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ABSTRACT  

   

G protein-coupled receptors (GPCRs) are known to be modulated by membrane 

cholesterol levels, but whether or not the effects are caused by specific receptor-

cholesterol interactions or cholesterol’s general effects on the membrane is not well-

understood. Results from coarse-grained molecular dynamics (CGMD) simulations 

coupled and structural bioinformatics offer new insights into how cholesterol modulates 

GPCR function by showing cholesterol interactions with the β2AR that agree with 

previously published data; additionally, differential and specific cholesterol binding in 

the cholecystokinin (CCK) receptor subfamily was observed while revealing a previously 

unreported Cholesterol Recognition Amino-acid Consensus (CRAC) sequence that is also 

conserved across 38% of class A GPCRs. Mutation of this conserved CRAC sequence of 

the β2AR affects cholesterol stabilization of the receptor in a lipid bilayer. Serial 

femtosecond crystallography (SFX) with X-ray free electron lasers (XFELs) has proven 

highly successful for structure determination of challenging membrane proteins 

crystallized in lipidic cubic phase, however, as most techniques, it has limitations. Using 

an optimized SFX experimental setup in a helium atmosphere we determined the room 

temperature structure of the adenosine A2A receptor (A2AAR) at 2.0 Å resolution and 

compared it with previous A2AAR structures determined in vacuum and/or at cryogenic 

temperatures. Specifically, we demonstrated the capability of utilizing high XFEL beam 

transmissions, in conjunction with a high dynamic range detector, to collect high-

resolution SFX data while reducing crystalline material consumption and shortening the 

collection time required for a complete data set. The results of these studies provide a 

better understanding of receptor-cholesterol interactions that can contribute to novel and 
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improved therapeutics for a variety of diseases. Furthermore, the experimental setups 

presented herein can be applied to future molecular dynamics and SFX applications for 

protein nanocrystal samples to aid in structure-based discovery efforts of therapeutic 

targets that are difficult to crystallize. 
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CHAPTER 1 

INTRODUCTION  

GPCRs: Why We Care and What They Do  

G-Protein Coupled Receptors (GPCRs) facilitate downstream effects for most 

extra-cellular signals in eukaryotic cells. Various signals are received by this diverse 

family, including light, taste, hormones, and odors. In all, there are over 800 GPCRs 

encoded in the human genome [1]. The family is divided into five distinct subfamilies: 

Class A (Rhodopsin, 719 receptors), Class B (Secretin, 15), Class C (Glutamate, 22), 

Adhesion (33), and Frizzled (11) [1]. GPCRs are integral membrane proteins 

characterized by numerous conserved features including, a seven-transmembrane (TM) 

α-helical bundle, and an extracellular N-terminus, and an intracellular C-terminus. In 

class A GPCRs, ligands bind either near the extracellular end or inside the TM bundle 

and facilitate the activation of the receptor. Upon activation, conformational changes in 

the TM bundle (e.g., the outward movement of TM6) allow for the binding of a 

heterotrimeric G-protein [2, 3]. G-proteins are composed of three subunits (Gα, Gβ, & 

Gγ). In the inactive state, the G-protein complex contains a guanosine diphosphate (GDP) 

bound Gα along with Gβ and Gγ-subunits. Upon receptor activation, the GDP is 

hydrolyzed, which allows the Gα to bind the receptor. Next, the binding of guanosine 

triphosphate (GTP) [1] to Gα destabilizes interactions with the receptor and the Gβγ 

complex. The GTP-bound Gα, as well as the Gβγ complex, can then freely interact with 

downstream proteins and begin the signaling cascade [4]. After the signal is received by 

the receptor and sent through the G-proteins, the signal must be terminated.  To facilitate 

this, a GPCR Kinase (GRK) phosphorylates the intracellular side of the activated 
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receptor. This leads to the binding of a different protein, an arrestin, that has a high 

affinity for the phosphorylated receptor. The binding of the arrestin blocks the binding of 

other G-proteins, thus desensitizing the receptor. Arrestin-bound receptors are then taken 

through endocytosis, recycled, re-sensitized, and shipped back to the membrane [5-7].  

 

Over 20 Gα proteins are encoded in mammalian genomes [8]. These proteins are 

divided into four distinct subtypes: Gαs, Gαi, Gαq, Gα12 [9]. Many GPCRs are capable of 

selectively binding multiple Gα subfamilies [10], which can lead to numerous signaling 

cascades originating from the same receptor. With over 800 receptors and the possibility 

of a variety of signaling cascades originating from the same receptor, it is easy to see the 

significance of this family in human physiology. Furthermore, GPCRs are widely 

recognized as potent drug targets. As of 2019, approximately 460 drugs targeting GPCRs 

Figure1. 1 Typical GCPR signaling. Conformational changes upon ligand binding allow for the G-protein to bind the 
activated receptor. After binding, GDP bound to the Gα is exchanged for GTP. The G-protein dissociates, and the 
subunits interact with effector proteins to start the signaling cascade. A GPCR kinase phosphorylates the activated 
receptor and GTP is re-exchanged for GDP in the Gα subunit. The G-protein trimer is reformed and an arrestin protein 
binds the phosphorylated receptor. The arrestin—receptor complex is internalized for either degradation or recycling 
back to the membrane. 
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are approved by the Food and Drug Administration (FDA)- accounting for ~35% of all 

FDA approved drugs [11-13]. These drugs bind at over 100 unique GPCR targets and are 

intended to treat numerous disease states, including diabetes, depression, migraines, 

Parkinson’s, cardiovascular disease, schizophrenia, and allergenic symptoms [13].  

 

Structural Discovery of GPCRs 

The first crystal structure of a mammalian GPCR was that of bovine rhodopsin in 

2000 [14]. Unfortunately, structures of other GPCRs proved difficult to obtain. First, 

unlike bovine rhodopsin, other GPCRs are not expressed in enough abundance to isolate 

from a natural source. This meant that recombinant protein expression must be 

performed. Secondly, rhodopsin is stabilized by a covalently bound 11-cis-retinol 

molecule, which greatly stabilizes an inactive conformation in dark environments. Other 

GPCRs are conformationally unstable and routinely sample large conformational spaces 

[15]. These issues were overcome in 2007 with the crystal structure of the β2-Adrenergic 

receptor (β2AR) [16]. The β2AR was expressed at high levels using a baculovirus 

Figure 1.2 A) GPCRs make up ~35% of all FDA approved drug targets. B) A pie chart shows the breakdown of 
which GPCR subfamilies compose the most FDA approved drug targets.  
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expression system in insect (sf9) cells. Furthermore, conformational space was limited by 

both the incorporation of a fusion protein (T4-Lysozyme) into the 3rd intracellular loop of 

the receptor as well as purification in the presence of a high-affinity ligand carazolol [15]. 

Lipidic Cubic Phase (LCP) technology was also necessary for the crystallization of the 

β2AR [17, 18]. LCP-crystallization is a method wherein the protein of interest is mixed 

with a lipid host, most typically monoolein. In the cubic phase, continuous bilayers form, 

providing a stable environment wherein the membrane protein can freely diffuse. LCP 

technology has since proved invaluable in the structural discovery of GPCRs and other 

membrane proteins [19]. Following the β2AR structure, key technological advancements 

facilitated the structural discovery of many more GPCRs. These advancements include: 

Baculovirus Expression, LCP-Crystallization [17, 18], Advances in Receptor Engineering 

[20, 21], LCP-FRAP [22], LCP-Tm [23], Nanobody Stabilization [24], and other 

biophysical assays to probe receptor stability [25]. While crystallography has dominated 

the structural discovery of GPCRs, Cryo-Electron Microscopy (Cryo-EM) has recently 

been shown to be effective for structural elucidation of GPCR-G protein complexes [26-

28]. Unfortunately, most receptors alone, at sizes of approximately 40-50 kDa, do not 

meet the size requirement to elucidate high-resolution structures from Cryo-EM. Still, 

Cryo-EM is valuable in studying protein-protein interactions within the complexed 

structures of GPCRs [27]. Altogether, there are 346 GPCR structures arising from 64 

unique receptors in the GPCR database [13]. These structures have facilitated significant 

insights regarding GPCR function as well as structure-based drug design. However, with 
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over 800 receptors in the family and only 64 unique receptor structures, over 90% of 

GPCRs are still lacking high-resolution structural information.  

A Brief Introduction to X-ray Crystallography  

In 1912, the German physicist Paul Ewald described the optical properties of 

crystalline solids in his doctoral dissertation. While his interests were initially focused on 

the visible spectrum, his discussions with a colleague, Max Von Laue, inspired Laue to 

perform his own experiments. Laue believed that because the distance between atoms in a 

crystalline solid is on the same order of magnitude as the wavelength of X-rays, crystals 

could behave as a diffraction grating for an X-ray beam [29]. Laue’s experiments soon 

showed that X-rays are elastically scattered in various directions upon striking a 

crystalline solid. With this discovery, the field of X-ray Crystallography was born and 

Laue was awarded the 1914 Nobel Prize. The 1915 Nobel Prize was then awarded to the 

father-son team of W.L Bragg and W.H Bragg, who described mathematics behind the 

angles necessary for the coherent or incoherent scattering of X-rays (termed Bragg’s 

law). Yet another Nobel prize was awarded to John Kendrew and Max Perutz in 1962 for 

Figure 1.3 Total number of Unique GPCR structure from 2000 – 2019. Interesting highlights or technical innovations 
are highlighted in the year of publication. 
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their work on the first crystallographic protein structure of sperm whale myoglobin [30]. 

Since the first protein structure was solved in 1958, the crystallography of biological 

macromolecules has developed dramatically. To date, the Protein Data Bank (PDB) 

contains 149,238 protein structures, of which 134,187 were solved from X-ray diffraction 

[31].  

Diffraction and Data Analysis  

 When X-rays are diffracted by a crystalline, the resultant waves can cancel each 

other out through destructive interference. However, the constructive interference, where 

the waves are added together occurs at specific distances as defined by Bragg’s law, 

results in the diffraction spots that we see during data collection. The intensities of these 

diffraction spots (called Bragg spots) are related to the electron densities of the target 

molecule. While the overall patterns of these Bragg spots correlate with the unit cell of 

the crystal, the intensity yields information about the density of electrons in the crystal. 

Each diffraction spot is the intensity of the wave summation with a scattering angle at 

Bragg’s condition. Unfortunately, diffraction patterns only yield information about the 

intensity (or the squared amplitude) of the Bragg spot, and the phase information is lost 

(coined the ‘phase problem’) [32]. Without phase information, it is impossible to 

determine the location from which the Bragg spot arose, and therefore impossible to 

solve the structure. The phase problem can be solved through either isomorphous 

replacement via Single-wavelength anomalous diffraction [33] [34]/Multi-wavelength 

anomalous diffraction (MAD), or through Molecular Replacement (MR) [35]. 

Isomorphous replacement is necessary when no closely related structures are available 

and requires two distinct datasets. First, from the native protein crystal, and second, from 
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crystals soaked with a heavy metal such as mercury, platinum, or gold [36]. The 

differences between the two datasets should be due to the heavy atoms; therefore, their 

position related to the rest of the protein atoms can be determined. The peaks generated 

from these heavy atoms provide a starting point for phasing the rest of the protein. MR is 

used when a model closely related to the protein of interest is available. This approach 

uses the known structure factors from the template model and fits the experimental data 

accordingly [36]. With both phase and amplitude information in hand, a structure model 

can soon follow. While the mathematics behind X-ray crystallography is rigorous, a 

series of programs and suites has allowed access to users from many areas of expertise.  

 Synchrotron Radiation  

Synchrotron X-ray sources have traditionally been the workhorse of protein 

crystallography. However, a few bottlenecks have plagued the method. First, is the need 

for large, well-diffracting crystals. Traditionally, to generate a structure model at better 

than 3.5 Å resolution, crystals commonly have to be at least 20 µm in each dimension 

[37]. Optimizing crystallization conditions is a difficult and time-consuming process. 

Therefore, the need for large protein crystals is generally the greatest bottleneck that is 

elucidating a structure of a protein target. Second is the radiation damage that occurs 

Figure 1.4 Typical workflow during X-ray crystallography. Diffraction patterns are collected from crystal samples. 
The phase problem is fixed via isomorphous replacement or molecular replacement. Solving the phase problem 
yields electron density maps that a model is fitted to. After numerous rounds of refinement, the final structure 
model is determined. 
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during data collection. Primary radiation damage is dependent on the X-ray “dose” and 

involves the breaking of bonds or damage to the molecule due to exposure to the X-ray. 

Secondary damage, however, is dependent on time and temperature and is related to the 

propagation of those species from primary radiation damage (e.g., free radicals) through 

the crystal sample causing more damage [38]. To limit the spread of secondary radiation 

damage, crystals are cooled and processed at cryogenic temperatures [38]. Despite these 

drawbacks, synchrotron radiation has resulted in most protein structures to date. When 

performing diffraction experiments at a synchrotron, single protein crystals are harvested 

and immediately flash-frozen in liquid nitrogen. These cryo-cooled crystals are then 

shipped to the beamline and mounted in front of the beam. It is commonly necessary to 

grow and harvest numerous crystals to collect a complete dataset [39].  Synchrotron X-

rays are generated from electrons that have been accelerated to near the speed of light in a 

circular storage ring. Interactions with various magnets change the direction of the 

electrons – causing them to emit powerful radiation in the form of X-rays. The resultant 

X-rays are directed toward various beamlines at the facility. 

X-Ray Free Electron Laser (XFEL) Radiation  

The first X-ray Free Electron Laser (XFEL) was the Linac Coherent Light Source 

(LCLS) at Stanford University [40]. Soon after, protein structures from nanocrystals were 

solved using the Serial Femtosecond Crystallography (SFX) [41]. At an XFEL, electrons 

are accelerated to high speed and then passed through a long series of magnets called an 

undulator. Like a synchrotron, as the electrons are affected by the magnetic field, they 

emit X-rays. However, these X-rays interact with the electrons, speeding some up and 

slowing some down. The result is a “packing” of the electrons in discrete “bundles,” a 
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process called Self-Amplified Spontaneous Emission (SASE) [42]. This “bundling” of 

the electrons imparts a very important property to XFEL radiation, the electrons in a 

bundle emit their radiation in phase with one another (the resulting X-rays are called 

“coherent”). Moreover, X-rays from FELs are thousands of times brighter than those 

generated at synchrotron sources. There are multiple benefits of using an XFEL 

compared to traditional synchrotron radiation. First the femtosecond X-ray pulses that 

originate from these beams are faster than the time it takes for atoms to move. This 

means that diffraction patterns from each pulse are recorded before radiation damage has 

a chance to interfere with data collection, a phenomenon that has been termed 

“diffraction before destruction” [43]. Secondly, small crystals (e.g. < 5 µm3) are capable 

of diffracting to high resolutions [41, 43-45]. This is due to the fact that the beams 

generated from XFELs are thousands of times more intense than those generated by 

synchrotrons [43]. Unlike data collection at a synchrotron, Serial Femtosecond 

Crystallography (SFX) at an XFEL utilizes thousands of nanocrystals that are injected 

directly into the beam. Technological advancements concerning sample injectors and 

different viscous media have allowed both soluble and membrane proteins to be studied 

at XFELs [46-49]. Furthermore, SFX has been especially effective in the structural 

elucidation of GPCRs as growing large crystals is especially difficult given the dynamic 

nature of the proteins [45, 50, 51]. To date, there are only six XFELs in the world, 

making beamtimes at these facilities a hot commodity. To be sure, the greatest obstacle in 

performing SFX is getting access to the XFEL itself.  

Molecular Dynamics  
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 While crystallographic structures of proteins are vital in our understanding of 

protein biochemistry, there are many important questions that can’t be answered from 

static pictures. Though crystal structures may clearly identify specific residues involved 

in ligand binding, other processes, such as the conformational changes or mechanisms 

behind binding/signaling events, are difficult (if not impossible) to determine via 

traditional crystallography. Molecular Dynamics (MD) simulations give researchers the 

ability to investigate these kinds of questions. The first MD simulations were published in 

1957 by Alder and Wainwright [52]. These simulations probed the phase transition of 

hard spheres. However, it would be 20 years before McCammon et al. published the first 

protein simulations outlining the dynamics of the bovine pancreatic trypsin inhibitor [53]. 

Since these initial simulations, the last 40 years have seen many innovations in MD. 

Today, a multitude of forcefields have been developed that allow scientists to accurately 

model solvents, proteins, lipids, and more. While some scientists dedicate their entire 

careers to developing new and better forcefields, many simulators focus on utilizing 

available programs to probe interesting physical phenomena. It is the responsibility of 

researchers to choose the best forcefield for their own experimental needs.  

MD is based on Newton’s second law of motion, F = ma, where F is the force on 

a given particle, m is the particle’s mass, and a is the acceleration of the particle. If we 

know the force on each atom, the acceleration can be calculated as well. Furthermore, the 
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integration of Newton’s second law yields information about the position, velocity, and 

acceleration of each atom in a simulation (Eq.1b). 

