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Abstract
Wink, Lee Howard. PhD. The University of Memphis. December 2018. Computational and
Experimental Approaches to Overcome the G Protein-Coupled Receptor Structural Knowledge
Gap. Co-Major Professors: Abby L. Parrill-Baker, PhD. and Daniel L. Baker, PhD.

G protein-coupled receptors (GPCR) represent one of the largest families of integral
membrane proteins in eukaryotes. Approximately 34% of FDA-approved drugs interact with
GPCR. Despite recent GPCR structure reports, the number of unique structures known represents
only a small percentage of all therapeutically-relevant GPCR. Experimental and computational
approaches have been applied to the goal of decreasing this structural knowledge gap.
Experimentally, water-soluble (WS) mutation sets intended to be transferrable throughout the
GPCR family have been designed. A Green Fluorescent Protein (GFP) fusion partner was used
as a folding reporter with a WS-GPCR mutant to more efficiently screen culture conditions for
optimal protein expression in E. coli. Increasing the inducer concentration and post-induction
growth time at low temperatures were observed to increase the amount of protein found in the
soluble fraction based on whole-cell fluorescence measurements. Chaperone (GroEL) discovery
in purified WS-GPCR mutant samples prompted the search for removal strategies during protein
purification. Attempts to remove GroEL by applying strategies found in the literature were
unsuccessful. The MOE Patch Analyzer tool was used to calculate hydrophobic surface patches
on WS-GPCR mutants generated in silico. Addition of mutations at positions 1.31, 6.39, 6.57,
7.37,7.48, and 7.51 on the B2-adrenergic receptor M15 mutant decreases the calculated size of
major hydrophobic surface patches and may prove useful in future efforts to eliminate the GroEL
interaction with WS-GPCR mutants. A computational benchmark study comparing performance
of loop modeling algorithms available in the Rosetta and Molecular Operating Environment

(MOE) software suites was also performed. Extracellular loop 2 (ECL2) from various GPCR



served as the modeling targets. Results from this benchmark study suggest that out of 1000 total
loop models generated, the KIC with Fragments (KICF) and Next Generation KIC (NGK)
algorithms within Rosetta sampled more models with near-atomic accuracy than the Cyclic
Coordinate Descent (CCD) algorithm or the de novo search method within MOE for ECL2
targets with 24 residues or less. For longer loop modeling targets, it is likely that increased

sampling is necessary to obtain models with near-atomic accuracy.
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Chapter 1
An Overview of Modeling Methods Applicable to G Protein-Coupled Receptors
1.1 Introduction

G protein-coupled receptors (GPCR) represent one of the largest families of integral
membrane proteins in eukaryotes. GPCR serve central roles in amplifying and regulating a wide
range of intracellular responses from extracellular stimuli. It is estimated that ~34% of FDA-
approved drugs interact with GPCR targets including classes of drugs such as beta-blockers,
antihistamines, and antipsychotics.'?

In response to ligand activation, GPCR undergo conformational changes that influence
coupling with intracellular signaling components, including with heterotrimeric G proteins (Ga,
GB, Gy subunits), p-arrestins, G protein-coupled receptor kinases (GRK), and other effectors.®®
In addition to ligand activation, some GPCR exhibit constitutive activity which is characterized
by a basal level of activation in the absence of ligand stimulation.® After receptor-G protein
coupling, the receptor functions as a guanine nucleotide exchange factor (GEF) to catalyze
nucleotide (GDP/GTP) exchange in the Ga subunit which causes the heterotrimeric G protein
subunits to dissociate. The GTP-bound Ga and Gy subunits are then free to independently
interact with effector proteins to mediate the stimulation/inhibition of second messengers such as
cyclic AMP, inositol triphosphate, and Ca?*.” Different subtypes of the Ga subunit (Gos, Gai,
Gag, Gal12/13) are largely responsible for the selectivity between the various downstream
signaling pathways.

Members of the GRK protein family play a major role in the termination of G protein
signaling by phosphorylating Ser/Thr residues on the intracellular C-terminal tail of GPCR.

Subsequently, the ubiquitous B-arrestin proteins (B-Arr1, B-Arr2) are recruited to the



phosphorylated GPCR and physically hindering further G protein signaling which leads to
desensitization.2 Additionally, B-arrestins function as scaffolds for proteins that are important for
receptor internalization, and recycling/degradation through endocytic pathways. Furthermore,
these proteins have the ability to act as scaffolds for signaling partners involved in modulating
downstream pathways, such as the mitogen-activated protein kinases (MAPK), nonreceptor
tyrosine kinases, and transcription factors, independently of heterotrimeric G protein signaling
(biased signaling).>*°

There are over 800 human GPCR that have been classified into major families and
subfamilies based on sequence identity.!! One classification scheme organizes GPCR into six
distinct groups, Classes A-F as follows: Class A (rhodopsin), B (secretin), C (metabotropic
glutamate), D (fungal mating pheromone receptors), E (cyclic AMP receptors), and F
(frizzled/smoothened).*2!3 Another common classification scheme is the GRAFS system that
strictly considers the GPCR of vertebrates (excluding Classes D and E).!* The GRAFS
classification with their Class A-F equivalents in parentheses include the glutamate (Class C),
rhodopsin (Class A), adhesion (Class B2), frizzled/taste2 (Class F), and secretin (Class B1)
families.
1.2 GPCR structure-function relationships

All GPCR share a common topology featuring a core bundle of seven transmembrane
(TM) a-helices with the N-termini and C-termini located on the extracellular and intracellular
sides of the cell membrane, respectively (Figure 1.1). The extracellular and intracellular loops
(ECL and ICL) are the protein segments that connect adjacent TM domains (ECL1-3, ICL1-3).
The Ballesteros-Weinstein (BW) numbering system is commonly used to denote residue

numbers for class A GPCR with a format which has two components (x.y): where x represents



the TM helix 1-7 and y represents the residue position relative to the most conserved residue in
each TM which is designated x.50."> The variable y will incrementally decrease or increase from

x.50 for residues proceeding towards the N-terminus or C-terminus, respectively.
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Figure 1.1: Snake plot diagram of the Class A GPCR, B2 adrenergic receptor (§2AR).
The roman numeral labels I-VI1 represent TM helices 1-7, ECL1-3 and ICL1-3 represent
the extracellular and intracellular loops 1-3, respectively. The red highlighted amino acids
represent the most conserved residues in each TM domain for Class A GPCR that is used in
the Ballesteros-Weinstein numbering system (Table 1.1). The snake plot diagram was
downloaded from the GPCRdb.3®



Table 1.1: Conserved residues and sequence motifs of Class A GPCR.
The most conserved residues for each TM are in the BW row denoted by x.50. The variable
x corresponds to each TM number.

