An allosteric coupling of these two microdomains would
provide insights into how ligand binding at the extracellular surface modulates the structure of
IL3 to allow formation of the ternary signaling complex (i.e. ligand, receptor, and heterotrimeric

G protein).

1.2.4. Ho.

One of the best documented features of the GPCR activation mechanism is a significant
motion of the cytosolic end of transmembrane helix H6 away from H3. This motion was first
characterized by electron paramagnetic resonance measurements of rhodopsin containing
nitroxide spin labels attached to the cytoplasmic end of transmembrane helix H6 (43). Roughly
concurrent with the EPR measurements, work from the group of Henry Bourne demonstrated
that an engineered metal ion binding site, designed to restrict the motion of H6 with respect to
H3, blocks rhodopsin activation (/06). Displacement of H6 in rhodopsin is confirmed by
crystallographic studies of putative active receptor conformations (93, 94, 107, 108).

The motion of transmembrane helix H6 seems to be a common feature of activation

throughout GPCRs. For instance, in 1997, the Kobilka lab observed local changes in the



environment of several cysteine-linked fluorophores upon agonist bonding to the B,AR (109).
These changes were subsequently assigned to Cys125>* and Cys285°*" and interpreted as
structural perturbations on H6 brought about by receptor activation (//0). Interestingly, Javitch
et al. (111) demonstrated that the sidechain of Cys285°*’ becomes accessible to the bulk solvent
in the active conformation of the f,AR. Comparisons of active (//2, 113) and inactive (87, 114)
crystal structures of the 3,AR further support the idea that H6 motion is a common theme of

GPCR activation.

An active focus in the field of GPCR research is to determine precisely how ligand binding
results in the necessary structural changes that induce the motion of transmembrane helix H6.
Since H6 motion appears to be a common feature of GPCR activation, it stands to reason that the
residues mediating helix motion are conserved. The most conserved residue of transmembrane
helix H6 is a proline, which induces a kink in the backbone of the transmembrane helix. In
addition, Pro®’ is a part of the conserved CWxP motif. A second set of conserved residues of

6.48

H6 is an aromatic cluster that includes Trp6'48, of the CWxP motif, as well as Phe®*, Trp™™,

Phe®”!, and Phe®™?.

Residues from both the CWxP motif and the aromatic cluster form the basis of a putative
rotamer toggle switch. The idea is that the side chains of residues within the aromatic cluster
make specific contacts with ligands to propagate structural changes along the transmembrane
helix (/15). In 2002, Shi et al. proposed a mechanism by which the side chain rotameric states of
both Trp®** and Phe®** are coupled and change during receptor activation. It should be noted that
in the case of rhodopsin, the residue at position 6.52 is an alanine. However, the -ionone ring of
the retinal chromophore is in direct contact with Trp265°*. As such, it is assumed that the p-

6.52

ionone ring, together with Ala269%*, plays the role of Phe®>* (116). Side chain dynamics in the

region of the aromatic cluster are poised to modulate the backbone kink induced by Pro®.
Moreover, the conserved Cys at position 6.47 is able to form weak hydrogen bonds with the
different backbone carbonyls of H6 depending on its side chain rotameric state (//7). These
hydrogen bonds mediate the backbone distortion about Pro® to provide a link between the

CWxP motif and motion of the cytoplasmic part of transmembrane helix H6.



Changes in the side chain rotamer states of residues within the aromatic cluster have been a

point of contention in the field. Specifically, the side chain orientation of Trp®*

is virtually
identical in all GPCR crystal structures. However, various biophysical studies of rhodopsin
including UV/Vis (52) and linear dichroism spectroscopy (5/) are consistent with local changes
in Trp265°*. Moreover, cryo-electron microscopy of an early intermediate in the
photoactivation cycle of rhodopsin reflects a change in the electron density associated with
Trp265°*® (117). As a result, how ligand binding induces the large scale displacement of

transmembrane helix H6 during GPCR activation is a question that still remains to be answered.

1.2.5. H7.

Transmembrane helix H7 contains a highly conserved NPxxY motif. In the case of rhodopsin,
both Asn302"* and Tyr306"° of this motif participate in interactions that stabilize the inactive
conformation. These residues are also in a position to trigger receptor activation via
“microswitches” (118, 119). Asn302"* participates in a hydrogen bonding network with
Ala299"%% and Ser298”* in the preceding helix turn. These three residues also form hydrogen
bonds to the side chains of Asn55'"° and Asp83**°, both of which are highly conserved
throughout class A GPCRs. The side chain of Asn302’* also participates in a water-mediated

hydrogen bonding network with the indole nitrogen of Trp265°*

. From the cytosolic surface, the
sidechain of Asn302 is in a hydrophobic pocket consisting of Leu76>*, Leu79**, Leul28*%,
Leul31**, and Met257%*. Both Leu79”*® and Leu128>* are strictly conserved (94% and 78%
respectively) and Alal24>* is group conserved (72%) (120). Mutation of either Leu79**° or
Leul28’* is associated with constitutive activity in rhodopsin (/21) and various other GPCRs
(122-124). Together with the dark state crystal structure, the mutational data argue that the close
packing interactions involving Asn302 and its neighboring residues helps to stabilize the dark

state of rhodopsin.

Also in the dark state of rhodopsin, Tyr306”° forms a hydrogen bonding to the side chain of
Asn73™! at the cytoplasmic end of H2. Asn73"" has been identified as a critical residue for the
interaction of active rhodopsin with arrestin, a prerequisite for clathrin-mediated endocytosis
(125). In the dark, interaction with Tyr306 likely sequesters the side chain of Asn73 to prevent

arrestin binding in the absence of receptor activation.



In 2008 Ernst and Hoffman obtained well ordered crystals of opsin. Opsin is formed when the
Meta II intermediate decays and releases the agonist all-frans retinal from the retinal binding
site. The opsin crystal structure provided the first explanation for how the structural changes on
the extracellular side of rhodopsin are transmitted to the cytoplasmic side of transmembrane
helix H7 through the conserved NPxxY motif (95, /07). Due to the outward rotation of H6, the
side chain of Asn302"* is no longer hydrogen bonded to Trp265°*®. Concurrently, the side chain
Tyr306” shifts into a pocket vacated by Met257°* (126).

In rhodopsin, the retinal chromophore is covalently bound to the side chain of Lys296"*

through a Schiff base linkage. In the dark, the retinal Schiff base linkage is protonated and its

3.28
3

protonation state is maintained by a counterion (Glul13”“") on transmembrane helix H3,

Glu113**®, A hallmark feature of rhodopsin activation is an internal proton transfer from the

3*2% To date, no mechanism has

protonated Schiff base to the carboxylate side chain of Glull
been proposed to explain the requirement for Schiff base deprotonation. An open question is
whether or not the structural changes at the cytosolic end of transmembrane helix H7 are

associated with an Schiff base deprotonation at the extracellular surface.

1.2.6. H8 and the C terminus.

After the breakpoint of transmembrane helix H7, a short unstructured loop region (IL4) is
followed by an amphipathic helix (H8) that runs perpendicular to the bilayer normal. Post
translational palmitoylation of cysteine residues serve as hydrophobic anchors to tether HS to the
cell membrane in rhodopsin, as well as other GPCRs (/27). H8 and IL4 have been shown to be
involved in transducin binding to rthodopsin (/28). Furthermore, H8 has been shown to mediate
the interaction between active rhodopsin and visual arrestin (/29). How the structure of HS is
altered upon activation to allow for its interaction with downstream signaling targets is not well

understood.

One possibility is that activation-induced conformational changes are transduced from H7
through the NPxxY motif to HS. Specifically, there exists an electrostatic interaction between the
aromatic side chains of Tyr’”* and a conserved phenylalanine residue on H8. The delocalized -
electrons from the aromatic moieties of both residues restricts side chain motion. This interaction

is broken in upon GPCR activation. In 2003, Fritze et al (130) revealed that substituting an
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alanine residue at position 7.53 rescued the ability of rhodopsin to populate the active
conformation in the presence of a retinal analogue that stalls the photoactivation process. In the
inactive conformation, this stacking interaction may serve to restrict the motion of H8 and

prevent premature complex formation with either arrestin or heterotrimeric G protein.

1.3. Dissertation outline.

In this thesis, solid-state NMR studies are presented that target conformational changes
brought about by GPCR activation. Chapter 2 presents a detailed protocol for generating samples
along side a description of the NMR methods. For clarity, a brief background of NMR is
provided with its scope limited to the data presented herein. The experimental data presented in
subsequent chapters define global structural changes that couple receptor activation with the
binding of downstream signaling targets. Chapters 3 and 4 discuss the activation-induced
changes on H5 and H6, respectively. In Chapter 5 we investigate structural changes on the

extracellular surface of rhodopsin.
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CHAPTER 2: MATERIALS AND METHODS.

2.1. Sample preparation.

Many of the challenges that make the structural characterization of GPCRs difficult are
associated with sample preparation. The first issue is one of expression. With the noted exception
of rhodopsin, it is not practical to obtain large quantities of GPCRs from their primary tissue
sources. Heterologous expression in HEK293 cells facilitates large-scale production of
functional GPCRs with the appropriate post-translational modifications that are often required
for proper receptor folding. The second issue has to do with finding an adequate representation
of the native membrane environment of GPCRs in order to preserve receptor function. At a
minimum, micelles of amphipathic detergent molecules are required to solubilize the
hydrophobic surface of GPCRs and prevent formation of insoluble aggregates of non-functional

receptor.

In the following subsections, I describe the methods used to generate isotope-enriched
samples of GPCRs that are both functional and of sufficient quantity for structural studies using
NMR spectroscopy. The approach described herein has been extensively applied to rhodopsin
(131-134) and has shown promise for both CCRS5 (/35) and B,AR (136, 137).

2.1.1. Generation of tetracycline-inducible cell lines.

The overexpression of membrane proteins has the tendency to disrupt membrane integrity,
resulting in cell death and a low protein yield. To combat this, stable cell lines are generated
where overexpression can be induced upon the addition of an exogenous agent. By allowing cells
to proliferate prior to induction, one can maximize the target protein yield. HEK293S cells are
first transfected with the pCDNAG6-TR plasmid (Invitrogen), which contains the gene for the tet
operon repressor protein (TetR) and confers resistance to blasticidin. The plasmid (30 pg) is
dissolved in 500 pL of 250 mM CaCl, and mixed (dropwise while vortexing) with 500 puL of a
solution containing 100 mM N,N-bis(2-hydroxyethyl)-2-aminoethanesulphonic acid, 500 mM
NaCl, and 3.0 mM Na,HPOj, at pH 7.02. The mixture is incubated for 1 min at room temperature
and then added directly to the HEK293S cell plate. The cells are then transferred to a humidified
incubator and incubated under 1.5% CO, at 35 °C for 19 h. Stably transfected cell lines are

isolated and selected using blasticidin (5 pg/mL) selection.
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Second, cells resistant to blasticidin are transfected with the pACMV-TetO plasmid (/34),
into which the GPCR gene of interest has been subcloned. Using this construct, GPCR
expression is governed by the CMV promoter sequence that contains a binding site for the tet
repressor protein. Binding of the tet repressor protein to its cognate sequence in the CMV
promoter inhibits expression of the target gene. Expression is induced when the interaction
between the tet repressor protein and its binding site is disrupted by addition of tetracycline to
the media. Cell lines stably transfected with this plasmid are subsequently selected using G418
(2 mg/mL) and individual colonies appearing after 14 days are isolated and expanded in triplicate
to 107 cells in 10-cm-diameter culture dishes. Cells from one dish are stored in liquid nitrogen.
The two other dishes are used to determine the inducible GPCR expression levels. Of these two
dishes, one is supplemented with growth medium alone. The other dish is supplemented with

growth medium containing both tetracycline (2 pg/mL) and sodium butyrate (5 mM) (/34).

2.1.2. Large-scale expression of stable isotope-enriched GPCRs.

For large-scale production of GPCRs, a bioreactor (New Brunswick Scientific Celligen Plus
or BioFlo310) is used in order to control pH and O, during cell growth. Starter cultures are
grown adherently on 15 cm dishes using DMEM (738, 139) containing 1.7 mM Ca*" and
supplemented with 10% heat inactivated fetal bovine serum as well as penicillin (100 units/mL)
and streptomycin (100 ug/mL). At about 70% confluence, cell monolayers are fed with the same
medium except with a Ca*" concentration of 680 uM (/32). Once the cells reach ~90%

confluence, the cells are trypsinized and resuspended in suspension growth medium.

The bioreactor is inoculated using six such culture dishes per liter (~1.5 x 10® cells) (/32).
The growth vessels (14-liter capacity) are equipped with pitch blade impellers and primed for use
as directed by the manufacturer. The growth parameters are set to 37 °C, pH 7, and 50%
dissolved oxygen. The medium is modified specifically to promote suspension growth and
enable isotope labeled amino acid incorporation. Specific amino acids are replaced by “C-
and/or ""N-labeled amino acids (depending on the experiment) and the calcium concentration is
reduced to 340 uM (7/32). This medium is supplemented with 10% dialyzed (MWCO), heat-
inactivated fetal bovine serum (/32), Pluronic F-68 (0.1%), dextran sulfate (300 mg/L),
penicillin (100 units/mL) and streptomycin (100 pg/mL). The addition of dextran sulfate

prevents aggregation during suspension growth and promotes protein expression (/40), while
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addition of surfactant Pluronic F-68 preserves membrane integrity and combats the shearing
forces resulting from cell agitation. On the fourth day after inoculation, cells are supplemented
with glucose (2.4 mg/L). The following day, expression of the target gene is induced with
tetracycline (2 pg/L, final concentration) and sodium butyrate (5 mM, final concentration). These
are dissolved in ultrapure water, filtered and fed slowly into the cell suspension. Cells are

typically harvested on day 7, and the cell pellets are stored at -80 °C.

2.1.3. Purification and membrane reconstitution of GPCRs.

The contents of the bioreactor vessel are siphoned into an ice-cold container. Cells are then
separated from spent growth medium by centrifugation at 4,000 x g for 10 min at 4 °C. Cell
pellets are washed twice by suspension in ice-cold PBS (pH 7.2) supplemented with protease
inhibitors (400 mM PMSF, 50 mg/mL benzamidine) and harvested via centrifugation at 4,000 x
g for 30 min at 4 °C. For ligand-activated GPCRs, cell pellets from the second wash step are
snap-frozen in liquid nitrogen and stored at -80 °C. For rhodopsin, all subsequent steps are
carried out in the dark. Cells are suspended in PBS (pH 7.2) with 400 uM PMSF and
benzamidine (50 ug/mL) and 125 nmol of 11-cis retinal from a 10 mM ethanol stock is added
per gram of cell pellet. The cell suspension is then incubated in the dark at 4 °C with nutation.
After 2 h, an additional 125 nmol of 11-cis retinal (see 2.1.4) is added per gram of pellet and
nutation is continued for another 2 h. The cells are harvested by centrifugation at 4,000 x g for 10

min at 4 °C after a total of 4 h and stored at -80 °C.

Frozen cell pellets are thawed on ice and suspended in ice-cold PBS (pH 7.2) with 1% (w/v)
n-p-D-dodecylmaltopyranoside (DDM). The resulting cell suspension is homogenized with
several passages through an 18-gauge needle. Membrane solubilization occurs during a
subsequent incubation, the conditions of which are a function of protein stability and subject to
optimization on a case-by-case basis. For instance, the $,AR was be solubilized at 4 °C in the
presence of protease inhibitors (//4), whereas CCRS required the addition of lipids and
cholesterol hemisuccinate in order to retain function (/4/7). Detergent solubilized lysates are

separated from the remaining cell debris via centrifugation for 30 min at 25,000 x g at 4 °C.

Detergent-soluble lysate is applied to a 1D4-sepharose column via gravity flow and the rho-

tagged GPCR is immunoprecipitated (/42). The column is then washed with 10 volumes of
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0.02% DDM in PBS (pH 7.2). A subsequent wash step with 0.02% DDM in sodium phosphate (2
mM) buffer (pH 6.0) is used to equilibrate the column for elution. The receptor is then eluted
from the 1D4-column with 0.02% DDM in sodium phosphate buffer (pH 6.0) supplemented with
a nonapeptide (100 mM) whose sequence corresponds to the nine carboxyl-terminal residues of
rhodopsin (TETSQVAPA). Protein-containing elution fractions are subsequently pooled and
concentrated in a centrifugal device (AmiCon, MWCO-30 kDa).

A challenge that one faces when studying GPCRs is to put the data in the context of a
physiological membrane bilayer. As such, data are collected in an environment that approximates
a cell membrane. First order, the most accurate reconstitution media are lamellar vesicles of
lipids extracted from ROS. However, The size of lipid vesicles ranges from tens of nanometers

to several hundred micrometers.

Much of the data in this thesis were collected using solid-state NMR spectroscopy. One of the
major limitations for solid-state NMR spectroscopic studies of GPCRs is low sensitivity. The
observable signal in an NMR experiment relies on small differences in population between two
spin states (/43). As a result, highly concentration solutions of isotope-enriched receptor need to
be generated. Since we are limited in terms of sample volume, adding lipids would decrease the
amount of receptor that could be present in a given sample. As such, there is a trade off between

a rigorous reproduction of the native membrane bilayer and sensitivity of the NMR experiment.

Detergents provide an efficient means to solubilize integral membranes for the purpose of
purification. Moreover, the size of a DDM micelle is on the order of 50 A, which allows highly
concentrated samples of reconstituted receptor to be generated (/44). However, one is still forced
to verify both ligand binding and the ability to interact with downstream signaling targets.
Retinal binding to rhodopsin in DDM is revealed by UV/Vis spectroscopy. Specifically, we
conduct a regeneration experiment in which we illuminate rhodopsin in the presence of 11-cis
retinal and then monitor the absorbance at 500 nm over time to assess whether or not the pigment
is regenerated. By illuminating through a high pass filter with a cutoff of 495 nm, we ensure that
the free 11-cis retinal is not isomerized during the photoactivation step. Within thirty minutes of
photoactivation, over 80% of the rhodopsin is regenerated, suggesting that the binding of retinal
to rhodopsin in DDM is comparable to cell membranes (/00, 133). The ability of Meta II in

detergent micelles to activated transducin is demonstrated by intrinsic changes in the
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fluorescence of Trp residues in G upon activation (/45). It should be noted that mixed micelles
consisting of DDM, POPC and POPS facilitate the binding of the heterotrimer G; to
photoactivated rhodopsin (/46). However, this is likely do specific lipid-transducin interactions

rather than altering receptor conformation.

For ligand activated receptors, functional characterization of the purified protein is assessed
by monitoring ligand binding using a variety of detection methods. For example, cognate
ligands that have been isotope-enriched (e.g. *H) can be incubated with purified receptor where
specific binding can be assessed using a scintillation counter (/47). Alternatively, purified
receptors can be immobilized on glass slides and ligand binding can be quantified using surface

plasmon resonance (/48-151).

For the $,AR, the ligand binding kinetics of DDM-solubilized receptor is comparable to what
is observed in biological membranes (/52). Furthermore, provided the right ionic strength and
pH (500 mM NacCl and pH7, respectively), the receptor retains it ability to activate Gs after
immunopreciptation and purification. The Kobilka lab used the same conditions to purify

receptor when determining crystal structures of the $,AR at various stages of activation (153).

2.1.4. HPLC purification of 11-cis retinal.

The 11-cis isomer of retinal is obtained from a mixture of isomers via high-pressure liquid
chromatography using an Econosphere silica 10um column from Alltech (length 250 mm, ID 10
mm) (/32). 40 mgs of all-¢rans retinal powder was first dissolved in 500 ul acetonitrile. Due to
the hydrophobic nature of the chromophore, the acetonitrile is first dried using anhydrous
calcium chloride. The solution was then subject to a 20 min illumination step with white light.
During this process, the all-trans retinal adopts a variety of low energy isomeric states. The
acetonitrile is subsequently removed from the mixture under a low flow of argon gas and the
resulting film is suspended in the chromatographic mobile phase, 96% hexane (dried) and 4%
ethyl acetate (dried). The solution is then passed through a 0.2 um filter and stored on ice for the

duration of purification.

The Econosphere silica column is equilibrated with 240 milliliters of the mobile phase at a
flow rate of 8 ml/min. Injection volumes of 1ml are prepared via diluting the 200-400 ul of the
stock isomeric mixture with hexane. The precise dilution is a function of retinal concentration
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and column resolution, which varies between preparations. The flow-through of the column was
passed through an inline UV/Vis detector and the absorption was monitored at 365 nm and 340
nm. The peak corresponding to 11-cis retinal has been previously assessed on the basis of its
ability to enter the retinal-binding pocket of rhodopsin and generate a pigment with the
appropriate A max (498 nm). 11-cis retinal is collected in a round bottom flask and stored on ice
between injections to prevent thermal isomerization. Pooled 11-cis retinal fractions are
subsequently dried under a low flow of argon gas, suspended in 100% ethanol and diluted to the

desired concentration.

2.1.5. Functional characterization for rhodopsin: Assay for Meta II stability.

Given their aromatic nature, monitoring the fluorescence of tryptophan residues serve as
convenient internal probe for changes in protein structure. In its all-frans conformation, the
retinal is characterized by an absorbance profile that significantly overlaps with the fluorescence
emission of tryptophan. In rhodopsin, the p-ionone ring of 11-cis retinal is closely packed
against the indole sidechain of Trp265. As a result, Trp265 fluorescence is quenched by all-trans
retinal. As Meta Il decays and the Schiff base linkage is hydrolyzed, retinal exits the binding
pocket and the quenching interaction is lost. Therefore, monitoring tryptophan fluorescence in
rhodopsin as a function of time after illumination reports on the rate of Schiff base hydrolysis
and Meta II decay. In order to measure Meta II decay rates via tryptophan fluorescence, a 250
nM solution of rhodopsin is illuminated using a 495 nm long pass filter at 20 °C in 10 mM BTP,
pH 6 containing 0.1% DDM. The tryptophan residues of rhodopsin are exited with a
monochromatic light at a wavelength of 280 nm. Fluorescence increase was monitored at 330 nm
every 30 s for 7200 s using a 2 s integration time. Slit widths for excitation and emission were 2
nm and 15 nm respectively. Fluorescence intensity is subsequently normalized to the maximum
level achieved during the time course of the measurement. The adjust fluorescence data plotted

as a function of time and fit a monoexponential function with a time constant that reflects the

rate of Schiff base hydrolysis (/54).

2.2 Solid-state NMR spectroscopy.

NMR spectroscopy exploits the ability of high-powered RF pulses to manipulate spin states,
an intrinsic property of subatomic particles. In a static field, the spin states of magnetically active

nuclei are distributed about their respect energy levels such that there is a net magnetic moment.
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Upon RF irradiation, the spin states are perturbed and net magnetic moment will precess about
the main magnetic field to induce a current in the sample coil. The resulting current is lost as the
spins return to their equilibrium populations to generate a free induction decay (FID). The FID
reports the amplitude of the current generated for all the magnetic moments in the sample as a
function of time, making it difficult to interpret the properties of individual nuclear spins. After
Fourier transformation, the individual spins are resolved from one another on the basis of their

respective precession frequencies.

In the following subsection, detailed protocols for the NMR applications utilized in this work
are described. In order to put the data in context, a background summary of the relevant concepts

is first provided.

2.2.1. Chemical shift and dipolar couplings.

The structural data provided herein have been predominantly derived by observing two
nuclear spin interactions: the chemical shift and the dipolar interaction. The chemical shift
describes interactions between the nuclear spin and the external magnetic field through the
electrons surrounding the nucleus. During an NMR experiment, the external magnetic field
polarizes the electron cloud surrounding the nucleus to generate a magnetic moment (/43). The
resulting magnetic moment acts to shield nuclear spins from the external field, thereby
modulating their respective precession frequency. As such the chemical shift provides intrinsic
information about the electrostatic environment of a particular nucleus. On the other hand,
dipolar couplings are through space interactions between nuclear spins, the intensity of which

can be interpreted to obtain spatial restraints for tertiary (and quaternary) protein structure.

The chemical shift is an orientation-dependent interaction defined by three values (011, 02
and 033), which generally span over tens of kHz. Under rapid Brownian motion, the chemical
shift interaction is averaged to its isotropic value resulting in narrow, well-resolved resonances
that are typically seen in the solution spectra of small proteins. Given the sensitivity of the
chemical shift interaction to the local environment, accurate chemical shift measurements report
secondary structure, hydrogen bonding and partial charge interactions. Therefore, having the
necessary resolution to obtain isotropic values for individual nuclei provides a great deal of

structural information. In addition to the intrinsic value of chemical shift measurements, spectral
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resolution is essential for the multidimensional internuclear correlation experiments. In solid-
state NMR spectroscopy, samples are static and the resulting chemical shift anisotropy plagues
spectra with broad lines that represent the full range of the chemical shift interaction. Such line-
widths compromises spectral resolution and would, without remedy, severely limit the utility of

biomolecular solid-state NMR spectroscopy.

A mathematical description of the chemical shift interact anisotropy reveals a 1-3cos’®
dependence, where 0 is the angle between the chemical shift tensor and main magnetic field
vector. As such, if the axis of rotation is set to 54.7°, the chemical shift is average to zero (/55).
However, in order to ensure that the net magnetization does not undergo significant relaxation
within a single rotor period, the sample must be spun at a frequency that approaches the strength
of the chemical shift anisotropy (10-25 kHz) (/56). At sufficient (magic angle spinning) MAS
rates, NMR spectra collected on crystalline samples produce spectra with narrow Gaussian-

shaped lines.

An additional component of line broadening in solid-state NMR spectra is the dipolar
coupling. Dipolar couplings are described as a direct interaction between the magnetic dipole
moments that are associated with individual nuclear spins. Polarization transfer between coupled
spins results in splitting and enhances the rate of relation, both of which compromise line widths
in static samples. The strength of a particular dipolar interaction is governed by a three criteria:
the identity of the nuclei involved as described by the gyromagnetic ratio, the angle made
between the axis of the coupled spins and the main magnetic field, and the internuclear distance
that separates the two coupled spins. As with chemical shift anisotropy, the angular dependence

of the dipolar interactions also scales as 1-3cos’0.

In biological samples, the main nuclei of interest are °C, "N and 'H. The gyromagnetic ratio
of 'H is 4 times higher than that of ">C and 10 times that of °N. As such, heteronuclear dipolar
couplings between 'H and either >C or "N result make it a difficult to observe these nuclei. In
order to achieve MAS rates that are sufficient to average such large interactions, small sample
volumes are required. For high molecular weight proteins, reducing the sample volume decreases
sensitivity. To combat this, one can use high power RF irradiation to equilibrate the net proton

magnetization during acquisition, which averages the associated dipolar couplings to zero.
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Various pulse programs have been established for this purpose (/57-160). Initial decoupling
strategies involved a continuous wave of 'H irradiation during acquisition. Subsequent
improvements involve composite pulses trains with both frequency and phase modulations (/60).

For the purpose of our experiments we use SPINAL 64 (161).