 

A further derivation of Newton’s second law provides insight into how 

information is collected in MD. In equation 1C, we can see that the position of an atom at 

any given time can be calculated as a function of the acceleration (a), initial velocity (vo), 

and initial position (ro) [28]. The acceleration of the atom is given by the derivative of the 

potential energy with respect to the atom’s position (eq. 1D). A consequence of equation 

1C is that MD simulations are deterministic, meaning that a particle’s velocity and 

position at any time is determined by the initial starting velocity/position. For proteins, 

the initial positions of each atom can be obtained from known structures (determined by 

crystallography, NMR, or Cryo-EM) or homology models, and the initial velocities are 

typically generated randomly from the Gaussian distribution of a given temperature. 
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Finally, to calculate the trajectories of atoms in a simulation, Newton’s laws of motion 

must be integrated. Integration methods are based on a Taylor series (Eq. 2A-C).  

 

 

The Verlet algorithm, commonly used in MD simulations, utilizes the positions 

and velocities from time (t) and the positions and velocities from time (t -Δt), to calculate 

the new positions at time (t +Δt) (Eq. 2f). Many different integration algorithms have 

been developed and have their own set of strengths and weaknesses. Likewise, many 

different potential energy functions have been developed, such as the commonly used 

CHARRM [54] and AMBER [55] forcefields. Moreover, numerous programs have been 

developed to run and analyze MD simulations, including GROMACS [56], NAMD [57], 

and OpenMM [58]. The basic algorithm for MD follows a workflow described here. 

First, atoms are given initial positions, velocities, and acceleration and time is set to zero. 

Next, the forces on each atom are calculated from the potential energy function 
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(forcefield). Newton’s equations of motion are then solved for each atom, and the atoms 

are moved to their new positions with new velocities. The properties of the system 

(energy, temperature...etc.) are then calculated and saved. Lastly, the time step is moved 

forward, and the process repeats for as many time steps as specified by the simulator. 

This cycle is outlined in detail in figure 5.  

 

Figure 1.5. A general outline for MD simulations.  

MD simulations, while different for every hypothesis being tested, will generally 

follow the same basic workflow: 1) System Preparation, 2) Minimization/Relaxation, 3) 

Equilibration, and 4) Production [33]. System preparation is focused on preparing the 

starting state of the system of interest. For example, to simulate a membrane protein, a 

structure model of the protein would need to be inserted into a lipid bilayer and a forcefield 

(potential energy function) would be applied to the new system. System preparation 

consists of two important components, building the system in the correct starting state (e.g., 

placing a protein in a membrane or solvating a protein in water) and applying appropriate 
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forcefields. After the system is prepared, a minimization/relaxation run must be performed. 

When proteins crystallize, the atoms may be locked in certain configurations that are not 

energetically favorable in the solvated state. Because most structure models used for MD 

originate from crystal structures, minimization allows these potentially high-energy 

interactions to “relax” as the system seeks a local free-energy minimum in which to settle. 

Failure to run minimization during MD could result in the system “blowing up” and the 

simulation fails. Changes from the initial starting state, if included in the simulation data, 

could make an analysis of the simulation difficult. Moreover, the simulations are generally 

considered in a specific macrostate of the whole ensemble with defined thermodynamic 

parameters, such as pressure, temperature, and system volume. In energetic terms, 

simulators want to ensure that any local minima are avoided and start from the most 

probable and energetically favorable configuration in the thermodynamic ensemble of 

interest. For these reasons, the system must be thoroughly equilibrated before the 

simulation begins. The equilibration phase may also be useful to ensure a constant 

temperature, pressure, or anything other metric depending on the simulation parameters. 

Determining whether the system has been sufficiently equilibrated is not trivial. In general, 

the simulator will ensure that important characteristics of the system are no longer changing 

with respect to the starting state. Though small changes and variations may be recorded in 

important characteristics (equilibrium is not a static state), an equilibrated system will 

fluctuate around a set value. For example, Root Mean Squared Deviation (RMSD) from 

the starting structure is an important metric when simulating proteins. Upon starting the 

simulation, one would expect the protein to sample different conformations from the 

starting state and eventually settle into the most energetically favorable. An RMSD plot for 
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a fully equilibrated protein would increase from the first time point and eventually level 

off when the most probable state is reached. After equilibration, a production run is 

performed, and the data is stored and analyzed.   
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CHAPTER 2 

UNDERSTANDING THE RELATIONSHIP BETWEEN GPCRS AND 

CHOLESTEROL  

GPCRs Reside in Lipid Rafts 

The plasma membrane, located on the outside of eukaryotic cells, is mainly 

comprised of phospholipids that form a bilayer based on the hydrophobic/hydrophilic 

dichotomy of the molecules. In practice, the plasma membrane is often visualized as a 

mostly empty bilayer that contains a few sporadically placed integral membrane proteins. 

In fact, the first plasma membrane models were hypothesized in this way, without even 

incorporating proteins [1]. However, this simple phospholipid model could not account 

for the observed membrane phenomenon, such as electric resistance. Until 1972, the best 

accepted models were the Davidson-Danielli Tri-Layer Model [1, 2] and Robertson’s 

Unit Membrane Model [3, 4]. The Tri-Layer Model revolutionarily asserted that proteins 

were found in the plasma membrane and were the reason for the phenomena that Gorter’s 

simple phospholipid model could not explain. This model consisted of a “protein-lipid-

protein sandwich.” Similarly, Robertson’s model was comprised of four layers-two lipids 

and two protein. The overall width of Robertson’s model was ~70 Ångstroms wide and 

consisted of two distinct zones (named the electron light and electron-dense zones) [4]. In 

1972, Singer and Nicolson published the Fluid-Mosaic Model, the model that is accepted 

today [5] (Fig. 3.1). As constructed at the time, the Fluid-Mosaic Model was comprised 

of a simple phospholipid bilayer with integral membrane proteins and glycoproteins 

interspersed. Since the initial publication, the model has undergone subtle changes as new 

information has become available [3]. For example, one year after Singer and Nicolson’s 
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model was published, hypotheses concerning compartmentalization of the membrane 

became popular after a study by Yu et al. showed that membranes could be sectioned into 

detergent resistance or friendly sections [6].  These observations led to the Lipid Raft 

hypothesis that is still being explored today [7]. Unfortunately, much of the data 

regarding lipid rafts and membrane sectioning is ambiguous, making it difficult to draw 

concrete conclusions. To ease this difficulty, a precise definition of lipid rafts was 

developed and released in 2006 [8]. The consensus was that lipid rafts are membrane 

domains that compartmentalize cellular processes and are characterized as heterogeneous, 

small (10-200 nm), dynamic, and cholesterol and sphingolipid rich. These small rafts can 

then form larger (microscopic >300 nm) domains upon protein-lipid or lipid-lipid 

interactions [8]. Though much of the function and many of the characteristics of lipid 

rafts are unknown, they play a clearly important role in human physiology [9, 10]. 

Cholesterol and saturated lipids change the biophysical properties of these lipid rafts. 

Cholesterol, for example, orders the membrane and modulates membrane fluidity and 

permeability [11, 12]. These changes can have large physiologic consequences as 

evidenced by Cooper et al., who showed that an increase in membrane cholesterol 

shorted the survival of red blood cells in vivo [11]. Proteins that are post-translationally 

modified with lipid groups (palmitoylation, for example) are known to have an affinity 

for lipid rafts [13, 14]. G-Protein Coupled Receptors (GPCRs), the main focus of this 

dissertation, are palmitoylated after translation and are commonly found residing in lipid 

rafts [15-17]. Practically, it is hypothesized that membrane proteins are separated into 

these distinct rafts as a mechanism to keep each signal clean and unaffected by the 

various other pathways operating simultaneously. For GPCRs, one take-home message is 
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clear- receptors operate in ordered, cholesterol-rich domains of the membrane. It is 

therefore not surprising that cholesterol is ubiquitous in GPCR literature.  

 

Figure 2.1 Models of the lipid bilayer throughout history. The first models were 

composed of a simple bilayer. Next, the Tri-Layer and Unit Membrane models had a 

“protein-lipid sandwich” system where proteins formed a layer on both the inside and 

outside of the membrane. The Fluid-Mosaic Model, the model accepted today 

incorporated integral membrane proteins into the bilayer. The updated Fluid-Mosaic 

Model shows an ordering or sectioning of the membrane into lipid rafts that house 

integral membrane proteins.  

GPCRs are modulated by cholesterol 

A short dive into the literature will quickly show that cholesterol is of utmost 

importance in GPCR physiology. Cholesterol hemi-succinate, a detergent derivative of 

cholesterol, is universally utilized to solubilize GPCRs from lipid bilayers as it imparts 

“bicelle” characteristics to the detergent and has been shown to stabilize receptors [18]. 

Furthermore, the addition of cholesterol into the host lipid during Lipidic Cubic Phase 

(LCP) crystallization has been shown to increase receptor thermal stability [19] and is 
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considered essential in the growth of well-diffracting GPCR crystals [20]. Furthermore, 

numerous receptors have been shown to be affected by the modulation of membrane 

cholesterol levels [21] (Table 1). Membrane cholesterol levels have been shown to affect 

the binding affinity of ligands at various receptors. Interestingly, there is evidence that a 

high cholesterol environment has caused receptors to show a decreased affinity for 

certain ligands while showing an increased affinity for others. It is therefore hypothesized 

that cholesterol could be involved in biased signaling (the receptor preferring to signal 

through a specific pathway/G-protein rather than another) or simply stabilize specific 

active/inactive conformations. Cholesterol is also known to modulate downstream 

signaling of receptors and has even been implicated to play a key role in the homo-

dimerization of the β2AR [22]. Unfortunately, little is understood about the mechanisms 

behind these modulations, and in many cases the scientific literature is difficult to 

rationalize. The type-1 cholecystokinin receptor (CCK1R), for example, shows increased 

agonist affinity from cholesterol enrichment of the membrane while simultaneously 

showing a decrease in downstream signaling [23, 24]. The picture is made cloudier (but 

admittedly more interesting) when attention is brought to homologous receptors that 

behave differently regarding cholesterol. In short, despite the receptors sharing very high 

sequence homology and cholesterol recognition motifs, one receptor is modulated by 

cholesterol and the other is completely insensitive [24, 25].  
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Receptor Effect of Cholesterol References 

β2AR Enhanced signaling upon 

cholesterol 

depletion/Thought to be 

involved in receptor homo-

dimerization 

[26-28] 

5HT1A Ligand binding 

effected/Reduced G-

protein coupling 

[29-31] 

Rhodopsin Decreased receptor 

activation upon cholesterol 

modulation 

[32, 33] 

CCR5 Decreased downstream 

signaling upon removal of 

cholesterol 

[34, 35] 

CXCR4  Decreased downstream 

signaling upon removal of 

cholesterol / 

Conformational changes 

[35, 36] 

CB1R Removal of cholesterol 

increases ligand 

binding/Important in 

correct trafficking of the 

protein 

[25, 37, 38] 

CCK1R Cholesterol modulation 

affects ligand binding and 

downstream signaling 

[23, 24, 39] 

SMO Cholesterol acts as an 

endogenous ligand to 

activate the receptor 

[40] 

GAL2R Reduced Cholesterol 

inhibited ligand binding 

[41] 

5HT7A Reduced Cholesterol 

inhibited ligand binding 

and downstream signaling 

[42] 

mGluR Reduced cholesterol 

inhibited ligand binding 

[43] 

δ-Opioid Reduced cholesterol 

modulated ligand binding 

[44] 

κ-Opioid Reduced Cholesterol 

increased ligand affinity 

[45] 
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µ-Opioid Ergosterol found to lock 

receptor in an inactive state 

[46] 

OXTR Cholesterol required for 

proper ligand binding 

[47, 48] 

NK1R Removal of cholesterol 

abolished signaling from 

the receptor 

[49, 50] 

M2R Cholesterol promotes 

antagonist binding 

[51] 

T2R4 Cholesterol found 

necessary for optimal 

signaling 

[52] 

A2aAR Ligand binding is affected 

by cholesterol 

[53, 54] 

NTS1 Dimerization is promoted 

by cholesterol 

[55] 

Table 2.1.  A list of receptors known to be sensitive to membrane cholesterol levels 

Evidence suggests that both specific receptor-cholesterol interactions and the 

more general effects of the membrane could be responsible for receptor modulation, 

leading experts to conclude that a general rule concerning cholesterol-based modulation 

of GPCRs would be arbitrary, and it could be that both specific and general cholesterol 

effects are involved in the effects described above [56]. The strongest evidence for 

specific receptor-cholesterol interaction is seen at the smoothened receptor (SMO). The 

structure of the SMO revealed a cholesterol molecule bound in the extracellular cysteine-

rich region of Class-F receptors [57]. Furthermore, cholesterol is known to act as the 

endogenous ligand for SMO and activate the frizzled signaling pathway [58]. Recently, in 

silico research (and in vitro validation) have yielded evidence that oxysterols bind 

specifically to and modulate GPR183, PY and CXCR2 [59, 60]. It is hypothesized that 

cholesterol (or oxidized cholesterol derivatives) may act as allosteric “ligands” that 

modulate the function of some receptors. Molecular Dynamics (MD) simulations have 

also shown evidence of cholesterol entering the binding pocket of the A2a Adenosine 
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receptor [61]. However, most affinities may fall under that category of “slippery hot 

spots” coined by Sarkar and Chattopadhyay [62]. In other words, receptor-cholesterol 

interactions may be mostly transient with very quick off-rate. Still, these transient 

affinities are centered around specific regions and motifs on the receptor.  

The general effects of cholesterol on lipid bilayers are also known to modulate 

GPCR function. Rhodopsin, a photoceptor in the eyes, is known to be regulated between 

inactive and active states by cholesterol [63]. Specifically, the equilibrium between these 

states was found to be due to the cholesterol-induced changes in the free volume 

available for molecular motion inside the hydrophobic core of the bilayer [64, 65]. 

Additionally, changes in bilayer thickness and membrane curvature have been found to 

be enough to modulate the function of Rhodopsin [66], both of which are known 

consequences of cholesterol on a biological membrane [67, 68]. Thus, in the case of 

Rhodopsin, general effects on the bilayer are sufficient to explain the modulation of the 

receptor. Cholesterol’s effects on membrane viscosity and dipole potential can be used to 

explain the modulation of the 5HT-1A serotonin receptor [56]. Though much evidence 

suggests that the 5HT-1A interacts specifically which cholesterol molecules, again, the 

general effect on the membranes is sufficient to explain much of cholesterol’s effect on 

receptor function [56]. Additionally, membrane fluidity was found to be of major 

importance in the function of the CCK1R [47]. After the removal of cholesterol, sterol 

analogs were used to restore membrane fluidity. Restoration of membrane fluidity in the 

absence of cholesterol was found to support CCK1R function, allowing for the hypothesis 

that cholesterols' effects on the fluidity of the membrane were more important in the 

sensitivity of the CCK1R than specific allosteric modulation via cholesterol.  
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There is little consensus on how cholesterol induces changes in receptor function, 

and it would be irrational to apply one mechanism of action to every GPCR found in the 

human genome. It may be that some receptors are modulated by the general effects, while 

others rely on specific cholesterol binding events. Moreover, it is entirely plausible that 

receptor sensitivity could be due to a combination of both general and specific effects of 

cholesterol [56].   

Structural Data and Binding Motifs 

 Cholesterol is essential for the crystallization of GPCRs in LCP [20]. In nearly 

every published crystal structure of GPCRs, the receptor was crystalized in a host lipid 

(typically monoolein) supplemented with 10% cholesterol. Unsurprisingly, cholesterol 

densities are commonly found in the crystallographic datasets arising from GPCRs (Table 

2). Over 60 structures arising from 14 different GPCRs in the PDB contain at least one 

cholesterol molecule near the receptor. It is worthwhile to note that while receptors are 

commonly crystallized from lipid bilayers, the cholesterol interactions found in structure 

models may not represent physiological conditions. Still, the first important structural 

information regarding receptor-cholesterol interactions was found on the β2AR (PDB: 

3D4S) and included two cholesterol molecules near the receptor. [69]. It was made 

particularly clear during structural analysis that these cholesterol molecules were not 

involved in crystal packing and so the hypothesis was developed that cholesterol was 

interacting specifically with the β2AR. Subsequent analysis lead to the discovery of the 

Cholesterol Consensus Motif (CCM), a cholesterol recognition site that is well conserved 

across Class-A GPCRs [69]. The CCM motif is located in a cleft between transmembrane 

helices 2 and 4 and consists of 4 amino acids: W/Y4.50 (94% conserved in Class-A 
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GPCRs), R/K4.39-4.43, I/L/V4.46, and F/Y2.41 (Ballesteros/Weinstein numbering 

(Ballesteros, 1995 #60)) (Fig. 3.2). Altogether, 21% of Class-A GCPRs contain the strict 

form of the CCM. However, a slightly revised CCM does not require an aromatic amino 

acid at position 2.41 and is conserved across 44% of Class-A GPCRs. Since its discovery, 

the structures of other receptors have shown cholesterol at the CCM, including the CB1R 

and the P2Y12R [70, 71]. Interestingly, a similar motif was found to be essential for 

correct trafficking and incorporation into lipid rafts for a hemagglutinin from the 

Influenza virus [72]. Beyond the other effects on GPCR physiology above, it is possible 

that the CCM motif could play an important role in the proper trafficking of GPCRs to 

lipid rafts.  