BW T™M1 TM2 TM3 T™M4 TMS TM6 T™M7

X.46 - L - - - - -
xX.47 - X - - F C -
X.48 - X - - X W -
X.49 G X E/D - X X N
% 50 1.50 2.50 3.50 4.50 5.50 6.50 7.50
N D R w P P P
x.bl X - Y - - F X
X.52 X - - - - F X

GPCR activation mechanisms share common features that involve overall TM domain
movements associated with rotamer changes in conserved side chains within the intracellular
ends of the TM segments. These rotamer changes, collectively termed microswitches, stabilize
the TM movements and prepare the intracellular side of the GPCR for G-protein binding.*® The
D/ERY sequence motif in TM3 is highly conserved among Class A GPCR. This motif features a
salt bridge between the side chains of adjacent residues R (BW: R3.50) and D/E (BW: D/E3.49)
that is found in inactive GPCR structures.'” In addition, the conserved R3.50 residue forms a salt
bridge with D6.30 that stabilizes the proximity of the intracellular ends of TM3 and TM6 for
GPCR in an inactive state. This interhelical salt bridge is known as the ionic lock and was first
observed in structures of bovine rhodopsin in the fully inactive state.® However, the stabilizing
role of the ionic lock may be less important for other receptors as the acidic residue in position
6.30 is only conserved in 30% of GPCR.® Two examples of GPCR crystallized in the active
state (rhodopsin'®? and p2AR*Gs complex?*) show the R3.50 — D/E3.49 salt bridge broken and
rotamer changes to R3.50 that result in interactions with the Ga subunit C-terminal helix. The
NPxxY motif on the intracellular end of TM7 contains the highly conserved residue Y7.53

microswitch. Inactive state GPCR structures feature the Y7.53 side chain pointing towards TML1,



2 or Helix 8. On the other hand, all active state GPCR structures show a Y7.53 rotamer change
resulting in the tyrosine side chain pointing towards the center axis of the TM bundle.*®

In the context of rational drug design, it is important to understand how a diverse range of
GPCR-ligand interactions result in global TM rearrangements that effectively expands the
intracellular side of the TM bundle for heterotrimeric G protein (and other signaling partners)
coupling. In comparisons of the inactive and active state adenosine A2A receptor (AA2AR)
crystal structures, an agonist-induced rotamer change of the W6.48 residue (CWxPFF motif)
corresponds with the outward movement (away from TM bundle) of TM6 on the intracellular
side associated with GPCR activation.?>?3 Conversely, inverse agonists directly stabilize the
inactive rotamer state of the W6.48 residue in observed complexes of the rhodopsin/retinal 2
AA2AR/ZM?241385,% and histamine H1/doxepin? crystal structures. However, the functional
role of W6.48 in ligand-dependent activation is not a universal aspect of GPCR. For example,
W6.48 rotamer shifts were associated with inactive functional states of the M2 and M3
muscarinic receptor crystal structures.?”?® In addition, agonist- and inverse agonist-bound
structures of B1AR and P2AR show no direct contacts between ligands and W6.48.21:29%0
Analysis of inactive®®3! and active?>*2 B2AR crystal structures suggests that the ligand-
dependent interactions resulting in the outward movement of TM6 initially involve two serine
residues in TM5, S5.42 and S5.46. Polar interactions between bound agonist and S5.42 and
S5.46 stabilize an inward shift of the extracellular portion of TM5. The global rearrangement of
TMD5 leads to subsequent rotamer changes in residues 13.40 and F6.44, which corresponds to the
outward movement of TM6. Further progress in GPCR structure determination will be necessary

to expand our knowledge of GPCR structure-function relationships.



1.3 Challenges associated with GPCR structure determination

In general, membrane proteins have been difficult targets for traditional structure
determination methods such as x-ray crystallography and solution NMR. Bovine rhodopsin,
published in 2000, was the first atomic-resolution crystal structure of a GPCR (PDB: 1F8824). In
most crystallization efforts, the target protein is expressed and purified from recombinant host
systems, but many studies have highlighted the difficulties in expressing and purifying GPCR.*3
Recombinant protein expression was unnecessary in the case of rhodopsin due to the high
amounts of endogenously expressed rhodopsin within bovine rod cell membranes. To date,
rhodopsin remains the only GPCR to be purified and crystallized from its native source. This
approach is not generally applicable due to the relatively low abundance of natively-expressed
GPCR with respect to the amount of protein required for crystallization studies. Seven years after
the structure of rhodopsin was solved, B2AR was the second GPCR to be successfully
crystallized (PDB: 2RH1%**, 2R4R, 2R4S%®). Currently (as of May 2018), there is a total of 50
unique GPCR structures (43 Class A, 4 Class B1, 2 Class C, 1 Class F) that have been
experimentally determined (Figure 1.2).%¢

The seven-year lag and ensuing exponential increase in unique GPCR structures solved
reflects many of the methodological advancements that were necessary to progress in the field.*’
GPCR structure determination faced challenges in all major stages of traditional crystallography
workflows including functional protein expression/purification, crystallization (crystal
formation), and diffraction/data collection. Early efforts in functional GPCR production for
structural studies often suffered from low expression levels, poor receptor solubilization and

stability. Improvements in protein engineering (thermostabilizing mutations and fusion partners),
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Figure 1.2: Timeline of unique GPCR crystal structure publications.

The timeline above shows the number of individual GPCR crystal structures that was
published in each year since 2000. Crystal structure data was collected from GPCRdb
structure statistics.%

detergent screening, and lipidic cubic phase-based crystallization were critical in the recent
successes of GPCR structure determination, 3839
1.4 GPCR models can be used in structure-based drug design

Drug design efforts can be categorized into two methodological approaches: structure-
based drug design (SBDD) and ligand-based drug design (LBDD).*° In the absence of a receptor
crystal structure or model, LBDD methods are more suitable for studying potential interaction
sites on known ligand molecules that correlate with GPCR-mediated responses. SBDD methods
can be applied to understudied GPCR and orphan receptors using GPCR crystal structures or
models where very little (if anything) is known about cognate ligands (endogenous or synthetic).
The cost advantage in using computational methods to guide ligand screening is significant when
considering instrumentation and reagent costs associated with high-throughput screening (HTS)

campaigns.



The absence of experimentally determined structures for many GPCR remains a major
challenge in identifying endogenous ligands or designing novel drugs that target receptors with
high selectivity and affinity.*! In lieu of experimental structures, computational models of GPCR
provide a predictive tool for studying potential receptor-ligand interactions in silico and
developing hypotheses to prioritize experimental screening efforts. Virtual ligand screening
(VLS) with GPCR structures (computational models or experimental structures) is a strategy that
uses computational docking experiments to identify novel ligands from large databases for the
target receptor.