2.2.2. Cross polarization.

For several reasons protons are the most frequently exploited nuclei in protein structure
determination by NMR (762, 163). First, protons represent the most abundant nuclei. Second,
unlike carbon and nitrogen, the naturally abundant isotope ('H) is magnetically active thereby
circumventing the need for the isotope-enrichment. Third, protons have the highest gyromagnetic
ratio of all the relevant isotopes one would observe in biomolecular NMR. Since the
gyromagnetic ratio represents the magnetic susceptibility of a particular nucleus, protons exhibit
the highest degree of polarization in a static field. Therefore, one can maximize the amount of

data collected per unit of time by directly observing protons.

However, in the absence of isotropic motion, strong homonuclear couplings make it
impractical to collect and interpret 'H spectra. Even in solution spectra, residual '"H-"H dipolar
line broadening introduced when the molecules being investigated are beyond 40 kDa with
correlation times that exceed the nanosecond regime and are unable to average out the dipolar
coupling (164). In solids, the full range (~70 kHz for 'H-"H) of the dipolar interaction is present
and the sample volumes required to obtain MAS rate sufficient for motional averaging would

make the timescale of spectral acquisition impractical.

All of the NMR data presented in this thesis involves detection of either C or "N
magnetization. In addition to requiring isotope-enriched samples, observation of °C and "N
magnetization is hampered by two intrinsic properties. Specifically, both nuclei have low
gyromagnetic ratios and long relaxation times. The net result is a decrease in sensitivity coupled
with longer acquisition times. To combat this, one can use a technique known as cross
polarization (CP) (165-167). During CP, '"H magnetization is prepared and used to polarize the
nuclear spins of less sensitive nuclei through the dipolar coupling (i.e. °C and "°N), thereby
increasing the sensitivity. The ability of 'H magnetization to polarize ’C nuclear spins is

enhanced by strong heteronuclear *C-'H dipolar couplings. As such, there is an inherent
y g p pling
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distance dependence in the rate of polarization transfer, and “C nuclei that are close to
neighboring 'H are easiest to cross polarize. To a certain point of saturation, the efficiency of CP
scales with the time that both nuclei are being simultaneously irradiated (/68). Using CP times
on the order of 2-3 ms is sufficient to allow maximum transfer. Shorter contact times (80-100 us)
can be used to limit the transfer to nuclei that are directly bonded (/69), which is useful in order
to make assignments for peptide backbone nuclei in the solid-state. In addition to the increased
sensitivity, the relaxation rate is governed by the proton magnetization decay, which occurs on a
much faster time scale and allows data acquisition to be expedited. When combined, CP and

MAS can produce high-resolution spectra on milligram quantities of GPCRs (132, 170-173).

2.2.3. 3C Difference spectroscopy.

Figure 2.1A presents a 1D "C CPMAS spectrum of isotope-enriched rhodopsin in DDM
micelles. The spectrum was collected at an MAS rate of 10 kHz with CP times of 2 ms with and
composite two-pulse phase modulated (SPINAL 64) 'H decoupling used during the acquisition
time of 50 us. The high concentrations of detergent that are used during sample preparation
results in an overwhelming contribution of natural >C abundance to the spectrum. In addition,
the chemical shift dispersion for the individual atoms is small relative to the line-widths,
resulting in considerable overlap, which makes it difficult to assess chemical shift changes
between spectra. However, events that cause variations of chemical shift reflect significant

structural events that are associated with GPCR activation.

Difference spectroscopy provides a method to isolate the NMR resonances of amino acids
whose chemical shift changes upon receptor activation. Figure 2.1B presents the *C NMR
difference spectrum between the inactive and active states of rhodopsin using MAS. For this
experiment, receptors are isotopically labeled in HEK293S cells by introducing "*C-enriched
tyrosine, glycine and methionine into the growth media. Changes in chemical shifts are observed
for each type of amino acid upon activation. By comparing the wild type difference spectrum
with difference spectra of site-specific mutants, the observed NMR resonances can be assigned
to specific amino acids in the protein. For example, there are two distinct negative peaks in the
spectral region corresponding to the CZ-resonances of tyrosine. These peaks indicate that at
least two tyrosines in the active metarhodopsin II intermediate have changed chemical

environment. Herzfeld and colleagues (/74) have shown that the CC-tyrosine chemical shift is
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sensitive to hydrogen bonding of the CC-OH hydroxyl group with a downfield shift reflecting an
increase in hydrogen bonding. The loss of the upfield tyrosine resonance in metarhodopsin II
upon mutation of Tyr206 to phenylalanine allows one to assign this resonance to a specific
amino acid (/72). The upfield position of the chemical shift suggests that this tyrosine becomes
more weakly hydrogen bonded upon activation (/72).

Natural *C
abundance DDM

7%

Gly(Ca) Fig. 2.1. BC  Difference  spectroscopy.

(4) One dimensional >C MAS spectrum of rhodopsin
solubilized in DDM are shown. The receptor was >C
labeled with “CE -tyrosine, Ca-glycine and "Ce-

160 140 120 100 80 60 40 20 methionine and regenerated with >C6,C7-retinal. The
13C Chemical Shift (ppm) spectrum was obtained with a MAS frequency of 10
Gly(Ca) kHz and a sample temperature of 250 K on a Bruker
Tyr(CO) Met(Ce) Avance 600 MHz spectrometer. The contribution of
(B) ) DDM in the sample can be reduced by reducing the
) r, rhodopsin j\' \ concentration of detergent in ]tize final step of
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2.2.4. Dipolar recoupling experiments.

Background. Weaker dipolar interactions such as the hetero- and homonuclear couplings
between °C and "N are on the order of 10 kHz. These interactions are the basis for structure
determination in solid-state NMR spectroscopy. By observing polarization transfer through the
dipolar coupling between two nuclei, one can obtain tertiary restraints based on the distance
dependence of the dipolar coupling. However, even at modest MAS rates of 8-10 kHz, hetero-
and homonuclear dipolar couplings between °C and "N nuclear spins are averaged to zero. In
order to take extract in intrinsic internuclear distance information provided by these interactions,

steps must be taken to reintroduce the dipolar interaction prior to spectral acquisition.
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The past few decades have brought forth a variety of methods to reintroduce dipolar couplings
in the MAS experiment (/75-179). A number of 2D recoupling solid-state NMR sequences have
also been introduced for obtaining long-range distance information by measuring weak dipolar
couplings (176, 179). We found dipolar assisted rotational resonance (DARR) NMR to be the
most effective method to obtain distances in *C-labeled membrane proteins (180). Figure 2.2
presents a two-dimensional °’C DARR spectrum of rhodopsin, with selective *C-enrichment,
that illustrates this method. The ">C, "*C correlation spectrum is shown as a contour plot where
the resonances along the diagonal correspond to the 1D spectrum shown in figure 2.1 (panel A),
whereas off diagonal cross peaks represent polarization transfer between nuclei whose chemical
shift values are given by the fl and f2 dimensions. The strongest cross peaks are observed
between the directly bonded C6 and C7 carbons of the retinal polyene chain. Moderate cross
peaks are observed between the BC6, °C7 retinal resonances and the *Ce-resonance of Met207,
while a weak cross peak is observed between the *Ce resonance of Met86 and the Ca

resonance of Gly121.
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Fig. 2.2. 2D °C Dipolar recoupling spectra. °C DARR spectrum of isotope-enriched rhodopsin in the
dark. The spectrum was acquired at C frequency of 150 MHz under MAS of 10 kHz. During the 600 ms
of DARR mixing time. Off diagonal cross peaks arise via polarization transfer between neighboring
nuclei.

Cross peak quantitation. While it holds true that the intensity of the cross peaks is related to
internuclear distance, polarization transfer through the dipolar coupling is facilitated in nuclei

that are relatively close in chemical shift. As a result, it can be difficult to evaluate distances in a
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quantitative fashion. Nevertheless, we find that dipolar-assisted rotational resonance (DARR)
allows polarization transfer in a manner that is relatively insensitive to the chemical shift
difference (/79). As such, the chief determinant of off-diagonal cross peak intensity is the

internuclear distance.

A challenge when interpreting changes in dipolar coupling strength is to normalize the spectra
whose crosspeaks are being evaluated. It is often difficult to interpret relative intensities simply
by looking at contours plots in a 2D spectrum. One way to circumvent this is to extract a row
from the indirection dimension (y axis) at the frequency of a particular nucleus. The majority of
the intensity in the resulting row is at the frequency at which it was extracted (i.e. the main y=x
diagonal). Any other peak corresponds to nuclei that exchanged polarization with the main

diagonal resonance.

In order to interpret changes in internuclear distance between spectra collected on two
receptor conformations we begin by extracting the relevant rows that contain the crosspeak of
interest from the 2D spectrum. If a crystal structure is available, the distance measured between
two nuclei can be correlating with a particular dipolar coupling from a 2D spectrum. For
example, in rhodopsin we observe a *Ce-Met - °CT Tyr crosspeak that has been assigned to a
dipolar coupling between Met207°** and Tyr191""* (Fig. 2.3A). The intensity of this crosspeak
can be correlated with the internuclear distance as measured from the crystal structure. The
ability to cross-reference dipolar coupling strengths with distance measurements provides a

means of obtaining semi-quantitative distance restraints.

Subsequently, we must address how well we can distinguish various internuclear distances
from one another by comparing crosspeak intensity (i.e. resolution). The strategy is to use a
mixing time long enough to obtain maximum polarization form weak dipolar couplings. In doing
so, we maximize the observable difference in crosspeak intensity for two internuclear distances

in the shortest amount of time.
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Fig. 2.3. DARR NMR measurements of internuclear distance. (4) One-dimensional slices extracted
from 2D DARR NMR spectra. The slices are taken through the off-diagonal cross peaks between Cé-
Met and >CE&-Tyr and highlight the intensity changes that occur with mixing times of 200 (light grey), 400
(grey) and 600 (black) ms. (B) Intensity build up curves from DARR NMR measurements on rhodopsin
labeled with P Ce-Met, >CE&-Tyr and " CB-Cys.

Figure 2.3 presents standard DARR mixing curves based on measurements of distances from
the rhodopsin crystal structure. The buildup of intensity for two resolved sites in rhodopsin is
shown. The CB-Cys110 to CB-Cys187 distance is 4.43 A. The Ce-Met207 to CT-Tyr191 distance

is 4.87 A (181). As such, a mixing time of 600 ms is sufficient for us to differentiate internuclear

distances that differ by 0.3-0.5 A.
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CHAPTER 3. STRUCTURAL CHANGES IN TRANSMEMBRANE HELIX 5 UPON
GPCR ACTIVATION.

3.1. Rhodopsin

Rhodopsin, the vertebrate photoreceptor for vision under dim light, belongs to the large,
pharmaceutically important superfamily of G protein-coupled receptors (GPCRs). The
photoreactive chromophore in rhodopsin is the 11-cis isomer of retinal, which is covalently
linked to Lys296”*on the intradiscal (or extracellular) side of the receptor. Absorption of light
drives the 1l-cis to trans isomerization of the retinal within a tight binding pocket. The
conformational changes that occur in this process must be transmitted through the membrane-
spanning portion of the bilayer to the intracellular surface in order to open up the binding site for
the heterotrimeric G protein, transducin. The crystal structure of the dark, inactive state of the
visual pigment rhodopsin (98) reveals a tightly packed bundle of seven transmembrane (TM)

helices, but offered few clues as to how the helices move upon light activation.

Site directed spin-labeling studies by Hubbell and coworkers (43, 47) showed that the largest
change in the seven TM helix bundle involves an outward rotation and displacement of
transmembrane helix H6, consistent with an increase in volume of the receptor upon activation
(182, 183). The challenge for obtaining a high-resolution structure of the active metarhodopsin II
(Meta II) intermediate has been that light activation causes the dark state crystals of rhodopsin to
dissolve (/84), suggesting that the structural changes are sufficiently large to disrupt crystal
packing. Salom et al. (185) were able to isolate crystals that could be light activated. They
determined the structure of a photointermediate of rhodopsin containing retinal with a
deprotonated Schiff base (SB) (/86). The structure did not exhibit the large helix motions
characteristic of the activated receptor, suggesting that this intermediate corresponds to the Meta
IT substate (Meta Ila) (/87), which is formed prior to helix motion (46). The motion of H6
precedes proton uptake by Glul34 and formation of the Meta ITbH" substate (46).

Motion of H6 is also observed in the crystal structure of opsin at low pH (/07). The outward
motion of H6 revealed by the opsin crystal structures (95, 107) are similar in magnitude (~6 A)
to the change observed by site directed spin labeling studies (47). Under physiological conditions
(e.g. COS cells at pH 7.2 (78) and ROS at pH 8 (/88)), opsin has low (<1%), but detectable,
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basal activity. At pH 4, FTIR difference spectra of opsin exhibit vibrational bands characteristic
of Meta II (/89) suggesting that opsin adopts a conformation that is similar to the active state. In
line with the FTIR results, the crystal structure of opsin obtained at pH 6 appears to retain many
features that are characteristic of Meta II (Fig. 3.1). In fact, a more recent crystal structure of
opsin (95) contains the bound C-terminal peptide of the Go subunit from transducin in a

conformation similar to that observed in solution NMR studies on the activated Meta 11

intermediate (190, 191).

One of the most striking features of the opsin structure is that the ionic lock involving
Glu134>*-Arg135>*° of the conserved ERY sequence on H3 and Glu247°*° on H6 is disrupted
(Fig. 3.1B). Instead, Argl35°° is extended toward Met257°*°, Tyr223>*® and Tyr306"°°. Both
Tyr223°>® and Tyr306"** have strong sequence identity through the class A family of GPCRs.
Tyr306”" is part of the highly conserved NPxxY motif on the cytoplasmic side of H7 and is

5.8
3

thought to impart stability of the inactive receptor (/30). Tyr22 is unusual in that it is

oriented away from the helical bundle in the inactive, dark receptor, but rotates in toward the

ionic lock in the opsin crystal structure. While Tyr306’>

of the NPxxY sequence has been
characterized extensively, the first suggestion that Tyr223>>® plays a critical role in receptor

activation came from the crystal structure of opsin.
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Fig. 3.1. Comparison of the rhodopsin and opsin crystal structures in the region of the ionic lock.
(4) Structure of rhodopsin in the region of the ionic lock as viewed from the extracellular surface. (B)
Structure of opsin at low pH in the same orientation as in A. The side chains of Tyr223*and
Tyr306™7 are rotated inward toward the helical bundle where they are within hydrogen bonding distance
of Arg135°". Ala132°" is the most highly group-conserved residue in class A GPCRs.

Solid-state NMR spectroscopy provides a unique way of following the structural transitions

from rhodopsin to Meta II (/71, 172). NMR measurements can be made on rhodopsin in fluid
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membrane, which facilitates the conformational changes associated with the formation of the
Meta II intermediate. To date, the majority of the NMR work has focused on the retinal-binding
pocket. Here, we use solid-state NMR spectroscopy to determine the structure of the ionic lock
region in Meta Il and fluorescence spectroscopy to characterize the rates of Meta II decay in
mutants of rhodopsin where three highly conserved tyrosines (Tyr136™', Tyr223°°® and
Tyr306’%) on the cytoplasmic side of the receptor have been sequentially mutated to
phenylalanine. Our experiments on Meta II stability and transducin activation provide insights
into the roles of these three conserved tyrosine residues on the intracellular surface that appear to
orchestrate receptor activation. In addition, we show that Tyr223>® has a more substantial
contribution to the stability of Meta II and transducin activation than either Tyr136™' or

Tyr306".

3.1.1. The open state of the ionic lock in Meta II.

The outward rotation of H6 observed in the opsin crystal structure places the side chain of
Met257°* in close proximity to Argl135°°°. The '°N chemical shifts of the Nv;, Nn), and Ne side
chain nitrogens and the "’C chemical shift of the CT carbon were measured to address the

330 upon Meta II formation. The arginine "N chemical

changes in the environment of Argl35
shifts are sensitive to the protonation state and environment of the guanidinium group (/92), and
one can envisage that when the interactions between Glul134>*, Arg1353'50, and Glu247%° are

broken the guanidinium side chain of Argl35°°

undergoes a change in electrostatic
environment. For example, Arg82 within the TM domain of bacteriorhodopsin is situated
between several acidic residues including Asp85. The "°N chemical shifts of the Nv; ; resonances
are not resolved in the ground state, but exhibit a distinct splitting in the M photointermediate
(192). The splitting is attributed to changes in the charge distribution within the Arg82 guanidine
group after the Asp85 carboxyl group becomes protonated and Arg82 rotates toward the

extracellular surface.

The "N and "C spectra of arginine-labeled rhodopsin and Meta II are presented in Fig. 3.2.
There is no chemical shift resolution in the °N resonances of the arginine Nv;, N, and Ne
nitrogens in either rhodopsin or Meta II, and there is only a slight (<1 ppm) shift in the *CT
resonance. The lack of significant changes indicates that the protonation state of Argl35>~ has

not changed and suggests that the electrostatic environment surrounding Arg135>*° is similar in
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the inactive and active states. These results suggest that either there are no large changes in the
receptor structure, as suggested by the crystal structure of a rhodopsin photoproduct with a
deprotonated retinal SB, or that disruption of the full charge-charge interactions within the
Glu134>*-Arg135>°°-G1u247° ionic lock are compensated by partial charge interactions that

result in no substantial change in the ’N or ">C chemical shifts of Arg135>°.

A B
— Rhodopsin
—— Meta ll
1 1 T I T I I
80 60 40 162 158 154 150
>N Chemical Shift (ppm) 3C Chemical Shift (ppm)

Fig. 3.2. °N (A4) and °C (B) chemical shifts as a probe of the environment and protonation state
of Arg135>°". There are seven arginines in rhodopsin. Arg135>" is thought to be the only arginine that
experiences an appreciable change in environment upon photoactivation. Magic angle spinning NMR
spectra illustrate that the "N and ">C chemical shifts of the guanidinium group of arginine do not change
appreciably between rhodopsin (black line) and metar- hodopsin Il (Meta II) (red line). The arginine
Nn .2 resonances of Meta I appear to overlap those seen in rhodopsin, indicating that Arg135>" remains
protonated and is in a similar hydrogen bonding environment despite data supporting neutralization of
the ionic lock upon receptor activation (48, 59). Petkova and coworkers (192) found that the guanidinium
nitrogen atoms of the protonated arginine side chain are generally involved in hydrogen bonding
interactions and exhibit chemical shifts ranging from 68.9 to 56.3 ppm for the e-nitrogen, from 62.0 to
45.6 ppm for the downfield n resonance, and from 46.8 to 34.2 ppm for the upfield n resonance. The
differences in the Ny chemical shifts are attributed to asymmetry in hydrogen bonding and can be almost
as large as the >40-ppm differences observed upon deprotonation (193). The NMR data presented here
along with the crystal structure of opsin (107) indicate that the protonated Argl353.50 side chain is
stabilized in a symmetric fashion by hydrogen bonding interactions with Glul34>*, Tyr223°%*, and
Tyr306™7. The chemical shift measurements of arginine and tyrosine indicate that Argl135"" is charged
and that Tyr223°°% and Tyr306"7 are neutral. In the crystal structure of opsin, the Go peptide is
observed to bind in a helical conformation with the negatively charged C terminus most closely
associated with Lys311 on HS of rhodopsin. Ga binding does not appear to be driven by the electrostatic
environment created by a protonated arginine side chain. > N chemical shift measurements (panel A)
were collected by Shivani Ahuja.
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Fig. 3.3. Arg135°°"-Met257**" contacts in Meta II. (4) °C NMR difference spectra between
rhodopsin and Meta II in the region of >Ce-Met for the wild-type receptor (black line) and the Y223F
(blue line) and Y306F (green line) mutants. The > Ce-Met257 resonance at 14.7 ppm exhibits a cross peak
with CC-Arg135°"" in Meta I (see B). Mutation of either Tyr223°* or Tyr306™° leads to slight shifts in
the *Ce-Met257resonance. (B) Rows through the Met-Ce diagonal resonance are shown from 2D C
DARR NMR spectra of rhodopsin (black line) and Meta Il (red line) labeled with BCe-methionine
and P Cl-arginine. A strong cross peak is observed in Meta II at the " Ce-Met chemical shift of 14.7 ppm
and the” Cl-Arg135 chemical shift of 156.8 ppm. The cross peak is assigned to a close through-space
contact between Argl35>°" and Met257°". Arg-Met cross peaks are not observed in the spectrum of dark
rhodopsin (black line).

In contrast, to the lack of chemical shift changes in arginines, there are substantial changes
observed in the chemical shifts of methionines upon receptor activation. Fig. 3.3A presents the
C NMR difference spectrum between'’Ce-Met-labeled rhodopsin and Meta II. The negative

640 in Meta II on the basis of its

1C resonance at ~15 ppm can tentatively be assigned to Met257
sensitivity to mutation of Tyr223>>® and Tyr306">. To test for a direct Argl35°>° - Met257°%
interaction in Meta II, we labeled rhodopsin with both U-""C,"’N arginine and ’Ce-methionine
and measured internuclear Arg-Met distances using 2D "C dipolar assisted rotational resonance
(DARR) NMR. We do not observe Arg >CT - Met °Ce cross peaks in the 2D DARR NMR
spectrum of rhodopsin (Fig. 3.3B, black) consistent with the rhodopsin crystal structure where no
Arg CT - Met Ce carbon pairs are closer than ~6 A. In contrast, an Arg CT - Met Ce cross peak is
observed in Meta II (Fig. 3.3B, red) that we tentatively assign to Arg135>°" - Met257°%. In the
opsin crystal structure, the Argl35°°° CT - Met257%*° Ce distance is 4.6 A, within the range of

the 2D DARR NMR experiment. The putative Argl35°°° - Met257°* contact in Meta II
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correlates with the position of these two residues in the opsin crystal structure. The next closest

Arg - Met pair is Arg135>°° and Met253%°, whose CT - Ce distance is 6.5 A.

To further characterize the local environment of Argl135>°

in Meta II, we targeted the two
conserved tyrosines (Tyr223°>* and Tyr306”°) that appear to stabilize the ionic lock in an open
conformation (Fig. 3.1B). The side chain hydroxyl groups of Tyr223°>* and Tyr306">’ may act

in concert to preserve the dark state electrostatic environment of Arg135>°.

Fig. 3.4 presents difference spectra generated by subtraction of the spectrum of wild-type
rhodopsin from the spectrum of one of three tyrosine mutants (Y 136F, Y223F or Y306F). Only
the region of the CC tyrosine resonances is shown. These spectra allow us to directly assign the
CT tyrosine chemical shifts in rhodopsin and in Meta II. Both the Tyr223°® and Tyr306’~
CT resonances shift downfield slightly upon activation to 156.2 and 155.9 ppm, respectively,
reflecting an increase in hydrogen bonding of the *CZ-OH group and indicating that both
tyrosines are in a similar environment in Meta II. The chemical shifts are consistent with
protonated tyrosines. For comparison, the difference spectrum of Y136F is shown in Fig. 3.4A.

The "*CC-chemical shift of Tyr136>>' does not change upon activation.
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Fig. 3.4 . °C¢ chemical shifts of Tyr136°', Tyr223°°%, and Tyr306”° in rhodopsin and Meta II.
Difference spectra obtained between rhodopsin (black line) and Meta Il (red line) for the three tyrosine
mutants: Y306F, Y223F, and Y136F. The difference spectra are taken between the wild-type protein and
the mutant in order to reveal the frequency of the *Clresonance. Tyr223"% and Tyr306” both exhibit
downfield changes in chemical shift between rhodopsin and Meta II. The >C{ chemical shift of
Tyr136>" is not appreciably altered upon conversion to Meta II. Markus Eilers collected the NMR data
for the YI36F mutant.
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To establish if direct Tyr223>°*-Met257°* and Tyr306’*-Met257°*" contacts occur in Meta
II, we obtained 2D DARR NMR spectra of wild-type (black) and mutant (red) rhodopsin "*C
labeled at Ce-methionine and CC-tyrosine (Fig. 3.5). In rthodopsin, rows taken through the Met-
Ce diagonal resonance of the DARR spectrum reveal cross peaks between Tyr191*-Met288"
at 159.4 ppm and Tyr268°°'-Met288"2> at 156.7 ppm (/72). In the dark, both Tyr191"* and
Tyr268°%!, participate in network of hydrogen bonding interactions that help to situate EL2 deep
within the retinal-binding pocket. The observation that neither of these cross peaks change upon
substitution of Tyr223°>* or Tyr306" is consistent with a native-like inactive conformation

being adopted by both mutants.
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Fig. 3.5. Tyr223""*-Met257%*" and Tyr306"°-Met257%* contacts in Meta II. Rows through the
Met-Cediagonal resonance are shown from 2D *C DARR NMR spectra of rhodopsin (black line) and
Meta II (red line) labeled with >Cl-tyrosine and " Ce-methionine. The rhodopsin and Meta II rows are
overlaid with the corresponding rows obtained of the Y223F (blue line) and Y306F (green line) mutants
in order to determine if either of these tyrosines contact Met257°" in Meta II. Upon mutation of
Tyr223°% or Tyr306™7, there is loss of intensity of the cross peak at 156 ppm, consistent with these
tyrosines having similar chemical shifts and interacting with Met257°* in Meta II.

In the rows corresponding to wild-type Meta II, a shoulder appears at ~156 ppm (Fig. 3.5B,D
red), consistent with the chemical shifts of Tyr223°°® and Tyr306">* observed in Fig. 3.4. This

shoulder is lost upon mutation of either Tyr306’> or Tyr223>°®. These data confirm the
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roximity of Met257%* to both Tyr306”" and Tyr223>® in Meta II. In turn, these results place
p y y y

both tyrosine side chains in close proximity to the active state position of Arg135>°,

3.1.2. Tyr223>% stabilizes the active Meta II intermediate.

The lack of chemical shift changes in the arginine "°N and ’C resonances (Fig. 3.2) suggests
that the electrostatic environment around Argl35°°° does not change appreciably upon
activation. This observation along with the NMR structural data on Meta II showing that
Tyr223°°® and Tyr306’ surround Argl35°°° suggests that these residues interact with one
another and may contribute to the stabilization of the active Meta II conformation. To address the
role of these tyrosine residues in Meta II stability, we monitored the decay of Meta II by

fluorescence spectroscopy.

Fig. 3.6 presents fluorescence data on the decay of Meta II in wild-type rhodopsin and the
Y223F mutant. For wild-type rhodopsin, fluorescence increases in the transition from Meta II to
opsin. The fluorescence changes are associated with a loss of an interaction between Trp265°*®
and the retinal chromophore that quenches tryptophan fluorescence in Meta II (/54). When
plotted as a function of time after illumination, the fluorescence increase can be fit to a single
exponential function. For the Y223F mutant, the fluorescence intensity reaches a maximum after
400 s corresponding to a five-fold increase in the rate of Meta II decay relative to the wild-type

receptor. For comparison, mutation of either Tyr136™' or Tyr306”

to phenylalanine increases
Meta II decay by a factor of 2 (Table 3.1). These data suggest that Tyr223>® has a greater

contribution to Meta II stability than either Tyr136°>" or Tyr306’°

We then tested the ability of the Y223F mutant to activate the G protein transducin. Table 3.1
compares transducin activity of the Y223F mutant with that of wild-type rhodopsin and the
Y136F and Y306F mutants. For the Y223F mutant, there is a large decrease in both the initial
rate of transducin activation, and the maximum level of activation as compared to wild-type
rhodopsin, consistent with the rapid hydrolysis of the all-frans retinal SB in the formation of

opsin.
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Fig. 3.6. Comparison of Meta Il decay in wild-type and Y223F rhodopsin. The fluorescence
emission at 330 nm from wild-type rhodopsin and the Y223F mutant is plotted as a function of time after
light activation. Normalized Meta Il decay rates were calculated by fitting the data to a first-order decay
function. There is a 4.7-fold increase in the rate of Meta II decay upon mutation of Tyr223°* (Table 3.1).
Kieron South from the laboratory of Phil Reeves provided the data that was used to generate this figure.