 

Figure 2.2. Cholesterol recognition motifs on GPCRs. A) The CCM motif is discovered 

on the β2AR. The residues that make up the CCM motif are highlighted in dark blue. A 

cholesterol molecule bound to the CCM motif is shown in green. B) CRAC sequences are 

shown on a homology model of the CCK1R. Residues that make the CRAC sequence are 

shown as sticks and bolded in the sequence. Residues in between these important residues 

are highlighted in blue. 
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Table 2.2. A list of GPCR structure models in the PDB that contain cholesterol 

 The Cholesterol Recognition Amino-acid Consensus (CRAC) is the most popular 

cholesterol binding motif in the literature and is regularly observed in membrane proteins 

[73]. A CRAC is a sequence of amino acids that may show an affinity for cholesterol 

Receptor PDB ID 

CB1R 5XRA, 5XR8 

5HT2B 4IB4, 4NC3, 5TVN, 6DSO, 6DRY, 6DRX, 6DRZ 

TP 6IIV, 6IIU 

A2aAR 4EIY, 5IU7, 5IU8, 5IUA, 5IUB, 5IU4, 5K2D, 5K2B, 5K2C, 5K2A, 

5UVI, 5JTB, 5MZJ, 5N2R, 5MZP, 5NLX, 5NM4, 5NM2, 5VRA, 

6AQF, 5OLV, 5OLH, 5OLO, 5OM1, 5OLZ, 5OM4, 5OLG 

US28 5WB2, 4XT1 

mGluR1 4OR2 

µ-Opioid 4DKL, 5C1M 

CCR9 5LWE 

κ-Opioid 6B73 

ETB 5X93 

P2Y1 4XNV 

P2Y12 4PXZ, 4NTJ 

SMO 5L7D, 6D35 

β2AR 2RH1, 3D4S, 3NY9, 3NY8, 3NYA, 3PDS, 5D5B, 5D5A, 5JQH', 

5D6L, 5X7D 
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molecules and follows a simple form. First, a leucine or valine followed by 1-5 amino 

acids of any type, then a central tyrosine residue, again, followed by 1-5 amino acids of 

any type, and finally, an arginine or lysine to terminate the sequence ((L/V)-X1-5-Y-X1-5-

(R/K)) (Fig.3.2). There is controversy in the literature over the predictive nature of the 

CRAC sequence. These issues arise from the “loose” nature of the motif and the wide 

variety of amino acids and length variations (5-13 amino acids long) that could 

theoretically bind cholesterol [74, 75]. Still, even skeptics have shown that protein-

cholesterol interactions have been observed at CRAC sequences and mutation of key 

residues have been found to affect those interactions [74, 76]. These evidences support 

that CRAC sequences can facilitate specific protein-cholesterol binding. However, other 

research has shown that these observations cannot be applied to all cases. For example, 

the central tyrosine residue, considered essential for cholesterol binding at CRAC 

sequences by some studies [74], has been shown to be unimportant for cholesterol 

binding at CRAC sequences on other proteins [76]. It seems, therefore, that while CRAC 

sequences have little predictive value for cholesterol binding, the best view is that they 

are regions of proteins with potential affinity for cholesterol as they contain the proper 

hydrophobic, aromatic, and polar groups necessary to facilitate cholesterol binding. 

CRAC sequences are most commonly found on the upper and lower ends of 

transmembrane helices. This positioning allows the terminal charged residue of the 

CRAC sequence, as well as the hydroxyl group of the cholesterol molecule, to be placed 

in the hydrophilic, charged environment at the end of the membrane. On proteins with 

multiple transmembrane helices, CRAC sequences can be found on both the inner and 

outer leaflets of the membrane. A lesser known motif, called the CARC sequence, is also 
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known to interact with cholesterol. Simply put, the CARC sequence is simply a reversed 

sequence of the CRAC sequence ((R/K)-X1-5-(Y)-X1-5-(L/V)).  

CRAC sequences are commonly found on GPCRs and may have important 

functional implications [77]. It is undeniable that some receptors are affected by the 

presence of these CRAC sequences. The 5HT1A receptor contains numerous CRAC 

sequences that are evolutionarily conserved and thought to be important for the function 

of the receptor [78]. The CB1R contains a CRAC sequence on transmembrane helix 7 that 

was shown to be the cause of the differential sensitivity of the CB1 and CB2 receptors. 

Strikingly, the removal of this CRAC sequence via mutation abolished the cholesterol 

sensitivity of the CB1R [25]. Mutations of a CRAC sequence on the CCK1R has been 

implicated to be important in the cholesterol sensitivity of the receptor [23]. Furthermore, 

a taste receptor, T2R4, known to be modulated by cholesterol was made insensitive to 

changes in membrane cholesterol levels upon mutagenesis of a CRAC sequence on helix 

3 [79]. It is important to note, however, that the presence of a CRAC sequence does not 

ensure cholesterol binding or sensitivity. The CCK subfamily of Class-A GPCRs is a 

perfect example. Despite sharing nearly identical cholesterol recognition motifs with the 

cholesterol sensitive CCK1R, the CCK2R is completely insensitive to the amount of 

cholesterol in the membrane [24]. So, evidence from one subfamily (CB1/2R) shows that a 

specific CRAC sequence is vital in the cholesterol sensitivity of the receptor. However, 

evidence from a different subfamily (CCK1/2R) shows that their shared CRAC sequences 

may not be the reason for the cholesterol sensitivity of the receptor. Clearly, a one-size-

fits-all approach to cholesterol-GPCR interactions is a poor tactic.  
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Methods to identify cholesterol sensitivity of GPCRs  

 Nearly every study probing cholesterol sensitivity of GPCRs relies on the 

modulation of membrane cholesterol levels or limiting the availability of cholesterol in 

the host cells. After cholesterol is modulated, numerous assays can be run to 

quantitatively analyze receptor function. These assays often include competitive ligand 

binding to analyze the receptor’s ability to bind endogenous/exogenous ligands or 

downstream signaling assays to measure the levels of various signaling species that arise 

after receptor activation (such as Ca2+ or cAMP).  

Researchers have been able to modulate membrane cholesterol content through an 

array of techniques. Perhaps the most common of which is the use of a specific carrier 

molecule such as Methyl-β-cyclodextrin (MβCD). MβCD is a cyclodextrin oligomer of 

glucose that preferentially chelates cholesterol [80] (Fig. 3.3). One particular benefit of 

using cyclodextrins is the ability to preload the molecules with cholesterol or other sterols 

to supplement back into the membrane [81]. This allows researchers to both remove and 

supplement cholesterol. MβCD has been used to analyze the sensitivity of numerous 

GPCRS, including cannabinoid[37, 38], CCK [24], 5HT-1A [30], galanin [41], rhodopsin 

[65], and oxytocin [47].  
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Another technique involves the oxidation of membrane cholesterol with 

cholesterol oxidase [82]. This strategy allows researchers to change the nature of 

cholesterol in the membrane without physically removing cholesterol. Thus, treatment 

with cholesterol oxidase is associated with only mild effects on the membrane, which 

could be better when probing for the specific effects of cholesterol on receptor function. 

Additionally, this approach changes cholesterol at the hydroxyl group, making it valuable 

for studies interested in the function of the hydroxyl. Modulation via cholesterol oxidase 

has been used to study the CCK [47], galanin [41], and chemokine receptors [35], among 

others.  

Yet another technique to control membrane cholesterol content is the inhibition of 

cholesterol biosynthesis by selectively inhibiting different enzymes in the cholesterol 

synthesis pathway. Statins are commonly used to lower cellular cholesterol levels as they 

Figure 2.3 A) The structure of MβCD allows for it to preferentially bind cholesterol and other sterols. MβCD 

alone removes cholesterol from membranes. MβCD preloaded with cholesterol will supplement the 

cholesterol in a membrane. B) Cholesterol synthesis pathway. Inhibitors that are commonly used to reduce 

cellular cholesterol are shown in red.  
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inhibit HMG-CoA reductase, the enzyme responsible for the rate-limiting step in the 

biosynthesis of cholesterol [83, 84] (Fig.3.3). AY 9944, which inhibits the formation of 

cholesterol from 7-DHCR, and triparanol, which inhibits cholesterol synthesis from 24-

DHCR interfere with the final steps in the Kandutsch-Russell pathway and Bloch 

pathway, respectively [85, 86]. Additionally, cholesterol can be controlled via the 

addition of complexing agents into the membrane. These do not change the actual 

concentration of cholesterol in the membrane, instead they sequester cholesterol into 

specific regions of the bilayer, thus inhibiting interactions with receptors of interest.  

In Silico methods to measure receptor-cholesterol interactions  

 The above in vitro experiments have yielded great insight into the modulations of 

GPCRs. Yet, they cannot yield information about if, how, and where cholesterol interacts 

with receptors. Computational methods, specifically Molecular Dynamics (MD) 

simulations, can yield insights into binding locations and receptor conformational 

changes. Briefly, in vitro experiments commonly tell us that a given receptor is 

modulated by cholesterol. In contrast, MD can give us information on why or how a 

receptor is modulated.  

 In standard GPCR-lipid simulations, course-grained simulations are preferred 

because of their better sampling efficiency. Effectively sampling lipid (or cholesterol) 

diffusion and binding require long-time scales (>1 µs). Fully atomistic simulations, while 

providing more explicit details than coarse-grain, are computationally expensive and 

difficult to push past the microsecond timescale. The most commonly used forcefield for 

coarse-grain GPCR-lipid simulation is the MARTINI forcefield [87].  The MARTINI 

forcefield has been shown to be computationally efficient while accurately reproducing 
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protein-lipid interactions [88]. Furthermore, the forcefield has been extensively validated 

to reproduce similar results to accepted in vivo/vitro assays [89]. However, there are a 

few documented limitations of the MARTINI model. First, lower resolution due to the 

course-grain model. Second, because entropies are generally lower due to coarse-

graining, free energies and enthalpies can differ from true results. Lastly, the method 

wherein MARTINI generates its coarse-grain model greatly limits real conformational 

changes in proteins during simulations [89].  

The MARTINI forcefield is generated based on a four-to-one-mapping. In other 

words, four heavy atoms (plus any hydrogens associated with them) are represented as 

one interaction center, here called a martini particle [89]. Ring-like molecules (like 

benzene rings or cholesterol) are modeled with a 2:1 ratio for nonhydrogen atoms to 

martini particles (Fig. 3.4). Martini particles are divided into four main types: polar, non-

polar, apolar, and charged. Each main type of particle is then divided into subtypes 

indicating either the degree of polarity (1-5) or hydrogen bonding capability (donor, 

acceptor, both, none) [89]. Altogether, there are 18 martini particles in the model. 

../Downloads/Chapter%202_%20Formatted-PLC%20(1).docx#_ENREF_88
../Downloads/Chapter%202_%20Formatted-PLC%20(1).docx#_ENREF_89
../Downloads/Chapter%202_%20Formatted-PLC%20(1).docx#_ENREF_89
../Downloads/Chapter%202_%20Formatted-PLC%20(1).docx#_ENREF_89
../Downloads/Chapter%202_%20Formatted-PLC%20(1).docx#_ENREF_89


  38 

 

  

Aside from the validation listed above, one of the largest benefits of the 

MARTINI forcefield is the limited parameters required for a converged solution during 

the simulation course. The key parameters are timestep, cut-off radii for non-bonded 

potentials, updating the neighbor list, and determining a switch function. Time-steps of 

20-40 fs are commonly utilized [89]. MARTINI uses a Lennard-Jones [90] 12-6 potential 

to characterize non-bonded potentials and a switch function that pushes all non-bonded 

interactions (Lennard-Jones and Coulombic) to zero at a distance of 1.2 nm [87]. 

Additionally, MARTINI support suggests a neighbor list cut-off of 1.2 nm that updates 

every 10 timesteps. Though originally developed for use with GROMACS [91], 

MARTINI has been made compatible with numerous other simulation programs such as 

NAMD [92], Desmond [93], and GROMOS [94].  MARTINI has been shown to be 

Fig. 2.4 Martini mapping examples of selected molecules. (A) Standard water particle representing four 

water molecules. (B) Polarizable water molecule with embedded charges. (C) DMPC lipid. (D) 

Polysaccharide fragment. (E) Peptide. (F) DNA fragment. (G) Polystyrene fragment. (H) Fullerene 

molecule. In all cases Martini CG beads are shown as cyan transparent beads overlaying the atomistic 

structure. 
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effective at simulating GPCR-cholesterol interactions at numerous receptors. Evidence 

supporting the role of cholesterol in the homo-dimerization of the β2AR came from 

simulations with MARTINI [22]. MARTINI was also used to map cholesterol binding 

sites on the 5HT-1A [95]. Similarly, binding pockets on the β2AR and the A2aAR were 

discovered from simulations utilizing a MARTINI forcefield [96]. 

Before simulations can be run, structure models must be prepared and inserted 

into a membrane. If no structure is available, a homology model must be created. 

Numerous software packages are available to create homology models, such as Modeller 

[97]. Even if a structure of the receptor is available, care should be taken before running 

simulations as structure models of GPCRs are commonly generated from crystals of 

highly engineered receptors. Often the incorporation of fusion proteins into intracellular 

loops or the addition of an antibody during purification can lock the receptor into specific 

conformations that could introduce bias into the simulation. In the case of the former, 

fusion proteins should be removed and the endogenous loop can be modeled with the 

software described above. After quality structure models are generated, they are inserted 

into a bilayer. CHARMM-GUI is a trusted program that is commonly seen in the 

literature and has been extensively validated [98]. CHARMM-GUI allows users to 

choose a wide variety of lipid compositions for their own experimental needs. Typically, 

GPCRs are inserted into a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 

bilayer [28, 95, 96]. This POPC bilayer can then be supplemented with whatever 

concentration of cholesterol as deemed necessary by the simulators. Additional 

parameters, such as water molecules and intra/extra cellular salt atoms, can be added to 

mimic physiological conditions. An additional benefit of CHARMM-GUI is its ability to 
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export results compatible with a wide variety of simulation packages [99]. An overview 

of the preparation for GPCR-cholesterol simulations is outlined in figure 3.5.  

Conclusion and Take-Home Messages  

 Cholesterol undeniably plays an important role in GPCR function. Unfortunately, 

much is still unclear concerning this important molecule. Recognition motifs seem to be a 

poor predictor of how/if cholesterol will interact with the receptor, and even if cholesterol 

is found to have an affinity for these motifs, it is not guaranteed that those interactions 

will manifest themselves in the physiology of the receptor. Experts have called for new 

computational and experimental developments to better understand these recognition 

motifs and how they may affect GPCR function [62]. This is the aim of the next chapter 

of this dissertation. To be sure, cholesterol interactions will vary from one receptor to 

another and it may be difficult to come to one consensus on how GPCRs function with 

Fig. 2.5 A general workflow for simulating GPCR-cholesterol interactions. After structure models are built. 

They are course-grained and inserted into a bilayer using software such as CHARMM-GUI. CHARMM-GUI 

outputs can be used in a variety of MD software packages. After the simulation is run, data can be analyzed as 

necessary for the experiment. 
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regards to this molecule. However, one take-home message is certain – GPCRs have a 

strong association with cholesterol, and in some cases this relationship is critical in 

receptor function.  
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Abstract:   

 G protein-coupled receptors (GPCRs) are known to be modulated by membrane 

cholesterol levels, but whether or not the effects are caused by specific receptor-cholesterol 

interactions or cholesterol’s general effects on the membrane is not well-understood. We 

performed coarse-grained molecular dynamics (CGMD) simulations coupled with 

structural bioinformatics approaches on the β2-adrenergic receptor (β2AR) and the 

cholecystokinin (CCK) receptor subfamily. The β2AR has been shown to be sensitive to 

membrane cholesterol and cholesterol molecules have been clearly resolved in numerous 

β2AR crystal structures. The two CCK receptors are highly homologous and preserve 

similar cholesterol recognition motifs but despite their homology, CCK1R shows 

functional sensitivity to membrane cholesterol while CCK2R does not. Our results offer 

new insights into how cholesterol modulates GPCR function by showing cholesterol 

interactions with β2AR that agree with previously published data; additionally, we observe 

differential and specific cholesterol binding in the CCK receptor subfamily while revealing 

a previously unreported Cholesterol Recognition Amino-acid Consensus (CRAC) 

sequence that is also conserved across 38% of class A GPCRs. A thermal denaturation 

assay (LCP-Tm) shows that mutation of a conserved CRAC sequence on TM7 of the β2AR 

affects cholesterol stabilization of the receptor in a lipid bilayer. The results of this study 

provide a better understanding of receptor-cholesterol interactions that can contribute to 

novel and improved therapeutics for a variety of diseases.  
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Introduction:   

G protein-coupled receptors (GPCRs) are the largest family of integral membrane 

proteins in eukaryotic cells. Characterized by a conserved seven transmembrane (TM) 

helical bundle, GPCRs are classified into five distinct phylogenetic families: class 

A/rhodopsin, class B/secretin, class C/glutamate, class F/frizzled, and Adhesion, with the 

vast majority of receptors being found in class A (1) (Fig. 3.1A). GPCRs play essential 

roles in physiological pathways and cell signaling events, making them important potential 

drug targets (2).  