Docking algorithms consist of two overall stages: sampling and scoring. For a target
protein structure and a set of potential cognate ligands, docking algorithms sample the
conformational space of ligands placed within the defined binding pocket of the target receptor.
In the second stage, algorithms use scoring functions to evaluate the complementarity of
predicted receptor-ligand docking poses based on estimates of binding energy.*

VLS requires some general knowledge of the spatial and energetic requirements for receptor-
ligand binding a priori.*3
1.5 Two major categories of protein modeling

Most protein modeling approaches can be categorized as either comparative modeling or
ab initio/de novo methods. Comparative modeling methods rely on the idea that evolutionarily
related proteins share a similar structure and function.** Therefore, the criteria for choosing a
template for modeling usually include high amino acid sequence similarity and common
function, which together suggest common evolutionary origin. Due to sharing a similar overall
protein structure, GPCR are reasonable targets for comparative modeling with ~50 unique GPCR

for which crystal structures are now available.



Traditional comparative modeling protocols start with database searches for suitable
template structures that share high amino acid sequence identity to a target query. Subsequently,
multiple sequence alignments between a target and appropriate candidate template(s) are
performed. This is often the most critical stage in the comparative modeling procedure. GPCR
sequence alignments often require manual inspection/adjustments to ensure that the most
conserved residues of each TM helix are aligned and preferably excluding gaps from the highly
conserved TM regions. If more than one potential template sequence/structure exists, multi-
template modeling is typically preferable to single-template modeling if different templates in
the overall alignment share greater local sequence identity in non-redundant regions of the target
sequence.®® In other words, the optimal components of different templates can be integrated to
produce a better model than any single template.

Model building requires generating coordinates for the target sequence based on aligned
template(s) structures. Three common classes of approaches are used: assembly of rigid bodies,
segment matching, and satisfaction of spatial restraints.*® The rigid body assembly method starts
by identifying the conserved and variable regions of the target-template(s) sequence alignment.
A framework for the superimposed template(s) is derived by taking an average of the atomic
coordinates from the structurally conserved regions of the alignment. Often, this is weighted
based on sequence similarity (greater sequence similarity being weighted heavier). The target
model is built by fitting the core (conserved) rigid bodies onto the framework.*’ If only a single
template is being used for model construction, the template coordinates of the aligned residues
are copied directly to the target model. The non-conserved (often loop) regions are subsequently
built by database searching or ab initio methods. The segment matching_approach constructs

models by using subsets of the template structure(s) atomic positions as guiding positions to



identify/assemble short, all-atom segments that fit the guiding positions.*® The all-atom segments
can come directly from the template, protein structure databases or conformational searches
guided by a score function. The satisfaction of spatial restraints approach starts by generating
restraints on the target structure to be modeled based on the alignment to the template structure.*®
The template-derived restraints are usually supplemented with confines on bond lengths, bond
angles, dihedral angles, and atom contacts between non-bonded atoms which can be obtained
from a molecular mechanics force field or knowledge-based statistics. In MODELLER, the
distance and angle spatial relationships are expressed as conditional probability density functions
to be directly used as spatial restraints for generating models.

For reliable GPCR models without any additional structure refinement steps, the lower
threshold for target-template sequence identity is widely accepted to be in the 25-35% range.>0->
Unfortunately, many orphan receptors (GPCR with unknown endogenous ligand and potentially
unknown physiological role/function) and under-studied GPCR have low sequence identities (<
20%) relative to available crystallized GPCR templates.

When comparative modeling is not feasible, ab initio or de novo methods are common
alternatives for protein structure prediction. The terms ab initio (Latin: “from the beginning”)
and de novo (Latin: “from the new”) are often used interchangeably to categorize methods that
attempt to predict the protein structure from a target amino acid sequence lacking any available
homologous structure templates. Ab initio traditionally refers to structure prediction approaches
that solely rely on physics-based principles, and de novo is a more general category of methods
that exclude template-based strategies used in comparative modeling. There is a semantic debate
among those in the field about whether strategies that use statistically-derived (knowledge-

based) information from known protein structures can be truly considered ab initio methods. In
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the context of this dissertation, the term ab initio will be used for approaches that do not use
homologous template-based modeling methods.

In most cases, ab initio modeling methods need to accomplish at least two general tasks
for protein structure prediction: 1) sampling conformational space to produce an ensemble of
potential models, and 2) scoring/filtering models to discriminate putative native and near-native
structures from non-native structures. There have been many excellent reviews highlighting the
different approaches in conformational sampling®3° and scoring protein models.>®8 Ab initio
methods will often perform conformational sampling, filtering, and scoring tasks within distinct
coarse-grained and full-atom stages of protein representation. Due to the rugged energy
landscape associated with full-atom protein models, coarse-grained models are typically used for
broad sampling of the conformational space, initially. Coarse-grained representations have a
much smoother energy landscape which allows for more efficient conformational searches for
the global energy minima.>® Conformational searches for the global energy minima within the
rugged energy landscape of full-atom models can potentially become trapped in local minima.

It is generally accepted that ab initio methods are more feasible for modeling smaller
proteins (<150 residues) or segments of larger proteins (including loop regions, discussed in
Chapter 3) that are unsuitable for template-based methods. However, GPCR (and integral
membrane proteins, in general) are often much larger than 150 residues and therefore pose a
greater challenge in adequately sampling the vast conformational space of the overall protein
fold. One of the many approaches to reducing the conformational search space is the use of
fragment-assembly.®® In general, this approach uses a library of fragments derived from
experimentally-determined protein structures and an algorithm that assigns optimal fragment

combinations with segments of the target protein sequence based on sequence similarity or
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predicted secondary structure.® Preliminary models of the overall protein fold are produced by a
combinatorial fragment assembly algorithm and subsequently optimized/refined for model
evaluation. The fragment-assembly approach has been implemented in the widely successful
structure prediction method, 1-TASSER®2%3 and many protocols within the modeling software
suite Rosetta.54%
1.6 Hybrid modeling approaches applied to membrane proteins and GPCR

The Rosetta software suite offers comparative modeling and ab initio structure prediction
tools that are applicable to GPCR: Rosetta Comparative Modeling (RosettaCM) and Rosetta
Membrane Protein (RosettaMP) structure prediction.%®” RosettaCM is a template-based method
that requires alignments of the target sequence with one or multiple template sequences. This
method implements Monte Carlo (MC) moves for the following: inserting fragments in
unaligned segments, replacing segments derived from different template structures randomly,
and Cartesian-space minimization with the Rosetta centroid (coarse-grained representation of
amino acid side chains) energy function. MC moves are followed by optimization in the full-
atom stage. The RosettaMP framework has developed over time to improve membrane protein
modeling by implementing a modified version of the Rosetta energy function that accounts for
the membrane environment and membrane protein-specific constraints (helix-helix packing in a-
helical bundles) in structure prediction applications.®®"°

GPCR-I-TASSER is a hybrid modeling method that incorporates either threading by the
Local Meta-Threading-Server (LOMETYS) to find template structures in the PDB or ab initio TM
helix assembly to build the TM helix bundle framework.”* GPCR models are built by assembling
fragments derived from the LOMETS target-template threading alignments or ab initio TM helix

models following a procedure extended from I-TASSER.”? The major difference is that structure
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assembly simulations are guided by a knowledge-based force field that is specific to GPCR.
Models are built with structural restraints derived from a database that contains GPCR-specific
experimental mutagenesis data (GPCR-RD).