Meta II Decay Rate Of Transducin Activation
Mean half-life | Decay Rate | Initial Overall
(min) (Normalized)

Wild Type | 14.78 1.00 1.00 1.00

Y136F 12.53 1.18 1.49 1.06

Y223F 3.17 4.66 0.06 0.05

Y306F 10.52 1.40 0.84 0.72

Al123L 3.83 3.86 0.69 0.34

A1328 9.30 1.59 0.31 0.63

Table 3.1. Rates of Meta Il decay and transducin activation. Metarhodopsin Il decay and transducin
activation were assayed by monitoring intrinsic changes in tryptophan fluorescence for rhodopsin and
transducin respectively. Measurements are shown for both wild-type and mutant receptor. For
comparison, rates were normalized to WT values and present alongside the raw measurements. Kieron
South in the laboratory of Phil Reeves collected rates of Meta Il decay and transducin activity.
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For Y136F, we observed that Meta II stability was similar to wild-type rhodopsin. However,
the initial rate of transducin activity was significantly (1.5X) higher. In a previous study, it was
found that a nearby rhodopsin retinitis pigmentosa mutant (V137M) also displayed significantly
elevated (1.25X) initial rates of transducin activation (/94). In the case of Y136F, we do not
observe an associated increase in SB hydrolysis, suggesting that the structural consequences of
this mutation are limited to the cytoplasmic side of the receptor. The analogous tyrosine has been
the focus of several studies in other class A GPCRs, such as the vasopressin receptor (/95) and
CCR3 (196), where a conservative substitution blocks signaling while maintaining native-like

ligand affinity.

Further support for the role of Tyr223>°

in stabilizing Meta II comes from FTIR
measurements obtained at lower temperature (Fig. 3.7). Analysis of vibrational band intensities
characteristic of Meta I and Meta II shows that the Meta I < Meta Il equilibrium is strongly

shifted to the Meta [ state in the Y223F mutant.

, o Fig. 3.7. FTIR studies of wild-type
Meta I/Meta Il in p$223'(§ rhidopsin and the Y22f3F. Fg“gR
WT HEK spectroscopy provides a complementary
method to NMR and absorption
spectroscopy for characterizing the
activation of rhodopsin. The FTIR-based
titration curves (OFTIR) of the Meta I to
Meta Il equilibrium are shown on the
basis of monitoring the vibrational
bands characteristic of Meta I and Meta

® FTIR

¥ . I as a function of pH (1). It has
4 5 6 7 8 9 10 11 previously been shown that coupling of
pH the two protonation switches that

control receptor activation at 10 °C and
below reestablishes the classical two-state equilibrium between Meta I and protonated Meta IIbH+ (1).
Here, we use FTIR to probe how the Y223F mutation influence this equilibrium. Mutation of Tyr223 to
phenylalanine causes a strong shift in the equilibrium toward the Meta I conformation. The observation
of a shift of the equilibrium toward Meta I in the Y223F mutant highlights the role of this tyrosine in
stabilizing the active state of rhodopsin. FTIR spectroscopy was performed with a Bruker Vertex 70
spectrometer with a mercury-cadmium-telluride detector. Spectra were recorded at 4 cm—1 using 200-
400 pmol membrane-reconstituted pigment and the sandwich sample type with 200 mM 1,3-
bis[tris(hydroxymethyl)methylamino]propane (at pH 6.0 and higher) or MES buffer (at pH 5.0) (1).
Photoactivation was achieved by a I-s photolysis using an array of six light-emitting diodes at 530 nm
(1). Spectra were normalized by using the fingerprint bands of the chromophore between 1,200 and 1,300
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em”'. Membrane reconstitution of n-dodecyl maltoside (DDM)-purified pigments was achieved by mixing
pigment and phosphatidylcholine lipids from egg yolk (from a 6.3 mM stock in 1% DDM) at a
protein:lipid molar ratio of 1:200. The mixture was incubated for 2 h on ice. Detergent was extracted by
incubation with small polystyrene beads (Biobeads SM-2; BioRad), which were washed extensively with
water to remove glycerol and floating beads. DDM extraction was performed in two rounds of incubation
of 4 h and a last round of 12 h at 4 °C on a rotator. For each milligram of DDM present (prior to the first
round of extraction), 20 mg of washed biobeads were used in each round, ensuring complete removal of
the detergent. After each round, biobeads were allowed to settle to recover the supernatant. After the last
round of extraction, all biobeads were carefully removed and proteoliposomes were collected by
centrifugation for 4 h at 100,000 % g. THe FTIR data were collected by Katrina Zaitseva in the
laboratory of Reiner Vogel at the University of Freiburg.

3.1.3. Alal32>* orients Tyr223°°% in Meta II.

330 toward the receptor core, is the group conserved Ala132’*7. As

One helix turn from Argl35
mentioned in Chapter 1, group conserved residues generally have low conservation when
considered individually, but are highly conserved when considered as a group consisting of
amino acids with small or weakly polar side chains, namely Ala, Gly, Ser, Thr, Cys. These
residues have a high propensity to mediate TM helix interactions (/97) and have been shown to
allow interaction of the signature residues in the class A GPCRs (77). Position 3.47 has the
highest level of group conservation within this group (99%). In the crystal structure of opsin, the
large rotation of Tyr223>°® places its aromatic side chain in van der Waals contact with
Ala132**". The rapid decay of Meta II upon mutation of Tyr223°>* is similar to that previously
observed for mutation of Glu122*?7 (198). Glu122**" hydrogen bonds with His211°* on the
extracellular side of the receptor in Meta II and is thought to hold HS in an active orientation
(99). The His211>**-Glu122**" pair is conserved in the high sensitivity rod cell pigments and
distinguishes them from the lower sensitivity cone pigments. The question arises as to whether
there is a similar pair-wise stabilizing interaction between Tyr223°>* and Ala132**" on the

intracellular side of the receptor.

2°47 to leucine and serine, and measured Meta II

To test this hypothesis, we mutated Alal3
decay by tryptophan fluorescence. These data reveal an increased rate of Meta II decay (Table
3.1) suggesting that a larger side chain at position 132°*” does not allow Tyr223°°® to form a

stabilizing interaction with Arg135>*°

. The observed increase in the rate of Meta II decay in the
A132L mutant is consistent with a lower activity of the Meta II state with respect to transducin

binding.
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The group-conserved amino acids (G, A, S, T, C) were originally identified as those residues
that have the highest propensity for mediating helix interactions in membrane proteins (/97). In
the class A GPCRs, there are 13 group-conserved residues that are located mainly in helices H1-
H4 (126). Analysis of the packing density of the seven TM helices indicates that H1-H4 are the
most tightly packed helices in the crystal structure of rhodopsin and that the group-conserved
amino acids are located in the interfaces between these helices. Importantly, Ala132**” does not
fit this pattern. Alal132%* is located on H3, but oriented toward the H5-H6 interface. The results
described above, in combination with the opsin structure, provide an explanation for the high
conservation of this residue. Whereas the group conserved amino acids mainly mediate helix-

2347 acts a molecular notch to orient

helix interactions in the inactive state of rhodopsin, Alal3
the Tyr223>* side chain efficiently toward Argl35°°° and stabilize the active Meta II

intermediate (Fig. 1).

Alanine is highly conserved (68% identity) at position 3.47 in the rhodopsin subfamily of
class A GPCRs. Position 3.47 is also conserved as an alanine in the melanocortin receptors
(98%), and as a threonine in the chemokine receptors (55%). In the amine subfamily this site is
predominantly a serine (68% identity). In the 2AR, we previously studied the influence of
substitution of the group-conserved amino acids in the TM helix core with larger hydrophobic
residues (80). Substitution of the wild-type alanine at position 3.47 with leucine or valine
dramatically lowered receptor activity, whereas serine at position 3.47 exhibited wild-type

34
2 7

activity, suggesting that the role of Alal3 in rhodopsin is likely the same across the class A

GPCRs. In this regard, the recent crystal structures of both the $,AR and the A4 receptors show

that Tyr’® has rotated toward Ala>*’, as in opsin. This active state orientation for Tyr™®

may be
due to the T4L insert between HS5 and H6 used to crystallize both receptors (see below).
Comparison with the wild-type receptors shows that the T4L insert results in significantly higher
affinity for subtype-selective agonists, which the authors suggest may reflect a shift toward the
active state (114, 199). In the p1AR, which was not crystallized with the T4L insert, Tyr’>* was

mutated to alanine as part of a suite of mutations engineered to stabilize the inactive

conformation of the receptor (200).
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3.1.4. The Y223F mutation causes structural changes in EL2.

The shift in the Meta I < Meta Il equilibrium and faster Meta II decay of the Y223F mutant
suggest that the changes introduced by this mutation are allosterically coupled to the
extracellular side of the receptor. This hypothesis is also in agreement with the coupling of EL2
and HS5 motion during activation (/72). Meta II decay is defined by hydrolysis of the SB. There
are several amino acids on or near EL2 on the extracellular side of rhodopsin that can modulate
SB hydrolysis (201, 202). These include Glul13°2®, the counterion to the Schiff base (87). We
propose that the position of EL2 is linked to the position of Glul13°2® and SB hydrolysis.

To characterize whether the mutation of Tyr223°® (and Tyr306"°) is coupled to structural
changes in EL2, we expressed the Y223F and Y306F mutants with *Cp-labeled cysteine. The
cystine Cp spectrum provides a probe for changes in the highly conserved Cys110°*° and
Cys187"* disulfide bond. The B-carbon resonances in cystines are observed in a unique
chemical shift window (34-50 ppm) and are sensitive to the secondary structure with a range of
34 to 43 ppm for a helices and 36 to 50 ppm for {3 sheets (203). We previously observed strong
cross peaks between the Cys110>*°-Cys187""* B-carbon resonances at 36.4 ppm and 46.8 ppm in
the dark, respectively (/72). These resonances do not change position in the Y223F or Y306F

rhodopsin spectra.

Figure 3.8 presents rows from the 2D DARR NMR spectra of Meta II of the Y223F (blue)
and Y306F (green) mutants labeled with *Cp-cysteine as compared to wild-type Meta II (red).
In contrast to the comparison with dark rhodopsin, there is a shift of the Cys187""* resonance in
the Meta II spectrum of the Y223F mutant compared to wild-type Meta II. In wild-type Meta I,
the CpB-Cys187"" resonance shifts to 50.1 ppm due to a change in the conformation of EL2,
while the chemical shift of Cys110**> on TM helix H3 does not change (172). In the Y223F

EL2

mutant, the Cys187 " resonance moves upfield to 48.2 ppm (Fig. 3.8A). Fig. 6C shows the cross

peak associated with Cys110°*

. This cross peak does not shift in the Y223F mutant confirming
that the influence of the mutation is localized to EL2. In the Y306F mutant (Figs. 3.8B,D), the
cross peaks associated with Cys110°* and Cys187""* are at the same position as in wild-type
Meta II indicating that there is no coupling between the NPxxY sequence and the conserved

cysteine disulfide.
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Fig. 3.8. Coupling of HS5 to EL2 motion in the Y223F mutant of Meta II. Rows extracted from
2D"*C DARR NMR spectra acquired of the activated Meta II state of wild-type rhodopsin (gray line) and
the Y223F (blue line) and Y306F (green line) mutants. The rows show the CB region of Cys110*% and
Cys187" and were taken through the diagonal resonances of Cysl10>? (4andB) and

Cys187" (C and D). Mutation of Tyr223°% alters the chemical shift of Cys187"* with respect to wild-

type rhodopsin (gray line). However, a mutation of Tyr306” does not influence the wild-type chemical

shift for the CB of Cys187°.
3.1.5. Defining the open and closed states of the Glul 34> *-Arg1357°°-Glu247°" ionic lock.

The current study addresses several open questions regarding how retinal isomerization on the
extracellular side of rhodopsin is coupled to the cytoplasmic ionic lock. We show that the
interactions of Argl135>°° with Met257°* Tyr223°>® and Tyr306"> observed in opsin are also
present in the active Meta Il intermediate, consistent with the outward rotation of H6 upon
activation (95, 107). Mutational studies indicate that the Argl135>°° - Tyr223°°* interaction,
which is facilitated by group-conserved Ala132**", has a strong influence on the stability of the

active state conformation.

The ionic lock was originally described as a conserved hydrophobic cage motif in the

gonadotropin-releasing hormone receptor at the cytoplasmic end of transmembrane helix H3

3.54

involving Asp™®, Arg’” and Ile’>* (204). Ballesteros et al. (204) proposed that a salt bridge
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between Asp>™* and Arg’”’ stabilizes the inactive receptor and that upon activation Asp’™*

3.50

becomes protonated with the charged Arg™”" side chain being prevented from orienting toward

3.54 3.50

the cytoplasmic surface by Ile””". A more complex ionic lock involving the interaction of Arg
with both Asp®* on H3 and Glu®** on H6 was based on the observation that mutation of both
D3.49N and E6.30Q in the 3, adrenergic receptor resulted in increased in basal activity (205). In
the past few years, however, the crystal structures of the adenosine A4 (/99), and f; (200) and
B2 (114) adrenergic receptors have been determined and, in contrast to the crystal structure of

rhodopsin, show no direct interaction between Arg’>’ and Glu®*, although the Asp>*-Arg’”°

salt bridge is retained.

Our current results on the interactions of Argl35°>°

in Meta II, along with amino acid
conservation, provide insights into the nature of the closed and open states of the ionic lock.
Table 3.2 presents a summary of the conservation of the residues contributing to the ionic lock in
inactive rhodopsin and active Meta II. There is a strong conservation of arginine (97%) at
position 3.50 and Glu/Asp (90%) at position 3.49. Lysine (0.9%) and histidine (0.2%), and Asn
(2.4%) and Gln (1.7%) only rarely occur at positions 3.50 and 3.49, respectively. In contrast,
Glu247°%° is not well conserved across the class A GPCRs, implying that there are various
mechanisms for stabilizing the inactive conformations of GPCRs in the region of the ionic lock.

0

In the B; and B, receptors, the position of Arg’’ is stabilized by a tyrosine on CL2, whose

conservation in the amine subfamily (85%) is as high as the conservation of Glu®*® (83%). The

conservation of two different residues that may stabilize Arg>’

in the amine receptors suggests
that there may be multiple inactive states or that these residues have other functions in the

regulation of receptor activity (2006).

Table 3.2 also summarizes the conservation of residues stabilizing the active conformation of
Arg135>°. The conservation of Tyr223® (86%) is particularly striking since the tyrosine side
chain is oriented toward the lipid in the dark-state crystal structure of rhodopsin, implying that
this residue only has protein contacts in the active state conformation. In contrast, methionine at
position 6.40 is not conserved in the class A GPCRs, yet plays an important role in stabilizing
the inactive conformation of rhodopsin (see below). Together, these observations support the
view that the Glul34>*°-Arg135>" salt bridge is the essential interaction for stabilizing the
inactive state of class A GPCRs (59). Neutralization of Glu134>*°, rather than breaking of the
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Argl135>° - Glu247% salt-bridge, is key to shifting the receptor to its active conformation
where the conserved interactions are between Arg>’, Tyr’>® and Tyr"’, as observed in Meta II

and the crystal structure of opsin.

Percent occurrence*

Class A Rhodopsin B2-AR Identity Small Polar Aromatic Hydrophobic
3.47 Ala 132 Ala 128 Ala 35.5 (56) 99.0 0.7 0.1 0.3
3.49 Asp 134 Glu 130 Asp 65.0 (82) 1.8 95.9 1.2 1.5
3.50 Arg 135 Arg 131 Arg 97.2 (97) 0.8 98.6 0.1 0.5
3.51 Tyr 136 Tyr 132 Tyr 69.3 (74) 8.1 4.9 85.9 10
3.54 lle 139 Val 135 lle 54.2 (72) 2.9 0.4 0.4 96.6
5.58 Tyr 223 Tyr 219 Tyr 86.0 (92) 5.6 6.2 86.6 2.0
6.30 Glu 247 Glu 268 Glu 33.3(17) 13.3 78.9 1.2 5.8
6.40 lle 257 Met 278 lle 29.1 (15) 8.8 1.2 1.8 89.4
7.53 Tyr 306 Tyr 326 Tyr 93.5 (96) 1.5 0.6 96.1 4.3

Table 3.2. Conservation of Ala132*Y, Glu134>*°, Arg135>, Tyr136*"', Val139>*, Tyr223 ,
Glu247"'3°, Met2576'40, and Tyr3067'53. The data is this table was extracted from the protein
databank by Sina Erfani.

3.1.6. Met257%" stabilizes rhodopsin in the inactive state.

We had previously observed that most site-directed mutants of Met257%*

allow opsin
activation by the addition of all-frans retinal as a diffusible ligand (207). The observation that

Met257°%° shifts into contact with Argl35>°° in the H3-H6 interface provides an explanation for

6.40 6.40

the phenotypes of the Met257 mutations and the role of Met257 in the activation
mechanism. The Met257%*° mutants with the highest constitutive activity are M257Y, M257N,
and M257S. The polar side chains at position 6.40 in these mutants will interact more strongly
with Argl135°°° than the hydrophobic methionine side chain, and consequently stabilize the
active state. In other class A GPCRs (Table 3.2), the P-branched amino acids, threonine,
isoleucine and valine, are the most common residues observed at position 6.40. When substituted
into rhodopsin (207), these residues do not confer appreciable constitutive receptor activity (4.4-
9.6%), but do allow almost full activation (62-83%) upon the addition of all-frans retinal. These

6.40

results indicate that rather than stabilizing the active state, Met257"" stabilizes the inactive state

of the receptor.

If Met257°* is not stabilizing the Meta II structure, the question arises as to the relative
stabilizing effects of Tyr223°°® and Tyr306’°°. When these two tyrosines are mutated to
phenylalanine, our measurements of transducin activation and Meta II decay indicate that

7.53
6

Tyr223°>® plays a much greater role in stabilizing Meta II than Tyr306”>°. With a sequence

identity of 86% (Table 3.2), Tyr223°® is the most highly conserved amino acid on HS5.
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Asparagine and serine are the two next most common residues. Strikingly, phenylalanine and
tryptophan are not found at this position, nor are glutamate or aspartate. The absence of aromatic
amino acids at this position indicates that the preference is for a polar residue, while the lack of
negatively charged amino acids indicates that in class A GPCRs the open conformation of the

ionic lock is not stabilized by a salt bridge involving Arg135™>".

3.1.7. Allosteric coupling across the transmembrane core of rhodopsin.

Solid-state NMR measurements have previously suggested that the displacement of EL2 upon
activation is coupled to a rotation of HS5 (/72). The coupled motion of EL2 and HS was based on
mutational experiments where substitutions in EL2 resulted in structural changes in H5 (/72). In
the current study, we show that mutations in H5 (i.e. Y223F) result in structural changes in EL2
(i.e. Cys187"%). In agreement with previous studies on Cys187°* (208), mutation of Tyr223°
does not affect the wild-type properties of thodopsin in the dark, but leads to a less stable Meta II
intermediate upon activation. In wild-type rhodopsin at neutral pH, hydrolysis of the all-frans
retinal SB and loss of the retinal chromophore in the Meta II to opsin transition shifts the
receptor to an inactive conformation (/89). Inactive opsin is stabilized, at least in part, by
electrostatic interactions involving Glu113**® and Lys296”* since mutation of either residue to a
neutral amino acid increases constitutive receptor activity (209). Interestingly, in opsin (95),

EL2

these residues do not interact directly, but rather interact most closely with Cys187 " and

Glu181"", respectively, on EL2. Coupling of the position of EL2 to the orientation of H5 in the

Meta II to opsin transition would suggest there is a role for Tyr223>°

closing of the Arg135>°°-Glu134>* ionic lock.

in both the opening and

In summary, the current study highlights the roles of several residues mediating the opening
and closing of the ionic lock in rhodopsin activation. The observed active state contacts of
Arg135>° with Met257%*, Tyr223%°® and Tyr306" allow us to define the open conformation
of the ionic lock. In particular, we show that a novel interaction between Tyr223>°* and
Alal132**" in the active Meta intermediate can explain both the high sequence identity of

Tyr223°>® and the high group conservation of Alal132>*" across the class A GPCRs.
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3.2. B, Adrenergic receptor.

B2AR is arguably the best characterized ligand-activated G protein-coupled receptor (210).
The gene for 32AR was first cloned from the genome of Mesocricetus auratus (211) and found to
share sequence similarity with rhodopsin. Subsequent functional studies of site-directed $,AR

mutants mapped the ligand-binding pocket to the transmembrane core in a region similar to what

is occupied by 11-cis retinal in rhodopsin (212).

In the vertebrate visual system, a single heterotrimeric G protein (transducin) is present in
both rod and cone cells to accommodate signal transduction via photoactivated visual pigments,
including rhodopsin (273-215). In contrast, activated $,AR has been found to interact with both
Gi and Gs (Fig. 3.9). It has also been shown that the insulin receptor tyrosine kinase
phosphorylates several tyrosine residues on the intracellular surface of $2AR (206). Furthermore,
signal transduction through the MAP kinase pathway is stimulated via $,AR in complex with (3-
arrestin (216, 217). Certain ligands previously classified as inhibitors of AR signaling have
actually been found to stimulate signal transduction through G protein-independent pathways
(collateral efficacy) (218). Therefore, a detailed description of receptor activation requires

comparison between multiple ligand-bound receptor states.

A. B

Receptor: rhodopsin ﬁ —_ — — ﬁ — B2AR b <«
Gos

—>
Gai
G-protein: transducin R * Arl
¢ \, Desensitization of Gas|

AC ¢ and internalization

Target Enzyme: PDE . @ @

Intracellular: Messenger 3’5" -cGMP _—
-cGMP

Response: Closing of —0 —_—— —(l]>_
cGMP gated ion channels - - - -

Fig. 3.9. B>AR and rhodopsin signaling cascades. Retinal isomerization fully converts the dark state
of rhodopsin into its active Meta Il state, this two-state model of receptor activation is unique to the
visual pigments (A). (AR receptor exists a continuum of transiently populated intermediates whose
conformations are stabilized by specific ligands (B). The conformational heterogeneity of activated [3,AR
coincides with the various downstream signaling targets with which it interacts. In contrast, rhodopsin
signalling involves a signal pathway and a heterotrimeric G protein that is dedicated to signal
transduction in the visual pigments.
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During the last five years, several crystal structures have been presented that capture $,AR in
various ligand-bound states (86, 87, 112, 219, 220). The first series of crystal structures captured
inactive conformations bound to a potent inverse agonist (carazolol) and various antagonists (87,
219). When bound to carazolol, the basal activity of P,AR is significantly reduced (87).
Therefore, a comparison between these crystal structures can potentially reveal the
conformational changes that are associated with a reduction in basal activity. However, the

differences between these structures are minimal.

Subsequently, three crystal structures of ;AR were presented for the active conformation
(86, 112, 220). In one structure, a synthetic agonist was covalently bound to the ligand-binding
pocket (220). When compared to carazolol-bound state, the agonist-bound crystal structure
suggests that the structural changes associated with receptor activation are minimal.
Concurrently, the structure of agonist-bound $,AR was presented in complex with an exogenous
G protein mimetic peptide (Nb80) (86) and a full heterotrimeric G protein (Gs) (//2). The
resulting structure showed a significant rearrangement of the transmembrane helices and is
thought to represent the canonical ternary complex (33). The extensive structural differences
between agonist-bound structures in the presence and absence of down stream effectors have left

open the question of how agonist binding induces cell signaling.

One of the more puzzling aspects that comes from the recent crystallographic data of f2AR
(86, 87, 112, 219, 220) is the remarkable overlap between the structures of active and inactive
conformations. In each case, the only significant change is the position cytosolic moiety of
transmembrane helix H6, which is consistent with EPR measurements conducted on rhodopsin
almost 20 years ago (/54). Moreover, these structures represent snapshots in a dynamic process
that likely involves a number of conformational intermediates (37, 102, 221, 222). As a result,
other biophysical studies are required if one hopes to understand the mechanism by which
agonist binding at the extracellular surface allows the receptor to interact with signaling targets

in the cytosol.

Several computational studies have been conducted to describe the interconversion between
active and inactive receptor conformations of (AR (223-225). In those studies, the authors

appear to have conquered the technical challenges associated with molecular dynamic
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simulations that span hundreds of microseconds. However, the simulations suggest that prior to
G protein binding, the agonist-bound conformation of ,AR is identical to that of the inactive

state. As such, it is difficult to couple ligand binding to G protein activation.

In rhodopsin, one of the key components of the ligand (i.e. retinal) binding pocket is EL2.
Crystal structures of rhodopsin reveal substantial contacts between the 11-cis retinal
chromophore and various residues of EL2 (98, 181, 226). Previous NMR measurements have
been used to suggest that rhodopsin activation involves a significant change in the conformation
of EL2 (171, 172). However, inactive crystal structures of $,AR reveal that EL2 extends out into
the extracellular space (2/9). The unique position of EL2 in the inactive conformation of ;AR
serves to increase the accessibility of the ligand-binding pocket to the bulk solvent and may
provide an explanation for the increase in basal activity. Agonist-bound crystal structures of

B2AR do not reflect an activation-induced change in the conformation of EL2.

In 2010, Bokoch et al. (227) presented solution NMR studies of $,AR that revealed distinct
conformations of EL2 associated with specific ligand-bound states. The study marked the first
high-resolution structural data that described activation-induced conformational changes in and
around the ligand-binding pocket of f,AR. Specifically, the authors collected *C chemical shift
measurements to monitor a conserved salt bridge (Asp192 and Lys305), which restricts the
position of EL2 in the inactive conformation. In the presence of a high affinity agonist, the NMR
data report a weakening of Asp192-Lys305 interaction consistent with agonist-induced motion of
EL2. In rhodopsin, EL2 motion is associated with a change in the rotational orientation of
transmembrane helix H5 (/72). A question that still remains to be addressed is whether or not a

similar allosteric coupling is involved in the activation mechanism of 3;AR.

Understanding the dynamic processes of 2AR activation requires comparison between
several receptor conformations whose temporal and thermal stability are not amenable to most
biophysical methods. Solid-state NMR spectroscopy affords the opportunity to investigate
unstable receptor conformations at low temperature. In addition, measurements can be carried
out using the native sequence without a requirement for non-native binding partners or large
protein insertions. In the following subsections, we use solid-state NMR spectroscopy to probe

structural changes as a function of bound ligand species.
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3.2.1. Trapping homogenous populations of various receptor conformations.