 

Figure 3.1. Location and conservation of important residues across Class A GPCRs. 

(A) Snake plot shows the location of well-conserved residues and motifs in class A 

GPCRs in the transmembrane bundle. B) Cartoon visualization of the most conserved 

residues on each transmembrane helix as well as well-conserved motifs. Eleven well-

studied GPCRs are shown. 

 

GPCRs are commonly found residing in lipid rafts, which are highly ordered 

regions of the bilayer due to their high cholesterol content (3). GPCR sequestration to these 

ordered microdomains had led to the hypothesis that cholesterol acts as an allosteric 

modulator for GPCR functions. Studies involving membrane cholesterol depletion showed 
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specific altered signaling for the 2 Adrenergic Receptor (β2AR) (4), the cannabinoid 

receptor CB1 (5), and serotonin receptor 5HT1A (6, 7); while cholesterol presence is 

required for the high affinity active state of the oxytocin receptor (8, 9). Molecular spatial 

distribution analysis showed high density distribution of cholesterol around Pro7.48 

(Ballesteros-Weinstein numbering) (10) at the bottom of TM7 of rhodopsin associated with 

receptor activation (11) (Fig. 3.1A).  

Additional evidence suggested that other receptors (e.g. Smoothened, chemokine 

receptor CXCR2, and GPR183) may directly bind cholesterol through specific interactions 

(12-15) with multiple specific GPCR-cholesterol interaction sites having been identified 

(16-19). The CCM motif, first characterized from a structure of the β2AR, is strictly 

conserved in 21% of class A GPCRs with 44% of class A receptors containing a slightly 

relaxed form of the motif (19). CRAC sequences, defined as (–(L/V)-(X1-5)-Y-(X1-5)-

(R/K)-), where X1-5 represents 1-5 residues of any amino acid, are considered the most 

well-known cholesterol recognition motif in literature and are found on many GPCRs (17). 

Cholesterol molecules were clearly resolved in the crystal structures of numerous receptors 

(18), but questions remain regarding whether the cholesterol molecules found in these 

crystal structures represent physiologically relevant and specific interactions, or if they are 

simply crystallization artifacts due to the abundance of cholesterol in the lipid bilayer and 

proximity to receptor molecules. 

Alternatively, there is evidence suggesting that the observed cholesterol effects 

arise indirectly through the physical effects of cholesterol on the lipid bilayer (20). 

Cholesterol is known to alter membrane fluidity (21), thickness (22), and curvature (23). 

Membrane fluidity was shown to have a direct effect on ligand binding at the 5HT1A (24) 
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and the type-1 cholecystokinin receptor (CCK1R) (8). Similarly, membrane thickness and 

curvature is known to affect the active/inactive equilibrium of Rhodopsin (25). Taken 

together, there is a critical need to address and reconcile the apparent ambiguities in how 

cholesterol exerts its effect on GPCR functions.  

Here, we set out to probe the specificity of cholesterol-GPCR interactions through 

a combination of coarse-grained molecular dynamics (CGMD) simulations (26, 27) with 

structural bioinformatics and experimental validation using β2AR as the model system., 

and apply the structural dynamics and bioinformatics approaches to the CCK receptor 

family. CGMD has been widely used to predict and elucidate detailed interactions of 

GPCRs with lipids (26, 28, 29), in particular the interaction of cholesterol with GPCRs 

(30-33). Further, we focus the study on the CCK receptor family due to the differential 

effects cholesterol exerts: the CCK1R ligand binding and downstream signaling are both 

modulated by membrane cholesterol levels, while the highly homologous (53% identity 

overall, and 69% in the transmembrane regions) gastrin receptor (CCK2R) is unaffected by 

cholesterol (34). Even though both CCK receptor subtypes share cholesterol recognition 

motif sites, the functional implications of membrane cholesterol composition are quite 

distinct. Our results show that the CCK receptors interact with cholesterol through different 

motifs despite similar recognition sequences on the primary level. The CRAC motif at the 

bottom of TM3 has been identified as the functionally important site in CCK1R (35). The 

CCK1R has been implicated as a potential therapeutic target to treat metabolic syndrome 

and obesity, with an allosteric modulator designed that can prevent the inhibitory effects 

of the high cholesterol environment associated with obese patients (36, 37). 
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Lastly, we discover a new CRAC motif near the end of transmembrane-helix seven 

(TM7) that is conserved across 38% of class A GPCRs (Fig. 3.1A). The results reported 

herein elucidate GPCR-cholesterol interactions in greater detail and could prove insightful 

in the development of additional allosteric therapeutics specifically targeting the CCK1R.  

 

Results:  

 Simulations on the β2AR revealed receptor-cholesterol interactions consistent with 

previously published literature results (19, 31, 38, 39). We analyzed 11 β2AR structures in 

the PDB and observed that pockets around structurally resolved cholesterol molecules 

showed high residency times in our simulations (Fig. 3.2). Residues from the CCM motif 

including W1584.50 and I1534.45 showed peaks, indicating longer cholesterol residency. 

I551.54 also showed significant interaction times with cholesterol molecules. In certain 

structure models (e.g., PDB: 2RH1) a cholesterol molecule is found within 5 Å from this 

residue. A pair of the strongest signals arose from T1644.56 and W3137.40. Though not 

observed in crystal structures, both residues have been have been implicated to interact 

with cholesterol (38, 39). Additional residues, such as F2175.56, are in close proximity to 

CRAC sequences with one site on the intracellular end of TM7 already characterized on 

the β2AR, CB1R, and 5-HT1A (31). This motif is especially important on the CB1R where 

a mutation in this site, K402G 4.58, abolished the cholesterol sensitivity of the receptor 

showing the critical role the CRAC motif plays in CB1R-cholesterol interaction (5). 

 With the successful application of our CGMD approach to β2AR, we next used the 

same methods to study the CCKRs. On the CCK1R, we observed strong receptor-

cholesterol interactions at F1303.41 with the highest residency time out of all of the receptor 
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targets in this study. Furthermore, few CCK1R residues have residency times higher than 

the background signal. A binding pocket at this F1303.41 location is further supported by 

slightly weaker interactions at S1694.53 (Fig. 3.2). Short residency times were also observed 

on TM7 at residues I3697.52 and F3727.55 (Fig. 3.3A/B). 

 

While the CCK1R-cholesterol interactions were mainly centered around TM3, the 

CCK2R interactions were more spread throughout the receptor and residency times were 

Figure 3.2. Residency data from the simulations by residue. Residency times at the β2AR, CCK1R, and 

CCK2R in 20% and 40% cholesterol membranes. Structure models highlight residues with long residency times. 

The color on the structure models reflects average residency according to the bars on the right. 
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all close to background, although some interactions (such as at S952.45) suggest that CCK2R 

may also interact with cholesterol molecules via the CCM motif mentioned above (Fig. 

3.3C). Direct comparison of the residency times for structurally equivalent residues 

between the two receptors demonstrated that residues in the CCK1R typically bound 

cholesterol longer than the corresponding residues in CCK2R (Fig. 3.3B). These results 

were consistent regardless of the simulated cholesterol concentrations, implying that the 

CGMD simulations are able to differentiate which of the two homologous receptors 

interacts preferentially with cholesterol. 

 

With the small interactions observed on TM7 of the CCK1R, we performed a 

sequence alignment to identify a previously unreported TM7 CRAC sequence consisting 

of V3657.48, Y3707.53, and K3747.57 on the CCK1R, and V3857.48, Y3907.53, and R3947.57 on 

the CCK2R (Fig. 3.3C). This novel CRAC site is centered around the highly conserved 

Figure 3.3. Differential interactions with cholesterol in the CCK subfamily. (A) Structure models of the 

CCK receptors. CRAC sequences are shown in blue and the CCM motif is shown in red. Black dots represent 

residues that showed cholesterol residency during the simulation. (B) Simulation data from the CCK receptors 

plotted together. Blue represents the CCK1R and red represents the CCK2R. Residencies at the CCK1R are much 

stronger than those at the CCK2R. Furthermore, despite conserved recognition motifs, the CCK receptors interact 

much differently with cholesterol. (C) A sequence alignment of the two CCK receptors. The CCM motif is 

highlighted in red and CRAC sequences are highlighted in blue. 
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NPxxY motif in class A GPCRs (40). Thus, we aligned all class A GPCRs (excluding 

olfactory receptors) using the structure-based alignment tool from the GPCR database (41) 

to see if this new CRAC site is also present in other class A GPCRs (41). 38% of the 285 

class A GPCRs that were aligned and analyzed were found to contain a CRAC sequence 

surrounding the NPxxY motif, including β2AR (S1).  

To better understand cholesterol interactions on TM7, we performed a series of 

mutations on the β2AR and used the LCP-Tm assay to quantify the stabilizing effects of 

cholesterol binding to the receptor (42). We analyzed single point mutations at the newly 

discovered CRAC sequence along with other residues on TM7. A summary of all mutations 

tested is shown in Table 1. Two mutations, Y326A7.53 and F336A8.54, nearly abolished 

protein expression completely. Of the β2AR constructs with reasonable expression, four of 

the seven remaining mutants were highly aggregated after purification in the presence of 

the high-affinity ligand timolol (Table 3.1). Due to poor protein expression and aggregation 

of most of the mutants, we were only able to collect LCP-Tm data on two mutant receptors 

alongside an unmutated receptor control sample. The first, F321A7.48 (located two helix 

turns near W3137.40, see Fig. 3.2A) was included as it could potentially interact with 

cholesterol molecules on the TM7 CRAC site. Similarly, R328A7.55 was incorporated due 

to its position in the TM7 CRAC sequence (Fig. 3.4C). Previous studies showed the 

unmutated β2AR to be stabilized by 2.3°C when 10% (w/w) cholesterol was added to the 

host lipid monoolein relative to the monoolein-only sample (42).  In our experiments, the 

Tm of unmutated β2AR is 43.45 ± 0.65 °C (monoolein-only) and 45.15 ± 0.54 °C 

(monoolein with 10% cholesterol) resulting in a ΔTm of 1.71 ± 0.85°C (Fig. 3.4A/B). The 

F321A and R328A mutations showed similar transition temperatures to the unmutated 

../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_40
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_41
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_41
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_42
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_42


  60 

control in cholesterol-free assays, with Tm values of 42.65 ± 0.21 and 43.10 ± 0.74 °C, 

respectively. In the cholesterol, the F321A mutant had a very slight increase in stability 

with a ΔTm value of 0.46 ± 0.77 °C. Surprisingly, the R328A mutant had the largest ΔTm 

value at 5.75 ± 1.65 °C with the addition of cholesterol into the host lipid. A summary of 

the data is included in Fig. 3.4.  

 

Figure 3.4. A conserved CRAC sequence modulates cholesterol-induced stability on 

the β2AR. (A) Mean transition temperatures from LCP-Tm assay with and without 

cholesterol in the LCP. (B) ΔTm values for each mutant. (C) Alignment of CB1R, β2AR, 

and the CCK receptors. The conserved NPxxY motif on helix 7 is shown in blue. 

Residues fulfilling the CRAC sequence are shown in red. 
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TABLE 3.1. Summary of the mutations on the β2AR and their results.  

Construct Purpose Behavior ΔTm(°C) 

Unmutated Control Good 1.71±0.85  

W313A Flagged in 

simulation 

High Aggregation - 

S319A Control mutation Slight aggregation. 

Biphasic data could 

not be fit to 

Boltzmann curve in 

LCP-Tm 

- 

I319A Control mutation Heavily Aggregated  - 

F321A Theoretical 

interaction with 

cholesterol on TM7  

Good 0.46±0.77  

L324A Part of CRAC 

sequence on TM7 

Heavily Aggregated  - 

I325A Control Mutation  Heavily Aggregated  - 

Y326A CRAC sequence Expression Abolished - 

R328A CRAC sequence Good 5.75±1.65  

F336A Theoretical 

interaction with 

cholesterol 

Expression Abolished - 

 

Discussion: 

The β2 adrenergic receptor (β2AR) was initially used as the model system to initially 

test and validate the methods outlined in this study. The structure, function, and cholesterol 

sensitivity of the β2AR have been extensively characterized with multiple cholesterol 

recognition motifs (CCM, CRAC) already identified on this receptor (31). The results from 

our study identified cholesterol interaction sites consistent with previously reported motifs. 

A clear binding pocket was observed at the CCM motif in our simulations. Furthermore, 

CRAC sequences found on TM5 and 7, were consistent with the higher residency times 

observed in our simulations. Overall, we found that our simulations agreed with the 

established literature on cholesterol interactions with the β2AR (19, 31, 38, 39).  
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Our simulations on the CCK receptor family showed differential cholesterol 

binding despite a high sequence homology between these receptors (34). Experiments on 

chimeras of the two receptors showed that the CRAC motif at the bottom of TM3 is 

responsible for the differential cholesterol sensitivity between the two receptors (34), 

consistent with our simulation data. Furthermore, the CCK1R Y140A mutation at the 

bottom of TM3 within this CRAC motif has been shown to mimic the wildtype CCK1R 

conformation in a high cholesterol environment along with the loss of cholesterol 

sensitivity (34, 35). Our simulations predict that the CCK1R mainly interacts with 

cholesterol molecules via F1303.41. Taken together, our results along with the previously 

published data suggest that cholesterol binds the CCK1R on TM3. Strong cholesterol 

interactions around position 3.41 are intriguing as mutation of this position to tryptophan 

is commonly performed during receptor engineering for structural studies, and has been 

included in the thermo-stabilization of numerous receptors for crystallization (43-45). 

Initially discovered on β2AR, mutation of the residue at this position (3.41) decreased 

affinity for small molecule ligands 2-fold while increasing recombinant expression by 

nearly 4-fold and purified monomer yield by 5-fold (44). Position 3.41 mutations to 

tryptophan have also been successfully extended to chemokine, serotonin, and dopamine 

receptor structural studies (43). Taken together, the ability to affect receptor expression, 

yield, and stability as well as broadly being applicable to other GPCRs underscore the 

potential importance of this residue in GPCR physiology. Therefore, it is not unreasonable 

to presume that cholesterol interactions at 3.41 could be responsible for the cholesterol 

sensitivity of the CCK1R.  

../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_34
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_34
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_34
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_35
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_43
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_44
../Downloads/Peer%20Review_JG_ML%20(1).docx#_ENREF_43


  63 

The CCK2R appears to mainly interact with cholesterol via the CCM as the 

strongest signal was from S952.45 at the bottom of TM2 but it appears to interact with 

cholesterol with lower specificity and affinity than CCK1R. In the CGMD simulations, 

CCK1R interacted with cholesterol for much longer and at more specific residues than its 

insensitive homolog CCK2R (Fig. 3.3B). These results imply that specific cholesterol-

receptor binding and interaction could be responsible for the difference in physiological 

effects between the two CCK receptors seen in a high cholesterol environment. Although 

indirect effects of cholesterol on membrane curvature could be responsible for modulating 

receptor functions, our data suggest that CCKRs bind cholesterol specifically and 

differentially. Thus, for the CCKRs they may be insensitive to the global effects of 

cholesterol on lipid bilayer curvature, fluidity, and microdomain-receptor sequestration. 

Our simulations agree with previous literature results that TM3, and specifically F130, is 

responsible for the differential effect of membrane cholesterol on the CCK receptors (34, 

35).  

As part of this study on the CCKRs, we had discovered a new CRAC site on TM7 

that overlaps with the highly conserved class A GPCR NPxxY motif; subsequent sequence 

alignment with all 285 class A GPCRs showed that 38% share a CRAC sequence in this 

region (S1). Tyr7.53 of the NPxxY motif plays an essential role in class A GPCR activation, 

as mutation of Tyr7.53 on numerous receptors has shown a decrease or elimination of 

downstream signaling (46). Upon ligand binding, conformational changes in the 

transmembrane helices result in a water-mediated hydrogen-bond network that links Tyr7.53 

to Tyr5.58. This interaction helps facilitate the outward swing of helix VI which in turn 

allows for the Gα subunit to bind the receptor and activate the signaling cascade. The 
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importance of both the NPxxY motif and cholesterol in GPCR physiology have been 

extensively supported in the literature and it is well established that the NPxxY motif plays 

a significant role in stabilizing active state receptors (46). Our mutations on the β2AR 

reinforce the importance of this region in receptor stability and function as mutations to 

Y326A7.53 and F336Ahelix8 nearly abolished expression of the protein (Table 3.1).  