Continued progress in the membrane protein structure prediction field is highlighted by
promising examples of composite approaches that incorporate modeling restraints from sparse
experimental data (i.e. nuclear magnetic resonance (NMR) spectroscopy,’® cryo-electron
microscopy (EM),”* electron paramagnetic resonance (EPR) spectroscopy,’ and chemical cross-
linking with mass spectrometry (XLMS)"®) with additional sequence-based methods (secondary
structure predictions, TM span/topology predictions) to improve the accuracy of membrane
protein structure prediction.®”"” For example, the Meiler group has developed the BCL::MP-Fold
method for de novo membrane protein structure prediction.”® To efficiently sample the vast
conformational space of large membrane proteins, the MC algorithm uses predicted secondary
structural elements to assemble the overall protein fold within a virtual membrane environment.
Knowledge-based scoring functions designed for membrane proteins are used to approximate the
intermediate models’ free energy after each MC step. Experimental data can be incorporated into
the BCL::MP-Fold algorithm to account for model simplifications during the sampling and
scoring steps.” The output from the BCL::MP-Fold algorithm is a simplified fold composed of
secondary structural elements with only limited deviations from idealized dihedral angles. These
simplified models are subsequently used as input for optimization/refinement steps to produce
full-atom models using tools from the Rosetta modeling suite.

1.7 Perspectives
Results from the most recent GPCR DOCK blind prediction experiments (2010, 2013)

showed that overall comparative modeling techniques perform better than ab initio/de novo
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methods when suitable templates are available for the modeling target.8%8! With increasing
numbers of GPCR structures available in the PDB and other publicly available experimental
data, more receptors can be confidently modeled using template-based methods. Based on the
trend of unique GPCR structures solved to date, the number of available structures in the PDB
will inevitably increase. Receptors that lack suitable comparative modeling templates can be
modeled using ab initio methods due to improvements in conformational sampling techniques
and membrane protein-specific score functions. Incorporating experimental data in the form of
modeling constraints can also be used in structure prediction methods.

The topics of the subsequent chapters will cover additional experimental and
computational approaches to studying GPCR structures. In regard to experimental approaches,
Chapter 2 will go more in depth about a novel family-wide protein engineering strategy to aid in
X-ray crystallography structure determination methods for GPCR. As for computational
approaches, Chapter 3 will focus on loop modeling methods for one of the most challenging

components to GPCR structure prediction via template-based methods.

14



Chapter 2
Designing and Characterizing Water-Soluble G Protein-Coupled Receptors

2.1 Introduction

Nearly half of the 800 GPCR sequences in the human genome are unique, non-olfactory
GPCR that are potential therapeutic targets.®2® As of May 2018, crystal structures for 50 unique
GPCR were available in the Protein Data Bank (PDB: www.rcsh.org).84 While this is a marked
increase from the two unique GPCR for which structures were available in 2007, structures for
an overwhelming majority of GPCR have not been experimentally determined. This lack of
structures applies to membrane proteins in general, when compared to the number of water-
soluble protein structures that have been deposited to the PDB. According to the Mpstruc
database, there are currently 1,441 publications of membrane protein structures and a total of
2,605 coordinate files in the database.®>® In comparison, there are a total of 131, 837 protein
structures available in the PDB.8* This dearth of structures for membrane proteins is due, in part,
to their intrinsic instability in aqueous solutions that are typically required for structural studies.
Structural characterization of GPCR is further hindered by the dynamic range of receptor
activation states dependent on conformational changes inherent to GPCR structure and
function.®’

This chapter details our group’s efforts toward developing water-soluble mutants of
GPCR to overcome the challenges of determining membrane protein structures. Figure 2.1 is a
schematic overview of our efforts divided into three distinct sub-topics. The overall goal and
novelty of the project was to identify a minimal number of mutations on commonly outward-
facing, lipid-exposed residues in most GPCR family members to generate a transferable mutation

set (i.e. a single approach that could be applied across all class A GPCR) that would allow for the
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Figure 2.1: Schematic overview of the water-soluble GPCR project progression.

The following sub-topics are covered in this chapter: (A) The design process for developing
transferable mutation sets for WS-GPCR, (B) The role of Green Fluorescent Protein (GFP) as
a fusion partner folding probe during WS-GPCR mutant expression in E. coli. (C) The
strategies employed to remove GroEL chaperonin contaminants from purified WS-GPCR
mutants.

water-soluble expression of functional GPCR for subsequent structural studies.

Historically, many questions related to the biophysical characteristics of membrane
proteins went unanswered due to the difficulties in studying lipophilic biomolecules. In 1959,
Kauzmann hypothesized that, in general, soluble (globular) proteins can be characterized by
having polar/hydrophilic amino acid residues on the solvent-exposed surface and non-
polar/hydrophobic residues buried within the interior fold of the protein as a result of satisfying
components of the free energy required to drive protein folding.®8 Kauzmann’s ideas were
supported by the results of John Kendrew in 1960, when he published one of the first three-
dimensional structures of a globular protein, myoglobin, at 2 A resolution.®° In the following

years, hypotheses were formed about the general structure of integral membrane proteins. A
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popular notion was that membrane proteins could be characterized as having an “inside-out”
molecular structure relative to soluble proteins in aqueous solution.®® This notion presumed that
membrane proteins contain polar residues buried within the core protein fold and non-polar
residues on the lipid-exposed surface. Initially, this idea was attractive because it could explain
the basis for helix-helix associations of a-helical transmembrane (TM) domains and the lipid-
exposed surface interactions.

However, pioneering research in the late 1980s and 1990s challenged this notion of
membrane proteins simply being “inside-out™ versions of soluble proteins by analyzing the
similarities and differences between members of the two categories.?®-% Sequence analysis
confirmed that the lipid-exposed residues of membrane proteins tend to be more hydrophobic
than the buried core residues, and the solvent-exposed surface residues of water soluble proteins
were more hydrophilic than the interior. However, the buried residues of the interiors were
comparably hydrophobic for both soluble and membrane proteins. Structural analysis of
experimentally known a-helical TM domains suggested that there is no correlation between the
hydrophobicity of a residue and any preferred location in the protein. Furthermore, the
hydrophilic moment of an a-helix is a weak indicator of helix orientation in a lipid membrane —
i.e. the hydrophilic residues are not uniformly directed towards the protein center of mass.
Therefore, the term “inside-out” inaccurately describes the relative polarities of surface and
interior residues for membrane proteins compared to soluble proteins. By extension, these
findings suggest the potential for engineering water-soluble (WS) analogs of membrane proteins
by mutating hydrophobic surface residues that are typically exposed to a lipid environment into

polar residues that would interact more favorably with an aqueous environment.
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2.1.1 Review of engineered water-soluble membrane protein analogs