In order to investigate the structural differences between two receptor states using NMR
spectroscopy, there are several factors that need to be addressed. First, the states being compared
must correspond to a single receptor conformation. The second issue is one of sensitivity. The
chemical shift of a particular nucleus is strongly influenced by the electrostatic environment,
making it a suitable probe for detecting changes in local secondary and tertiary structure.
However, there are a number of line-broadening components in the solid state arising from
orientation-dependent nuclear spin interactions that are insufficiently averaged out (Chapter 2.2).
As a result, there is often considerable spectral overlap. Therefore, the conformational
differences between compared states must be large enough to induce a chemical shift change that
exceeds the line-widths. In order to address the issues mentioned above, we compare “C

chemical shift measurements between two ligand-bound receptor preparations.

Figure 3.10 presents a series of °C NMR difference spectra. For the left panel, spectra were
calculated by subtracting 1D ?C CPMAS spectra collected on BI167,107-bound from carazolol-
bound P,AR samples (~6 mg) that were isotope-enriched at various positions (‘*Cp-Ser, *Cp-
Cys, and Ce-Met, respectively). For comparison the right panel depicts the corresponding
regions of rhodopsin minus Meta II difference spectra. In both cases positive peaks correspond to
resonances that are unique to the inactive, inverse agonist-bound state, while negative intensity

represents chemical shift assignments for nuclei in the active, agonist-bound state.

For rhodopsin, difference spectra were calculated from active and inactive spectra that were
collected using a single sample. For difference spectra of ,AR, two samples with the same
isotope-enrichment were required. Isotope-enriched P,AR was heterologously expressed in
HEK293S cells in a manner analogous to that used to generate samples of rhodopsin (see
Chapter 2.1). For carazolol-bound ;AR samples, growth media was supplemented with 100 nM
carazolol during induction and subsequently purified from the cell membranes as described in
chapter 2.1. The same strategy cannot be used for BI167107-bound samples since activated
receptors are quickly internalized and processed by endogenous degradation machinery in the
HEK293S cells. As such, expression was induced in the presence of 5 uM alprenolol. The
receptor was first extracted in DDM micelles and bound to immunoaffinity resin. After

immunoprecipitation, alprenolol was replaced with BI167107 via slowly (0.3 ml/min) washing
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with 20 mM HEPES pH7.5, 100mM NaCl with 10 uM BI167107. The approach is predicated on
the dramatic difference in Kd between BI167107 and alprenolol (84 pM and 1 nM, respectively).

For each receptor, difference bands are on the order of 1-2 ppm. In rhodopsin,
photoisomerization converts the covalently bound retinal chromophore from an inverse to a full
agonist allowing the receptor to fully populate the active Meta II state as assayed by UV/Vis
spectroscopy. On the basis of similar line widths, we conclude that $,AR difference spectra were

also calculated from samples with conformational homogeneity.
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Fig. 3.10. C Difference spectroscopy of BAR and rhodopsin. >C chemical shift measurements
were made on P>AR in the presence of either BI167107 or carazolol. Carazolol minus BI167107-bound
difference spectra are shown in the regions of >Cp-Ser (4), >CB-Cys (B), and *Ce-Met (C) in the left-
hand panel. For comparison, the analogous regions from dark (inactive) minus Meta Il (active)
difference spectra of rhodopsin are shown in the right-hand panel.

Despite having similar line-widths, difference spectra of f2AR show a marked reduction in
the number of difference bands compared to those seen for rhodopsin. One interpretation of these

data is that the degree to which the two states being subtracted differ from one another are not
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equivalent for both receptors. In rhodopsin, the 11-cis isomer of retinal acts as an inverse agonist
to virtually eliminate all basal activity. In contrast, carazolol only reduces the basal activity of
B2AR by 50%. As such, the differences between the BI167107- and carazolol-bound (,AR
conformations may not be as pronounced as those seen in the transition to metarhodopsin II from

rhodopsin.

3.2.2. T4-lysozyme induces conformational changes at the intracellular surface.

As mentioned earlier, one of the more productive strategies used to crystallize $,AR has been
to express the receptor as a chimeric species with T4-lysozyme. An obvious draw back of the
chimera strategy is the fact that the receptor is missing the third intracellular loop (IL3) (Fig.
3.11). In addition to serving as a site of interaction for heterotrimeric G proteins, IL3 bridge two
helices that have been shown to undergo significant conformational changes upon activation for
a number of GPCRs (43, 111, 228). The current understand is that activation induces structural
changes in H5 and H6. In turn, helical motion is coupled to a conformational change in IL3 to
reveal the site of G protein interaction. It stands to reason that inserting a large protein adduct

would significantly alter both the structure and function.

Fig. 3.11. T4 lysozyme. The high-resolution crystal structure for the
inactive conformation of the P.AR was solved using a [,AR-T4L chimera.
The chimera has a large non-native sequence (magenta) in place of the third
intracellular loop. Loop replacement may perturb the structure of H5 (red)
and H6 (blue) and has been shown to eliminate G protein binding.

In chapter 3.1, NMR measurements were described that show a disruption of the ionic lock

between Argl135>°" on H3 and Glu247°* on H6 upon activation of rhodopsin. As a result, H6 is

5.58
3

displaced and the side chain of a highly conserved tyrosine residue (Tyr223°") rotates towards

3.50

the helical bundle to interact with Argl35°~" and stabilize the active state orientation of HS (Fig.
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3.12, right). In 2001, work from the Javitch group revealed that a similar event occurs upon
activation of AR (205). However, high-resolution crystal structures of the $,AR do not reveal
an ionic lock between H3 and H6. Moreover, the sidechain of Tyr219°>® is oriented towards

Arg131°°% in a manner that is intermediate between its position in rhodopsin and metarhodopsin

11 (Fig. 3.10).

Rhodopsin Carazolol-bound p,AR Opsin/Meta Il
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Fig. 3.12. Rhodopsin versus B;AR. A comparison of the rhodopsin, Meta II, and the inactive [5,AR
crystal structures reveals that the orientation of Tyr223 in the inactive B>AR structure is reminiscent of its
position in Meta I, the active photointermediate.

In order to address whether the addition of T4-lysozyme induces an active state orientation of
H5, we monitored its position relative to the stable H1-H4 core. Specifically, °C labels were

5.54

incorporated into carazolol-bound (,AR to measure the distance between Met215 and

Cys125>* using 2D >C DARR experiments. The internuclear distance between Ce-Met2157>*
and CB-Cys125°* is within the detection limit of DARR as measured in the carazolol-bound
crystal structure. However, the NMR data fail to reveal such a contact (Fig. 3.13A). We interpret
the lack of a Ce-Met215°* - Cp-Cys125°* contact to suggest that the addition of T4-lysozyme
has disrupted the ionic lock and allowed HS5 to adopt an active state orientation. Our

interpretation is consistent with MD simulations that reveal an intact ionic lock in the inactive

conformation when T4-lysozyme is removed and IL3 is rebuilt. (225, 229, 230).
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3.2.3. Changes in serine hydrogen bonding upon receptor activation.

From Figure 3.10, we see that the most pronounced differences between carazolol-bound and
BI167107-bound B,AR are observed in the region of *Cp-Ser. Figure 3.14 shows the *Cp-Ser
chemical shift dispersion of $,AR in the presence of BI167107 and carazolol. There is a
significant overlap between the *CB-Ser chemical shift dispersion of carazolol and alprenolol-
bound receptor conformations (data not shown). In contrast, the BI16707-bound spectrum
reveals a peak at 61.9 ppm, which is consistent with a change in the hydrogen bonding character

for the side chain of at least one serine residue.
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Fig. 3.14. Distinct >CB-serine chemical shifts in activated B:AR. “C chemical shift measurements
were collected on AR in the presence of either carazolol (left) or BII67107 (right). The >CpB-Ser
chemical shift dispersion is shown for carazolol and BI167107-bound states. For the spectrum on the left,
carazolol (5 uM) was added to the culture media concurrent with induction of expression. For the
spectrum on the right, receptor expression was induced in the presence of 5 uM alprenolol. BI-167107
was subsequently introduced via on-column ligand exchange. In the crystal structure of AR with BI-
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167107 bound, Ser203 and Ser207 form hydrogen bonds with the ligand. One can speculate that the
serine NMR resonances observed in the spectrum with bound BI-167107 correspond to Ser203, Ser204,
and Ser207.

The aromatic moieties of these three ligands (BI167107, alprenolol, and carazolol) are
thought to occupy a similar region of the binding pocket. BI167107 contains two hydrogen
bonding partners that are able to interact with the sidechain hydroxyl groups of the Ser203 and
Ser207. These two residues are part of a triad of serine residues conserved throughout the amine
subfamily of class A GPCRs (the SSXXS motif). In contrast, no hydrogen bonds are formed
between these conserved serine residues and either carazolol or alprenolol (27/9). These data
strongly suggest that the *Cp-Ser chemical shift perturbations seen in the BI167107-bound
spectrum reflect hydrogen bond formation with Ser203 and Ser207.

Within the SSXXS motif, Ser203 and Ser207 show strict conservation while Ser204 does so
to a lesser degree (/04). It was initially put forth that Ser204 and Ser207 were thought to be the
most probable catechol docking sites (237). As such, the sidechains of Ser204 and Ser207 are
thought to interact with the hydroxyl substituents of the catechol ring moiety in
catecholaminergic ligands such as epinephrine and norepinephrine. These interactions would
allow the catechol ring moiety to interact with aromatic residues of H6 (i.e. Phe290 and Trp286)
(49) as a part of the “rotamer toggle switch” (//7). This context provides a framework for how

agonist binding leads to a rearrangement of the transmembrane helices.

Moreover, it is been shown that the reduced binding affinities of ligands to mutants of Ser203,
204 and 207 can, to a certain degree, be rescued by adding additional interacting groups in the
non-catecholic part of the catecholamine molecule (232). All such evidence along with an
increased understanding of the role of SSXXS motifs in transmembrane helix orientation (233,
234) and interactions (235) indicate that the serine triad in H5 may play a vital role in the

conformational motion of $,AR.

3.2.4. The rotational orientation of H5 correlates with receptor activation.

3% and

In section 3.2.2, it was introduced that the internuclear distances between Ce-Met215
CB-Cys125>* serves as a marker for the interhelical interface between H3 and H5. As described
earlier, there are a number of group-conserved residues throughout H1-H4 that mediate close

packing to form a stable transmembrane core during receptor activation. Therefore, H1-H4
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serves as a static frame of reference by which helix motion can be measured for H5-H7. In
rhodopsin, HS rotation is thought to be induced by steric clashes between Met207 of H5 and the
[-ionone ring of retinal upon isomerization (/77). Figure 3.15 (panel A) shows rows extracted
through the *CB-Cys region of 2D DARR solid-state NMR spectra collected on isotope-enriched
rhodopsin in both the dark (black) and active metarhodopsin II state (red). In the dark,
crosspeaks are absent between the “Ce-Met and *CB-Cys resonances. In contrast, conversion to
metarhodopsin II results in the emergence of a strong *Ce-Met-">Cp-Cys cross peak that has
previously been assigned to Ce-Met207°* and CB-Cys167*°°, whose sidechains come closer
together upon an activation-induced rotation of H5 (/7/). Similarly, one can use the Ce-
Met215>** and CB-Cys125>* internuclear distance to monitor the rotation of H5 with respect to

the stable core in 3,AR.

Figure 3.15 (panel B) presents rows extracted through the “Cp-Cys region of 2D DARR
solid-state NMR spectra collected on isotope-enriched >AR in the presence of an inverse
agonist (carazolol, black) as well as agonist (BI167107, red). In the inverse agonist-bound
conformation, crosspeaks are absent between Ce-Met and *CB-Cys resonance. However, a
strong *Ce-Met-">CB-Cys cross peak is observed in the agonist-bound conformation. We have
tentatively assigned the active state *Ce-Met - *CB-Cys cross peak to Ce-Met215°>* - Cp-
Cys125>* on the basis of internuclear distances measured from X-ray crystal structures (112,
113). Together, the NMR data presented in Figure 3.15 suggest that a rotation of H5 with respect

to the stable transmembrane core is a feature of activation of both 3,AR and rhodopsin.

(A) (B)

— carazolol- 6AR Fig. 3.15. H5 Rotation is a conserved feature

_ rrr:fta i ‘ biotnd : of GPCR activation. (A)Rows extracted from 2D
rhodopsin — BI167107- B¢ correlation spectra collected active(red) and

Met207- botind Met215 inactive (black) rhodopsin are shown. The
Cys167 -Cys125. extracted rows reveal an active state dipolar
coupling between *Ce-Met207°* on H5 and
BCB-Cys167°° of the HI-H4 core. (B) Rows are
shown from 2D C correlation spectra collected
0 25 20 15 10 o o 20 15 1o On P2AR in the presence of an invel.fse agonz:st
(carazolol) and a full synthetic agonist

(B1167107). The extracted row reveals dipolar

couplings between *Ce-Met and " CB-Cys.

3C Chemical Shift (ppm.)
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Based on analysis of the interaction between catecholaminergic ligands and fluorophore-
labeled receptor, it has been proposed that ;AR activation occurs in a multiple steps. The
progression from one intermediate to another is dependent on the number of hydroxyl groups
present in the catecholamine molecule (222). The idea that specific interactions between the
receptor and hydrogen bonding partners of cateholaminergic ligands force a stepwise conversion
of B2AR into its active conformation is consistent with the ability of functional groups in the
catecholamine molecule to synergistically contribute to both ligand binding and receptor

activation (/02).

In order to investigate the proposed heterogeneity associated with active conformations of
B2AR, we look at the rotational orientation of H5 using the internuclear distance between Cys125
and Met215 as a function of bound ligand species. Figure 3.16 presents rows extracted through
the °Ce-Met resonance of a 2D DARR spectrum collected on *C-enriched B,AR bound to either
carazolol, alprenolol or BI167107. The displayed region is expanded to show polarization
transfer between Ce-Met and CB-Cys. As described in Chapter 2, polarization transfer occurs
through the dipolar interaction and has strong distance dependence. When the dipolar coupling
strength is compared across the three ligand-bound receptor conformations, a correlation with
ligand efficacy is revealed. The internuclear CB-Ce distance between Met215 and Cys125
measured from the crystal structures of the 3,AR reflect a decreased distance between these two
residues that correlates with activity (i.e. carazolol<alprenolol<BI167107). The NMR data are

consistent with the same statement. (D,E, and F, respectively).
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Fig. 3.16. The rotational orientation of H5 correlates with activity in the B>AR activation. Views
from the cytosolic surface of the P.AR in the presence of an inverse agonist (carazolol). antagonist
(alprenolol) and a full synthetic agonist (BI167107) are shown in panels A, B and C respectively. The
side chains of Met215°"* and Cys125°* are displayed. The CB-Ce internuclear distance between Cys125
and Met2135, in the presence of carazolol, is 5.7 A. The same two nuclei in the alprenolol- and BI167107-
bound receptor conformations are separated by 5.5 A and 4.1 A respectively. As such, the internuclear
distance between these two nuclei serves as a marker for the rotational orientation of transmembrane
helix H5. Rows extracted from 2D "C correlation spectra collected on the B.AR in the presence carazolol
(D), alprenolol (E), and BI16707 (F) are shown. The extracted row reveals dipolar couplings between
BCe-Met and P CB-Cys.

We interpret these data in this subsection to suggest that H5 undergoes a graded response to
receptor activation. In addition, we propose that hydrogen bond formation between polar
moieties on the catechol ring of aminergic ligands provides the driving force for a rotation of HS.
In the context of interactions with downstream signaling targets, the degree to which HS5 has

rotated may have consequences for how effectively IL3 can interact with G protein.

3.3 CHAPTER CONCLUSION AND FUTURE DIRECTIONS

The work on Rhodopsin was subsequently extended to the ligand activated $,AR, where
structural studies are presented to suggest that HS rotation is a common element of GPCR

activation. The NMR results track the rotational orientation of transmembrane helix H5 with
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respect to the stable H1-H4 core and establish an activation-induced rotation of transmembrane
helix H5. The most marked difference was seen when comparing data collected in the presence
of BI167107, a full agonist, with that of carazolol, an inverse agonist. That the rotation
orientation of H5 in the presence of Alprenolol, an antagonist, was unique, suggested a graded
response to receptor action. The implication is that these changes in rotational orientation for H5

correlate with the hydrogen bonding status of signature conserved Tyr219>®

. In addition, the
rotational orientation of transmembrane helix H5 correlates with changes in the electrostatic
environment of several serine residues. We interpret the data in terms of hydrogen bond
formation between the polar constituents on the catechol ring moiety of bound ligand and the
hydroxyl side chains of the SSXXS motif on HS5, which is conserved through the amine
subfamily. We draw a parallel between ligands hydrogen-bonding to the SSXXS motif in the
B2AR and steric clashes between the (3-ionone ring and side chains of HS in rhodopsin. Both
mechanisms serve to couple the presence of agonist in the binding pocket with a rotation of HS.
In fact, the residues in rhodopsin that correspond to the position of the SSXXS motif consist of
hydrophobic sidechains (i.e. Met207°**, Phe208*%) that form steric contact with all-trans retinal
in Meta II. Since all-trans retinal is such a potent agonist in rthodopsin, a future experiment
would be to introduce large residues in place of the small side chains of the SSXXS motif in the

B2AR. The expectation is that HS rotation would occur in a manner that is insensitive to the

hydrogen bonding abilities of the activating ligand.

As with other ligand activated GPCRs, there are a number of ligands that modulate receptor
function in the B,AR. The f,AR work in this thesis provides evidence of how a particular set of
interactions between the receptor and ligands can generate ligand-specific conformational
changes. The idea is that GPCR signaling has evolved to trigger permutations of individual
structural change in order to elicit the desired physiological response. The challenge is now to
probe a set of specific structural changes (i.e. H5 rotation) in order to establish which

conformational triggers confer activation.
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CHAPTER 4: STRUCTURAL CHANGES IN TRANSMEMBRANE HELIX 6 UPON
GPCR ACTIVATION.

It has been known since the pioneering EPR studies of Hubbell and coworkers using site-
directed spin labeling that activation of rhodopsin involves the outward rotation of
transmembrane helix H6 (43). However, a mechanistic understanding of how retinal
isomerization is coupled to H6 motion has been lacking. The first high-resolution crystal
structure of rhodopsin was obtained in 2000 of the inactive, dark state of the receptor (Figure
4.1) (98). This structure revealed the position of highly conserved residues within the large
family of class A GPCRs, but provided few clues about the mechanism of receptor activation.
The crystal structure of opsin, which captures the outward rotation of H6, revealed several key

elements of the activation mechanism (95, /07). In the dark state of the rhodopsin, Argl35>

6.30 6.30

forms a salt bridge with Glu247"~" on H6. In opsin, the rotation of H6 moves Glu247""" toward

H5 where it forms a new electrostatic interaction with Lys231°°

. H6 motion also places
Met257°% in contact with Argl135>°° on transmembrane helix H3. However, this latter
interaction appears to require the outward tilt of H6, which displaces the intracellular end of H6

by ~5 A relative to H3 (47). That is, the interface between H3 and H6 is tightly packed and the

3.50 6.40

outward motion of H6 allows the side chain of Arg135”°" to extend toward Met257°"" and make
contact (see Figure 4.1C). In addition, the opsin crystal structure showed that the intracellular
ends of both helices HS and H7 undergo rotation to allow two highly conserved tyrosine residues
to hydrogen bond with Argl35°°°. Tyr223>>® on H5 and Tyr306’>® on H7 rotate toward
Argl135> in the active receptor and contribute to breaking of the Argl35>°-Glu247°" salt
bridge (95, 107). The combined effect of these structural changes is to open up a cavity on the
intracellular side of the receptor that serves as the binding site for the C terminal tail of the Ga

subunit of transducin, the heterotrimeric G protein that associates with light-activated rhodopsin.
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Fig. 4.1. Crystal structures of rhodopsin (PDB access code = 1GZM) and Meta Il (PDB access
code = 3PXO0) highlighting key residues associated with photoactivation. (A) The full receptor
structure is shown. The retinal is buried between the transmembrane helices on the extracellular side of
the protein with the second extracellular loop (EL2) forming a cap on the retinal binding site. Motion of
helices H5, H6 and H7 during activation opens up the G-protein binding site on the intracellular side of
the receptor, while helices HI-H4 form a tightly packed core. (B) Cross section of the intracellular side
of rhodopsin in the region of the Argl35%°" - Glu247%%" salt bridge. Only selected helices are shown for
clarity. (C) Structure of the intracellular side of Meta Il in the region of the ionic lock. There are several
differences between inactive rhodopsin (panel B) and Meta Il (panel C). Rotation of H6 breaks the
Arg135%7" - Glu247%%° contact and moves Met257°" into the H3-H6 interface. The intracellular end of

HG6 tilts outward, allowing the side chain of Arg1357"" to extend and contact Met257°*. Rotation of H5

and H7 place Tyr223°"% and Tyr306”” into contact with Argl35>°°. Hydrogen bonds between these
tyrosines and Argl35>"" stabilize the active state of the receptor.

Several observations argue that the motions of helices H5, H6 and H7 are part of a common
activation mechanism for Class A GPCRs. First, a number of the residues described above are
highly conserved (126). Arg135> is part of the conserved ERY motif on helix H3 (i.e. residues
Glu134>*-Arg135>°-Tyr136>"). Tyr223>*" is the most highly conserved residue on H5, while
Tyr306’" is part of a conserved NPxxY sequence on H7. Second, recent crystal structures of the
B2AR with bound agonists show an outward displacement of H6 and confirm that this signature
structural change for rhodopsin activation is present in a ligand-activated GPCR (86, 112).
Nevertheless, the large changes in H6 in these crystal structures are only observed when the
receptor is in complex with an antibody mimicking the G protein. The structures of the ;AR
(220) and other ligand-activated GPCRs (236, 237) without stabilizing antibodies exhibit
structural changes that are much smaller than those observed in the active state of rhodopsin.

One possible explanation for the differences between rhodopsin and the ligand-activated
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receptors is that rhodopsin has evolved several mechanisms to reduce basal activity, including
the salt bridge between Argl135>"" and Glu247°, which are essential for a visual receptor. In
contrast, ligand-activated receptors typically exhibit high levels of basal activity. These receptors
are inherently dynamic molecules that interconvert between transiently populated conformational
states (2217). As a result, if the visual receptors and ligand-activated receptors share a common
activation mechanism, there are likely interactions that restrict H6 motion in rhodopsin that are
released following photo-isomerization, but prior to the conformational change that ultimately

generates the active receptor.

Figure 4.2 presents the photoreaction pathway leading from dark, inactive rhodopsin to the
active Metarhodopsin II (Meta II) intermediate. In the dark state, the retinal chromophore is

bound as a protonated Schiff base to Lys296"*

on transmembrane helix H7. Absorption of light
triggers the rapid isomerization of the retinal from the 11-cis to the all-frans configuration. The
early intermediates contain a conformationally distorted all-trans retinal chromophore (238).
Calorimetric studies have shown that ~30 kcal/mol of the absorbed light energy is stored in
Bathorhodopsin, the first relatively long-lived intermediate (239). The trapped energy is released
as the retinal relaxes (240-243). and the surrounding amino acids reorient in the transitions to the
Blue-shifted Intermediate, Lumirhodopsin and Metarhodopsin I (Meta I). Meta I immediately
precedes the activated Meta II state. The current study focuses on the orientation and interactions

involving helix H6 in Meta I in order to establish whether conformational changes occur in this

helix leading up to the active Meta II state.
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The retinal chromophore in the Meta I intermediate has an all-trans configuration and exhibits
an absorption maximum (Amax) at 480 nm. There are no high-resolution crystal structures of Meta
I. However, a 5.5 A resolution structure of Meta I obtained by electron cryo-microscopy of 2D
crystals showed no significant displacements of the transmembrane helices as compared to the
dark state of rhodopsin (/77). The largest change in Meta I relative to rhodopsin was in the

6.48

region of Trp265 on helix H6 (/17), which suggested a local change either in the

6.48

conformation of the Trp265”°"" side chain or in the rotational orientation of the H6 helix.

In contrast to the low-resolution structure of Meta I, a number of biophysical studies have
revealed conformational changes that stretch from the retinal binding site on the extracellular
side of the receptor to the G-protein binding site on the intracellular surface in Meta 1. On the
extracellular side of rhodopsin, Fourier transform infrared (FTIR) spectroscopy shows that
Glu122’*7 becomes more strongly hydrogen bonded in the transition to Meta I (245). Glu122**’
is located on helix H3 near the retinal -ionone ring, and its side chain is hydrogen bonded to the
backbone carbonyl of His211>* on H5. These residues are part of a hydrogen bonding network
that extends to the second extracellular loop (EL2). Coupled motion of the retinal and HS has

been implicated in the transition to the active Meta II state (/72).
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On the intracellular side, FTIR measurements of rhodopsin containing p-azido-L-
phenylalanine, an engineered non-native amino acid, show that there are strong changes in
polarity at the ends of helices H5 and H6 in the formation of Meta I. These changes are
consistent with a rotation of H6 and movement of its intracellular end of H5 away from H3
(228). Furthermore, Meta I is the first substrate for rhodopsin kinase (246), which binds to Meta
I and Meta II with equal affinity (247), and has been reported to be able to bind the G protein
transducin (248, 249). Together these results imply that a conformational change on the
extracellular side of the receptor, induced by retinal isomerization, modulates the intracellular

surface of Meta I.

Solid-state NMR spectroscopy provides a complementary approach for probing the structure
of Meta I and defining the structural changes that occur as light energy is channeled into
rhodopsin. Previous solid-state NMR studies on Meta I were restricted to the chromophore and
showed that the retinal polyene chain is in a relaxed conformation in contrast to the distorted
conformation adopted in the dark state (241, 242, 250, 251). In following subsections, we
describe °C and N solid-state MAS NMR measurements on Meta I trapped in digitonin that
target structural changes in the protein centered on helix H6. Digitonin is unusual compared to
other detergents as the hydrophobic end of the digitonin is composed of a rigid spirostan steroid
tail rather than flexible fatty acyl chains. It has been used extensively to stabilize the Meta I
intermediate (63, 213, 252), since it was first shown to be effective in blocking the transition
from Meta I to Meta II (253). The ability of digitonin to trap Meta I is comparable to that of
cholesterol, which was previously used to trap Meta I in 2D crystals of rhodopsin (//7). Both
digitonin and cholesterol have a rigid steroidal structure that prevents the Meta I to Meta II
transition. In contrast, the transition to the Meta II intermediate is facilitated by solubilization of
rhodopsin in DDM detergent, which creates a fluid environment. Our structural measurements on
Meta I can be compared with previous measurements of rhodopsin and Meta II. The comparison
with rhodopsin allows us to infer what structural changes occur between the dark state and Meta
I. The comparison with Meta II allows us to infer what structural changes are directly associated
with receptor activation. Two dimensional >C DARR NMR measurements reveal an interhelical
contact between CC-labeled Argl35°°° and "Ce-labeled Met257°* indicating that
transmembrane helix H6 rotates in the formation of Meta I. However, the NMR data show that

EL2 and H5 have not shifted into their active state conformations. Our results help to define the
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sequential structural changes occurring between rhodopsin and Meta I that prime the receptor for

transition to the active Meta 11 state.