Our LCP-Tm assay on the unmutated receptor showed that incorporating 10% 

cholesterol into the host lipid increased the Tm by 1.71 ± 0.85°C. F3217.48 is located on 

TM7 three amino acids above the novel CRAC sequence. We expected that mutating this 

residue (F321A) would alter cholesterol binding at this location and would thus decrease 

the ΔTm value in the LCP-Tm assay. However, our ΔTm value of 0.46 ± 0.77 °C was not 

found to be statistically significant from the unmutated receptor at a 95% confidence 

interval (p = 0.1310). R3287.55 is a key part of the CRAC sequence outlined above. Like 

our F321A mutation, we hypothesized that the R328A mutation would inhibit cholesterol 

interactions and lower the ΔTm value of the receptor. Surprisingly, the R328A mutant’s Tm 

value increased from 44.39 ± 0.76 to 50.14 ± 1.47°C with the addition of cholesterol, 

yielding a ΔTm 5.75 ± 1.65 °C. This result was found to be significant from the unmutated 

receptor at a 95% confidence interval (p=0.0194). This result is counterintuitive as we 

expected that the positively charged arginine residue should interact favorably with the 

hydroxyl group of cholesterol molecules, and thus the R328A mutation would result in a 

smaller ΔTm than the unmutated control. One potential explanation is that, from the crystal 

structure model (PDB: 2RH1), the R3287.55 sidechain participates in several hydrogen bond 

interactions with the sidechains of T2746.36, backbone carbonyl of K2706.32, and a sulfate 

ion. Therefore, the R328A mutation would disrupt these hydrogen bond interactions and 
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potentially destabilize the local region. However, upon further examination, the hydrogen 

bond interactions outlined above could have instead made the entry of the cholesterol 

binding cleft inaccessible from the membrane environment. Thus, removing the bulky Arg 

sidechain would disrupt the existing hydrogen bond network, and potentially make the 

binding cleft accessible to favorable receptor-cholesterol interactions resulting in the 

higher ΔTm value for R328A. Alternatively, the ΔTm of R328A could be explained by the 

physical impact of cholesterol on lipid bilayers (21, 47, 48). A mismatch between the length 

of the hydrophobic transmembrane helix and the width of the lipid bilayer is known to 

destabilize proteins (45). Hypothetically, these physical changes in the bilayer upon the 

addition of cholesterol could place the charged arginine residue into an environment that 

destabilizes the receptor (i.e. further into the hydrophobic membrane). Therefore, mutation 

to alanine would remove the potentially destabilizing effect of the charged arginine in the 

bilayer. Nevertheless, the difference in the ΔTm values between the R328A mutant and the 

unmutated control were found to be statistically significant. Although the results were 

unexpected, and do not definitively show cholesterol binding at this CRAC, the data may 

suggest that R3287.55 affects the receptor’s behavior in a membrane with modulated 

cholesterol levels.  

It should be noted that CRAC sequences, as well as CCM and other cholesterol-

recognition motifs, provide little predictive value in how cholesterol will interact with the 

protein (17, 49).  Indeed, CRAC sequences are ubiquitous in membrane proteins and the 

presence of a CRAC sequence does not ensure cholesterol binding. Instead, cholesterol 

molecules may have an affinity for the region surrounding a CRAC sequence as the correct 
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hydrophobic, aromatic, and polar groups are in place to facilitate protein-cholesterol 

interactions (16, 17, 49).   

Our study has shown that cholesterol interacts stronger with specific regions of 

cholesterol-sensitive receptors compared to their insensitive homologs. These data imply 

that specific receptor-cholesterol interactions play an important role in the modulation of 

receptors as a function of membrane cholesterol content. More detailed experimentation to 

determine the conformational changes associated with cholesterol binding would be very 

helpful in understanding these phenomena. We have identified a CRAC sequence that is 

conserved at the bottom of TM7 in 38% of class A GPCRs. Due to its overlap with the 

NPxxY motif, it is interesting to hypothesize that receptor-cholesterol interactions at TM7 

could play an important role in cholesterol-mediated modulation throughout this family 

and detailed studies on other cholesterol sensitive receptors could yield more information. 

Additionally, downstream signaling assays could shed light on how these CRAC sequences 

affect receptor function. Regarding the CCK subfamily, our data agrees with previously 

published literature and could be helpful in the development of allosteric modulators to 

treat metabolic syndrome and obesity.   

Materials and Methods:  

Model Preparation and Simulations  

Models for CCK1R and CCK2R were generated using Modeller (50, 51) with the orexin 

receptors 1 and 2 (OX1R and OX2R) as templates (PDB codes: OX1R: 4zj8 and 4zjc (52); 

OX2R: 4s0v (53), 5wqc and 5ws3 (54)). Fusion protein inserts were removed from the 

crystal structures and a multi-sequence alignment was performed using Jalview (55) with 

the CCK1R and CCK2R sequences (Uniprot (https://www.uniprot.org) accession numbers 
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P32238 and P32239, respectively) independently. Modeller was used to create twenty 

models for each protein and the structure with the lowest normalized DOPE score (56) for 

each was chosen (-0.52 and -0.40 for CCK1R and CCK2R, respectively). The system setup 

for the β2-adrenergic receptor (β2AR) began with removing the T4-lysozyme fusion from 

the third intracellular loop (ICL3) in the crystal structure (PDB 2rh1 (57)). Modeller was 

used to fix the resulting gap in the structure by joining the short loop segments left after 

removing the insert. Using the CHARMM-GUI server (58), each of the three models was 

coarse-grained using the MARTINI force field (59, 60) with the ElNeDyn secondary 

structure restraints and inserted into a membrane. Two separate systems were created for 

each protein: one with a 1:4 cholesterol:1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) membrane (“20% cholesterol”) and one with a 2:3 

cholesterol:POPC membrane (“40% cholesterol”). Coarse-grained molecular dynamics 

(CGMD) was performed using Gromacs 2019 (61) at 303.15 K and 1 bar using 

semiisotropic Parrinello-Rahman pressure coupling (62) and stochastic velocity-rescale 

temperature coupling (63) with a 20 fs time step. A reaction-field with a 1.1 nm cutoff was 

used for the electrostatic interactions and a single cutoff of 1.215 nm was used for the van 

der Waal interactions (64). Constraints were added according to the MARTINI force field 

(65). Two MD runs were performed on each system and concatenated for analysis. 

Simulation lengths for each system are reported in Table 3.2. 

Time series of the cholesterol-protein contacts were collected on a per residue basis for 

each trajectory using functionality in the MDAnalysis package (66), where a contact was 

defined with a 7 Å cutoff. Survival functions were calculated from a histogram of the 
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waiting times for each residue. The survival functions were least-square-fitted with relative 

weights to a two-term hyperexponential with the form 

                                                                                  (1)                                     

using the curve_fit() function in SciPy (67). Artifacts from the cutoff manifest themselves 

as spurious contacts with short waiting times, i.e., higher rates, so only the slower rates 

from the longer waiting times were taken to be indicative of cholesterol-protein 

interactions. Specifically, the slower of the two rates was used to calculate a mean waiting 

time τ for each residue, termed the “residency time”, as  

                                                                                                     (2) 

Further technical details on the methods will be published elsewhere (Sexton et al, in 

preparation). τ was plotted against the residue number to compare mean waiting times 

across the protein using Matplotlib (68). VMD (69) and Chimera (70) were used for 

molecular visualizations.  

TABLE 3.2. Run times for the simulations in microseconds (µs) 

20% Cholesterol β2AR CCK1R CCK2R 

Run 1   

Run 2  

19.71  

83.01  

88.71  

11.41  

89.41  

36.21  

Total  102.71  100.11  125.61 

40% Cholesterol    

Run 1  

Run 2 

24.61  

75.51  

86.71  

14.51  

87.81 

49.41 

Total 100.11  101.21  137.11 

 

Mutant Receptor Preparation 

 Site-directed mutagenesis was performed on β2AR using primers with internal 

mismatches (IDT) and Phusion polymerase (Thermo Fisher Scientific). Mutant receptors 

were verified via Sanger sequencing (Genewiz). Receptors were expressed and purified as 
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previously described (19). Receptors were analyzed for total and surface expression on a 

Guava flow cytometer (Millipore). Purified receptors were analyzed for purity and 

homogeneity via analytical size exclusion chromatography. Homogeneous receptors were 

further analyzed using the LCP-Tm assay.  

LCP-Tm Assay 

 Cholesterol binding to mutant receptors was quantified via a thermal denaturation 

assay in LCP as described (42). Briefly, purified receptors were mixed in an 

approximately 35% (v/v) ratio with molten monoolein (Nu-check) containing either 0 or 

10% cholesterol. Final protein concentrations were 0.015 mg/mL for each assay. 

Fluorescence signal was recorded using a Cary Eclipse Emission Spectrophotometer 

(Agilent). Background signal from a blank LCP sample was subtracted from the protein 

sample and the inner filter effect was corrected for as described (42). CPM (7-

Diethylamino-3-(4'-Maleimidylphenyl)-4-Methylcoumarin (Sigma)) probe was added to 

the protein at a final concentration of 0.004 mg/mL and allowed to incubate on ice, and in 

the dark, for 30 minutes before incorporation into the LCP matrix. The excitation 

wavelength for fluorescence was 387 nm and emissions were recorded via scanning 

between 400 and 500 nm with a step size of 1 nm. Mathematical fitting and statistics 

were carried out in Prism version 8.3.1(GraphPad) as described (42). The effects of 

cholesterol were quantified as the change in denaturation temperature as a function of the 

addition of cholesterol into the LCP matrix. ΔTm values for mutant receptors were 

compared to an unmutated control.  
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3.3. Alignment of Class-A GPCRs shows 38% conservation of TM7 CRAC sequence 

 

 

 

 

 
 7.47x47 7.48x48 7.49x49 7.50x50 7.51x51 7.52x52 7.53x53 7.54x54 7.55x55 7.56x56 8.47x47 8.48x48 8.49x49 
[Human] 5-HT1A receptor L L N P  V  I Y A Y F N  K  D CRAC 
[Human] 5-HT1B receptor L I N P I I Y T M S N E D  

[Human] 5-HT1D receptor L I N P I I Y T V F N E E  

[Human] 5-ht1E receptor L I N P L L Y T S F N E D  

[Human] 5-HT1F receptor L I N P L I Y T I F N E D  

[Human] 5-HT2A receptor A V N P L V Y T L F N K T CRAC 
[Human] 5-HT2B receptor G V N P L V Y T L F N K T CRAC 
[Human] 5-HT2C receptor G I N P L V Y T L F N K I CRAC 
[Human] 5-HT4 receptor G  L  N P F L Y A F L N K S CRAC 
[Human] 5-HT5A receptor F F N P L I Y T A F N K N CRAC 
[Human] 5-HT6 receptor T M N P I I Y P L F M R D  

[Human] 5-HT7 receptor L I N P F I Y A F F N R D CRAC 
[Human] M1 receptor T I N P M C Y A L C N K A  

[Human] M2 receptor T I N P A C Y A L C N A T  

[Human] M3 receptor T V N P  V  C Y A L C N  K  T CRAC 
[Human] M4 receptor T I N P A C Y A L C N A T  

[Human] M5 receptor T  V  N P I C Y A L C N  R  T CRAC 
[Human] α1A-adrenoceptor C I N P I I Y P C S S Q E  

[Human] α 1B-adrenoceptor C L N P I I Y P C S S K E CRAC 
[Human] α1D-adrenoceptor C V N P L I Y P C S S R E CRAC 
[Human] α 2A-adrenoceptor S L N P V I Y T I F N H D  

[Human] α 2B-adrenoceptor S L N P V I Y T I F N Q D  

[Human] α2C-adrenoceptor S L N P V I Y T V F N Q D  

[Human] β1-adrenoceptor A F N P I I Y C R _ S P D  

[Human] β 2-adrenoceptor G F N P L I Y C R _ S P D CRAC 
[Human] β 3-adrenoceptor A F N P L I Y C R _ S P D CRAC 
[Human] D1 receptor S L N P I I Y A F N A D F  

[Human] D2 receptor A V N P I I Y T T F N I E  

[Human] D3 receptor A L N P V I Y T T F N I E  

[Human] D4 receptor A L N P V I Y T V F N A E  

[Human] D5 receptor S L N P V I Y A F N A D F  

[Human] H1 receptor T L N P L I Y P L C N E N  

[Human] H2 receptor A L N P I L Y A A L N  R  D CRAC 
[Human] H3 receptor A V N P V L Y P L C H H S  

[Human] H4 receptor F V N P L L Y P L C H K R CRAC 
[Human] TA1 receptor T F N P M V Y A F F Y P W  

[Human] AT1 receptor C L N P L F Y G F L G K K CRAC 
[Human] AT2 receptor C V N P F L Y C F V G N R CRAC 
[Human] apelin receptor C L N P F L Y A F F D P R CRAC 
[Human] BB1 receptor C V N P F A L Y L L S E S  

[Human] BB2 receptor C V N P F A L Y L L S K S CRAC 
[Human] BB3 receptor C V N P F A L Y W L S K S CRAC 
[Human] B1 receptor S L N P V I Y V F V G R L CRAC 
[Human] B2 receptor C L N P L V Y V I V G K R CRAC 
[Human] CCK1 receptor C V N P I I Y C F M N K R CRAC 
[Human] CCK2 receptor C V N P L V Y C F M H R R CRAC 
[Human] C3a receptor C F N P F L Y A L L G K D  

[Human] C5a1 receptor C I N P I I Y V V A G Q G  

[Human] C5a2 receptor C  L  N P M L F L Y F G R A CRAC 
[Human] ETA receptor C I N P I A L Y F V S K K  

[Human] ETB receptor C I N P I A L Y L V S K R  

[Human] FPR1 C L N P M L Y V F M G Q D  

[Human] FPR2/ALX C L N P M L Y V F V G Q D  

[Human] FPR3 C L N P I L Y V F M G  R  N CRAC 
[Human] GAL1 receptor S V N P I I Y A F L S E N  

[Human] GAL2 receptor C V N P I V Y A L V S K H CRAC 
[Human] GAL3 receptor C L N P L V Y A L A S R H CRAC 
[Human] ghrelin receptor A I N P I L Y N I M S K K  

[Human] GnRH1 receptor C F D P L I Y G Y F _ _ _  

[Human] kisspeptin receptor A L N P L L Y A F L G S H  

[Human] MCH1 receptor C L N P F V Y I V L C E T  

[Human] MCH2 receptor S I N P F L Y I L L S G N  

[Human] MC1 receptor I I D P L I Y A F H S Q E  

[Human] MC2 receptor V I D P F I Y A F R S P E CRAC 
[Human] MC3 receptor V I D P L I Y A F R S  L  E CRAC 
[Human] MC4 receptor I I D P L I Y A L R S Q E CRAC 
[Human] MC5 receptor  V  M D P L I Y A F R S Q E CRAC 
[Human] motilin receptor S I N P I L Y N L I S K K  

[Human] NMU1 receptor A A N P V L Y S L M S S R CRAC 
[Human] NMU2 receptor A  V  N P I I Y N L L S R R CRAC 
[Human] NPFF1 receptor S A N P I I Y G Y F N E N  

[Human] NPFF2 receptor S  V  N P I I Y G F F N E N  

[Human] NPS receptor A I N P L I Y C V F S S S  

[Human] NPBW1 receptor C L N P F L Y A F L D A S  

[Human] NPBW2 receptor C L N P F L Y A F L D D N  

[Human] Y1 receptor C V N P I F Y G F L N  K  N CRAC 
[Human] Y2 receptor F A N P L L Y G W M N S N  

[Human] Y4 receptor C V N P F I Y G F L N T N  

[Human] Y5 receptor C L N P I L Y G F L N N G  

[Human] y6 receptor _ _ _ _ _ _ _ _ _ _ _ _ _  

[Human] NTS1 receptor T I N P I L Y N L V S A N  

[Human] NTS2 receptor A V T P L L Y N A V S S S  

[Human] delta opioid receptor S L N P V L Y A F L D E N  

[Human] kappa opioid receptor S L N P I L Y A F L D E N  

[Human] mu opioid receptor C L N P V L Y A F L D E N  

[Human] NOP receptor C L N P I L Y A F L D E N  

[Human] OX1 receptor A A N P I I Y N F L S G K  

[Human] OX2 receptor A A N P I I Y N F L S G K  

[Human] QRFP receptor I C N P I V Y A F M N E N  

[Human] PrRP receptor C  Y  N P F I Y A W L H D S  

[Human] PAR1 C I D P L I Y Y Y A S S E  

[Human] PAR2 C I D P F V Y Y F V S H D  

[Human] PAR3 C L D P F L Y F L M _ _ _  

[Human] PAR4 C V D P F I Y Y Y V S A E  

[Human] RXFP1 A L N P I L Y T L T T  R  P CRAC 
[Human] RXFP2 A L N P I L Y T L T T N F  

[Human] RXFP3 C L N P V L Y C L V R R E CRAC 
[Human] RXFP4 C L N P V L Y C L L R R E CRAC 
[Human] SST1 receptor C A N P I L Y G F L S D N  