The general idea of engineering individual membrane proteins into water-soluble analogs
has been explored in previous work. One of the first published efforts toward engineering WS
analogs of membrane proteins focused on bacteriorhodopsin (bR), an integral membrane protein
with seven TM a-helices.®® The Engelman group used two different strategies to identify and
mutate solvent-accessible residues to generate different candidate WS constructs of bR. Since bR
exists as a trimer in the native lipid environment, they engineered a bR trimer construct where
14.9% of surface residues were mutated to polar, helix-preferring residues. In addition, three
different candidate WS constructs were developed based on the monomeric form of bR with
varying degrees of surface mutations (13.5-24.3%). The WS trimeric bR construct expressed
poorly, if at all, in E. coli. While the WS monomeric bR constructs expressed very well in E.
coli, they were only soluble in solutions containing urea (2M — 8M). Further analysis revealed
that the retinal pocket of bR was likely misfolded in this construct. Schiff base formation
between retinal and Lys216 is an indicator of functional and properly-folded bR. Schiff base
formation was not observed with the mutant bR constructs. Despite the limited success in
engineering a WS membrane protein analog, the bR example is significant in that it inspired
other research projects aimed at the same overall goal. In subsequent years, successful reports of
engineering WS membrane proteins would emerge with different target proteins: Phospholamban
(PLB),% % the KcsA potassium channel,® the p-opioid receptor (OPRM),%"% and the
KchAfu104 potassium channel.®®

The DeGrado group successfully used available crystal structures and mutagenesis data
to computationally design WS analogs of PLB, a single-pass TM protein that forms a pentamer

in the native lipid environment, and the KcsA potassium channel, a tetrameric complex with
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monomer subunits containing two a-helical TM domains. The WS PLB construct had 11
mutations (21% of protein sequence) to lipid-exposed residues and displayed properties that were
equivalent to the wild-type PLB in terms of secondary structure (a-helical), oligomerization
states, and phosphorylation response.®* The WS KcsA potassium channel went through a
preliminary design of 29 mutations that yielded a water-soluble protein with consistent
secondary structure and agitoxin-2 binding compared to the wild-type, but higher-order oligomer
states were also observed. An optimized design using 31 mutations (25% of protein sequence)
resulted in a protein that retained the structural and functional aspects of the native protein and
was soluble in aqueous solution.*

The KchAful04 potassium channel posed a different challenge in developing a WS
variant compared to the previous examples discussed in that it lacked an experimentally-
determined structure at high resolution upon project initiation.*® While most known potassium
channel homologs share the same overall tertiary and quaternary structure (tetramers), sequence
analysis suggested that KchAful04 has an irregularly polar C-terminus compared to other
potassium channels which could have unknown structural impact. In this case, multiple sequence
alignments with known prokaryotic potassium channels and TM sequence prediction tools were
used to select lipid-exposed residues to mutate into polar/hydrophilic residues. After initial
design iterations, the final WS KchAful04 construct contained 10 mutations (~10% of protein
sequence) in the transmembrane helix region and a flexible linker with an N-terminal Maltose
Binding Protein (MBP, 40 kD; KchAful04, 14 kD) fusion partner that has been shown to
improve recombinant protein solubility.*?° The final MBP-KchAfu104 mutant expressed as a

soluble protein in bacteria that could be purified without aggregation problems. Importantly, the
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WS mutant retained the tetrameric state that is expected of native potassium channels in lipid
membranes.

To our knowledge, OPRM is currently the only successful example from the literature of
engineering a WS GPCR variant. The Liu group published an initial WS-OPRM design that
altered 53 amino acids (~18% of expressed protein sequence) in the lipid-facing TM domain to
polar, charged amino acids (mostly Glu and Lys). The first design targeted TM residues with
>40% solvent-exposure for mutation based on comparative models of OPRM built using crystal
structures of the B2 adrenergic receptor (B2AR), and bovine rhodopsin as templates.®” A
modification to the WS design was described after the crystal structure for OPRM was published
(4DKLY) that reverted 7 of the 53 mutations (46 total, ~16% of expressed protein sequence)
back to the original wild-type sequence.®® Based on the experimentally-determined structure, the
7 residues were identified to be located near the ligand binding pocket in the experimentally-
determined structure. Mutating inward-facing residues near the binding pocket is potentially
detrimental to receptor function and likely does not enhance protein solubility in aqueous
solution. The re-engineered WS OPRM retained functionality based on ligand binding
experiments with naltrexone and was soluble in aqueous solution. However, the authors note that
while the purified WS receptor remains predominantly in a monomeric form, dimers and higher-
order oligomers are observed to form over time (after ~2 months). The purification process of
both versions of the WS OPRM required using an initial 0.1% sodium dodecyl sulfate (SDS)
concentration; subsequently, a 0.01% SDS concentration was used in solutions to avoid protein
aggregation in functional assays. This caveat requiring detergent to purify the WS GPCR variant

will be readdressed in the discussion section.
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2.1.2 The Green Fluorescent Protein (GFP) fusion partner is an efficient probe to monitor

aspects of recombinant protein expression

Since its discovery, Green Fluorescent Protein (GFP) has been well-established as a
versatile tool for protein characterization studies. This section briefly highlights the wide-range
of applications for GFP-fusion proteins in the literature but will focus on its reported use as a
protein-folding reporter to make recombinant protein expression trials more time-efficient. The
utility of GFP is derived from the stable chromophore formed from residues 65-67 (Ser-Tyr-Gly)
upon proper folding into the native tertiary structure, characterized by the p-barrel motif.2%? C-
terminal (Ct-) GFP fusion proteins have been used to study protein trafficking and localization
dynamics in various cell hosts.2%1% |t js often a reasonable concern to question the potential
effects a fusion protein can have on the native protein of interest in terms of structure and
function. However, several studies have shown that GPCR-GFP fusions retain functionality
equivalent to the native protein. A Ct-GFP fusion partner helped visualize internalization of a
putative GPCR, TGRS5, upon response to bile acid, the confirmed ligand for TGR5
(hGPCR19).1% Additionally, Ct-GFP fusion partners were used in independent studies of the B
adrenergic receptor and the angiotensin 11 type 1a receptor, and do not appear to perturb the
native functionality of the respective GPCR in terms of membrane trafficking or ligand-induced
G-protein signaling in mammalian cells.'%"1% If these examples of GPCR-GFP fusion proteins
are able to retain the pharmacological properties of their native form, then it is logical to
conclude that these receptors were able to fold properly and localize to the cell membrane
undisturbed by the Ct-GFP moiety.