4.1. Trapping of the Metarhodopsin I intermediate.

The Meta I intermediate is characterized by a visible absorption maximum at 480 nm. Figure
4.3A presents absorption spectra showing the conversion of rhodopsin (Amax = 500 nm, black
line) to Meta I (Amax = 480 nm, blue line) following illumination by light with wavelengths
longer than 495 nm. The stability of Meta I in digitonin is temperature dependent. At 4°C,
rhodopsin is fully converted to the Meta I intermediate and is stable for over 30 min (light blue
line). When rhodopsin in digitonin is illuminated at 20°C, a mixture of Meta I and Meta II (Amax
= 380 nm) is formed (red line). This mixture is stable for over 30 min (orange line). The
temperature dependence of the transition to Meta II has previously been characterized (57, 213,
254). The Meta II substate that is obtained at 20°C in digitonin likely corresponds to Meta Ila on
the basis of EPR measurements showing that digitonin effectively blocks the large increase in the
mobility of a spin label at residue 250°*® near the intracellular end of H6 (254). As such, the
outward tilt of H6 is associated with the Meta Ila to Meta IIb transition (254).

A second characteristic feature of the Meta I state is that the retinal chromophore has an all-
trans configuration and is attached to Lys296”* as a protonated Schiff base. To address the
protonation state of the retinal Schiff base linkage, Figure 4.3B presents the "N MAS NMR
spectra of rhodopsin (black) and Meta I (orange) containing '“NC-labeled lysine. The '"NC-
Lys296’* resonance in rhodopsin (black) is observed at 156.8 ppm. In Meta I, the NC-
Lys296”* resonance broadens and shifts slightly to 155.7 ppm. The similar ’N chemical shifts
between rhodopsin and Meta I demonstrate that the Schiff base nitrogen is protonated.
Deprotonation of the Schiff base has a dramatic effect on the "NZ-Lys296”* chemical shift,
which is observed at 282.2 ppm in Meta 11 (170).
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Fig. 4.3. Trapping of the Meta I intermediate in digitonin. (A) UV-Vis spectra provide a means to
follow the conversion of rhodopsin (A = 500 nm, black line) to Meta I (A = 480 nm, blue line) after
illumination by light (> 495 nm) at 4°C. Meta [ remains stable in digitonin for over 30 min at 4°C (light
blue line). Conversion at 20°C leads to a mixture of Meta I and Meta I (red line), which does not change
appreciably over 30 min (orange line). (B) One dimensional °N spectra of rhodopsin (black) and Meta I
(orange) labeled at " N&-lysine are shown that were obtained using 'H-""N cross polarization. The "N&-
Lys296"% chemical shift is observed as a distinct narrow peak at 156.8 ppm in rhodopsin (black). In
Meta I, the resonance shifts slightly and broadens. The "NE resonances for the other "N&-labeled lysines
in rhodopsin are observed as a broad peak ~8.0 ppm. The UV/vis data in panel A was collected by
Markus Eilers and the NMR data in panel B was collected by Shivani Ahuja.

We also measured the °C chemical shifts of Meta I regenerated with several selectively *C-
labeled retinals (Figure 4.4). There is a good correspondence of the NMR frequencies with other
studies on Meta I (241, 242, 250). For example, the C10, °C11 retinal resonances in Meta I at
130.6 ppm and 139.2 ppm, respectively, are in agreement with previous measurements of Meta [
trapped in lipids (247). Although both saturated lipids and digitonin result in an observable
broadening of the "°C resonances of the polyene chain(250), we can show in Figure 4.4 that, in
digitonin, there is good conversion from rhodopsin to Meta I with <15% formation of Meta II.
The ability to photo-convert rhodopsin to Meta I may be associated with the reduction in light

scattering from detergent micelles, as compared to lipid multilayers.
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4.2 Structural changes in the region of EL2 in Meta 1.

The second extracellular loop (EL2) of rhodopsin is part of the retinal-binding pocket (98).
NMR measurements on Meta Il have revealed activation-induced structural changes in EL2
(1/72) and in the vicinity of the retinal chromophore (/77). We compare our previous results on

rhodopsin and Meta II with NMR measurements of the Meta I intermediate in the region of EL2.
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Fig. 4.4. One-dimensional >C MAS NMR spectra of rhodopsin and Meta I. Rhodopsin was
regenerated with 11-cis retinal selectively *C labeled at different carbons along the polyene chain and
the B-ionone ring. Overlap of the >C MAS NMR spectra of rhodopsin (black) and Meta I (orange) shows
that most of the retinal resonances broaden considerably in Meta I as compared to the sharp narrow
resonances observed in rhodopsin and Meta Il (red). There is nearly complete conversion to Meta I from
rhodopsin. For example, the >C9 retinal resonance in rhodopsin falls in an uncrowded region of the
spectrum. The residual intensity of the >C9 resonance in the Meta I spectrum is <15% of its original
intensity in rhodopsin. Also, there is <15% conversion of rhodopsin to Meta Il. For example, the spectra
with *C13 retinal show a complete absence of a resonance associated with Meta II. All of the NMR data
presented in this figure was collected by Shivani Ahuja.

Characteristic changes in ">C chemical shifts have been observed previously in NMR
difference spectra between rhodopsin and Meta II for tyrosine, methionine, glycine and cysteine
residues on EL2 and EL3 (/71, 172). Figure 4.5A shows the difference spectra for 13CZ;-tyrosine
between rhodopsin and Meta I (orange) and between rhodopsin and Meta II (black). Positive
peaks correspond to rhodopsin and negative peaks correspond to Meta I or Meta II. The CC-
tyrosine chemical shift is sensitive to hydrogen bonding of the side chain CT-OH group (174).

There are two distinct resonances that appear upon the formation of Meta II (/72). The
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downfield resonance at 158.9 ppm corresponds to Tyrl91 on EL2 (i.e. Tyrl191"“%), which
becomes more strongly hydrogen bonded in Meta II. The upfield resonance at 153.1 ppm
corresponds to Tyr206°*', which becomes more weakly hydrogen bonded in Meta II. These two
resonances are not observed in Meta I indicating that EL2 and HS have not shifted into the

conformation characteristic of the active state.

Figure 4.5B presents difference spectra for '*Ce-methionine between rhodopsin and Meta I
(orange) and between rhodopsin and Meta II (black). In the rhodopsin - Meta II difference
spectrum, we have assigned the positive resonance at 17.2 ppm (rhodopsin) and the negative
resonance at 12.8 ppm (Meta II) to Met288">° based on its disappearance in the M288L mutant
(see Chapter 5). Met288"%° is located on H7 and is at the interface between EL2 and the
extracellular end of H7. The rhodopsin - Meta I difference spectrum indicates that Met288 in
Meta I has moved into an environment characteristic of the active state, suggesting local

structural changes in H6, H7 or EL2.
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Fig. 4.5. °C MAS difference spectra of rhodopsin, Meta I and Meta II. Difference spectra are
shown for rhodopsin - Meta I (orange) and rhodopsin - Meta Il (black) using rhodopsin isotopically
labeled with >CE&-tyrosine, "*Ce-methionine, >Ca-glycine and " Cp-cysteine. Positive peaks correspond
to rhodopsin and negative peaks correspond to Meta I or Meta II. (4) The tyrosine CE difference
spectrum between rhodopsin and Meta 1l exhibits two positive and two negative resonances. The two
Meta II resonances at 158.9 and 153.1 ppm, and have been assigned to Tyrl91°? and Tyr206’",
respectively (172). These resonances are not observed in the rhodopsin - Meta I difference spectrum. (B)
The methionine "Ce difference spectrum between rhodopsin and Meta II exhibits three distinct positive
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and two negative resonances. (C) The glycine *Ca difference spectrum shows two positive and two

negative resonances. The upfield resonances in rhodopsin at 41.5 ppm and in Meta Il at 42.9 ppm have

been assigned to Gly188™* (172). The appearance of a negative resonance at the position of Gly188 is
g

not observed in the rhodopsin - Meta I difference spectrum. (D) In the cysteine *Cp difference spectrum
between rhodopsin and Meta 11, the chemical shift of Cys187" changes from 46.8 ppm to 50.1 ppm.(172)
The disulfide bridge between Cys187"" and Cys110°% tethers EL2 to the helical bundle. The NMR data

is this figure was collected by Shivani Ahuja.

The chemical shift for Met257°* in Meta II was assigned at 14.7 ppm based on a cross peak
with Argl35°°° (96). A corresponding negative resonance is not observed in the rhodopsin -
Meta II difference spectrum because the resonance does not change between rhodopsin and Meta
II. Despite significant structural changes at the cytoplasmic end of H6, the summation of partial
charges surrounding the side chain of Met257 in both rhodopsin (i.e. proximity to Asn302) and
Meta II (i.e. proximity to Tyr306 and Tyr223) are similar. As a result, the ?Ce-Met257 chemical
shifts are similar in rhodopsin and Meta II. In contrast, a strong negative cross peak is observed

at 15.8 ppm in Meta I (discussed below).

In the rhodopsin - Meta II difference spectrum, we have also assigned the positive resonance
at 10.5 ppm (rhodopsin) and negative resonance at 19.2 ppm (Meta II) to Met44'>® (171).
Met44'2? is located near the retinal Schiff base. The positive resonance at 10.5 ppm is observed
in the rhodopsin - Meta I difference spectrum. However, the negative resonance at 19.2 ppm is

4" near the

not observed in Meta I. These results suggest that the environment of Met4
protonated Schiff base in Meta I is different from rhodopsin, but does not yet correspond to the

active Meta II state.

Figure 4.5C presents the rhodopsin - Meta II difference spectrum (black) for *Ca-glycine.
We have assigned the positive resonance at 41.5 ppm and the negative resonance at 42.9 ppm to
Gly188""* based on its disappearance in the G188A mutant (/72). The appearance of the positive
peak at ~42 ppm in the rhodopsin - Meta I spectrum (orange) indicates that Gly 188" located in
EL2, is influenced by the conversion to Meta I. However, the absence of the negative peak at
42.9 ppm argues that the EL2 has not yet adopted the final conformation observed in the Meta II
state (/72). The large positive peak at 45.5 ppm in Meta II is associated with several glycines on
H3 (Gly114>*, Gly120°*® and Gly121°2%) (171, 172). The observation of a positive peak at this
position in the rhodopsin - Meta I difference spectrum suggests a possible structural change in

H3 in the transition to Meta I. Gly114°* on H3 is adjacent to Glul13>** and one helical turn
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from Cys110>*°. Changes in the interactions of the protonated Schiff base with its counterion are
likely to induce structural changes in the helix backbone in this region. For example, the largest
changes in the crystal structure of lumirhodopsin, relative to rhodopsin, were observed in two

helical turns of H3 centered on Glyl203‘35 and G1y1213'36 (255)

Figure 4.5D shows the changes in the *Cp resonances of the highly conserved Cys110°*-
Cys187" disulfide group. Cys110°* is at the extracellular end of H3 and Cys187""* is part of
the p4 strand of EL2. In DDM, the *Cp resonance of Cys187""* shifts from 46.8 ppm to 50.1
ppm upon conversion of rhodopsin to Meta II (172). In digitonin, the dark state >Cp resonance
of Cys187"* is at 45.5 ppm and shifts to 44.4 ppm in Meta I. The change in chemical shift of

Cys187"* suggests a conformation or environment distinct from either the dark state or Meta II.

2D MAS NMR dipolar recoupling experiments provide support for the conclusion that EL2
has not yet shifted into its active state conformation. Figure 4.6A presents slices through the
BCt-tyrosine diagonal resonance from 2D DARR NMR spectra of rhodopsin (black) and Meta I
(orange). In rhodopsin, at least four (of five possible) °CC Tyr - “Ca Gly cross-peaks are
detected. The cross-peaks at 42.0 ppm and 45.5 ppm are assigned to contacts between Tyr268°**
and Gly188"", and between Tyr178"* and Gly114>%, respectively (/72). In Meta I, these
contacts are observed. The most substantial change between rhodopsin and Meta I is broadening
of the Tyr178"* -Gly114>* cross-peak. In Meta II (Figure 4.6B, red), the Gly188"*-Tyr191"">
cross-peaks are absent. The loss of this cross peaks is attributed to a reorganization of the EL2

hydrogen bonding network upon activation, respectively (172).
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Fig. 4.6. Two-dimensional DARR NMR spectra of " CE-tyrosine, >Ca-glycine-labeled rhodopsin.
Slices through the diagonal resonances of >CE&-tyrosine showing through space C...">C contacts with
BCa-glycine are shown for rhodopsin (black) and Meta I (orange) in panel (4) and for Meta I (orange)
and Meta I (red) in panel (B). Cross peaks between *C&-tyrosine and Ca-glycine provide a way to
monitor changes on the extracellular side of the rhodopsin. In the rhodopsin crystal structure (1U19),
there are six C&-tyrosine - Ca-glycine contacts located in the extracellular region of rhodopsin
involving 5 tyrosines and 5 glycines: Tyrl10"-Gly3"", 3.9 A; Tyri0"" -Gly280*" 4.4 A; Tyr29"" -
Gly101™, 4.0 A; Tyr178" -Gly114°%, 4.5 A; Tyr191" -Gly188*"?, 5.2 A; Tyr268°" -Gly188*"*, 5.3 A.
The slices shown in (A) reveal that the Tyr-Gly contacts are similar between rhodopsin and Meta I.
However, the same comparison between Meta I and Meta II in (B) shows that the Tyr178 " -Gly114’*
contact is lost in Meta Il. (C, D) Structure of the extracellular side of rhodopsin (PDB access code =
1GZM) viewed from the side (C) and from the extracellular surface. The structure highlights the position
of EL2 over the retinal binding site and the positions of several of the amino acids discussed. The NMR
data is this figure was collected by Shivani Ahuja.

In rhodopsin, EL2 folds into two f-strands (B3 and p4) that form a plug over the retinal-
binding site and prevent access of hydroxylamine to the protonated Schiff base linkage. Both {3-
strands are constrained in the dark state by a conserved disulfide bond between Cys110°* (H3)
and Cys187"* (B4) and a network of hydrogen bonding interactions. NMR chemical shift
measurements of Meta II indicate a rearrangement of hydrogen bonding interactions between
EL2 and amino acids on transmembrane helices H5 and H6 (/72). These changes in EL2,
relative to rhodopsin, have suggested that EL2 adopts an active conformation that is coupled to

the motion of transmembrane helices HS, H6 and H7 (172).

Several observations in the current study suggest that EL2 has not adopted an active

conformation in Meta I. First, the characteristic Meta II chemical shifts of Cys187""% Gly188""*
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and Tyr191""* on the B4 strand of EL2 are not observed in Meta I. Second, a contact between
Gly188™ on EL2 and Tyr268°* at the extracellular end of H6, which is present in rhodopsin, is
still observed in Meta I, but absent in Meta II (/72). Third, the Met288"*-Tyr268°** and
Met2887°-Tyr191" cross-peaks have similar intensities in rhodopsin and Meta I indicating that
EL2 has not markedly changed its position relative to the extracellular ends of H6 and H7. The
only indication of substantial change in the vicinity of EL2 is the chemical shift change of
Met288, which may reflect changes in the position of H6 and H7 (see below) rather than changes
in the position of EL2.

The NMR measurements indicating that EL2 has not changed conformation are consistent
with recent studies on the accessibility of the retinal Schiff base to hydroxylamine (256). In Meta
II, hydroxylamine is able to hydrolyze the Schiff base linkage between the retinal chromophore
and the side chain of Lys296"*. However, in both rhodopsin and Meta I, the protonated Schiff
base is not accessible to hydroxylamine (256). (This conclusion disagrees with an earlier study
(257), where hydroxylamine was shown to react at 275 K with a metarhodopsin intermediate,
presumably Meta I, in a pH independent fashion. Later experiments on Meta I trapped at 240 K
were not able to confirm this result (256), which opened up the possibility that in the earlier
experiments the reactive metarhodopsin intermediate was Meta III. Meta III is known to react
with hydroxylamine (57)). As a result, the increased accessibility of the Schiff base to
hydroxylamine in Meta II is likely due to change in the packing interactions of EL2 with the
retinal. In this regard, Meta I with EL2 tightly packed against the retinal may serve as a model
for Class A GPCRs where the main function of EL2 seems to be as an agonist diffusion barrier

as in the angiotensin II type 1 receptor (258)

Although EL2 does not appear to have reached the structure adopted in Meta II, there are
marked changes in the NMR linewidths associated with the retinal chromophore. In rhodopsin
and Meta II, narrow, distinct NMR resonances are observed, implying that there are well-defined
conformations associated with the active and inactive states of thodopsin. In contrast, we observe
substantial broadening of the '’N and ">C resonances of the Schiff base and retinal in Meta I. The
broadening of the "’C resonances was previously interpreted in terms of heterogeneity in the
conformation of the polyene chain of the retinal chromophore (250). Alternatively, broadening of

the '"NC-Lys296’* and "’C-retinal resonances may reflect the loss a single well-defined
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hydrogen bonding contact with Glul13>*® and water in the binding pocket. As such, the
broadening may be associated with the formation of a complex counterion involving Glu113>2*,

Glu181"* and structural water molecules (63).

The concept of a complex counterion has previously been discussed. Yan et al. (63) proposed
that there is a switch in the Schiff base counterion from Glul113*?® to Glu181*"* in the formation
of Meta 1. In the dark state of rhodopsin, Glul13>*® is part of a hydrogen bonding network

EL2

stretching to Glu181"" via the backbone carbonyl of Cys187"" and a structural water molecule

(259). Yan et al. (63) observed a dramatic shift in the pKa of the protonated Schiff base upon

EL2 EL2
1 1

mutation of Glul8 in EL2 and have suggested that Glul8 is the predominant counterion
in the Meta I state. Liideke et al. (260). have found that Glul81""* is unprotonated in both
rhodopsin and Meta I, and have argued that together Glu113>** and Glu181""* form a complex

counterion.

4.3. Structural changes in H6 in Meta I.

The difference spectra of *CC-tyrosine and '*Ce-methionine in Figures 4.5A and B also
provide insights into the structural changes occurring in the transmembrane helices H5 and H6.
Tyr206>*" on H5 does not adopt its active state conformation in Meta I (Figure 4.5A). This
tyrosine is part of a hydrogen bonding network with His211°* (H5), Glu122*?" (H3), Trp126>*!
(H3) and Alal66™> (H4). The conversion to Meta II is associated with a rearrangement of this
network such that the side chain of His211 hydrogen bonds directly with the side chain of
Glu122*7 (99, 108). This rearrangement appears to be driven by direct contact of the retinal -
5.42

ionone ring with H5 (171, 172). "*C dipolar couplings reveal close contacts between Met207
and the retinal C6 and C7 carbons upon conversion to Meta Il (171, 172).

The rhodopsin - Meta I difference spectrum of '*Ce-methionine (Figure 4.5B) reveals a large
negative resonance at 15.8 ppm. This frequency is close to that of Met257%* in Meta II (96). The
tentative assignment of the 15.8 ppm resonance in Meta I to “Ce-Met257°% raises the

6.40

possibility that H6 has rotated in Meta I to place the Met257"" side chain in an environment

similar to that in Meta II.

Figure 4.7A presents difference spectra between rhodopsin and Meta I (orange) and between

rhodopsin and Meta II (black) for rhodopsin containing *CC-labeled arginine. As above, the
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positive peaks correspond to rhodopsin and negative peaks correspond to Meta I or Meta II. The
rhodopsin - Meta II difference spectrum in the region of the ?CZ arginine chemical shift does not

reveal any substantial changes indicating the chemical shift of Arg135>*" is similar in rhodopsin

and Meta II.
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Fig. 4.7. 13CC—arginine and P Ce-methionine changes in the transition to Meta 1. (A) Rhodopsin -
Meta I (orange) and rhodopsin - Meta II (black) difference spectra are shown in the region of >C¢ -
arginine. The CE& -arginine chemical shifts do not appear to differ between rhodopsin and Meta II, as
indicated by the flat baseline in the corresponding region of the difference spectrum. In contrast, the
rhodopsin - Meta I difference spectrum reveals a single >CE -arginine has changed in the transition to
Meta I. (B) Rhodopsin - Meta I (orange) and rhodopsin - Meta 11 (black) difference spectra are shown in
the region of >Ce-methionine. A strong negative peak at 15.7 ppm corresponds to a new >Ce-methionine
resonance in Meta I. (C,D) Slices extracted from a 2D DARR NMR spectrum reveal a cross peak between
BCg-Arg135" and P Ce-Met257°% in Meta I.

In contrast to the absence of changes in the rhodopsin - Meta II difference spectrum, the
rhodopsin - Meta I difference spectrum reveals a change in chemical shift of a single arginine
BCC resonance from 155.7 ppm in rhodopsin to 157.3 ppm in Meta I. To confirm that this
arginine is Argl35°°°, we obtained 2D DARR NMR spectra of rhodopsin labeled with both
PCC-arginine and "*Ce-methionine. Figures 7C and 7D present slices from the 2D DARR NMR
spectrum of Meta I extracted at the diagonal resonances of *Ce-methionine and *CC-arginine,
respectively. Figure 4.7C reveals a "CC-Argl35°°? - PCe-Met257%* cross-peak at 156.9 ppm in

the slice taken through the '*Ce-methionine diagonal resonance, while Figure 4.7D reveals a
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PCe-methionine - *CC-arginine cross-peak at 16.2 ppm in the slice taken through the "CC-
arginine diagonal resonance. The intensities of the '*Ce-methionine - *CC-arginine cross-peaks
in Meta I relative to the diagonal resonances are roughly the same intensity as in Meta II (96),
where the internuclear distance is 4.5 - 5 A. We attribute the appearance of a *CZ-Arg135> -

BCe-Met257%* cross-peak to rotation of H6.

6.40

In both active opsin and Meta II, the rotation of H6 that places Met257°"" in contact with

Arg135°*° is accompanied by the rotation of H5 and H7 (96). This rotation has implications for
g p y

3.50

two salt bridges formed by Argl35°”" in the dark state of rhodopsin. The first salt bridge
between Argl35>°° and Glu247°%°, often referred to as the ionic lock, must be broken upon
rotation of H6. The second salt bridge between Argl35>°° and Glul34>* is disrupted with the
rotation of Tyr223°>® on H5 and Tyr306’"’ on H7. Tyr223°>® and Tyr306’" form hydrogen

bonds with the arginine guanidinium side chain to stabilize Arg135>*" in a protonated state (96).

To test whether there are parallel changes in Meta I, 2D DARR NMR spectra were obtained
of rhodopsin, Meta I and Meta II using rhodopsin labeled with "*Ce-methionine and "CC-
tyrosine. Figure 4.8 presents slices through the '*Ce-methionine diagonal resonance

872 in the "*CC-tyrosine region of rhodopsin (Figure 4.8A; black) at 17.2

corresponding to Met28
ppm and Meta I (Figure 4.8A,B; orange) at 12.8 ppm. In Figure 4.8A, we observe two cross-
peaks that we assign to the two tyrosines closest to Met288’ (i.e. Tyr268°* at 3.9 A and
Tyr191%%at 5.2 A) (96). Upon conversion to Meta I, these cross-peaks do not change position or
intensity. However, in Meta II the Met288"° - Tyr191""* and Met288"**-Tyr268%* cross-peaks
shift downfield, and two overlapping cross-peaks assigned to Met257°* - Tyr223>>® and

Met257°% - Tyr306° appear at 155.7 ppm (96)
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Fig. 4.8. Two-dimensional 2D DARR NMR spectra of >CE tyrosine, >Ce methionine-labeled
rhodopsin. (A) Slices through the “CE tyrosine diagonal resonance from 2D DARR NMR spectra of
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rhodopsin (black) and Meta I (orange) labeled with “CE&-tyrosine and "Ce-methionine highlight the
region of Tyr-Met cross-peaks. In rhodopsin, we observe cross-peaks between Met288” -Tyr191" and
Met288"F -Tyr268%'. Upon conversion to Meta I, the intensity of the cross-peaks does not change
appreciably. (B) Slices through the *C&-tyrosine diagonal resonance from 2D DARR NMR spectra of
Meta I (orange) and Meta Il (red) are shown using the same labeling strategy as in (A). The NMR data in
this figure was collected by Shivani Ahuja.

A hallmark of rhodopsin activation is the outward displacement of helix H6 from the helical
bundle (43, 46, 47). Cross-linking of the intracellular ends of H3 and H6 blocks this motion and
prevents receptor activation (43, 106). Hubbell and coworkers have demonstrated that the

outward motion of H6 occurs following the internal proton transfer from the retinal protonated
Schiff base to Glul 13*2* (46).

In the cryo-EM structure of Meta I, Schertler and coworkers found that there was increased
electron density on the side of H6 facing the B-ionone ring at the level of Trp265°*® (117).
However, there was no change observed in the position of the intracellular end of H6, as seen in
opsin, indicating that H6 does not tilt outward in Meta I. One way to reconcile the cryo-EM

structure of Meta I showing a displacement of Trp265°*®

with the NMR results showing a
contact between Met257°* and Argl35°°° is to propose that H6 rotates in Meta I without an

outward displacement.

6.48

The displacement of the Trp265”" side chain may also be reflected in recent deuterium NMR
studies of Brown and coworkers (261). In rhodopsin, the Trp265°* side chain is packed against
the C18 and C20 methyl groups. These methyl groups exhibit a much more restricted rotational
motion than the C19 methyl group in the 6-s-trans, 12-s-trans, 11-cis retinal chromophore in
rhodopsin because of steric clashes within the retinal molecule (i.e. the C18 methyl group clashes
with the C8H proton in a twisted 6-s-cis geometry and the C20 methyl group clashes with the
CI10H proton in a twisted 12-s-trans geometry). However, differences in the activation energy
(E,) for rotational motion of these methyl groups between rhodopsin and Meta I and between
Meta I and Meta Il may have contributions from steric clashes with the protein (267). The E, of
the C19 methyl group increases in the transition from rhodopsin to Meta I and from Meta I to
Meta II, and is in fact greater than the E, for C20 methyl group in Meta II. These observations

648 gide chain

are consistent with °C..."°C distance measurements showing that the Trp265
moves from a position in contact with the C20 methyl group to a position in contact with the C19

methyl group upon receptor activation (173, 262)
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The proposed rotation of H6 in Meta I is in agreement with recent azido labeling studies on
rhodopsin where p-azido-L-phenylalanine is incorporated into positions at the intracellular end
of H6 (228). These studies show that there are large changes in the vibrational frequencies of the
azido label at position 250°** between lumirhodopsin and Meta I. However, no further changes
in the azido vibrations are observed in the formation of Meta II suggesting that structural
changes in this region of the receptor are complete in Meta 1. These results on azido-labeled
rhodopsin were interpreted in terms of a rotation of H6 to break the Argl35°°°-Glu247°" salt
bridge in Meta L.