[Human] SST2 receptor C A N P I L Y A F L S D N  
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[Human] SST3 receptor C A N P I L Y G F L S Y R  
[Human] SST4 receptor C A N P I L Y G F L S D N 
[Human] SST5 receptor C A N P V L Y G F L S D N 
[Human] NK1 receptor M Y N P I I Y C C L N D R 
[Human] NK2 receptor M Y N P I I Y C C L N H R 
[Human] NK3 receptor M Y N P I I Y C C L N K R 
[Human] TRH1 receptor A I N P V I Y N L M S Q K CRAC 
[Human] UT receptor C A N P F L Y T L L T R N  

[Human] V1A receptor C C N P W I Y M F F S G H  

[Human] V1B receptor C C N P W I Y M G F N S H  

[Human] V2 receptor C T N P W I Y A S F S S S  

[Human] OT receptor C C N P W I Y M L F T G H  

[Human] chemerin receptor C M N P I L Y V F M G Q D  

[Human] CCR1 C  V  N P V I Y A F V G E R CRAC 
[Human] CCR2 C I N P I I Y A F V G E K  

[Human] CCR3 C M N P  V  I Y A F V G E R CRAC 
[Human] CCR4 C  L  N P I I Y F F L G E K CRAC 
[Human] CCR5 C I N P I I Y A F V G E K  

[Human] CCR6 C L N P V L Y A F I G Q K CRAC 
[Human] CCR7 C V N P F L Y A F I G V K CRAC 
[Human] CCR8 C V N P V I Y A F V G E K CRAC 
[Human] CCR9 C L N P V L Y V F V G E R CRAC 
[Human] CCR10 G L N P V L Y A F L G L R CRAC 
[Human] CXCR1 C L N P I I Y A F I G Q N  

[Human] CXCR2 C L N P L I Y A F I G Q K CRAC 
[Human] CXCR3 C L N P L L Y A F V G V K CRAC 
[Human] CXCR4 C L N P I L Y A F L G A K CRAC 
[Human] CXCR5 C L N P M L Y T F A G V K CRAC 
[Human] CXCR6 C L N P V L Y A F V S L K CRAC 
[Human] CX3CR1 C L N P L I Y A F A G E K CRAC 
[Human] XCR1 C F N P V L Y V F V G V K CRAC 
[Human] ACKR1  V  A T P L L L A L F C H Q  

[Human] ACKR2 C F S P I L Y A F S S H R  

[Human] ACKR3 C V N P V L Y S F I N R N CRAC 
[Human] ACKR4 C L N P I L Y V F M G A S  

[Human] CCRL2 C I N P L L Y A F L D G T  

[Human] FSH receptor C A N P F L Y A I F T K N  

[Human] LH receptor C A N P F L Y A I F T K T  

[Human] TSH receptor C A N P F L Y A I F T K A  

[Human] PKR1 M I N T L C F V T V N D T  

[Human] PKR2 M I N T V C F V T V N N T  

[Human] FFA1 receptor V L N P L V T G Y L G R G CRAC 
[Human] FFA2 receptor S L D P L L F Y F S S S V  

[Human] FFA3 receptor C V D P F V Y Y F S S S G  

[Human] FFA4 receptor A L N P I L Y N M T L C R CRAC 
[Human] GPR42 C V D P F V Y Y F S S S G  

[Human] BLT1 receptor S V N P V L Y A C A G G G  

[Human] BLT2 receptor S V N P V L Y V F T A G D  

[Human] CysLT1 receptor C F D P L L Y F F S G G N  

[Human] CysLT2 receptor C F N P L L Y Y F A G E N  

[Human] OXE receptor V L D P V L Y C F S S P N  

[Human] LPA1 receptor A M N P I I Y S Y R D K E  

[Human] LPA2 receptor L V N A A V Y S C R D A E CRAC 
[Human] LPA3 receptor V V N P I I Y S Y K D E D CRAC 
[Human] LPA4 receptor C F D P F I Y Y F T L E S  

[Human] LPA5 receptor V L D P L V Y Y F S A E G  

[Human] LPA6 receptor C F D P I V Y Y F T _ _ _  

[Human] S1P1 receptor G T N P I I Y T L T N K E  

[Human] S1P2 receptor L L N P V I Y T W R S R D CRAC 
[Human] S1P3 receptor A M N P V I Y T L A S K E CRAC 
[Human] S1P4 receptor A V N P I I Y S F R S R E CRAC 
[Human] S1P5 receptor L L N P I I Y T L T N R D CRAC 
[Human] CB1 receptor T V N P I I Y A L R S K D CRAC 
[Human] CB2 receptor M V N P V I Y A L R S G E CRAC 
[Human] GPR18 C L D V I L Y Y I V S K Q CRAC 
[Human] GPR55 C L D V F C Y Y F V I K E CRAC 
[Human] GPR119 L L N P L I Y A Y W Q K E CRAC 
[Human] PAF receptor V L D P V I Y C F L _ _ _  

[Human] DP1 receptor I V D P W I F I I F R S P  

[Human] DP2 receptor V A N P V L Y V L T C P D  

[Human] EP1 receptor I L D P W V Y I L L R Q A CRAC 
[Human] EP2 receptor I I D P W V F A I L R P P  

[Human] EP3 receptor I L D P W V Y _ _ _ R K I CRAC 
[Human] EP4 receptor I L D P W I Y I L L R K T CRAC 
[Human] FP receptor I L D P W V Y I L L R K A CRAC 
[Human] IP receptor I L D P W V F I L F R K A  

[Human] TP receptor I L D P W V Y I L F R R A CRAC 
[Human] MT1 receptor C L N A I I Y G L L N Q N  

[Human] MT2 receptor C L N A I V Y G L L N Q N  

[Human] A1 receptor A M N P I V Y A F R I Q K  

[Human] A2A receptor V V N P F I Y A Y R I R E CRAC 
[Human] A2B receptor V V N P I V Y A Y R N R D CRAC 
[Human] A3 receptor M M N P I V Y A Y K I K K  

[Human] P2Y1 receptor C V D P I L Y F L A G D T  

[Human] P2Y2 receptor C L D P V L Y F L A G Q R CRAC 
[Human] P2Y4 receptor C L D P V L Y L L T G D K CRAC 
[Human] P2Y6 receptor V L D P I L F Y F T Q K K CRAC 
[Human] P2Y11 receptor C V H P L L Y M A A V P S  

[Human] P2Y12 receptor C L D P F I Y F F L C K S CRAC 
[Human] P2Y13 receptor C M D P L I Y I F L C K K CRAC 
[Human] P2Y14 receptor C L D P I I Y F F L C Q P  

[Human] GPBA receptor A A V P V A M G L G D Q  R  CRAC 
[Human] GPER C L N P L I Y S F L G E T  

[Human] HCA1 receptor M L D P L V Y Y F S S P S  

[Human] HCA2 receptor M L D P V V Y Y F S S P S  

[Human] HCA3 receptor M L D P V V Y Y F S S P S  

[Human] oxoglutarate receptor F G N L L L Y V V V S D N  

[Human] succinate receptor V I N P V F Y F L L G D H  

[Human] Rhodopsin I Y N P V I Y I M M N K Q CRAC 
[Human] Melanopsin I H N P I I Y A I T H P K  

[Human] Opsin-3 V Y N P  V  I Y V F M I R K CRAC 
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L 

L 

[Human] Opsin-5 M Y N P 

[Human] Short-wave-sensitive opsin 1 I Y N P 

[Human] Medium-wave-sensitive opsin 1       I Y N P 

[Human] Long-wave-sensitive opsin 1 I Y N P 

[Human] GPR1 C L N P 

[Human] GPR3 M I N P 

D Y K 

N K Q 

N R Q 

N R Q 

S K K 

N Q D 

 
 

CRAC 

CRAC 

CRAC 

[Human] GPR4 V A 

[Human] GPR6 M I 

[Human] GPR12 I I 

 
 
 
 
 
 

[Human] GPR32 S L N P F L Y V F V G R D CRAC 

[Human] GPR33 I F S P T L Y L F V G E N  

[Human] GPR34 C L D P V M Y F L M _ _ _  

[Human] GPR35 C L D A I C Y Y Y M A K E CRAC 
[Human] GPR37 C V T P V L L F C L C K P CRAC 

[Human] GPR37L1 A I T P V L L L C I C R P CRAC 

[Human] GPR39 V I N P L L Y T V S S Q Q  

[Human] GPR45 V F N P I V Y C W R I K K CRAC 

[Human] GPR50 C L N A V I Y G L L N E N  

[Human] GPR52 F C N C V I Y S L S N S V  

[Human] GPR61 T S N P F F Y G C L N R Q  

[Human] GPR62 A A H P F L Y G L L Q R P  

[Human] GPR63 A L N P L I Y Y W R I K K CRAC 

[Human] GPR65 V A D P I L Y C F V T E T  

[Human] GPR68 V A D P V L Y C F V S E T  

[Human] GPR75 G L N P F I Y S R N S A G CRAC 

[Human] GPR78 V A D P F T Y S L L R R P CRAC 

[Human] GPR82 S T D P I I F L L L D K T  

[Human] GPR83 C Y N P F I C W N E N 

 

 
[Human] GPR101 C I H P Y V Y G Y M H K T 

[Human] GPR132 V A D P I I Y V L A T D H 

[Human] GPR135 A I N P V I Y A I R N P N CRAC 

[Human] GPR139 A I N F F L Y C F I S K R  

 
[Human] GPR146 F V T P L L Y R Y M N Q S  

[Human] GPR148 E V L M M L P R A M T Y L  

[Human] GPR149 T V T P V F V L S K R W T  

[Human] GPR150 A L N P F V Y L F F Q A G  

[Human] GPR151 S A N P L I F L V M S E E  

[Human] GPR152 C L S P F L C L M A S A D  

[Human] GPR153 L L L P V F L W A _ C D R  

[Human] GPR160 F L I A T V Y W F N C H K CRAC 

[Human] GPR161 C H P I G L W N T CRAC 

[Human] GPR162 L L L P S F I W S _ C E R  

[Human] GPR171 C F D P I L Y Y H L S K A CRAC 

[Human] GPR173 A V N P I V C F L L N K D  

[Human] GPR174 C L D P V I Y Y F S T N E  

[Human] GPR176 L A N P V L F L T V N K S 

[Human] GPR182 V I N P I L Y N F L S P H  

[Human] GPR183 C M D P F I Y F F A C K G  

[Human] LGR4 C L N P V L Y V F F N P K CRAC 

[Human] LGR5 C L N P L L Y I L F N P H  

[Human] LGR6 C L N P L L Y L L F N P H  

[Human] MAS1 S A N P F I Y F F V G S S  

[Human] MAS1L S A N P I I Y F F V G S L  

[Human] MRGPRD S A N P V I Y F L V G S R CRAC 

[Human] MRGPRE A A K P V V Y F C L G S A  

[Human] MRGPRF S A K P I V Y F L A G R D  

[Human] MRGPRG S S K P L I Y S G L G R Q CRAC 

[Human] MRGPRX1 S A N P I I Y F F V G S F  

[Human] MRGPRX2 S A N P I I Y F F V G S F  

[Human] MRGPRX3 S A N P I I Y F F V G S F  

[Human] MRGPRX4 S A N P I I Y F F V G S F  

 

I 

I 

V 

V 

I 

I 

I 

I 

I 

I 

L 

I 

Y 

Y 

Y 

Y 

Y 

Y 

Q 

C 

V 

V 

V 

A 

V I 

F 

F 

F 

L 

F 

M 

M 

M 

I 

R 

Y 

V 

Y K 

[Human] GPR15 C V N P F I Y Y I F D S Y  

[Human] GPR17 A L D P I M Y F F V A E K CRAC 

[Human] GPR19 A S K P T L Y S I Y N A N  

[Human] GPR20 C M D P I V Y C F V T S G  

[Human] GPR21 F C N C V I Y S L S N S V  

[Human] GPR22 I F H P L L Y A F T R Q K CRAC 

[Human] GPR25 C A N P L I Y L L L D R S CRAC 

[Human] GPR26 A S D P F V Y S L L R H Q  

[Human] GPR27 G I N P V V C F L F N R E CRAC 

[Human] GPR31 V L N P V V Y C F S S P T  

 

[Human] GPR84 C I N P V L Y A A M N R Q CRAC 

[Human] GPR85 G I N P F V C I F S N R E  

[Human] GPR87 C L D P I I Y F F M C R S CRAC 

[Human] GPR88 A L N P L L Y T W R N E E CRAC 

 

[Human] P2RY8 C L D P F V Y Y F A S R E CRAC 

[Human] P2RY10 L L D P I L Y Y F M _ _ _ 

[Human] TAAR2 T C N P L I Y G F F Y P W 

[Human] TAAR3 T C N P L I H G F F N P W 

[Human] TAAR5 A C N P I I Y V F S Y Q W 

[Human] TAAR6 A M N P L I Y A L F Y P W 

[Human] TAAR8 A M N P L I Y A L F Y P W 

[Human] TAAR9 A M N P L I Y A F F Y Q W 
CONSENSUS C L N P I I Y A F L N K N CRAC 

 

D P I L Y C L V _ _ _  

N P I I Y A F R N Q E  

N P V I Y A F R N Q E CRAC 

 

[Human] GPR141 C Y D L L L F V F G S H W  

[Human] GPR142 A A N F G L Y C F V S K T  
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Abstract  

Serial femtosecond crystallography (SFX) with X-ray free electron lasers (XFELs) 

has proven highly successful for structure determination of challenging membrane proteins 

crystallized in lipidic cubic phase, however, as most techniques, it has limitations. Here we 

attempted to address some of these limitations related to the use of a vacuum chamber and 

the need for attenuation of the XFEL beam, in order to further improve the efficiency of 

this method. Using an optimized SFX experimental setup in a helium atmosphere we 

determined the room temperature structure of the adenosine A2A receptor (A2AAR) at 2.0 

Å resolution and compared it with previous A2AAR structures determined in vacuum and/or 

at cryogenic temperatures. Specifically, we demonstrated the capability of utilizing high 

XFEL beam transmissions, in conjunction with a high dynamic range detector, to collect 

high-resolution SFX data while reducing crystalline material consumption and shortening 

the collection time required for a complete data set. The experimental setup presented 

herein can be applied to future SFX applications for protein nanocrystal samples to aid in 

structure-based discovery efforts of therapeutic targets that are difficult to crystallize. 
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Introduction  

Elucidating high-resolution X-ray structures of G protein-coupled receptors 

(GPCRs) and other membrane proteins using synchrotron radiation sources has been 

limited by the difficulty of obtaining high-quality crystals that can withstand radiation 

damage. So far, only few GPCR structures had been resolved to better than 2.0 Å 

resolution using synchrotron radiation [1-5]. Several challenges must be overcome during 

crystallization and diffraction data collection to achieve high-resolution structure models. 

First, the size of a protein crystal suitable to resolve a 3.5 Å structural model using 

synchrotron diffraction should be at least 20 micrometers (µm) in each dimension [6]. 

Additionally, as secondary radiation damage propagates throughout the crystals, 

diffraction data quality deteriorates, resulting in decreased resolution, increased unit cell 

volume, B-factors, and mosaicity [7]. Typically, protein crystals are cryo-cooled to 

reduce secondary radiation damage during data collection. However, subjecting protein 

crystals to cryogenic conditions can potentially introduce non-physiological artifacts due 

to improper freezing and increase their mosaicity [8].  

Recent advances at synchrotron microfocus beamlines have allowed room 

temperature serial diffraction data collection using crystals approximately 10 µm in size 

[9, 10]. Serial millisecond crystallography (SMX) techniques have enabled room 

temperature structure determination of GPCRs at moderate resolutions using synchrotron 

radiation sources [5, 11]. Nonetheless, the crystal sizes needed for collecting high-

resolution SMX data are much larger than those required for SFX [5, 11]. An XFEL 

source with extremely bright femtosecond pulses allows for diffraction patterns to be 

collected from protein crystals with minimal deleterious effects outlined above, 
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specifically with the intent of minimizing radiation damage, termed “diffraction before 

destruction” [12, 13]. Also, SFX experiments are typically conducted at room 

temperature, permitting a more native-like temperature environment for the protein target 

of interest. Over the last several years, SFX demonstrated a clear advantage for structure 

determination of difficult for crystallization membrane proteins such as GPCRs [14]. 