The wild-type GFP exhibits fluorescence excitation/emission maxima at 395/508 nm. %2

The fluorescent properties of GFP are distinguishable from tryptophan fluorescence which
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typically shows major excitation/emission at ~280/350 nm.2%°® Fluorescence signals attributed to
the GFP chromophore will not be observed if the protein becomes kinetically trapped in a
misfolded or aggregated state (thus preventing formation of the functional Ser-Tyr-Gly
chromophore).t? In the context of optimizing recombinant protein expression, a Ct-GFP fusion
partner can function as a sensitive probe for proper folding of the N-terminal (Nt) protein of
interest.!* In a study of 20 proteins with and without Ct-GFP tags expressed in E. coli, the
fluorescence signal from the GFP-tagged proteins correlated with the productive folding of the
same protein lacking GFP.*? This has been shown to apply to both soluble proteins and
membrane proteins in their respective aqueous and lipid environments.12116

A Ct-GFP fusion strategy was utilized herein with water-soluble GPCR targets in an
attempt to save time during protein expression optimization trials. This stage of the project is
depicted in the overview Figure 2.1 (B). Typically, optimization trials are conducted with cell
culture samples taken at certain intervals after the induction of protein expression in the host.
Sample preparation traditionally involves cell lysis to obtain the whole-cell lysate samples and
centrifugation to obtain soluble/insoluble fraction samples for visualization via SDS-PAGE and
western blot analysis. With traditional gel electrophoresis and western blotting protocols, an
extra day or two is necessary to analyze results and plan subsequent experiments. Furthermore,
to assess the three-dimensional fold and function of a target protein, it is often necessary to scale-
up expression for purification which diverts more time away from progressing to the next step.
GFP fusions provide a more efficient method of assessing protein expression and folding under
various conditions via whole-cell fluorescence measurements in high-throughput formats (i.e.
96-well plate). However, this method does not depreciate the value of performing SDS-PAGE in

tandem with whole-cell fluorescence measurements because gel analysis provides crucial
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information about experimental outcomes. Additionally, properly-folded GFP fusions can be
unambiguously identified via in-gel fluorescence bands that correspond to the expected
molecular weight of the target protein. The stability of the GFP chromophore allows for in-gel
fluorescence visualization under SDS-PAGE conditions.!’
2.1.3 Strategies to remove GroEL chaperonin complex during WS-GPCR purifications
Concurrently with the implementation of the GFP fusion strategy to optimize WS-GPCR
expression, parallel work by previous lab members, Dr. Alexandra Kikonyogo and Dr. Samantha
Gacasan, had identified expression & purification conditions that were producing sufficient
amounts of soluble protein and were in the process of functional and structural characterization
of purified WS-GPCR. The target protein construct was a WS mutant of the [32-adrenergic
Receptor (SUMO-B2AR:M13-FLAG) that contained a relatively small Nt-fusion protein, SUMO
(Small Ubiquitin-like Modifier, ~12 kD), and a Ct-FLAG sequence (DYKDDDDK, ~1 kD) for
Anti-FLAG M2 antibody affinity purification. Due to the abundance of literature data for the
B2AR, it was chosen as a proof-of-principle target for testing and validating the WS mutation
designs. In collaboration with Dr. Darcie Miller at St. Jude Children’s Research Hospital,
crystallization trials were performed with purified SUMO-B2AR:M13-FLAG and produced
protein crystals of sufficient size for data collection. Despite the 2.6 A resolution X-ray
diffraction data, the final stages of structure determination by molecular replacement were
unsuccessful with available B2AR or SUMO crystal structures already deposited in the PDB. At
that point, collaborators at St. Jude further characterized the 60 kD protein by in-gel trypsin
digestion and liquid chromatography-tandem mass spectrometry (LC-MS/MS). For protein
identification, database searches with St. Jude’s JUMP software produced matches that

suggested the 60 kD band contained a bacterial chaperonin protein, GroEL. This protein went
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unnoticed in purification sample analysis because the 60 kD GroEL monomer co-migrated with
the target protein, SUMO-B2AR:M13-FLAG (60 kD), during SDS-PAGE.

GroEL/ES is an ATP-dependent chaperonin system that functions as an integral
component of the cellular protein folding machinery in bacteria.**® However, chaperonins are
prevalent in many forms of life outside of bacteria.!*® In general, chaperonins are structurally
distinct from other ATP-dependent chaperones in that they construct large double ring
complexes ranging from 800-1000 kD in size. Each ring structure contains an internal chamber
where protein substrates are isolated from the crowded molecular environment of the cell to
simultaneously prevent aggregation and promote proper protein folding.*?° Specifically, seven
GroEL monomers (57 kD, observed ~60 kD) form the two stacked heptameric rings that
constitute the tetradecameric complex. Each ring of the GroEL tetradecamer interacts with
heptameric complexes of the GroES co-chaperonin (10 kD), which forms a dome-shaped
structure that caps access to the GroEL-substrate chambers. Although the preferred size range for
GroEL substrates is estimated to be ~20 — 60 kD, at least 30 of the 252 known interacting
proteins are over 60 kD.*2! In fact, it is known to interact with an 82 kD protein, the yeast
mitochondrial aconitase.*??> Each GroEL monomer contains three distinct domains: apical,
equatorial, and intermediate. The apical domain is the component responsible for substrate
protein (native/non-native) and GroES binding. In the tetradecameric complex, the apical
domains form the two entrances to the ring cavities. The equatorial domain is responsible for the
ATPase activity of the chaperonin and the intermediate domain acts as a hinge region between
the apical and equatorial domains during conformational changes induced by ATP.*?* A
schematic diagram of the GroEL/GroES mediated protein folding cycle is illustrated in Figure

2.2. Apo-GroEL subunits are in equilibrium between a high affinity ATP state and low affinity
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Figure 2.2: GroEL/ES/ATP protein folding cycle schematic diagram.

The predominant model of GroEL-assisted protein folding involves the cis/trans heptamer
rings functioning in an alternating cycle with GroES. The ring that is associated with GroES
is denoted the cis ring, and the opposite ring with an empty central cavity is denoted the trans
ring. (A) The asymmetric GroEL/ES complex forms as the unfolded protein substrate
interacts with the apical domains of the empty trans ring. (B) ATP-binding induces
conformational changes in the lower ring that allows for GroES to bind at the apical domain
and unfolded protein to enter the central cavity. Concurrently, ADP and GroES dissociate
from the upper ring which permits the release of folded substrate protein bound from the
previous cycle. (C — E) The unfolded protein in the new cis ring can fold in the central cavity
during the time required for ATP hydrolysis. Depending on the folded state of the substrate
protein, one or multiple cycles may be necessary to attain folded protein. (D) If only one
cycle of folding is required, the binding of new unfolded protein, ATP, and GroES to the
trans ring will cause release of the cis ring components, folded protein, ADP, and GroES. (F)
If the substrate protein folding kinetics is slower than the rate of ATP hydrolysis, then
multiple rounds of the folding cycle may be necessary.