Figure 4.9 shows the residues in the interface between H3 and H6. The distance between the
labeled “Ce-Met257°%° - *CT-Argl135°° carbons is ~11 A in dark rhodopsin (dashed line in
Figure 4.10A). The conversion to Meta I brings the labeled °C sites to within ~6 A. Rotation of
H6 alone does not reduce the distance between these sites, arguing that the side chains of both
Arg135°°° and Met257°*° reorient in Meta I. MD simulations guided by NMR restraints suggest
that the side chain of Met257%*" ratchets past Leul28>* (Figure 4.10B). The rotation of H6
changes the packing interactions in the H3 and H6 interface in several ways that facilitate side
chain motion. The proposed rotation of H6 moves Val254*7 away from Argl35>*°, which

6.40
, and also moves

otherwise blocks the motion of the arginine side chain toward Met257
Met257%% toward Ala132**". In the previous section (Chapter 3.1) we described that Alal132**’
is a group conserved residue in class A GPCRs. In Meta II, Alal32 serves as a molecular notch
for Tyr223. The small side chain of Ala132°* also provides space for bending of the Met257%*
side chain toward Arg135>%in the transition to Meta I. As a result the H3-H6 ionic lock between
Arg135>° and Glu247°? is broken while the Lys231>% and Glu247°°? interaction seen in the
active form of opsin is not formed in Meta I despite a movement of these residues towards each
other. The loss of the Glu247°% salt bridge in Meta I can explain the observed increased

hydration specific for this intermediate (263)
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Fig. 4.9. Structural changes in H3 and H6 upon rhodopsin activation. Packing interactions are
shown between H3 and H6 in the crystal structure of rhodopsin (PDB access code = 1GZM) (4), Meta 1
(B) and in the crystal structure of Meta Il (PDB access code = 3PXO) (C). The Meta I structure is based
on MD simulations guided by NMR constraints. NMR measurements between Argl35"" and Met257%%,
in combination with azido labeling studies (228) and EPR (43) measurements of Meta I and Meta II, are
consistent with rotation of H6. Trp265** in the conserved CWxP motif on H6 is locked in place in dark
rhodopsin by the 11-cis retinal chromophore. Retinal isomerization releases the packing constraints on
the Trp265°* indole ring. Gly121°%° on H3 is strictly conserved in the visual receptors (126). The small
side chain facilitates packing of the Trp265°* side chain in dark rhodopsin, but does not hinder H6
rotation. Leul28* and Met257°* are closely packed in dark rhodopsin. Leul28* is highly conserved
(78%) in GPCRs and is part of a tightly packed transmembrane core (126). The rotation of HG6 is
facilitated by the small side chain at position 132>*. This position is highly conserved in the GPCRs as
either an alanine (36%) or a serine (50%) (96). The Arg1353‘50 side chain interacts with Glu247* in the
dark and is prevented from moving toward the Met257°% by Vai254%%. Val254% is conserved (63%) as
a B-branched amino acid across the Class A GPCRs. Rotation of H6 breaks the Argl35°"'- Glu247%%
interaction and removes the steric interaction with Val254%7. The side chain of Glu247°%" is in an
intermediate position between Argl35>°" and Lys231°%. These figures were generated from a MD
simulation that was conducted by Colleen Kirkup from the laboratory of Carlos Simmerling.

4.4. Structural changes on H5 in Meta 1.

We interpret the results in Figures 4.7 and 4.8 in terms of rotation of H6 in Meta I without the
corresponding rotation of Tyr223>>® on H5 and Tyr306’"® on H7. This interpretation is
consistent with several observations. First, while we observe an Argl35>"" - Met257° cross-
peak in both Meta I and Meta II, we only observe the Met257%*" - Tyr223°>® and Met257°% -
Tyr306”"* cross-peaks in Meta II. Second, the rhodopsin - Meta I difference spectrum for *Ce-
methionine of wild-type rhodopsin in Figure 4.7A is remarkably similar to the rhodopsin - Meta
IT difference spectrum for *Ce-methionine of the Y223F mutant (96). Additionally, in the
Y223F mutant, there is a rapid decay of the Meta II state to opsin and an upfield shift of the *Cp

EL2

resonance of Cys187 " close to its position in rthodopsin. The rapid Meta II decay observed in
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the Y223F mutant suggests that in wild-type Meta II the Tyr223>°® - Arg135>*" interaction is
holding HS in an active orientation, whereas in Meta II of the Y223F mutant, HS has rotated
back to an inactive orientation and this change is coupled to motion of EL2. FTIR measurements
of the Y223F mutant show a shift in the pH-dependent equilibrium between Meta I and Meta II
back toward Meta I (96).

Although we do not observe rotation of Tyr223>>® on H5 in Meta I, "°C difference and DARR
NMR spectra of Meta I and Meta II labeled with *Cp-cysteine show there is a change in the H4-
H5 interface. In the 1D °C difference spectra of *Cp-cysteine-labeled rhodopsin, the Cp
carbons exhibit considerable changes in both Meta I and in Meta II (Figure 4.10A). We can
assign the positive peaks at 23.2 ppm and 25.8 ppm to Cys167*® and Cys264°*", respectively.
These assignments were made based on the interhelical cross peaks to His211°*® and Tyr3017*

respectively (/72). In Meta II, these resonances shift to 24.4 ppm and 26.2 ppm, respectively.

Met207°** can serve as a probe for the motion of H5. In the formation of Meta II, a strong
cross peak is observed between “Ce-Met207°** on H5 and "“CB-Cys167*°° on H4 (Figure
4.10B) (I171). The side chain of Met207°** rotates from its original position towards H4 to give
space for the B-ionone ring of the retinal to pack against HS in Meta II. In contrast, only a weak
cross-peak is observed between Met207°* and Cys167*°° in Meta I (Figure 4.10B). These data
show that although the ligand-binding pocket in the region of HS5 has responded to retinal

isomerization, the motion is not as large as that observed in Meta II.
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Fig. 4.10. Chemical shift changes in > CB-cysteine in the transition from rhodopsin to Meta I. (4)
Rhodopsin - Meta I (orange) and rhodopsin - Meta Il (black) difference spectra in the region of reduced
B3CB-cysteine resonances. (B) Slices taken through 2D *C DARR NMR spectra of rhodopsin (black),
Meta I (orange) and Meta Il (red) exhibit a cross peak between Met207°* and Cysl 67", (C) Structure
of rhodopsin (PDB access code = 1GZM) in the region of the retinal binding site. The structure
highlights the positions of Cys167*° and Met207°*. (D) Structure of Meta II (PDB access code = 3PX0)
showing displacement of H5 and closer interaction of Cys167*°° and Met207°*. The NMR data is this
figure was collected by Shivani Ahuja.

One of the triggers for activation of rhodopsin is the steric interaction between the -ionone
ring of the retinal and transmembrane helix H5 in the region of Met207°** and Phe212>%.
Contact of the B-ionone ring with H5 leads to rearrangement of hydrogen bonds between H3 and
H5 on both the extracellular and intracellular sides of the receptor. On the extracellular end of
HS5, Tyr206™*' and His211>*® form hydrogen bonds with Trp126>*' and Glu122**7 on H3 in the
dark state of rhodopsin. These hydrogen bonds are disrupted upon activation. On the intracellular
end of H5, Tyr223° is oriented toward the surrounding lipid membrane in the dark state of
rhodopsin, but rotates upon activation into the helical bundle to form a hydrogen bond with
Arg135>°° of the conserved ERY sequence. The question is whether these changes occur in

concert with rotation of H6 in Meta I or with the outward displacement of H6 in Meta II.

Ye et al. (228) observed only small changes in the azido vibrations between rhodopsin and

Meta I when the azido label was incorporated at position 227>

on HS5, whereas much larger
changes were observed upon formation of Meta II. These results differ from those using the

azido probes on H6 (discussed above) and were interpreted in terms of a small movement of H5
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in response to rotation of H6. In agreement with these studies, we observe a small increase in
intensity of the Cys167*°°-Met207°** cross-peak in the formation of Meta I, but a much larger
increase in the formation of Meta II (Figure 4.10B). We interpret the change of the Cys167*°° -
Met207°** contact in terms of displacement of H5 relative to H4 and rearrangement of the
position of the Met207°* side chain (Figures 9C and D), but conclude that the H5 helix has not

completely shifted into its active state orientation.

Support for the conclusion that H5 has not adopted an active conformation in Meta I comes
from both NMR and FTIR spectroscopy. The NMR chemical shift of Tyr206°*' provides a probe

1°% where a distinctive upfield chemical

of the hydrogen bonding network centered on His21
shift of Tyr206>*' is observed in the rhodopsin - Meta II difference spectrum. We do not observe
this chemical shift change for Tyr206 in the rhodopsin - Meta I difference spectrum (Figure
4.5A). In addition, we do not observe the contact between Tyr223>* and Met257°*" in Meta I
that is associated with the rotation of Tyr223>°® toward Argl35>°° observed in Meta II (see
Figure 4.1C). In the *H NMR studies cited above (261), the E, for rotation of the C18 methyl
group increases in Meta I and then decreases in Meta II. These changes were interpreted in terms

of a steric clash of the f-ionone ring with HS in Meta I, and then displacement of HS (to lessen

the steric clash with the B-ionone ring) in Meta II.

In FTIR studies on Meta I and Meta II, the vibrational frequency at 1734 cm™ associated with
the Glul22®?7 carboxyl group has provided an excellent probe of the hydrogen bonding
interactions between H3 and H5. Siebert and coworkers found that the 1734 cm™ vibration shifts
to 1701 cm™ in the transition from rhodopsin to Meta I indicating that Glu122*?" becomes more
strongly hydrogen bonded (53, 245). However, in the transition to Meta II, the Glul22**’
vibration shifts to 1745 cm™, a signature of weaker hydrogen bonding. These results agree with
both the NMR and azido-labeling studies described above showing that the position or
orientation of H5 changes between rhodopsin and Meta I, and then undergoes further changes

between Meta [ and Meta I1.

4.5. Sequence of events in the formation of the active Meta 11 State.

In this study, solid-state °C and >N NMR measurements of the Meta I intermediate are used

to address the structural changes that precede receptor activation in rthodopsin. We find that the
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largest conformational change in Meta I is rotation of transmembrane helix H6. The chemical
shift changes associated with EL2 and the rotations of Tyr223>>® on H5 and Tyr306’" on H7,
which are observed in Meta II, have not occurred in Meta I. We discuss these observations in
connection with the sequence of events that occur in the transition from rhodopsin to Meta I and

from Meta I to the active Meta Il conformation.

One of the challenges for understanding how light activates the visual receptor thodopsin has
been to delineate the chain of molecular events leading to the fully active Meta II conformation.
The pioneering work of Hubbell and coworkers revealed that the defining motion is the outward
tilting of H6 (43). However, the crystal structures of dark rhodopsin and its early
photointermediates have provided few clues as to the sequence of the events that drive this
motion. The crystal structures of Bathorhodopsin (264), Lumirhodopsin (255) and Meta I (/17)
showed only subtle changes from the structure of the dark state of rhodopsin. The picture that
has emerged over the past decade is that the structural changes in the receptor leading up to Meta
IT only involve slight rearrangements of the side chains in the binding site to accommodate the
all-trans chromophore. In contrast, the more recent structures of active opsin (95, /07) and Meta

IT (94, 108) capture substantial structural changes on the intracellular side of the receptor.

The two hallmarks of Meta II formation are the proton transfer from the protonated Schiff
base to Glul13*® and the outward motion of H6. Both steps are set up in Meta I. The observed
Schiff base °N chemical shift in Meta I, along with vibrational spectroscopy studies (63, 243,
260), favor a slightly stronger protonated Schiff base — counterion interaction. The interaction
may involve both Glul13**® and Glul81""* as part of a complex counterion. As a consequence
of a rearrangement in the electrostatic interactions near the protonated Schiff base, Glul13>2*
may move into a more hydrophobic environment in Meta I and become the driving force for

Schiff base deprotonation. Deprotonation of the Schiff base is the first of two protonation

switches that must be triggered for rhodopsin activation (60).

The NMR evidence for rotation of H6 in the Meta I intermediate supports the conclusions
drawn from previous azido labeling measurements (228, 265). Both studies suggest that H6
rotation disrupts the intracellular salt bridge between Argl135>°° and Glu247°’. In contrast, the

3.50

electrostatic interaction between Argl35>" and Glul34>*, both highly conserved residues,

remains intact in Meta I and is arguably more important for stabilizing the inactive state of the
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receptor. Protonation of Glu134>*

in Meta II has been described as the second protonation step
required for rhodopsin activation (60). The NMR studies presented above indicate that the
inward rotation of Tyr223>>® on H5 and Tyr306">° on H7 have not occurred in Meta I and

consequently must be associated with the outward motion of H6 upon activation.

Finally, the observed structural transitions in the formation of Meta I provide insights into the
conservation of residues in the ligand-activated GPCRs and common elements of receptor
activation. The ionic lock between Argl35>°" and Glu247°°° is not highly conserved. Even in
those receptor subfamilies where these complementary charged residues are conserved, crystal
structures often do not reveal a direct interaction (/99, 200, 219, 266). For example, Schertler
and coworkers have recently reported crystal structures of two inactive forms of the p1AR, one
with an ionic lock between Arg’>’-Glu®*® and the other without (267). The two forms were
found with several inverse agonists bound. The lack of a stabilizing electrostatic interaction
between H3 and H6 in the diffusible ligand-activated receptors may be associated with their

3.50 and

levels of basal activity relative to the dark state of rhodopsin. In contrast, Argl35
Glu134>* are part of the highly conserved D/ERY sequence on H3, and their interaction appears
to have a much more dramatic effect in modulating receptor activity. The observation of a direct
interaction in Meta I between Argl135>°° and Met257%*, a non-conserved, but highly important
residue in the visual receptors, suggests that in the ligand-activated receptors there are subfamily

specific interactions that regulate receptor activation.

The work presented here describes solid-state NMR studies on the Metarhodopsin I
intermediate in the photoreaction of the visual receptor rhodopsin. Metarhodopsin I is the
intermediate immediately preceding Metarhodopsin II, the active state of the receptor. By
comparing our current results with previous NMR measurements on Metarhodopsin II, we are
able to define the structural changes that result in receptor activation. The major conclusion of
the chapter is that transmembrane helix H6 has rotated in the formation of Meta I to break the
intracellular ionic lock between Argl35>°° and Glu247°°°. This motion, along with several
additional smaller changes in structure, appears to prime the receptor for the transition to an

active conformation.
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CHAPTER 5: MECHANISM OF RHODOPSIN ACTIVATION: OPEN QUESTIONS
AND PERSPECTIVES.

Rhodopsin activity is modulated exclusively by a change in the isomeric state of retinal rather
than by binding of a ligand. In addition, the potency of 11-cis retinal as an inverse agonist is
high, resulting in a dormant receptor conformation that is essentially devoid of basal activity. In
contrast, the all-frans isomer of retinal acts as a full agonist. As such, rhodopsin activation
represents a binary — its either full on or fully off — which is unique among class A GPCRs.
Delineating the structural changes that are associated with rhodopsin activation is essential to
understanding the mechanism by which class A GPCRs are activated. Despite the breadth of
biophysical and biochemical data that has been collected on rhodopsin, there are a number of
outstanding questions that prohibit a detailed understanding of receptor activation. Below are

four of key questions.

What is the role of Schiff base deprotonation? The retinal is covalently bound to the side
chain of Lys296"* through a Schiff base linkage. In the dark, the carboxylate side chain of
Glu113°*® stabilizes the Schiff base in its protonated state (8/). In the transition from Meta I
to Meta II, the retinal Schiff base is deprotonated via an internal proton transfer to Glul13>2*.
This protonation switch is essential for receptor function (268). The requirement for Schiff
base deprotonation is not well understood, but there are several implications for neutralizing
the Glul13**® - Lys296”* linkage. Specifically, H3 is free to rotate and cause structural

330 in Meta

changes at the cytosolic surface that may be associated with repositioning Argl35
II. Similarly, Schiff base deprotonation may allow the rotation of H7 with a concomitant
change in the side chain orientation of Tyr306’~°, which participates in a hydrogen bonding

network with Tyr223”°® and Arg135°°° to stabilize Meta II.

Is Trp265%% a part of a rotamer toggle switch? Trp265°*® is part of a conserved aromatic
cluster on transmembrane helix H6. In the dark, the B-ionone ring of 11-cis retinal is packed
against the side chain of Trp265°*. A conservative mutation, W265F, shows a marked
reduction in rate of pigment formation and an increased rate of retinal hydrolysis.
Computational studies based on site-directed mutagenesis have also suggested that, in the
B2AR, the analogous tryptophan undergoes a rotation about its y; torsion angle upon receptor

activation (/71). Moreover, UV/vis studies of rhodopsin and site directed mutants show that
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Trp265°* undergoes a change in absorbance upon rhodopsin activation (52). However,
crystal structures of agonist-bound GPCRs do not show a change in the side chain orientation
of Trp265°* with respect to its position in the inactive state. As a result, the issue of the

rotamer toggle switch remains to be addressed.

Does retinal isomerization induce motion of EL2? In the dark, the f4-strand of EL2 is buried
within the transmembrane core and packs against the retinal chromophore in its 11-cis
conformation. Previously collected solid-state NMR measurements were interpreted in terms
of a motion of EL2 away from the retinal upon rhodopsin activation (/72). EL2 motion is
consistent with an increased solvent accessibility of the retinal Schiff based in Meta II (269).
However, the crystal structures of reversibly formed and constitutively active Meta II
intermediates do not show a displacement of EL2 with respect to its position in the dark state.

As such, the role of EL2 in rhodopsin activation remains an open question.

Does Pro267%" serve as a flexible hinge for the motion of H6? Pro267° is part of a
conserved CWxP motif on H6 and forms a 30° kink in the local secondary structure of Hé.
Computational studies have suggested that the conserved proline on H6 also serves as a
flexible hinge for the helix motion upon activation in the $,AR (110, 270) to allow G protein
binding. However, crystal structures that capture GPCRs in their active conformations reveal
a H6 kink that is similar to what is seen in the inactive conformation. A question that remains

to be addressed is whether or not H6 motion occurs about Pro267%°.

The following subsections describe data that has been collected to address a number of the

questions listed above. The data are put in the context of the existing literature and future

directions are proposed.

5.1 Determining the location of the retinal chromophore in Meta I1.

NMR measurements on the conformation of the 11-cis and all-f#rans isomers in dark

rhodopsin and Meta II, respectively, have provided structural insights into how retinal functions

as a light-activated ligand. Light induces a rapid and selective isomerization of the C11=C12

double bond. Deuterium NMR measurements on the retinal chromophore have shown that, in

rhodopsin, the C20 methyl group is twisted out of the retinal plane and suggested that there is a

small distortion or ‘pre-twist’ about the C11=C12 double bond (2517, 271). The conformational
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distortion “primes” the retinal for isomerization in a specific direction. Support for
conformational distortions in the ground state structure of the retinal come from dipolar
recoupling measurements. Measurements of the H-C10-C11-H torsion angle yield a value of 160
+ 10° in rhodopsin (272) and 180 + 25° in the Meta I intermediate (242) indicating that this

region has relaxed following isomerization.

We recently presented a model for Meta II that was generated in silico and guided by
distance restraints from our NMR data (262). Upon activation, the p-ionone ring of the retinal
translates across the binding pocket and the C20 methyl group rotates towards the extracellular
surface. Changes in retinal-protein contacts are consistent with a displacement of EL2 from the

6.48
. However, three

binding pocket and a change in the side chain rotameric state of Trp265
crystal structures recently determined offer competing models for the geometry of the retinal
chromophore in Meta II. Figure 5.1 shows the comparison between the two competing retinal
orientations. The NMR data suggest a retinal conformation that is similar to what is observed in
the E113Q/N2C/D282C mutant (Panel A) (94). In contrast, the crystal structures of reversibly
formed Meta II (/08) and that of the M257Y/N2C/D282C constitutively active mutant (93)
reveal a retinal conformation in which the p-ionone ring has rotated 180° about the axis of the

membrane and the polyene chain is situated in a manner that orients both the C19 and C20

methyl groups towards the intracellular surface (Panel B).

The differences between the proposed conformations of all-frans retinal have profound
implications for understanding how retinal isomerization activates rhodopsin. The C19 methyl
group is quite distant from Trp265°*® in the dark state of rhodopsin, but in close contact with the
C20. In Meta II the NMR data reveal a strong contact between Trp265°*® and the C19 methyl
group of retinal and a loss of the C20 contact (/73). There are two possible ways to explain these
data. The first is that the Trp265°* side chain moves in a manner consistent with the rotamer
toggle switch (/717). The second is that the retinal undergoes a large change in orientation in the
binding site. In the crystal structure of reversibly formed Meta II, the orientation of the retinal

has changed in a manner that satisfies the NMR data without motion of Trp265°*

6.48

. Addressing
the position of EL2 and the sidechain rotameric state of Trp265”™ in Meta II requires a detailed

description for the orientation of the all-frans retinal.
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We address the orientation of all-frams retinal in Meta II using solid-state NMR
measurements. Specifically, we measured the internuclear distances between retinal methyl
(C18, C20) groups and side chain atoms of residues within the binding pocket. NMR spectra of
rhodopsin with *CHs-enriched retinal exhibit narrow linewidths for the retinal methyl groups
(e.g. C18, 19 and 20). The narrow resonances are readily observed in the NMR spectra which

facilitate peak assignment.

EL2 EL2

Fig. 5.1. Retinal conformation. The conformation of all-trans retinal in Meta Il is described by crystal
structures of a constitutively active rhodopsin mutant (PDB ID: 2X72)(A) and a reversibly formed Meta 11
where all-trans retinal was added to low pH crystals of opsin (PDB ID: 1U19)(B). The two conformations
offer opposing views for the orientation of polyene chain methyl groups as well as the f3-ionone ring.

5.1.1. Position of the C18 methyl group in Meta II.

As mentioned above, one of the major differences between the two competing models for the
conformation of all-frans retinal in Meta II is the orientation of the f-ionone ring. In the dark
state of rhodopsin, the B-ionone ring is packed between the indole side chain of Trp265°* on H6
and Met207°*, Phe208°* and Phe212°*" on H5. The close association between the B-ionone
ring and residues on H5 and H6 provides a mechanism by which ring motion can induce helical

movement.

In this subsection, solid-state NMR data are presented that define the local environment for
the C18 methyl group of all-trans retinal in Meta II. The C18 methyl group is connected to the

B-ionone ring and serves a marker for its location. In order to occupy the position shown in the
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structure of reversibly formed Meta II, the B-ionone ring must rotate ~180° about the axis of the

membrane.

Figure 5.2 presents rows extracted from an isotope-enriched rhodopsin sample that has been
regenerated with >C5,18-labeled retinal in both the dark and Meta II states. In the dark, we
observe a cross peak between the C18 methyl group and various aromatic carbons of a
phenylalanine side chain. On the basis of internuclear distances measured from the dark state
crystal structure of rhodopsin (181), there is only one phenylalanine residue (Phe261%**) within
7.5 A of the C18 methyl group. Phe261°** is part of the conserved aromatic cluster on H6, which
includes Trp265°*.
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Fig. 5.2. Retinal C18 contacts. Rows were extracted from 2D *C DARR NMR spectra collected on
BC,,-ng-Phe and Cl -Gly-labeled rhodopsin that had been regenerated with BC5.18 retinal. For
comparison, the intermolecular cross peak between the C5 and CI18 carbons of the retinal is shown in
both states. In rhodopsin, crosspeaks are observed from C18 to both CI1-Gly and C,;,g-Phe (A4). In Meta 11,
C18-Phe is the only retinal-protein crosspeak that is observed and its intensity is increased (B).

If we are correct in assigning a dark state contact between C18 and Phe261°*

, then the cross
peak intensity reflects the aggregate sum of C18 contacts with several side chain carbons on
Phe261%*, which range from 4.92 — 5.39 A. In Meta II, the cross peak intensity for the C18-Phe
contact is greater than what is observed in the dark (Fig. 5.2B). There are at least two possible
interpretations for the increased intensity in C18-Phe contact upon activation. The reversibly
formed crystal of Meta Il (/08) proposes a scenario in which the p-ionone ring has flipped
towards the extracellular surface, where the internuclear distance between C18 and Phe261%**
has increased to over 12 A. If the B-ionone ring has flipped in accordance with the crystal

structure of reversibly formed Meta II (/08), then the closest phenylalanine to C18 is at position
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203. The internuclear distance between Phe203°>® and C18 is 6.00 A, which is on the border of
our detection limit and we would expect see a reduced intensity in the active state C18-Phe
contact. Alternatively, if we interpret the NMR data as a decrease in internuclear distance
between the C18 retinal methyl group and Phe261°** upon activation, then this would imply that
the B-ionone ring has translated across the retinal binding pocket towards H5. As a result, steric

542

clashes between the f-ionone ring and the side chain of Met207°" on H5 induce helical rotation.

Translation of the retinal chromophore towards HS5 is also consistent with the crystal structure of

the E113Q/N2C/D282C Meta II intermediate (94).

Figure 5.2A also shows a cross peak between the retinal C18 methyl group and the carbonyl
of a single glycine residue. In the inactive state crystal structure of rhodopsin, the C18 retinal
methyl group is oriented towards transmembrane helix H3 in close proximity to Gly121>*°. The
internuclear distance between the retinal C18 methyl group and the carbonyl of Gly121°7° is
3.76 A. There are no additional Gly-C18 contacts within 6 A in the dark state crystal structure of
rhodopsin. As a result, we assign the dark state Gly’>°-C18 contact to Gly121°*°. Upon receptor
activation, the Glyl121°?°-C18 contact is lost. However, the increased distance between
Gly121°2® and the retinal C18 methyl group does not distinguish between translation and

rotation of the -ionone ring.

Several studies have already suggested that GPCR activation involves a change in the
rotational orientation of H5 at the cytosolic surface. The interaction between the -ionone ring
and HS5 upon activation is consistent with NMR data and provides a mechanism by which retinal

1somerization induces a rotation of H5.

5.1.2. Position of the C20 methyl group in Meta II.

Figure 5.3 presents rows extracted from an isotope-enriched rhodopsin sample that has been
regenerated with ?C12,20-labeled retinal in both the dark (black) and Meta II (red) states. The
C20 methyl group is situation on the polyene chain. In rhodopsin, we observe cross peaks to a
single *CZ-Tyr from both C12 and C20 retinal carbons that are consistent with the crystal
structures of the inactive conformation where the internuclear distances are 4.9 A and 4.2 A

respectively. Upon conversion to Meta II, crosspeaks between C12,C20 and Tyr are observed.
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Fig. 5.3. Retinal C20-Tyr contacts. Rows were extracted from 2D C DARR NMR spectra collected on
BC&Tyr and PCI-Cys-labeled rhodopsin that have been regenerated with *C12,20 retinal. Panel A
contains rows corresponding the >C20 chemical shift, while rows extracted through the >CE&-Tyr region
are shown in panel B. In rhodopsin (black), cross peaks are observed from Tyr268 to both C12 and C20
retinal carbons, these cross peaks remain in Meta Il (red). For comparison, the intermolecular cross
peak between C12 and C20 carbons of the retinal is shown in both states.

The CZ-Tyr resonances corresponding to the C20-Tyr contacts in both rhodopsin and Meta
IT are 156.7 and 157.0 ppm, respectively. These resonances have previously been assigned to
Tyr268 on the basis of comparing *CZ-Tyr chemical shift measurements of Y268F mutant
rhodopsin with those of the WT receptor (/72). In addition, the dark state crystal structure of
rhodopsin reveals that the closest tyrosine residue to the C20 methyl group of retinal is
Tyr268°°" (4.18 A), the next closest is Tyr191"** which is 7.96 A away. The CCZ-Tyr191""
chemical shift has previously been assigned to 154.9 ppm in rhodopsin and 159.3 ppm in Meta II
on the basis of site-directed mutagenesis. Therefore, we assign the dark state C20-Tyr contact to
Tyr268°°'. In Meta II, the C20-Tyr cross peak is upfield from the *CZ-Tyr191""* chemical shift
and overlaps that of *CZ-Tyr268%°! in Meta II. The only other tyrosine residue in the vicinity of
C20 is Tyr178""* on the B3-strand of EL2. We cannot rule of the possibility of an active state

contact between Tyrl78%

and C20 based on chemical shift alone. However, previous NMR
experiments have shown that the C20-Tyr cross peak remains present in Meta II spectra of
Y178F mutant rhodopsin (/77). As a result, we assign the active state Tyr-C20 contact to

Tyr268°" as well.