Despite the numerous advantages offered by SFX, further technical advancements 

are critical to optimize data-collection. One major limitation observed in SFX 

experiments at the Linac Coherent Light Source (LCLS) using the Cornell-SLAC Pixel 

Array Detector (CSPAD) [15, 16] is the need to attenuate the beam to about 10% (a few 

hundred µJ/pulse at sample) of its full power [14, 17, 18]. This attenuation is required to 

avoid detector pixel saturation and possible damage by the strong low-resolution 

diffraction spots and to reduce the LCP flow disruption by the highly intense XFEL beam 

[14, 19]. Specifically, due to the viscous nature of the LCP matrix, interaction with a 

strong XFEL beam can lead to disruption of the LCP stream and sticking it to the injector 

nozzle, which requires stopping the experiment to clean the nozzle, thereby increasing the 

data collection time and negating any advantage in sample consumption that the method 

offers. Furthermore, beam attenuation is undesirable when attempting to collect high-

resolution data (<2.0 Å), as the weaker, high-resolution diffraction spots become harder 

to detect [20] since each spot is recorded at a lower signal-to-background ratio. Since 

diffraction intensity typically scales with crystal size, attenuating beam fluence for SFX 

experiments further limits sample crystal sizes that can yield quality diffraction patterns 

as the signal to noise ratio decreases [18].  
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Lastly, since the available beam time at XFEL sources is scarce, it is critical to increase 

their usage efficiency. Therefore, in this experiment we tested a secondary chamber with 

helium atmosphere environment at the LCLS Coherent X-ray Imaging (CXI) instrument 

[21], in which the 1 μm focused XFEL beam that passed through the sample in the main 

vacuum sample chamber is re-focused by beryllium lens to a spot of <3 μm. While not 

done in our experiment, the refocused beam in the secondary helium chamber can be 

used for simultaneous data collection with the focused beam in the primary vacuum 

chamber, thus doubling the diffraction sample throughput during available XFEL 

beamtime [22, 23]. Additionally, the utilization of a high dynamic range Rayonix 

MX170-HS detector allowed for diffraction data to be collected using an unattenuated 

XFEL beam, although the beryllium lens and the diamond window allowing for the 

passage through the upstream chamber contributed to an overall beam attenuation by a 

factor of two. In this study, we present the 2.0 Å model of the human adenosine A2A 

receptor (A2AAR) using SFX data collected in a helium environment under atmospheric 

pressure and at room temperature. We compare this model with the 1.8 Å synchrotron 

structure (PDB: 4EIY [1]) as well as with other published A2AAR structures from XFEL 

SFX (PDB: 5NM4 [5] and 5K2D [24]) and synchrotron SMX experiments (PDB: 5NLX 

[5]). 
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Results 

Crystal sample generation and SFX experimental setup 

Microcrystal samples of human A2AAR in complex with the antagonist 

ZM241385 for SFX experiments were generated using the same methodology and 

crystallization conditions as previously reported [1, 25]. At the LCLS CXI instrument, 

microcrystals measuring approximately 5×5×2 µm3 were combined to produce 40 µL of 

densely packed LCP-crystal sample. The samples were loaded and injected into the 

XFEL beam using an LCP-injector as previously described [12], with the major 

exception being that the injector was housed in a helium-filled enclosure (Fig. 4.1A, 

details shown in Supplementary Fig.4.1) instead of the commonly used conventional 

vacuum chamber for SFX experiments at CXI. A Rayonix MX170-HS detector was used 

to collect the SFX data at a 2×2 binning mode with 10 Hz data acquisition rate. A 

representative diffraction image at approximately 1 mJ recorded to 2.0 Å at the edge of 

the detector is shown in Fig. 4.1B. 

 

Figure 4.1. A) A view of the experimental setup for LCP-SFX data collection in helium at CXI. 

Detailed view of instrumentation in the blue inset from panel (A) are shown Supplementary Fig.1. B) 

Representative diffraction pattern during data collection. Diffraction spots located by Cheetah are 

circled. 
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Diffraction data collection and processing 

From approximately 2 hours of data collection, we had an average crystal hit rate 

of 37.5% resulting in 26,341 “hits” – defined as crystal diffraction patterns containing at 

least 15 peaks with the signal-to-noise ratio above 6. From 26,341 hits, 16,737 patterns 

were successfully indexed (63.5% indexing rate) and used to build the model presented 

here. After molecular replacement and refinement, the electron density maps revealed 

three clear densities corresponding to cholesterol molecules near the receptor and a 

density for the ligand ZM241385 consistent with previous structures (Fig. 4.2). Densities 

for lipid molecules, co-purified with the receptor or utilized in crystallization and sample 

delivery, as well as other molecules (polyethylene glycol and glycerol), were resolved as 

well. We also observed a sodium ion coordinated by three water molecules and residues 

Asp522.50 and Ser913.39 (superscript refers to the generic Ballesteros-Weinstein 

numbering scheme for class A GPCRs [26]) in the conserved allosteric site known to be 

important for receptor activation [1, 27] (Fig. 4.2). For a comprehensive comparison of 

our model with other existing models in the Protein Data Bank (PDB), we searched for 

all available A2AAR structures bound to ZM241385 and containing the apocytochrome 

b562RIL (BRIL) fusion protein at intracellular loop 3 (ICL3). We then separated these 

structures according to resolution and diffraction technique. 
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For the sake of brevity, structures with lower than 2.2 Å resolution were not 

analyzed in detail and are thus excluded from the present discussion. Table 4.1 compares 

the statistics for our model with four other previously published structures: 4EIY, a 1.8 Å 

structure from merging multiple single crystal synchrotron diffractions at cryo-conditions 

[1], 5NM4, a 1.7 Å structure obtained using SFX from an XFEL source [5], 5K2D, a 1.9 

Å SFX structure with crystals delivered in vacuum [24], and 5NLX, a 2.14 Å synchrotron 

SMX structure [5]. Superimposition of our model with these high-resolution structures 

showed close alignment with low RMSD (root mean square deviation) values for Cα 

atoms (RMSD values for all-atoms in parenthesis): 0.281 (0.683) Å, 0.279 (0.651) Å, 

0.193 (0.814) Å, and 0.082 (0.571) Å between the current structure and 5NM4, 5NLX, 

Figure 4.2. Quality and validation of the A2AAR model obtained in this study. A) ZM341385 binding site is 

conserved across all models. The ligand from our structure (green sticks) is shown with side chains from all 

structures aligned. B) Conservation of the sodium binding site. Side chains from all models are shown with the 

sodium (blue sphere) and waters (red spheres) from our current model. C) 2Fo-Fc map contoured at 1.0 σ shows 

density for ZM341385 in our model. D) 2Fo-Fc map contoured at 1.0 σ shows clear cholesterol densities in our 

model.  
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4EIY, and 5K2D, respectively (Fig. 4.3A). Overall, all models were found to be in 

agreement with each other without any significant observable differences between the 

synchrotron single crystal diffraction method, SMX, and SFX structures. We observed 

similar crystallographic statistics between the models, with higher B factors for structures 

determined at room temperature compared to cryogenic conditions (4EIY), as expected 

(Table 4.1). Our final model was refined to 2.0 Å with similar crystallographic statistics 

as the other A2AAR models (Table 4.1).   

 

 
Current 

Model 

4EIY 5NM4 5NLX 5K2D 

Data collection 

Method / Source SFX / 

XFEL 

Small 

wedge / 

Synchrotr

on 

SFX / 

XFEL 

SMX / 

Synchrotr

on 

SFX / 

XFEL 

Resolution Range (Å) 27.7-2.0       

(2.07-

2.00) 

27.5-1.8 

(1.86-

1.80) 

19.6-1.7 

(1.76-

1.70) 

34.5-2.1 

(2.22-

2.14) 

24.0-1.9    

(2.00-

1.90) 

Space Group C2221 C2221 C2221 C2221 C2221 

Cell dimensions (Å) 
   

  

     a 40.4 39.4  39.9  40.3  40.4  

     b 180.5 179.5 179.2 180.1 180.7 

     c 142.7 140.3 141.2 142.7 142.8 

Crystal Size (µm3)  5×5×2 60×10×3 30×30×5 30×30×5 5×5×2 
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Unique Reflections 35,870  

(3,486) 

44,252  

(4,100) 

56,793  

(3,437) 

32,392  

(2,761) 

41,882 

(2,933) 

Mean I/σ (I) 4.1 (1.22) 17.7 (1.8) 2.93 

(0.44) 

13.17 

(0.7) 

6.0 (0.6)  

Redundancy  205 (72) 4.0 (3.3) 23.3 (3.0) 1,007 

(8.1) 

291 (62)  

Rsplit (%) or  

Rmerge (%) (4EIY) 

19.1 

(211) 

10 (81) 17.9 

(315) 

4.7 (212) 10.1 

(197) 

CC* 0.99 

(0.50) 

N/A 0.99 

(0.45) 

0.99 

(0.47) 

0.99 

(0.58) 

Completeness (%) 100.0 

(100.0) 

95.1 

(92.8) 

94.6 

(61.8) 

99.5 

(95.7) 

100.0 

(100.0) 

Wilson B-factor (Å2) 33.3 23.7 40.4 45.2 41.5 

Average B-factors 

(Å2) 

   
  

     Overall  48.0 34.0 62.8 69.9 58.5 

     A2AAR  39.4 25.2 50.0 55.8 45.3 

     BRIL 82.6 55.9 90.4 117.0 92.3 

     Lipids  72.6 45.4 140.6 98.6 80.1 

     Ligand 32.9 20.4 37.6 40.5 35.6 

     Solvent 48.3 37.4 52.8 46.7 54.1 

Number of indexed 

images used for 

dataset 

16,737 - 3,563 128,086 72,753 
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Indexing Rate (%)   63.5  -  2.3 10.8 31.3 

Number of 

Reflections used in 

refinement 

35,862 42,032  53,302 27,734 

 

39,840 

 

Reflections used for 

R-free 

2,000 2,221 2,606 1,430 1,988 

R-work/R-free (%) 19.3 / 

21.6 

17.4 / 

21.3 

21.2 / 

23.5 

19.9 / 

22.9 

17.4 / 

20.7 

Number of non-

hydrogen atoms 

   
  

     Macromolecules 2,978 3,105 2,899 2,894 3,121 

     Lipids 392 456 174 138 397 

     Ligand 25 25 25 25 25 

     Solvent 85 185 59 33 93 

     Protein Residues 391 390 382 382 391 

RMS 

     bonds (Å) 

     angles (°) 

 

0.010 

 1.06 

 

0.016  

1.29 

 

0.014 

 1.35 

 

0.014 

 1.41 

 

0.010 

 1.20 

Ramachandran Plot 

Analysis 

   
  

     favoured (%) 98.2 99.0 98.2 96.6 99.0 

     allowed (%) 1.8 1.0 1.6 3.4 1.0 

     outliers (%) 0.0 0.0 0.3 0.0 0.0 

Rotamer outliers (%) 4.01 0.31 1.37 3.08 2.20 
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Clashscore 1.30 2.69 3.33 4.51 3.20 

 

 

 

Discussion 

After refinement, we observed no significant differences in the 2mFo-DFc maps 

between our model and previously published A2AAR structures (4EIY, 5K2D, 5NLX, and 

5NM4). Analysis of structural characteristics such as disulfide bonds, the sodium binding 

Table 4.1. Data collection and refinement statistics for the A2AAR models discussed in the present study.  

 

Figure 4.3. A) Cα RMSD values between the current A2AAR structure model and the compared models. Lower 

RMSD shown in blue, higher RMSD values shown in red. Scale bars included for maximum and minimum 

values. B) The current A2AAR structure model colored by B-factors. Lower B-factors shown in blue, higher B-

factors in red. Scale bar shows minimum and maximum B-factors. C) Overlay of all A2AAR models compared 

in this study (Our model (cyan), 5NM4 (tan), 5NLX (purple), 4EIY (grey), 5K2D (blue). The BRIL fusion 

protein is removed. 
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pocket, ligand binding residues, and cholesterol molecules showed similar quality 

between the 2mFo-DFc maps (Suppl. Fig. 4.2). We observed slightly larger RMSD values 

in regions including ICL2, the intracellular portion of TM6, and ECL2 (Fig. 4.3A). 

Moreover, weaker densities were observed across all models for ICL2 and ECL2, 

potentially indicative of the dynamic nature of these loops. These regions of weaker 

density and higher RMSD also correlate to higher B-factors from the model (Fig. 4.3B). 

Nonetheless, all the structure models generated using different diffraction methods are 

comparable, with important structural characteristics clearly resolved (Fig. 4.2). Figure 

4.3C shows a ribbon representation of all structure models aligned to our current model.  

At the time of writing, the standard detector installed in the primary chamber of 

the LCLS CXI instrument is the Cornell-SLAC pixel array detector (CSPAD) capable of 

high speed readout at 120 Hz [21, 28]. The main advantage of this detector is that it is 

specifically made for LCLS applications; it has a large cross-sectional area (1,516×1,516 

pixels at 110 μm per pixel; 167×167 mm), can count single photons, with a maximum 

signal of 2,700 photons (8 keV) / pixel, and a fast 120 Hz data acquisition rate, all of 

which are amenable for XFEL SFX experiments. The results reported here were recorded 

using the Rayonix MX170-HS detector. Beyond the technical differences (CCD vs. pixel 

arrays), which are outside the scope of this study, we mainly focus on the advantages the 

MX170-HS detector offers. During our SFX experiments, the MX170-HS detector was 

recording in a 2x2 binning mode (1,920×1,920 pixels at 89 μm per pixel ; 171×171 mm) 

which has a capacity of recording a max signal of 50,000 photons (12 keV) / pixel [28]; 

in comparison, the CSPAD detector can record either a max signal of 2,700 photons (8 

keV) / pixel at the low gain mode, or 350 photons (8 keV) / pixel at the high gain mode, 
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significantly less than that of the MX170-HS. Additionally, the lower dynamic range of 

the CSPAD detector limits the amount of tolerable background noise since a detector 

readout must include a full LCLS pulse, elevated background can utilize all the dynamic 

range of the detector and lead to signals above background saturating the detector. 

Performing experiments in vacuum as regularly done at XFELs alleviates this problem. 

In contrast, our experiment was performed at ambient pressure in a helium atmosphere. 

Utilizing the high dynamic range of the MX170-HS detector allowed us to overcome the 

background scattering effects contributed by helium atoms.   

Using the MX170-HS coupled with a full strength XFEL beam, we were able to 

resolve an A2AAR structure model to 2.0 Å with reasonable statistics, demonstrating the 

capabilities of the hardware setup presented herein. The A2AAR crystal sample used in 

this study was comprised of microcrystals that averaged approximately 5×5×2 µm3 in 

size. In contrast, the crystals used to generate the 5NM4 model from SFX were reported 

to be 30×30×5 µm3 [5]. Optimizing conditions to grow larger crystals is often a time-

consuming process that may take months to years and is a significant bottleneck in 

protein structural studies. Our present method alongside established SFX methods have 

shown the potential in obtaining high-resolution diffraction data by focusing on 

optimizing crystal growth conditions to form dense, uniform showers of small crystals. 

Data collection under the conditions outlined here has numerous benefits: first, the high 

dynamic range detectors can record the intense diffraction signals at low resolution so the 

images can be collected using unattenuated beam without concerns for damaging the 

detector electronics. Second, although not tested explicitly here, when more diffraction 

spots are observed in each image, fewer images should be required for structure 
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determination which could reduce the sample consumption and data collection time.  It 

has been common to collect >104 SFX diffraction images to enable the building of a 

quality structure model, although protein structures have been resolved from SFX using 

less than 104 diffraction images on occasion [18]. Although the MX170-HS had a slower 

frame rate (10 Hz), the higher dynamic range can make the MX170-HS a better choice 

for SFX experiments seeking to record high quality resolution data using higher flux of 

the FEL beam at atmospheric pressure. The previously published 1.9 Å A2AAR SFX 

model (PDB: 5K2D) [24] was built using diffraction data from similarly sized crystals 

formed in similar crystallization conditions as the present study, collected for ~2 hours 

using 9.8 keV FEL beam and the CSPAD detector. Similarly, our model was built at 2.0 

Å resolution using SFX data from ~2 hours of beamtime (Table 1). Despite the 

differences between the detectors and data acquisition rates used to record SFX data, our 

model and 5K2D are in high agreement as previously discussed. If we extrapolate our 

results with the MX170-HS to a 120 Hz repetition rate, it may be possible to collect a 

similar dataset in only 10 minutes of beamtime. This is suggestive of the potential of this 

methodology to deliver high resolution membrane protein crystal structures while 

minimizing SFX data collection time and sample consumption. Generally, the ideal 

detector for SFX data collection should have high dynamic range, low read noise, and 

high acquisition rate matching or exceeding the full pulse rate of the XFEL source. The 

newest generation of XFEL beamlines (LCLS-II/SHINE) are capable of repetition rates 

at or above 100kHz. For new detectors to be able to match the repetition rates of these 

new machines, the physical dimensions of the detectors and total amount of pixels could 

be diminished while increasing the pixel size [29]. Theoretically, a 1-megapixel array 
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(1,000 x1,000 pixels) could still achieve a 100kHz repetition rate [29]. Specifically, the 

JUNGFRAU 4M detector [30] is an example of a detector that combines high dynamic 

range with a higher repetition rate (120 Hz) and may allow future users to collect high-

resolution diffraction data from crystals that were previously shown to provide weak, 

low-resolution diffraction at highly attenuated XFELs. The JUNGFRAU 4M will become 

the default detector for sample chamber 1 (SC1) at CXI instrument in mid-2020.  