ATP state. Within each heptameric GroEL ring, ATP binding exhibits positive cooperativity.
However, ATP binding exhibits negative cooperativity between the two heptameric rings.?
Cooperative ATP binding to one ring stabilizes the high ATP affinity state and induces a
conformational change involving the apical domain to facilitate GroES binding. The ATP-bound

GroEL/ES side of the dual ring complex is termed the cis ring and the opposite ring lacking
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ATP/GroES is termed the trans ring. The negative cooperativity between the two GroEL rings
after ATP/GroES binding causes the trans ring to be in a low ATP affinity state and results in the
asymmetric nature of the GroEL/ES functional cycle. Conformational changes in the cis ring are
induced when ATP is hydrolyzed to ADP. In the ADP-bound state, the negative cooperativity
between the cis/trans rings is reduced which allows for the trans ring to bind ATP and the cis
ring to release ADP. When GroES subsequently binds to the ATP-bound ring, a new cis-ring is
designated, and a single cycle is complete.!?

In the presence of non-native (unfolded) substrate protein, the apical domains of GroEL
subunits in the trans ring (ATP/GroES-free) bind with the substrate protein via hydrophobic
interactions. After ATP binding/hydrolysis and GroES dissociation from the cis ring, ATP can
bind to the trans ring with substrate bound and induce a similar conformational change as in the
apo state. However, the conformational change in the context of a bound substrate protein is
followed by encapsulation of the substrate as GroES binding to the apical domains displaces the
substrate into the cavity of the GroEL/ES complex. The energy penalty for encapsulating the
substrate protein is likely the reason for the ATP-dependence of this functional cycle. Once the
substrate protein is isolated in the GroEL/ES complex cavity, it can undergo “proper” folding
unhindered by a crowded molecular environment. While it is still debated whether the relevant
functional cycle of GroEL/ES with substrate protein involves the two GroEL rings acting
sequentially (asymmetric GroEL/GroES complex cycle) or simultaneously (symmetric
GroEL/(GroES)y), it is likely that the asymmetric GroEL/ES complex cycle model is more
relevant in vivo.'?° Although it was observed that the presence of permanently/partially unfolded
substrate proteins (reduced a-Lactalbumin, and casein) promoted the formation of symmetric

GroEL/(GroES). complexes; symmetric complexes were not observed in significant populations
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in the presence of the foldable substrate proteins tested.'?* Thus, the exact mechanism of action
may vary depending on the nature of the substrate protein and GroEL/ES complex interactions.
Table 2.1 summarizes the numerous reports of GroEL co-purification with recombinant proteins
expressed in E. coli hosts and strategies to remove the GroEL contaminant. One approach uses
an ATP (ATP-MgCl>-KCl) wash buffer in a two-hour incubation step during protein purification
to release GroEL from the protein of interest.!?

Table 2.1: Summary of GroEL removal strategies during protein purification.

All referenced strategies use purification buffers that include 2-10 mM ATP in addition to the

corresponding reagents below. A few references pertain to removing Cpn60, a cold-adapted
chaperonin from O. Antarctica that shares very high sequence identity (74%) with GroEL.

Reagent Reagent function References

ATP Stimulates GroEL protein substrate release 125,126

Casein Competes for GroEL substrate binding 127-130

Detergent Disrupts hydrophobic binding between GroEL and protein 131,132
substrate

Urea Destabilizes GroEL complex to disrupt binding of protein 133-135
substrate

GroES Stimulates GroEL protein substrate release 126,136

The rationale behind the use of ATP to remove GroEL is derived from the ATP-dependence of
the GroEL conformational changes/functional cycle explained previously. It is not uncommon
for various detergents and glycerol to also be included in purification buffers intended to remove
GroEL. Co-purification of a GroEL contaminant was reported with the protein, MdtM, a ~45 kD
multidrug resistance transporter protein that contains 12 transmembrane spanning segments.**?

GroEL was successfully removed from the transporter protein by using an ATP wash buffer

containing n-dodecyl-B-D-maltoside (DDM), a nonionic detergent often used to stabilize and
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purify membrane proteins, and glycerol, a polyol (major class of osmolytes or chemical
chaperones) that can assist protein folding by increasing stability and preventing aggregation.**’
de Marco et al. reported success in using an ATP wash buffer containing glycerol and Triton X-
100 (another common nonionic detergent) to remove GroEL and DnaK (70 kD chaperone
protein, bacterial analog of HSP70) contaminants from recombinant protoporphyrinogen 1X
oxidase (PPO), a nuclear-encoded membrane-bound enzyme that is <57 kD.*®! The observation
that non-ionic detergents can replace GroEL in facilitating the folding of denatured rhodanese (a
mitochondrial thiosulfate sulfurtransferase) suggests that GroEL substrate binding/re-binding can
be disrupted in the presence of detergent.*3%13°

Another GroEL removal strategy involves using casein, a set of proteins (aS1, aS1, B, )
found in mammalian milk with many characteristics of intrinsically disordered proteins and
partially denatured proteins due to the high proline content, lack of disulfide bonds and exposed
hydrophobic regions.**%4! In one of the early GroEL protein refolding studies, casein was shown
to have a high binding affinity to GroEL in the presence of Mg-ATP in vitro.}*? This
characteristic allows for casein to compete for the GroEL substrate binding cavities and displace
the bound protein(s). While examples in which casein was used to release GroEL-bound proteins
have been relatively successful, there have been instances where casein was insufficient.*?-130 |n
a study of GroEL interactions with a cytosolic and mitochondrial aspartate aminotransferase
(cAAT and mAAT, respectively), Scherrer et al. found that cAAT could be recovered from
GroEL in an active form by adding casein in 100 — 150-fold molar excess over CAAT. Instead of
casein, GroES (and Mg-ATP) addition in 2-fold molar excess over GroEL was necessary for

MAAT to be recovered in an active form.'> To further illustrate the importance of GroES, a
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study involving the C-C chemokine receptor 5 (CCR5) produced in a cell-free expression system
showed that GroEL + GroES assisted folding was more efficient than GroEL alone.'*
2.2 Methods
2.2.1 Designing a transferable, water-soluble mutation set

The amino acid sidechains of glutamate (E), aspartate (D), and serine (S) contribute to
protein solubility in aqueous solution more than the other common amino acids.'** Additionally,
E, D, and S have relatively similar alpha helix propensities to alanine, the amino acid with the
highest such propensity.'*> Therefore, we rationalized that using these amino acids to replace
lipid-exposed sites on GPCR alpha helices should preserve the TM secondary structure and
contribute to protein solubility in aqueous solution. To determine which residues are commonly
outward-facing in the TM region, we used solvent-accessible surface areas for amino acid
sidechains of crystallized GPCR relative to the same sidechain in a random coil configuration of
Gly-X-Gly.18147 Using the modeling suite MOE 2013.08 (Molecular Operating
Environment'#%), we created databases for E, D, S point mutants at the outward-facing residue
for all GPCR crystal structures listed in Table 2.3. The change in hydrophobic surface area was
calculated for each set of point mutants relative to the wild-type GPCR structure to determine
which mutations would contribute most to protein solubility.
2.2.2 Sub-cloning genes into expression vectors