We use the Tyr268°°'-C20 contact to help define the position of C20 and aid in the

assignment of other retinal-protein contacts in Meta II. One such contact is between C20 and the
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BCa of a glycine that we observe in Meta II at a frequency of 45.2 ppm. In rhodopsin, the C20
methyl group is close to 2 glycine residues, Gly114**° (7.0 A) and Gly188™* (6.3 A); both of
these internuclear distances are beyond the detection limits of dipolar recoupling experiments.
The PCa-Gly chemical shift is sensitive to secondary structure, with average frequencies of 45.7
ppm and for glycines in an a-helix and 43.1 ppm for those in f-sheet structure (273). Gly188 is
situated in the P4-strand of EL2 while Gly114** is on H3. The dark-state chemical shift of
Gly188 has been assigned to 42.0 ppm on the basis of site-directed mutagenesis (/77). The
chemical shift of the dark state C20-Gly contact (45.2 ppm) is different from that of Gly188"">
and is consistent with a glycine in helical secondary structure, which is the case for Gly114>%.
However, the *Ca-Gly 188" chemical shift moves into an unresolved region of the spectrum in

Meta II.

In order to accurately assign the "Ca-Gly188"* chemical shift in Meta II, we used 2D "°C
dipolar recoupling experiments to correlate the *Ca-Gly188"* with the C1 of its neighboring
residue, Cys187""*. In figure 5.4 2D, DARR plots are shown that contain cross peaks from *Co-
Gly nuclei to both *C1-Cys and *Ct-Tyr (discussed below). There are several Cys-Gly pairs in
the dark state crystal structures whose respective C1 and Ca nuclei are within 6 A. Three of
these contacts are within the flexible C-terminus where the inherent conformational plasticity
results in broad linewidths that are indistinguishable from the level of spectral noise. The directly
bonded Cys187-Gly188 pair has the shortest ?C1-">Ca distance (2.43 A), while the remaining
Cys-Gly pairs include Gly114°* contacts to both Cys187 (3.93 A) and Cys110 (4.82 A), as well
as a contact between Gly109 and Cys110 (4.43 A). NMR spectra collected on rhodopsin in the
dark reveal two strong cross peaks between °C1-Cys and *Ca-Gly that are centered at 45.3 ppm
and 42.0 ppm. The peak at 45.3 ppm is likely a compound peak that reflects the Gly114 as well
as the Gly109 contacts, since both glycine residues are situated on H3. The peak at 42.0 ppm is
the most intense, falls in the region of *Co chemical shift range for glycines in a B-sheet
secondary structure, and overlaps our previous chemical shift assignment for *Co-Gly 188",
Moreover, we also observe a strong cross peak from a “CZ-Tyr to a Ca-Gly at 42.0 ppm,

which corresponds to a close contact between Tyr268%°" and Gly188""* in Meta II.

87



In Meta II, we also observe two *C1-Cys and *Ca-Gly cross peaks. One of the active state
BC1-Cys-"Co-Gly has a broad linewidth centered at ~45 ppm and likely represents a number of
contacts involving glycines in an a-helical secondary structure (Gly224-Cys222 4.49 A, Gly324-
Cys322 4.13 A, and Gly324-Cys323 2.41 A). The second *C1-Cys-""Ca-Gly contact has a
narrow linewidth and is centered at 43.0 ppm, which is characteristic of a glycine residue in a f3-
sheet secondary structure. The intensity of the *C1-Cys-">Ca-Gly cross peak at 43.0 ppm in
Meta II is similar to that seen at 42.0 ppm in the dark, suggesting that polarization transfer
between the two nuclei generating this cross peak is occurring over the same nuclear distance in
both rhodopsin and Meta II. Cys187""* and Gly188 ** are directly bonded backbone atoms
whose internuclear distance is not subject to change upon receptor activation. On the basis of
both the intensity and frequency of the *C1-Cys-"’Ca-Gly cross peaks in Meta II, we are
comfortable in assigning the active state *Ca-Gly188 ** resonance to 43.0 ppm. As such, no

cross peak is observed between C20 and *Ca-Gly188 ** in Meta II.

Therefore, we tentatively assign the active state *Ca-Gly-C20 contact to Gly114°%’ for two
reasons. First, Glyl114>% is in an H3 in a a-helix, which is consistent with a chemical shift of
45.2 ppm. Second, an active state *Co-Gly114-C20 contact suggests that the C20 methyl group
has rotated up towards the extracellular surface. A rotation of the C20 methyl group is consistent
with computational studies (274) as well as the crystal structure of bathorhodopsin (264, 275),
which reveals a clockwise rotation of the C20 methyl group (viewed from the Schiff base end of
the retinal) within femtoseconds of isomerization. A clockwise rotation would place the C20
methyl group close to a number of residues on EL2. However, previous NMR spectra of Meta II
reflect an increased distance between C20 and EL2. The lack of C20 contacts to EL2, in
conjunction with the active state Ca-Gly114-C20 contact, was a strong indicator that the

position of the loop in Meta II was different from that of the dark state (/72).

In the crystal structure of reversibly formed Meta II (108), the C20 methyl group is rotated
~90° counterclockwise. Such a rotation challenges the observations seen in bathorhodopsin (264,
275), and places the C20 methyl group close to a number of residues of H3. One residue in
particular, Alall7, would have its sidechain within van der Waals contact of C20. It has

previously been reported that site-directed mutations introducing aromatic side chains at position
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117 dampen the transition to Meta II (276). The position of the C20 methyl group in the crystal
structure of reversibly formed Meta II (/08) would suggest the small side chain of Alall7
facilitates a counterclockwise rotation of C20 upon activation. In addition, the C20 methyl group
is within 5.5 A of Gly120°?® and Gly121°~°, both of which are in a secondary structure similar to
that of Gly114°*’ and it is not inconceivable that there could be significant chemical shift
overlap between the three residues. In order to unambiguously assign the active state *Co-Gly—
C20 contact, NMR experiments are required that measure active state retinal protein contacts in
the G121A and G120A mutants. If either mutation reduces the intensity of the *Ca-Gly—C20
contact in Meta II, then it would strongly suggest a counterclockwise rotation of C20 and call

into question the proposed motion of EL2.
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Fig. 5.4. Glycine assignments. 2D >C DARR NMR spectra were collected on CE&-Tyr- and >CI-Cys-
labeled rhodopsin. 2D plot of “Ca-Gly cross peaks to both *CI-Cys and >CE&Tyr are shown for both
rhodopsin (black) and Meta II (red). The e a-Gly resonances are correlated with difference bands in in
rho minus Meta Il spectra (bottom) collected on both WT (black) and the G188A mutant (green).

5.2. Investigating the role of Pro267.

Proline residues are well known for their ability to serve as hinges points for motion of
transmembrane helices (270, 277, 278). In Chapter 4, the motion of H6 upon rhodopsin
activation was described. A question that remains to be addressed is whether or not the

6.50

conserved Pro267%*° mediates H6 motion. In this section, we look at backbone *C chemical shift

6.56
3

measurements of 11e263”°°, whose carbonyl is freed from backbone hydrogen bonding by

Pro267%°, to report local changes in secondary structure.

There are 22 Ile residues in rhodopsin and spectral overlap makes it difficult to interpret

chemical shift changes by comparing standard ’C MAS spectra. An alternative approach is to
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e C,"°N dipolar recoupling experiments (e.g. °C,'""N REDOR) to exchange magnetization
and make resonance assignments based on heteronuclear correlations. By incorporating *C1-Ile
and "N-Cys into rhodopsin, we are able to exploit the heteronuclear *C-""N dipolar coupling
between 11263°°° and Cys264°°’. When we reduce the time allowed for the exchange of
magnetization, we restrict polarization transfer to the directly bonded *C1-""N pairs that exist
along the peptide backbone of sequential residues. As such, the Cl-Ile, ’N-Cys labeling
scheme isolates the carbonyl of Ile residues that are followed by cysteines. In rhodopsin, 11e263-

Cys264 is the only dipeptide sequence that fits the criteria.

Figure 5.5A shows a REDOR difference spectrum of >C1-Ile, ’N-Cys labeled rhodopsin two
peaks are observed in the dark state. The observation of more than one peak in the S-Sy spectrum
is intriguing given the unique occurrence of the Ile-Cys dipeptide sequence in rhodopsin. The
sharp peak at 169.34 ppm is consistent with non-helical secondary structure and a lack of
hydrogen bonding interactions. We interpret these data and assign the peak at 169.34 ppm as the
predominant non-hydrogen bonded carbonyl of Ile263. We also observe a broad peak centered
at 173.49 ppm. The heterogeneous linebroadening of this downfield peak is consistent with
multiple orientations of the carbonyl chemical shift tensor. In the dark state crystal structure,
there is a water molecule whose proton is situated 5.9 A from the carbonyl oxygen of 11e263°°.

As such, a certain population of “Cl1-11e263°°° nuclei may be hydrogen bonding with a

structural water molecule resulting in the broad peak at 173.49 ppm.
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Fig. 5.5. Carbonyl chemical shift changes for Phe287 and Ile263. “C observed, "N dephased
REDOR difference (S-Sy) spectra are shown for “Cl-lle,”N-Cys (4,C) and "C1-Phe, "N-Met (B,D)
labeled rhodopsin samples in the inactive dark (A,B, black) and the active Meta Il (C,D red)
conformation. REDOR spectra are superimposed with the corresponding >C1 chemical shift dispersion
from °C CPMAS spectra (grey).

Figure 5.5A shows a REDOR difference spectrum of *Cl-Ile, ’N-Cys labeled rhodopsin.
Again, two peaks are observed but at different frequencies than what were seen in the dark state.
First, a broad peak centered at 171.51 ppm is observed with comparable intensity to that of the
dark state peak at 169.32 ppm. In addition, two poorly resolved downfield peaks are observed
indicating an increased conformational heterogeneity in Meta II with respect to the dark state.
The observation that both peaks corresponding to the “Cl1-I1e263°°® chemical shift are
modulated upon rhodopsin activation is indicative of either a change in hydrogen bonding
interactions or backbone torsion angles. Neither of these two possibilities are in line with the
crystal structures of Meta II (93, 94, 108). While the changes in backbone chemical shift of

639 more information is needed.

11e263°* are consistent with hinge motion about Pro267
Computational studies suggest a reorientation for the side chain of Cys®*’ upon activation in the
B2AR (I11), the analogous residue in rhodopsin is Cys264°*’. One interpretation for the
activation-induced changes in 11e263°*® backbone chemical shifts may be proximity to the free
electron pairs on the sulfhydryl group of Cys264°*’. Future directions may include collecting
backbone "C-11e263°* measurements in the C267S mutant rhodopsin, which would magnify

any potential interactions between the sidechain at position 267 and the carbonyl of 11e263°*.

Pro267%" is adjacent to the sidechain of Pro291°*. The proximity of these two proline
residues to the extracellular surface of rhodopsin provides a possible helix-loop-helix unit which
couples the motion of H6 and H7 upon receptor activation. To address changes in the local
secondary structure of Pro2917>*, we used REDOR difference spectroscopy. Figure 5B shows
and S-Sy spectrum of °C1-Phe, ’N-Met label rhodopsin where two peaks are observed at 169.31
ppm and 174.31 ppm. There are two Phe-Met bonds throughout the primary sequence of
rhodopsin. The first is Phe287-Met288, which is the carbonyl of interest in terms of the H6-EL3-
H7 helix loop helix unit. The other, Phe85-Met86, is located on H2 and its carbonyl group is
hydrogen bonded to the amide proton of Gly89**°. The '*C1-Phe resonance at 174.34 ppm falls

within the characteristic region of carbonyls in a-helical secondary structure. Based on the lack
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of breaks in secondary structure within H2, we assign the >C1-Phe resonance at 174.34 ppm to

Phe85°7%. Therefore, we assign the peak at 169.31 ppm to the °C1-Phe287">° chemical shift.

Upon conversion to Meta II, the carbonyl chemical shifts filtered out by the *C1-Phe, "*N-
Met labeled sample result in three peaks. The broad upfield peak at 169.46 ppm is within the
linewidth of the peak assigned to the *C1-Phe2877° chemical shift in the dark, suggesting that
this region of the receptor has not undergone a significant change in secondary structure upon
activation. However, the linewidths have markedly increased, suggesting conformational
heterogeneity. In addition, two downfield peaks are observed at 174.26 ppm and 175.29 ppm, the
linewidths of which are similar to the dark state '>C1-Phe resonance at 174.13 ppm. There are
two possibilities for the apparent splitting of the upfield resonance in Meta II. One explanation is
that one of the downfield peaks corresponds to a unique conformation for the backbone of
Phe2877°. In that case, the broad peak at 169.46 may reflect anomalous conformational
heterogeneity. Alternatively, Phe85°* may have undergone a change in local environment.

3.35
0

Phe85>% is in close proximity to Gly120>*°. The crystal structure of reversibly formed Meta II

shows a decreased interhelical distance between H2 and H3 upon activation. It may be the case
that the active state interface between H2 and H3 results in a peak splitting of the Phe85>"
carbonyl resonance. In order to differentiate between the two scenarios described above, °C

2.52

backbone chemical shifts might be collected in Phe857°" mutant rhodopsin.

Together, the changes in linewidth and/or chemical shift observed for both Phe2837*° and
11e263°* upon rhodopsin activation are consistent with conformational plasticity. One

interpretation of the results is that these regions serve as hinges for EL3.

5.3. Investigating structural changes at the extracellular surface of rhodopsin.

In Chapters 3 and 4 experimental data are presented that describe how retinal isomerization is
coupled to structural changes on H5 and H6 that facilitate the binding of heterotrimeric G protein
to active rhodopsin. The motion of H5 and H6 are features of a global activation mechanism that
is conserved throughout family A GPCRs and facilitates the binding of heterotrimeric G protein.
In contrast, the extracellular surface of rhodopsin is unique. In rhodopsin, EL2 penetrates into the
transmembrane core to serve as part of the ligand binding pocket and its motion is restricted via

steric clashes with EL3. In turn, EL3 is situated between EL2 and the flexible N terminus. It has
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been proposed that EL2 is displaced from the retinal binding pocket upon retinal isomerization

(172).

Due to a close association between the two extracellular loops, the displacement of EL2
suggests a concerted motion of EL3. How the interactions on the extracellular surface of
rhodopsin differ from those of other GPCRs may provide insights into the unique biochemical
features (i.e. thermostability and low basal activity) of the low light visual receptor. In the
following subsections solid-state NMR experiments are described that target EL3. NMR data is
provided that suggest EL3 motion occurs about two conserved proline residues on H6 and H7 in
response to receptor activation. Next, NMR data are presented to examine the structural
perturbations induced by a rhodopsin mutant that restricts motion of the extracellular surface.
Finally, data are presented that targets the interface between EL3 and EL2 and discussed in the

context of a concerted motion of EL2 and EL3.

5.3.1 EL2-EL3 (N2C, D282C) Structural changes on the extracellular surface.

In 2003, it was discovered that an engineered disulfide bridge between the N-terminus and the
third extracellular loop (EL3) dramatically increases the thermal stability of rhodopsin, even in
the absence of retinal (279). The double mutant that generates this non-native disulfide bridge
(N2C, D282C) has been utilized to increase the thermal stability of constitutively active
rhodopsin mutants that generally do not retain function when reconstituted in non-native
membrane mimetics (93, 94, 280). In order to understand the nature of the enhanced stability
imparted by the N2C, D282C double mutation at the molecular level, a detailed structural
comparison with the wild type receptor conformation is required. However, crystallographic data
on the N2C, D282C mutant do not reflect any significant structural deviations from that of the

native sequence (281).

Solid-state NMR measurements were conducted to further probe the structure of the N2C,
D282C mutant. First we looked at global structural features using °C difference spectroscopy.
Figure 5.6 presents a comparison of C difference spectra collected of WT rhodopsin (black)
and the N2C, D282C mutant (blue). In panel A, positive bands centered at ~156 ppm and ~155
ppm correspond to the respective dark state °CT chemical shifts of Tyr192"* and Tyr191"",

which are modulated upon receptor activation. The dark state *CZ chemical shifts of Tyr191""
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and Tyr192" are reproduced in the N2C, D282C mutant. In Meta II, the *CZ chemical shift
Tyr191" and Tyr192" are 159.4 ppm and 156.2 ppm respectively. In contrast, difference
spectra of the N2C, D282C mutant do not contain negative peaks at the wild type "“CT
frequencies of Tyr191"" and Tyr192""* Instead, a broad negative peak at ~157 ppm in the N2C,
D282C, the intensity of which is likely to reflect the active state chemical shifts of both
Tyr191" and Tyr192" in the mutant. In wild type, the CC-Tyr191""* frequency undergoes
an upfield shift by 5 ppm, which is consistent with a significant change in electrostatic
environment. That such a drastic change in the "CC-Tyr191"* chemical shift is not observed
upon activation of the N2C, D282 suggests that activation-induced structural changes in this

region of the receptor are dampened by the non-native disulfide bridge.

The CT-Tyr chemical shift is sensitive to the hydrogen bonding interactions of the phenol
hydroxyl group. In the wild type receptor, chemical shift changes of Tyr191"* and Tyr192""
reflect a rearrangement of a hydrogen bonding interactions that tether EL2 to the retinal binding
pocket (i.e. Tyrl91" and Tyr192"%). The dark state hydrogen bonding interactions of
Tyr191" and Tyr192""* are crucial for maintaining EL2 in its inactive conformation and
preserving the integrity of the protonated Schiff base linkage (282). The observation that neither
Tyr191"" nor Tyr192""* adopt their respective wild type Meta II chemical shifts upon activation
of the N2C, D282C mutant suggests that EL2 motion has not occurred.
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Fig. 5.6. °C chemical shift changes on the extracellular surface upon activation. Rhodopsin minus
Meta Il difference spectra are presented for WT (black) and the N2C, D282C mutant (blue). Difference
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bands in the region of CE&-Tyr have been assigned to Tyr191, Tyr192, and Tyr206 (172); these chemical
shift changes are associated with rearrangement of hydrogen bonding interactions between the retinal
binding pocket and the EL2.

In wild type rhodopsin, one of the strongest pieces of NMR data that suggest a change in the
conformation of EL2 upon activation is a change in the ’Cp chemical shift of Cys187. As
described earlier (Chapter 3), Cys187" is part of a disulfide bridge with Cys110°%°, which
tethers EL2 to H3. Upon activation, the *Cp-Cys187""* frequency shifts from 46.8 ppm in
rhodopsin to 50.1 ppm in Meta II. Figure 5.7 presents rows extracted from 2D “C DARR
spectrum, collected on wild type (black) and N2C, D282C mutant Meta II, at the *Cp-Cys110°
chemical shift. In the wild type spectrum, we observe a single cross peak at 50.1 ppm,
corresponding to the *CB-Cys187 chemical shift in the active state. In the N2C, D282C spectra,
a single cross peak of comparable intensity is observed at 46.2 ppm. The implication is that the
BCB-Cys187""* chemical shift has not significantly changed upon activation in the N2C, D282C
mutant, which is consistent with a lack of EL2 motion. It is worth noting that we are not able to
observe cross peaks between the "CP carbons of the non-native disulfide bond in the N2C,

D282C mutant.
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Fig. 5.7. Cys187. Rows extracted from 2D *C DARR NMR spectra acquired of the activated Meta II
state of wild-type rhodopsin (a) and the N2C, D282C mutant (b). The rows show the Cf region of
Cys110°% and Cys187™ and were taken through the diagonal resonances of Cysl110°%. In the N2C,
D282C mutant, the chemical shift of Cys187" is altered with respect to wild-type rhodopsin.

The “CC-Tyr difference spectrum also shows a negative peak at 153.66 ppm that has been
assigned to Tyr206 in Meta II (99). In the dark state of rhodopsin, Tyr206 participates in an
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interhelical hydrogen bonding network involving His211°%°, Glul22’%, and Trp126>*'. A
downfield shift in the *CT resonance of Tyr206>*' upon formation of Meta II is consistent with a
decrease in hydrogen bonding character (99). We associate the weakened hydrogen bonding
status of Tyr206”*! with a rotation of H5. The active state °CC chemical shift of Tyr206>*' is not
affected by the N2C, D282C mutant, suggesting that H5 rotation still occurs.

To further investigate a rotation of H5 upon activation in the N2C, D282C mutant, we first
look at the hydrogen bonding changes of His211>*°. His211>*® is at the i-4 position of
Pro215>%°, which leaves its carbonyl oxygen freed from the backbone hydrogen bonding
constraints dictated by its o-helical secondary structure. Instead, the backbone carbonyl is
hydrogen bonded to the side chain of Glul22**" in the dark and sidechain of His211°°° is
hydrogen bonded to the phenol hydroxyl group of Tyr206>*'. In Meta I, structural changes on
H5 result in hydrogen bond formation between the sidechains of His211°*® and Glu122’*.
His211°* is the only neutral histidine residue in rhodopsin. As a result, its side chain °C
chemical shifts are resolved from those of the remaining histidines. In rhodopsin, the “Ce;-
His211 chemical shift has previously been assigned to 136.9 ppm and shifts to 137.5 ppm upon
activation (99). The new hydrogen bonding interaction between His211°*° and Glu122**" in
Meta II, modulates the '*Ce;-His211°*® chemical shift. In Figure 5.6B, Ce,-His difference
spectra of wild type (black) are superimposed with N2C, D282C mutant. The pattern of
difference bands in the *Ce,-His are similar in both wild type and the N2C, D282C mutant

5.46
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suggesting that the activation-induced changes in sidechain hydrogen bonding of His21 re

not perturbed.

In Chapter 3 we saw how rotation of H5 facilitates the formation of hydrogen bonding
interactions between Argl35”>°°, Tyr223%, and Tyr306"° that help to stabilize the active Meta
II state. In order to address whether a similar interaction exists in the active state of N2C, D282C
mutant rhodopsin, 2D *C DARR spectra were collected and compared to those of the wild type.
In Figure 5.8 rows are extracted at the '>Ce-Met chemical shift that show polarization transfer to
BCL-Tyr nuclei less than 6 A away. In the wild type receptor, Tyr-Met contacts are observed at
155.9 ppm that correspond to cross peaks from Met257°*° to both Tyr223°>* and Tyr306">° (96).
The intensity of the cross peak at 155.9 ppm in Meta II spectra of the N2C, D282C mutant is

markedly reduced with respect to that of the wild type. For comparison, an intrahelical cross
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peak between Met207°** and His211°*° in the wild type and mutant spectra is shown. The
respective intensities of the Met207-His211 cross peaks are comparable between wild type and
mutant spectra. As a result, the internuclear distance between Met257%* and Tyr223/306 in

Meta II is increased in the N2C, D282C mutant.

It is also worth noting that in wild type Meta II, we observe a strong cross peak between
Met2887° and Tyr191"* at 159.3 ppm (Fig. 5.8). In the N2C, D282C spectra, the *CZ-Tyr191
resonance is shifted and broadens out. As result, we cannot comment on the internuclear distance

between Tyr191""* and Met288"® from the DARR spectrum of N2C, D282C.

(A) (B)
— WT Meta ll
— N2C D282C Meta Il
Tyr268
-Met288 H|321 1 Tyr191 Tyr223/306
Tyr191 -Me t288 -Met257
-Met288 T&lggg/?% Mot207
W/\/J\\NA/ M |
160 150 140 160 150 140

13C Chemical Shift (ppm)

Fig. 5.8. Tyr223""*-Met257%*" and Tyr306"°-Met257%* contacts in Meta II. Rows through the
Met-"Ce diagonal resonance were extracted from 2D °C DARR NMR spectra of Meta II for both the
N2C, D282C (A) and WT rhodopsin (B) labeled with 13CC—Tyr, B3 Ce-Met, and " Cel-His.

The perturbed Tyr223/Tyr306/Met257 contacts that are observed in Meta II spectra of the
N2C, D282C mutant would suggest that the hydrogen bonding interactions between
Tyr223°% Tyr306" and Arg135>°° are weakened. If this were the case, then we would expect
to see a decrease in Meta II stability. Figure 5.9 presents kinetic data for N2C, D282C mutant
compared to that of wild type rhodopsin. In Panel A, Meta II decay rates are calculated based on
monitoring the intensity of Meta II-specific FTIR bands as a function of time post illumination.
In WT, the half life of Meta II is 1.7 min, which is reproduced in the N2C, D282C mutant. The
pKa of the photoproduct equilibrium between Meta I and Meta II is the same in both wild type
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and N2C, D282C mutant. Therefore, it is likely that the interactions which stabilize the active

receptor conformation are present in the N2C, D282C mutant as well.

(A) (B)
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Fig. 5.9. Biochemical characterization of the N2C, D282C mutant. Meta Il decay rates are
calculated based on the diminishing intensity of Meta Il specific FTIR bands as a function of time after
illumination (a). Monoexponential decay curves are shown for wild type (blue) and N2C,D282C (green)
rhodopsin solubilized in egg PC. Intensity ratios for Meta II- to Meta I- specific FTIR bands are also
presented as function of pH for wild type (blue) and N2CD282C (green) rhodopsin solubilized in egg PC.
For comparison Meta Il decay and photoproduct titration curves for rhodopsin in ROS membranes are
presented. FTIR data were obtained by R. Vogel (Univ. Of Frieburg).

Previous NMR experiments have established that mutations of EL2 (e.g. E181Q) show a
demonstrable difference in markers of H5 motion (i.e. “CCZ-Tyr206 chemical shift). These
observations were used to argue for a coupled motion of H5 and EL2 upon receptor activation

(172). However, in the case of the N2C, D282C mutant, it appears that EL2 motion has been
hampered without affecting the position of HS.

5.3.2 Met288 is a crucial residue at the interface between EL2 and EL3.

In Figure 5.6 panel C, positive peaks in the rhodopsin minus Meta II *Ce-Met difference
spectrum reveal that the “Ce chemical shift of a single methionine residue at 17.4 ppm
undergoes a change in frequency. A "Ce-Met chemical shift of 17.4 ppm is significantly
downfield from the average and consistent with a polar environment. The side chain of Met288

is at the boundary between H7 and EL3 in close proximity to the polar side chain moieties of

several neighboring residues including Tyr268%°', Tyr192"* Tyr191", Ser198" and
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Glul81"* (Fig. 5.10A). On the basis of *C chemical shift measurements collected on site
directed rhodopsin mutants, the dark state ’Ce chemical shift at 17.4 ppm has been assigned to

Met288" (Fig 5.10B).

A B
. © Rhodopsin
Met288
Tyr192
gCys1 87-Cys110 Met288
Tyr191) } ¢ Ser186 Meta Il
v Met288 -----------
24 20 16 12 8 4
Tyr268; © '
Water
Retinal e Mg)gﬂe M

'3C chemical shift (ppm.)