An additional benefit to our method is the better measurement of low-resolution 

diffraction spots from better intensity estimates due to the aforementioned detector 

characteristics. We have observed that the indexing rate from our experiment was 63.5% 

while the other A2AAR models generated from SFX, 5K2D and 5NM4, showed indexing 

rates of 31.3% and 2.3%, respectively [5] (Table1). Despite the higher indexing rate, our 

overall <I/σ(I)> was lower than that of 5K2D (Table 1), possibly be due to background 

scattering from the helium path between the crystal and the beam stop [31]. Further, it 

has been shown that acquiring more images can improve signal to noise ratio of the 

dataset [32]. In our dataset we used less images (16,737) compared to 5K2D (72,753).  

A central problem around SFX is the scarcity of XFEL facilities and the difficulty 

in obtaining experimental beamtime. Enabling the use of the full power of the XFEL 

source as demonstrated in this work along with a high dynamic range and high repetition 

rate detector should greatly increase the efficiency of SFX experiments for membrane 

protein microcrystals grown in delivered in LCP matrix. Additionally, simultaneous data 

collection in the primary vacuum sample chamber at CXI as well as in the secondary 

helium-filled chamber using the refocused beam should further increase the number of 

experiments conducted at the facility. The methods and hardware setup presented here 
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have led to the development of the Macromolecular Femtosecond Crystallography 

(MFX) instrument [33] at LCLS as well as the secondary Serial Sample Chamber [21, 

22] at CXI to reuse the XFEL beam. Lastly, XFEL-SFX experiments had been regularly 

conducted in helium atmosphere at SACLA, further demonstrating the utility of 

performing XFEL-SFX experiments in helium environment [34-36]. 

Methods 

Adenosine A2A-BRIL receptor purification and crystallization 

Receptor purification and crystallization followed previously published protocols 

[1]. Briefly, 1 liter-scale insect cell membranes were prepared as described, and 

solubilized in a buffer containing 50 mM HEPES at pH 7.5, 800 mM NaCl, 2 mM 

theophylline (Sigma), 1.0 mg/ml iodoacetamide (Sigma), EDTA-free cOmplete protease 

inhibitor cocktail (Roche), 1% (w/v) n-dodecyl-ß-D-maltopyranoside (DDM, Anatrace) 

and 0.2% (w/v) cholesteryl hemisuccinate (CHS, Sigma) for 3 hours at 4ºC. The 

insoluble material was removed by centrifugation at 250,000g for 45 minutes and the 

supernatant was incubated with TALON affinity chromatography resin (Takara-

Clontech) overnight in the presence of 20 mM imidazole. The resin was washed using 

successive volumes of buffers containing 100 µM of ZM241385 (Tocris, prepared as 100 

mM stock in dimethyl sulfoxide) with increasing concentrations of imidazole. A2AAR 

was eluted in the elution buffer (50 mM HEPES pH 7.5, 800 mM NaCl, 10% glycerol, 

100 µM of ZM241385, 0.01% (w/v) DDM, 0.002% (w/v) CHS, 300 mM imidazole) and 

subsequently concentrated to approximately 40 mg/mL using an Amicon centrifugation 

concentrator (100 kDa molecular weight cutoff; MilliPore).  
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The receptor was reconstituted in LCP by mixing with a lipid mixture consisting 

of 90% (w/w) monoolein and 10% (w/w) cholesterol at a ratio of 2 parts protein to 3 parts 

lipids by volume using a lipid syringe mixer [37]. The sample was then subject to 

crystallization in gas-tight Hamilton syringes as previously described [24, 25]. Each 

crystallization syringe contained approximately 5 µL of the LCP sample with 50 µL of 

the following precipitant solutions: 0.1 M sodium citrate pH 5.0, 26% or 28% PEG400, 

and either 30 mM, 50 mM, or 60 mM sodium thiocyanate. All syringes were sealed and 

incubated at 20 °C with crystal formation observed within 24 hours. All crystal samples 

were consumed within the allotted experiment time at LCLS. 

XFEL-SFX diffraction data collection 

A2AAR samples were prepared for injection following previously published 

protocols [38].The final sample was loaded in the reservoir of an LCP injector [12], 

which was mounted in a helium enclosure at the CXI instrument. The unattenuated XFEL 

beam was refocused with 4 compound refractive lenses (CRLs) of 50 µm Radius of 

curvature [39] for a total focal length of 1.79 m. These lenses were placed 3 m 

downstream of CXI’s 1 µm focus and 4.42 m upstream the sample. The beam size on the 

sample was estimated to be just below 3 μm due to the lens chromatic aberration and 

assuming a 30 eV bandwidth. The nominal FEL beam pulse energy exiting the undulator 

was around 2 mJ and estimated to be ~1 mJ at the focus. The SFX diffraction data were 

collected using a high dynamic range detector (Rayonix MH170-HS) at 10 Hz with a 

sample flow rate of 0.2 L/min, under a helium path and normal atmospheric pressure.   
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Data processing and model building 

The SFX data were first processed with Cheetah [40] to delineate patterns 

containing crystal diffraction, termed “hits”, from the rest of the patterns using the 

following settings: peakFinder8, threshold of 50 detector units of intensity, min SNR 6, 

min peaks 15, min pixels/peak 2, local bg radius 4. 26,341 hits were found, with an 

average hit rate of 37.5%. CrystFEL (version 0.8.0+049c3eb4) was used for indexing and 

integration (integration radii 4,5,7) based on the peaks found by Cheetah [41, 42]. 16,737 

patterns were successfully indexed using a combination of MOSFLM [43], DirAx [44], 

XDS [45], asdf [42], and XGANDALF [46]. The sample-to-detector distance along with 

detector geometry were optimized using geoptimiser [47] with lysozyme crystal 

diffraction patterns collected at the beginning of the experiment to generate a virtual 

powder pattern. Multiple indexing runs were performed using finer detector geometry 

corrections for each indexing run to arrive at the final stream of data. Reflections were 

scaled and merged using partialator with the “unity” model (i.e. no partiality modelling), 

a saturation cutoff of 10,000 detector intensity units, and 1 scaling/merging iteration. 

Using data up to a resolution of 2.0 Å, an initial model was generated by molecular 

replacement (MR) phasing using the 1.9 Å XFEL structure (PDB ID: 5K2D) modified to 

a poly-alanine model, as the search model in the Phaser-MR module (Phenix version 1.17 

[48]) in order to reduce phase bias [49, 50]. Iterative cycles of model refinement using 

Phenix.refine with TLS refinement parameters in five TLS groups. Manual inspection 

and model modifications in Coot [51, 52] was subsequently performed. The ligand, lipid, 

and cholesterol molecules were manually modelled into electron densities using Coot, as 
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well. Data collection and refinement statistics are presented in Table 1. The protein 

structure images presented in the figures were generated using PyMol [53]. 
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Supplementary Figure 4.4 

 

 
Supplementary Figure 4.4. Detailed instrument setup from Figure 1A inset region. A) 

Side profile view highlighting the location of the detector, viscous sample injector, and 

other instruments within the sample chamber. B) Another view of the viscous sample 

injector, beam stop, and helium line inside the sample chamber. 

Supplementary Figure 4.5 

Supplementary Figure 4.5. Comparison of the ligand, cholesterol, and sodium pocket 

2mFo-DFc electron densities. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS  

CCK1R and Cholesterol 

 The simulations at the CCK receptors yielded exciting insights regarding the 

mechanism behind the cholesterol sensitivity of the CCK1R. We found that cholesterol 

stuck to the CCK1R at residue F1303.41 stronger than any other receptor that we 

measured. Furthermore, the simulations showed that the CCK receptors bound 

cholesterol differentially both in the location and length of the interactions. This further 

supports the notion that the specific cholesterol interactions could be responsible for the 

sensitivity of the CCK1R. In class-A GPCRs, mutations to position 3.41 have been shown 

to be important in the expression and stability of numerous engineered receptors for 

crystallization [1-3]. In the light of the previous data, it is not surprising that cholesterol 

interactions centered at F130 would have profound physiological effects. Moreover, 

previous studies support the hypothesis that interactions at TM3 could be responsible for 

the cholesterol sensitivity of the CCK1R [4, 5].  

The binding of the peptide hormone cholecystokinin (CCK) to the CCK1R is 

known to cause satiation after the consumption of a meal [6, 7]. Knowing this, several 

pharmaceutical companies have developed CCK1R agonists as appetite suppressants to 

aid in the weight loss of overweight patients [8, 9]. While the treatments generally did 

result in loss of weight, it was not greater than dieting alone, and because of concerns that 

more potent or longer duration full agonists might be associated with side effects and 

potential toxicity, this type of drug never reached clinical use. Since high-membrane 

cholesterol (something commonly found in obese patients) impedes the satiety effect of 
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the CCK1R, it has been proposed that a positive allosteric modulator could be developed 

that would inhibit cholesterol interactions with the receptor and thus allow for enhanced 

signaling from the CCK1R without the need for a potent agonist and the accompanying 

side effects. Our simulations were able to reveal a region centered on TM3 where 

cholesterol appears to bind the CCK1R. A brief analysis of the surface contact potential 

of the CCK models revealed a clear cleft amenable to cholesterol binding at the CCK1R 

(Fig. 5.1). However, to develop the proposed allosteric modulator, more detail of this 

binding cleft is needed. Fully atomistic computational approaches, such as molecular 

dynamics or docking, could provide clearer data regarding these receptor-cholesterol 

interactions. However, it should be noted that no high-resolution structures have been 

published for the CCK receptors and thus, even fully atomistic simulations arise from 

homology models of closely related receptors.  

 

Figure 5. 1 Surface contact charge shown for the CCK receptors and the B2AR. Negative charges shown in 

red and positive charges shown in blue. A clear cleft on the CCK1R is highlighted by the orange circle. The 

CCK2R has a smaller cleft with opposite charge. The B2AR shows a largely negative cleft, potentially not 

amenable to cholesterol binding.  
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To this end, extensive rounds of receptor engineering have been performed in the 

pursuit of a stable, crystallization friendly construct of the CCK1R. Through the 

incorporation of numerous truncations, mutations, and fusion proteins, the CCK1R has 

been purified in a form that is monomeric and binds a small molecule antagonist (Fig. 

5.2). Moreover, a pre-crystallization FRAP assay [10] has highlighted conditions that 

should be amenable to crystallization (Fig. 5.2). Theoretically, a high-resolution structure 

will help further elucidate the exact interactions between the CCK1R and cholesterol and 

aid in the pursuit of the allosteric modulator.  

Figure 5.2 Towards a high-resolution CCK1R crystal structure A) Expression of the CCK1R increased through 

numerous rounds of engineering. B) A FRAP assay showed multiple conditions that may be amenable to for 

the crystallization of the CCK1R. C) A small molecule ligand stabilizes the receptor in a thermal denaturation 

assay, showing ligand binding ability of the construct. D) The construct purifies in a stable, monomeric form.  
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 Additionally, more interesting questions concerning the dynamics of the receptor 

itself could be answered by more in silico research. For example, a fully atomistic 

simulation at the CCK1R could show why the receptor binds ligand tighter as cholesterol 

is increased the membrane [5]. It is known the CCK receptors bind cholesterol differently 

[11]. Interestingly, unpublished data has led our collaborators to believe that the CCK1R 

binds CCK in a similar fashion as the CCK2R under a high cholesterol environment. 

Atomistic simulations could hypothetically yield more information into the different 

modes of ligand binding. Residues important for CCK binding could be compared from 

separate simulations with increasing membrane cholesterol content. Furthermore, detailed 

analysis of the conformational changes that the receptor exhibits in varying levels of 

membrane cholesterol could explain why the CCK1R binds to an agonist stronger while 

exhibiting less downstream signaling under high cholesterol conditions [5]. It may be that 

cholesterol binding hinders the necessary outward swing of transmembrane helices 

necessary to facilitate G-protein binding.  

 A particularly interesting hypothesis is the notion that cholesterol could be 

inducing biased signaling pathways at the CCK1R. In the canonical sense, stronger 

agonist binding would be expected to result in a stronger signal from the receptor. To 

date, the assays quantifying cholesterol’s effect on the CCK1R have only focused on Ca2+ 

efflux originating from the CCK1R-Gq pathway. As highlighted in chapter 1, GPCRs can 

signal through numerous G-protein pathways. The CCK1R has been shown to bind Gq, 

Gs, Gi, and Go proteins to varying degrees, with the majority of downstream signaling 

originating from Gq binding. Interestingly investigations into the biased signaling (i.e. 

ligand preferentially signaling through one particular G-protein) of the CCK1R showed 
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that mutations at the bottom of TM3 induced changes in the levels of downstream 

signaling arising from the different G-proteins. We believe that cholesterol binds the 

CCK1R on TM3 slightly above these residues. Therefore, it is interesting to hypothesize 

that cholesterol binding may induce similar effects and result in a biased signaling 

cascade. This would, theoretically, reconcile the how the CCK1R binds agonist stronger 

while limiting the signaling from the Gq pathway. The hypothesis could be tested using 

the same assays as described previously. However, fluorescent probes for other 

downstream molecules, such as cAMP or IP3 in the place of Ca2+, could quantify signals 

that arise from other G-proteins.  

TM7 CRAC Sequence 

 One of the more exciting findings from our simulations was the discovery of a 

TM7 CRAC sequence that overlaps with the conserved NPxxY motif. After alignment, 

we discovered that this CRAC sequence is conserved across nearly 40% of class-A 

GPCRs. Unfortunately, CRAC sequences are ubiquitous on membrane proteins and are 

poor predictors of actual cholesterol binding. Realistically, it may be that this CRAC 

sequence has little physiological relevance for many receptors that contain it. Conversely, 

there is evidence in the literature that this CRAC sequence can be important for receptor 

function, such as at the type-1 cannabinoid receptor [12]. Moreover, our mutational 

analysis at the β2AR showed that mutation of this CRAC sequence does change the 

receptors properties with respect to cholesterol in synthetic bilayers.  

 For cholesterol sensitive receptors, downstream signaling or ligand binding assays 

after the enhancing/depletion of membrane cholesterol could provide data that would 

validate the importance of this CRAC sequence. Mutations that remove the CRAC 
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sequence (or add the CRAC sequence to those receptors that don’t naturally contain it) 

could show whether or not cholesterol binding at TM7 has any profound physiological 

effects.  

General Directions 

 Our simulations were able to elucidate specific cholesterol binding pockets on 

GPCRs. While many studies have focused on the relationship between various receptors 

and cholesterol, there is still much to be learned. There are many receptors known to be 

sensitive to membrane cholesterol without specific information about where/how 

cholesterol interacts. Our simulation methods could be applied to numerous receptors and 

characterize these interactions.  

Advances in X-ray Crystallography 

 Our experiments at the XFEL showed that data collection from an unattenuated 

X-ray beam can streamline data collection during SFX. We were able to generate an 

A2aAR structure model from fewer images and less collection time than previously 

published models. A main problem around SFX is the scarcity of XFEL facilities and the 

difficulty in obtaining beamtime. Enabling the use of the full power of the XFEL source 

as demonstrated in this work along with a high dynamic range and high repetition rate 

detector should greatly increase the efficiency of SFX experiments. One clear limitation 

from our experiment was the low refresh rate (10 Hz) of the MX170-HS detector. 

However, if we extrapolate the rate of data collection to other detectors (120 Hz), a 

complete dataset could be collected in as little as 10 minutes. While current detectors, 

such as the JUNGFRAU 4M, offer high dynamic range and operate at 120 Hz, new 

generations of detectors will need to increase their refresh rate to match the 100 kHz 
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repetition rates of the newest generation of XFEL beamlines. To achieve such a high 

refresh rate, the physical dimensions of the detectors and the total number of pixels will 

need to be diminished while increasing the average pixel size. Theoretically, a 1-

megapixel array (1,000 x1,000 pixels) could still achieve a 100kHz repetition rate [13]. 

The methods described here will aid researchers as they determine the structure of more 

GPCRs and other important proteins.  
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