Fig. 5.10. Met288 undergoes a significant chemical shift change upon receptor activation. A view
from the crystal structure of rhodopsin showing the local environment of Met288 in the dark is shown (4).
Rhodopsin minus Meta 1l difference spectra are presented for WT (grey) and the M288L mutant (black)
in the region of "Ce -Met (B). The difference spectra reflect the loss of a single positive peak at 17.4 ppm
and a reduction in the intensity of a broad negative band at ~12 ppm upon mutation of Met288. >Ce-Met
chemical shifts were measured in solvents of varying polarity (C). An upfield shift in the “Ce-Met
resonance is consistent with a transition to a more non-polar environment.

We previously observed that a contact forms between the retinal B-ionone ring and the *Ce of
Met207 in the dark state of the M288L mutant (/72). NMR contacts between the retinal
chromophore and residues on H5 are not observed until the formation of Meta II. The
observation of Meta II-like structural elements in the dark state of M288L mutant rhodopsin has
consequences for the activation mechanism. Namely, the NMR data suggest that the M288L
mutation alters the conformation of HS in a manner that may facilitate the transition to Meta II. If

the energy barrier for adopting the Meta II conformation were to be reduced in the M288L
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mutant then we would expect that the photoproduct equilibrium between Meta I and Meta II

would be shifted towards Meta II.

In lipid vesicles, the equilibrium between Meta I and Meta II is pH-dependent, with Meta I
being stabilized with increased alkalinity. Figure 5.11 presents titration curves for state-specific
FTIR difference bands corresponding to Glul22’*’, Asp83*”°, and the Amide I region of an
FTIR spectrum for both WT and the M288L mutant. For WT rhodopsin, the pKa of the Meta
I/Meta II equilibrium is 7.7 (at 273 K). At pH 9, nearly all of the receptor populates the Meta I
substate (Fig. 5.11B). For M288L, at least 30% of the receptor still exists as Meta II at pH
greater than 9. The FTIR data reveal that the photoproduct equilibrium of the M288L mutant
never fully populates Meta I, even under alkaline conditions (ie. O does not go zero), which
suggests that Meta Il is stabilized in the M288L mutant (Fig. 5.11B). When coupled with the
existing NMR data showing a strong contact between Met207 and the C6 carbon of 11-cis retinal
in the dark, the FTIR data suggest that the M288L mutation alters the conformation of HS in

such a way as to facilitate the transition to Meta II.

For wild type rhodopsin, all three titration curves (Asp83**°, Glu122*?7, and Amide I) seem
to converge on a pKa of 7.7. In the M288L mutant, the amide I and Glu122>* titration curves
are similar to wild type, but the Asp83 is not. In the dark, Asp83*°° is directly hydrogen bonded
to the sidechain of Asn55'"" on H1 and participates in a water-mediated hydrogen bond with
Asn302 on H7 (181, 259). It has been shown for a number of GPCRs that the conserved
H1/H2/H7 hydrogen bonding network is modulated upon receptor activation (283). It may be the
case that insertion of a leucine at position 288 distorts the conformation of H7 to disrupt the

H1/H2/H7 hydrogen bond, which is reported by the unique IR signature of Asp83.
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Fig. 5.11. The Meta I/Meta II photoproduct equilibria. Intensity ratios for Meta II- to Meta I- specific
FTIR bands are presented as function of pH for M288L (A) and WT (B) rhodopsin solubilized in egg PC.
This data was collected by Katrina Zaitseva in the laboratory of Reiner Vogel at the University of
Freiburg.

Given that the dramatic effects of such a conservative mutation (M288L), we went on to look
at the structural consequences of a less conservative mutation (M288A) via FTIR and NMR.
When compared with the wild type receptor, the titration curve for the Meta I/Meta II
equilibrium is shifted by 1.6 pH units (5.11A). The shift is similar to what was previously
observed for the Y223F mutant, which diminishes the stability of Meta II (Chapter 3). As a
result, the FTIR data reveal that Meta II is destabilized in the M288 A mutant.

In Chapter 4 data were presented which suggest that the conformations of EL2 in Meta I and
rhodopsin are similar. As a result, EL2 motion is temporally assigned to the transition from Meta
I to Meta II. Met288 is the point of interaction between the start of EL3 and EL2. Given its
position, the apparent destabilization of Meta II in the M288A mutant may be associated with
restricting the motion of EL2. As such we looked at the two most robust probes for the

conformation of EL2: the *Cp-cysteine and the *CT-tyrosine chemical shifts.

Figure 5.12 presents rows extracted from 2D °C DARR spectra, collected on wild type (Panel
A) and M288A (Panel B) mutant rhodopsin, at the ?CB-Cys110>*° chemical shift. In the wild
type spectrum, we observe a single cross peak to *Cp-Cys187"* at 50.1 ppm in the active state.
In the M288A mutant however, the *Cp-Cys187chemical shift is 46.2 ppm. The implication is

that the °CB-Cys187""* chemical shift has not significantly changed upon activation in the
y g y
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M288A mutant, which is consistent with a lack of EL2 motion. Interestingly, the N2C, D282C
disulfide bond had an analogous affect on the active state CP-Cys187"* chemical shift,

suggesting that the conformation of EL2 for both mutants is similar.

(A)

WT M228A

55 50 45 40 35 30 55 50 45 40 35 30
3C Chemical Shift (ppm)

Fig. 5.12. Meta II >CB-Cys187 chemical shift in M288A. Rows extracted from 2D *C DARR NMR
spectra acquired on the activated Meta Il state of wild-type rhodopsin (4) and the M288A mutant (B).
The rows show the CB region of Cysl10°% and Cys187" and were taken through the diagonal
resonances of Cys110°%. In the M288A mutant, the chemical shift of Cys187" is altered with respect to
wild-type rhodopsin —WT

—M288A

Tyr191

Tyr206
Tyr192

.
165 160 155 150
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Fig. 5.13. C&-Tyr difference spectra in M288A. Rhodopsin minus Meta II difference spectra are
presented for both wild type (grey) and the M288A (black) mutant. For clarity, peak assignments are
provided only for wild type Meta Il frequencies.
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In order to further investigate the influence of the M288A mutation of EL2 motion we looked
at the "CC-Tyr difference spectra with an eye towards Tyr191""* and Tyr192""* in particular.
Figure 5.13 presents rhodopsin minus Meta II difference spectra for wild type and the M288A
mutant in the region of *CZ-Tyr. When compared with the wild type receptor, the M28SA
difference spectra show two additional peaks that are not seen in the native sequence. Future

efforts can be directed towards assigning the positive difference bands in the M288A spectrum.

For the active state, M288A difference spectrum exhibits two negative peaks at 157.2 ppm
and 155.3 ppm. Again, further work is required in order to assign the various peaks in the
difference spectrum (i.e. °C — °C correlation experiments). Nevertheless the lack of negative
peaks at the native frequencies of either “CC-Tyr191"* or *CT-Tyr206™*' strongly suggest that

the active state conformation of EL2 is distorted in the M288 A mutant.
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CHAPTER 6: OVERALL CONCLUSIONS

6.1 H5 and H6 motion.

The physiological role of GPCRs is to transmit the signal of ligand-binding at the
extracellular surface to structural changes in the cytoplasmic moiety of the receptor. These
structural changes reveal the binding site for heterotrimeric G proteins in the cytosol. Several
studies have demonstrated that IL3 plays a key role in GPCR signal transduction. IL3 contains
several residues whose mutation leads to constitutive receptor activity, presumably due to
stabilizing the loop region in favor of the active state (284). Single molecule fluorescence
studies conducted on the $,AR, in the presence of BI167107, revealed structural changes that
were localized to the IL3 (285). In rhodopsin, mutations in the IL3 allow weak transducin
binding but prohibit guanyl nucleotide exchange, suggesting that the loop serves a mechanistic
role for G protein signaling that extends beyond serving as a docking site (286). In addition, IL3
is thought to serve as a molecule determinant for the binding of specific G proteins (287). G
protein-independent signaling in the dopamine D2 receptor is also mediated through cytosolic

protein interaction with IL3 (287).

The cytosolic domains of transmembrane helices H5 and H6 are bridged by IL3. In 1996,
Farrens et al. (43) observed changes in the EPR spectra of site-directed spin labels incorporated
at the cytoplasmic end of transmembrane helix H6 upon activation in rhodopsin. The EPR
measurements were consistent with a displacement of the transmembrane helix (43). Since the
pioneering EPR work, several crystal structures have been determined that capture GPCRs in
both their active and inactive conformation (see Chapter 1 for details). The crystal structures
confirm that displacement of H6 is a common feature of GPCR activation. In addition, the
structures revealed changes in the rotational orientation of HS between active and inactive
receptor conformers. Motion of HS and H6 provide an explanation for the structural changes
that occur in the region of IL3 that allow active receptors to bind downstream signaling targets.
The challenge is now to describe a molecular mechanism by which ligand binding at the

extracellular surface can induce the H5 and H6 motion.

In Chapters 3 and 4, data are presented that described the motion of transmembrane helices

H5 and H6. First, solid-state NMR measurements are presented that temporally separate the
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motion of H6 in rhodopsin. In the dark, H6 is held in its inactive conformation via two
interactions involving conserved residues: (i) an aromatic stacking interaction between the [3-
ionone ring of 11-cis retinal and the indole side chain of signature conserved residue Trp265°*®
(ii) an ionic lock between Glu247°*° and Arg135>*°. Upon retinal isomerization the interaction

6.48

between Trp265 and P-ionone ring is lost (/73, 180). A low-resolution cryo-electron
microscopy structure of Meta I reveals changes the electron density assigned to the indole ring of
Trp265°*, suggesting that its interaction with the B-ionone ring is lost in Meta I (1/7). The
NMR data presented in Chapter 4 reveal that upon formation of the Meta I intermediate, the
Arg135>°° — Glu247°* is broken by a rotation of H6. However, this rotation does not allow H6
to adopt its fully active Meta II conformation. The rotation of H6 in the conversion to Meta I is
demonstrated by the appearance of an NMR contact between Met257%*° and Arg135°~ in Meta
I, that is not seen in rhodopsin. The change in a single *CT-Arg chemical shift observed between

rhodopsin and Meta I provide strong evidence for disruption of the Glu247°°%-Arg135°° salt
bridge.

The proposed disruption of the ionic lock in Meta I has implications for non-visual GPCRs. In
ligand-activated GPCRs, the state of the ionic lock between Arg>”and Glu®*" is an open
question. Crystal structures of the $2AR in the presence of inverse agonist carazolol for example
do not reveal the formation of a salt bridge between Glu268°>° and Arg131°°° (87). However,
computation studies of the $,AR suggest that, in the presence of carazolol, there is
conformational exchange between the open and closed states of the Glu268°2° and Arg131°°
interaction (225). A crystal structure of the ;AR in the presence of an inverse agonist shows an
ionic lock that is intact (200, 288). However, the ;AR structure was solved using a suite of
thermostablizing mutations that significantly reduced the basal activity of the receptor (97). As
such, the presence of the ionic lock is restricted to receptors that have evolved a mechanism to
tightly restrict basal activity. Therefore, we propose that the structural transition between Meta |
and Meta II are more representative of what occurs when agonist binds to a ligand activated

receptor.

Since the extent of signal amplification is determined, in part, by temporal stability of the
signaling competent receptor species, it is also important to understand the interactions that are

in place to stabilized the active state of GPCRs. The active state hydrogen bonding interaction
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between Tyr223°>% and Arg135>°° provides an explanation for the strict sequence conservation
y g p p q

5.58 3.50

of Tyr™®. Fluorescence spectroscopy demonstrates the role of the Tyr223°>® and Argl35
interaction in stabilizing the active conformation of H5. The impact that the Y223F mutant has
on Meta II stability is much greater than what is observed in either the Y306F or the Y136F
mutant. One interpretation is that the rotational orientation of H5 is important for receptor
function. Another conserved residue on H5 is Lys231°%, whose side chain is hydrogen bonded
to Glu247°° upon disruption of the ionic lock. It may be the case that the rotation of Tyr223>®
provides the necessary structural changes in H5 to allow an interaction to form between
Lys2317% and G1u247°. In this case, mutation of Tyr223°>* may destabilize Meta I, by
prohibiting the carboxylate side chain of Glu247°*° from participating in a charge interaction.
The end result would be a destabilization of the active state conformation of H6. One experiment
that can be done to test this model is to target the Met257°*-Arg135>° cross peak in Meta II of
the Y223F mutant. The prediction would be that the internuclear distance between the side
chains of these two residues is more akin to what is seen in Meta I rather than the close packing
that we observe in Meta II. It would also be interesting to characterize the phenotype of a K23IL
mutant where the rationale is that by eliminating a charged group at this residue, we are not
allowing an interaction to stabilize the active state position of Glu247°*°. As such, the Meta
I/Meta II equilibrium as well as the Arg135>*-Met257%* crosspeak in the K231L mutant should
be probed.

6.2 Role of signature conserved tyrosine residues in rhodopsin activation.

There are three tyrosine residues that are conserved throughout all family A GPCRs. In
rhodopsin these are (i) Tyr136>" of the E/DRY motif of H3, (ii) Tyr223 of the Y(X);K/R motif,
and (iii) Tyr306"* of the NPxxY motif. The data present in Chapter 3 and recapitulated in the
preceding section describe the role of Tyr223 in preserving active state stability to family A

GPCRs. FTIR data collected in the lab of Klaus Peter Hofmann reveal that the obligate

3.49 5.58
4 3

protonation switch of Glul3 is contingent on the presence of Tyr223”", reflecting its role in
satisfying the positive charge of Argl35>°" and disrupting the Glu134>*-Arg135>*" interaction
(289). Based upon the rate of Meta II decay and transducin activity data, it would appear that
Tyr306”" and Tyr136>°" do not significantly contribute to lowering the energy of the active

state. As such, their roles remain to be definitively characterized. Below, models based on the
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kinetics of site-directed mutants of rhodopsin are presented for the roles of these two signature

conserved residues and experiments are proposed to test them.

Tyr306. There are two features involving Tyr306 that help to stabilize the orientation of H7 in
Meta II. The first is a hydrogen bonding interaction that extends through water molecules to H1
and H2. The second is the retinal chromophore. In its all-trans configuration, the interactions
between retinal and the rest of the receptor are poised to stabilize H7. If the latter were correct,
the Tyr306 may have a bigger role in stabilizing the active, low pH, conformation of opsin. In
order test this idea, we can look at the pKa of the ops/ops* conformation equilibrium of the
Y306F mutant and compare it to that of wild type opsin. The expectation is that the equilibrium

1s shifted in favor of the inactive conformer.

At physiological pH, the basal activity of opsin is on the order of 15%. The activity of opsin is
likely to be proportional to the concentration of the active conformer. As such, if Tyr306
stabilizes the active opsin structure, then by inference it also must regulate the basal activity of
opsin. It would be interesting to assess the signaling competence of the Y306F in opsin.
Specifically, one can measure the binding affinity of the undecapeptide that corresponds to the
carboxy terminal tail from the alpha subunit of transducin. This peptide has been co-crystallized
with putative active conformations of rhodopsin. The prediction is that the opsin state of the
Y306F mutant will display a weaker affinity for the peptide. Understanding the interactions that
stabilize the active opsin structure can begin to elucidate a mechanistic understanding of basal

activity in ligand activated family A GPCRs.

Tyri36. Tyrl36 is the least conserved residue within the E/DRY motif; serine, histidine, and
cysteine are found at this position in other family A GPCRs. Several mutational studies suggest
that mutations at position 3.51 do not significantly alter receptor function both in terms of ligand
affinity and heterotrimeric G protein binding in the melancortin receptor (290) and muscarinic
acetylcholine receptor (291). Mutation of Tyr’>' has also been shown to decrease receptor
expression in the chemokine receptor CCR3 (/96). In the melanocortin receptor, the presence of
serine at 3.51 is coincident with a reduced level of receptor internalization after activation (290).
Given what appears to be a broad range of marginally altered phenotypes for mutants of Tyr>',

it is likely that the conservation of this residue serves a subfamily specific role and is worthy of

further investigation. One possibility, is that in receptors where signaling must be under stringent
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control, Tyr’>' is phosphorylated to serve as a binding site for arrestin molecules during clathrin
mediated endocytosis. In rhodopsin however, the known phosphotyrosine residues that dock
visual arrestin are in the unstructured carboxy terminus after the amphipathic helix H8 (292).
However, rhodopsin signaling has evolved to be exquisitely regulated. One could use the
AMBER (293-296) suppressor system to incorporate phosphotyrosine residues at position 136 in
rhodopsin and ask the question: does this increase arrestin binding? Moreover does incorporated
a phosophotyrosine at position 136 rescue arrestin binding of C terminal truncated mutants of

rhodopsin (297)?

6.3 Perspectives on the mechanism of rhodopsin activation.

The role of Schiff base deprotonation in H3 motion. The work presented in Chapter 4 reveals

3.50

that there is a significant change in the local environment of Argl35”°" upon conversion to

the Meta I photointermediate. Arg135>" is part of the signature conserved E/DRY sequence
on transmembrane helix H3. In the dark state of rhodopsin, the sidechain of Argl35 forms an
ionic interaction with neighboring Glul34>* and Glu247°*° on H6 (59). The Glul34>*-
Arg135> interaction is essential in preventing the inactive state of rhodopsin from coupling
to transducin. As such, this interaction is not disrupted prior to formation of the active Meta II
photointermediate (56). However, the NMR data in Chapter 4 suggest that ionic interaction
between Argl35>°" and Glu247° is disrupted upon formation of Meta I, the penultimate

photointermediate in rhodopsin activation.

In addition to the proposed rotation of H6, the NMR data are also consistent with structural
changes of transmembrane helix H3. While it is true that the major structural changes
occurring during GPCR activation are localized to transmembrane helices H5 and H6, there
are indications that H3 is also involved. The role of transmembrane helix H3 is underscored
by mutational studies that characterize receptor stability of site-directed mutants in the center
of the transmembrane domain (78). In addition, cysteine scanning reveals changes in solvent
accessibility for several residues of H3 upon rhodopsin activation. In the $,AR, one of the
more salient observations that come from comparing the intracellular regions of active and
inactive receptor conformations is a ratcheting motion of H3 and H6, where the side chains of
Phe282°** on H6 and Ile123’* on H3 seem to swap positions upon receptor activation via

rotation of both helices. Argl35>°" is part of the conserved E/DRY sequence.
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In addition to the signature conserve E/DRY sequence, the counterion of the Schiff base,
Glu113**® is located on H3. An obligate proton transfer between the protonated Schiff base
that connects all-frans retinal to Lys296’* in Meta I is transferred to Glul13>*® upon
formation of the Meta II photointermediate. Mutation of Glul13*** imparts constitutive
activity in thodopsin (82, 298). In the $,AR receptor, a similar interaction is forged between

3*3? and the amine nitrogen of aminergic ligands. Mutation of

the side change of Aspll
Asp113°** impaired the ability of partial agonists to activate the f,AR (231). Clearly there is

some specific ligand induced conformation change on H3 that modulates receptor activity.

One interpretation of the data is that the structural changes associated with Arg135>" are

coupled to a weakening of the Glul13>2*-Lys296"* interaction up photoactivation. In the
dark, pKa of the protonated Schiff base is on the order of 14, due to its close associate of with
the carboxylate side chain of Glul13. However, upon retinal isomerization the pKa drops to
~6 (299). Necessarily, this corresponds to a weakened interaction between Glul13*** and
Lys296"*. Weakening of the Glul13>2*-Lys296"* interaction may allow a slight rotation of
H3 to facilitate disruption of the Arg135>°"-Glu247° interaction in Meta I. Breaking of the
Arg135>°°-G1u247°* interaction in Meta I, allows the subsequent displacement of H6 in the
transition to Meta II (see below for a more detailed account of how H6 may be displaced). In

3.50

Meta I, the charged guanidium group of Argl35™°" is not fully compensated. In Meta II
partial charges on the phenol sidechains of Tyr223>® and 306”>° compensated for the missing

Arg135>°°-G1u247°* interaction and allow the sidechain of Glu134>*" to be protonated.

In order to verify this model, markers for H3 motion need to be probed in both Meta I and
Meta II. Solid-state NMR data have already been collected that suggest a change in the region
around Gly120 and Gly121. In fact, the Ernst crystal structure of reversibly formed Meta II
would suggest that the orientation of all-trans retinal in Meta II, induces steric contacts
between The C20 methyl and residues in the center of transmembrane helix H3. If correct,
these contacts provide addition support for a motion of H3. One potential experiment would

6.44
1

be to measure the internuclear distance between the side chain of Phe26 and the backbone

carbonyls of Gly121°* and Leu125>*" in rhodopsin and Meta 1.
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The interaction between the f-ionone ring and Trp265%* acts a ‘pin’ to restrict the motion of
H6. Trp265°* is signature conserved residue within family A GPCRs and part of CWxP
motif that is thought to mediate motion of H6 upon receptor activation (//7). In ligand

6.48

activated receptors the side of Trp ™ is packed against the side chain a conserved alanine

6.52 - -
i1s in close

residue (/15). The crystal structure of the 3,AR also confirmed that the Phe
contact with the ligand, and therefore can transduce small molecule binding to the side chain
of Trp286°*®. In rhodopsin the residue at position 6.52 is Ala269. The absence of a bulky
side chain at position 6.52 is one of the features that let 11-cis retinal penetrate deeper into the
transmembrane core of the binding pocket and interact directly with the indole side chain of
Trp265°*. Substituting a phenylalanine at position 269 in rhodopsin increases basal activity

(300). In this sense, a direct interaction between Trp265°*

and the retinal chromophore is
required in order for the receptor to differentiate between isomeric states and induce receptor
activation in the presence of all-frams retinal. In rhodopsin, modulating the interaction
between the B-ionone ring and Trp265°*® is essential for receptor activation. There are two
major details that prevent an accurate understanding of this interaction. First, how is the
Trp265°*-retinal interaction altered upon receptor activation? As summarized in Chapter 5,

the two competing models call for either a change about the %, torsion angle of Trp265°*

upon retinal isomerization, or a change in the orientation of the f-ionone ring as proposed by
the crystal structure of reversibly formed Meta II. The data presented in Chapter 5 suggest a
close interaction between Phe261°** and the C18 methyl group of retinal and argue against
the orientation of the B-ionone ring in the crystal structure in Meta II. When coupled with the

6.48

presence of a strong contact between Trp265”™"" and the C19 methyl group in Meta II, the

Phe261°**-C18 contact is consistent a change in side chain orientation for Trp265°*.

Phe261%* is also a signature conserve residue. The NMR data suggest that the p-ionone

ring becomes closer to the side chain of Phe261%*

. One interpretation of the NMR data is
that retinal isomerization drives the C18 methyl within Van der Waals contact with
Phe261°*, and helps to induce motion of H6. This idea can be verified by looking for NMR
contacts between Phe261°** and the C18 retinal methyl group in Meta I. If shown to be
correct, the interaction would provide insight into why site directed mutations that reduce the

side chain volume at position 261 lower light dependent activation of thodopsin (301).
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As mentioned earlier, the nuclei in the side chain of Trp265®* have the lowest thermal
factors of all the residues in rhodopsin, indicating a rigid and well-ordered structure. This is
likely due to the interaction with the f3-ionone ring of retinal. It may by the case that Schiff
base formation with 11-cis retinal ‘pushes’ the indole ring in a manner that ‘springloads’ H6.
When retinal isomerizes and the indole-ionone ring packing interaction is lost, the energy is
dissipated via slight rotation of transmembrane helix H6. In the dark, H6 contains a 30° kink
about signature conserved Pro267°°. Analyzing backbone chemical shifts in this region of
the receptor (see Chapter 5) suggest that the overall secondary structure does not change, and
the kink is preserved after photoactivation. Due to the persistence of proline kink upon
activation, a slight rotation of H6 in the retinal binding pocket is amplified to a displacement
of the transmembrane helix at the cytosolic surface. In addition, a water mediated hydrogen
bonding network that links the indole nitrogen of Trp265°* with Asn302”* of the NPxxY
motif on H7 serves to couple the rotation of H6 with the structural changes that allow
Tyr306™>° to rotate inwards towards the transmembrane core where it interacts with

Arg135>% in Meta II.

Changes EL2/EL3 interactions are a feature of rhodopsin activation. The extracellular
surface of rhodopsin is made up of a well structured random coiled amino-terminus, and three
extracellular loops (EL1, EL2 and EL3). The extracellular loops bridge transmembrane
helices H2-H3, H4-HS, and H6-H7 respectively. EL1 is relatively short and is part of the
stable HI-H4 core. In contrast EL2 is 27 residues long and contains two short stretches of
amino acids that adopt 3 sheet secondary structure 33 and 4. The B4 strand is buried within
the transmembrane core and packs against the retinal chromophore in its 11-cis conformation.
Reconstitution studies that regenerated rhodopsin from two fragments bisected at EL2 showed
that proper loop folding is both necessary and sufficient to confer receptor stability (302).
Given its position relative to the ligand binding pocket, EL2 is thought to be important in
receptor function across GPCRs (303-311). EL3 is situated between the amino terminal tail

and the extracellular surface of EL2.

Previously collected solid-state NMR measurements were interpreted in terms of a motion
of EL2 away from the retinal upon rhodopsin activation (/72). EL2 motion is consistent with

an increased solvent accessibility of the retinal Schiff based in Meta II (269). However, the
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crystal structures of reversibly formed and constitutively active Meta Il intermediates do not
show a displacement of EL2 with respect to its position in the dark state. As such, the role of

EL2 in rhodopsin activation remains an open question.

Given the close association between the EL2 and EL3 — and in turn, the amino terminus —
the proposed motion of EL2 requires a rearrangement of the EL3. In Chapter 5 we addressed
the motion of EL2 in the context of a stable rhodopsin mutant (N2C, D282C). In the stable
mutant a disulfide bridge tethers the amino-terminal tail to EL3 and restricts the motion of
EL2. In Chapter 5 we compare NMR markers for EL2 motion (i.e. CT-Tyr difference
spectra and *CB-Cys187 chemical shift) collected on the stable mutant and compared them
wildtype data. The observation that our markers for EL2 motion are not reproduced in the
stable mutant has several implications. First, it strengthens confidence in their ability to

report EL2 motion. In addition, it shows that EL2 motion does not occur in the stable mutant.

However, the N2C, D282C mutant retains over 90% transducin activity when compared to
wild type, suggested that EL2 motion is not necessary for signal transduction in rhodopsin.
One possibility for the apparent insensitivity of signaling to the activation-induced motion of
EL2 in rhodopsin has to do with the unique features of the visual receptor. In rhodopsin, the
retinal ligand occupies a deeper binding pocket than ligands observed in crystal structure of
other GPCRs and is allowed to interact directly with H5 to induce helix rotation. The NMR
data showing the active state Met257%*-Tyr223%°® contact in the stable mutant is consistent

with H5 rotation in the absence of EL2 motion.

In ligand activated receptors, EL2 is oriented away from the transmembrane core towards
the extracellular surface and has been characterized as having ligand-determining
characteristics. One explanation is that in non-visual GPCRs, EL2 does not intercalate into
the transmembrane core in order to allow diffusible ligands in the bulk solvent to enter the
ligand binding pocket. In this case, specific interactions between individual ligands and EL2

may serve to initiate the motion of associated transmembrane helix H5.
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