All standard molecular biology protocols that did not accompany the various kits used for
sub-cloning were performed according to Molecular Cloning: A Laboratory Manual.**® The
B2AR:M13 DNA sequence was PCR amplified with the Q5® High-Fidelity DNA Polymerase kit
(New England Biolabs, Ipswich, MA) using the verified SUMO-B2AR:M13-FLAG sequence as

a template. Primers that were used for sub-cloning are listed in Appendix Table A.1. The
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QIAquick Gel Extraction kit (Qiagen, Germantown, MD) was used for DNA purification after
isolation by agarose (0.7% - 1.2%) gel electrophoresis and gel excision. All restriction enzymes
used for DNA digestion were purchased from New England Biolabs (NEB). The pRSET-
EmGFP vector (Invitrogen, Carlsbad, CA) was given to our lab by Dr. Andrew Feig at Wayne
State University. The restriction enzymes BamHI (5” end) and EcoRI (3’ end) were used to
produce “sticky-end” DNA fragments with complementary overhangs for the pPRSET-EmGFP
vector and the B2AR:M13 gene insert. The B2AR:M13 gene was placed at the 5’ end of EmGFP
in the multiple cloning site of pRSET. To create a control expression vector, we also prepared
the B2AR:M13 gene with a stop codon just before the EcoRI restriction site to prevent the
transcription/translation of the C-terminal EmGFP fusion in the pRSET vector. DNA ligation
between digested vector and insert was performed with T4 DNA Ligase (NEB, Ipswich, MA).
To propagate pRSET- B2AR:M13-EmGFP, ligation reaction mixes were used to transform
NovaBlue competent cells (Millipore Sigma, St. Louis, MO) which were plated onto LB agar
plates with 50 pg/mL of ampicillin (Millipore Sigma, St. Louis, MO) for antibiotic selection of
colonies that carry the successfully ligated DNA. After colony formation, single colonies were
isolated and grown in starter cultures containing 5 mL of LB (lysogeny broth) media
(ThermoFisher Scientific, Hampton, NH) and 50 pg/mL of ampicillin. The starter cultures were
placed in incubator shakers overnight at 250 rpm at 37°C. Subsequently, the overnight starter
cultures were centrifuged at 9,000 g for 10 minutes to form a cell pellet. QIAprep Spin Miniprep
kits (Qiagen, Germantown, MD) were used to isolate and purify propagated DNA from the
bacterial cell pellet. Miniprep samples were always verified independently by DNA sequencing

at the Molecular Resource Center (University of Tennessee Health Sciences Center) and gel
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electrophoresis with samples from PCR test of Miniprep template with primers matching the 5’
and 3’ ends of the gene insert.

Trial expressions of the M13-EmGFP mutant were unsuccessful in the pRSET vector.
This could have been due to the pUC origin of pRSET, which allows for high copy
replication/growth in E. coli hosts.*®® Generally, plasmids with high copy numbers are unsuitable
for expressing recombinant proteins with potential toxicity to the host (misfolding/aggregation
potential). After sub-cloning into the widely used pET-28a expression vector, very low
expression levels were observed again. Ultimately, sub-cloning the B2AR:M13-EmGFP gene
into the pE-SUMOpro vector (Life Sensors, Malvern, PA) led to much improved protein
expression.

Prior to sub-cloning out of the pET-28a vector, mutagenesis experiments using the
QuikChange Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA) were performed to insert a
linker sequence between B2AR:M13 and EmGFP. The linker sequence (LINDPPVAT) had been
published in a previous study using WT B2AR fusions with C-terminal fluorescent proteins that
were functional.X®” From this point forward, the constructs labeled B2AR:M13-EmGFP contain
the linker sequence.

The restriction enzymes BsmBI (5’ end) and Xhol (3’ end) were used to digest the gene
inserts (B2AR:M13-EmGFP and the control with the stop codon before EmGFP). Initially, the
pE-SUMO vector must be digested with Bsal (Class IS restriction enzyme) which leaves the pE-
SUMO multiple cloning site with two unique overhangs. We also digested the pE-SUMO vector
with Xhol to match 3’ end complements of the double digested gene inserts. The 5° ends of our
inserts were originally PCR amplified to contain the BsmBI restriction site and an AGGT

overhang. After BsmBI digestion, the gene inserts contained the 5° AGGT overhang that
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complements the corresponding end of pE-SUMO created by Bsal digestion. The rest of the
processes involved in sub-cloning the gene inserts with pE-SUMO were performed as outlined
previously and all resulting constructs were verified by DNA sequencing.
2.2.3 Recombinant protein expression in E. coli cells

Two strains of E. coli that are commonly used for recombinant protein expression were
tested by previous group members in preliminary trial expressions of SUMO-B2AR:M13-FLAG.
OverExpress C43(DE3) cells (Lucigen, Randor, PA) displayed greater expression levels of target
proteins in the soluble fraction than BL21(DE3) cells (Millipore Sigma, St. Louis, MO).
C43(DE3) is a mutant strain derived from the commonly used BL21(DE3) expression strain, but
C43(DE3) cells have been preferential hosts for troubleshooting poor production of “difficult-to-
express” proteins'®1%2 — especially membrane proteins.!>® The (DE3) suffix designates that the
strains have the prophage DE3 (derived from bacteriophage 1) which contains the T7 RNA
polymerase (T7 RNAP) under control of the lacUV5 promoter.t>* This designation indicates that
isopropyl B-D-1-thiogalactopyranoside (IPTG; ThermoFisher Scientific, Hampton, NH) is used
to induce expression of the T7 RNAP. Recombinant genes will be expressed by T7 RNAP when
they are sub-cloned downstream of the T7 promoter in an appropriate vector/plasmid.
Previously, low levels of SUMO-B2AR:M13-FLAG expression were observed with traditional
bacterial culture conditions: growth in LB media at 37°C for 6 hours. The following section
details the optimized expression conditions developed by previous lab members.>®
2.2.3.1 Previous optimization of SUMO-B2AR:M13-FLAG overexpression in the soluble

fraction

OverExpress C43(DE3) cells were transformed with 100-200 ng of SUMO-2AR:M13-

FLAG DNA and plated onto LB agar plates supplemented with 50 pg/mL of ampicillin for

32



antibiotic selection. Starter cultures with 5 mL of LB media supplemented with 50 pg/mL
ampicillin were inoculated with a single colony isolated from the transformation plates. The
starter cultures were grown in an incubator shaker at 37°C (250 rpm) overnight. The next day,
the starter culture was used to inoculate a flask containing 100 mL of TB (Terrific Broth) media
(ThermoFisher Scientific, Hampton, NH) enriched with 1% glucose, 1 mM NaCl, and 2 mM
MgSOs (TBE) and placed in the incubator shaker at 37°C (250 rpm) until it reached an optical
density (at 600 nm, ODsoo) of 0.6 — 1.2 A.U. All bacterial cell culture ODgoo measurements were
performed using an Agilent 8453 UV-Vis Spectrophotometer. Culture aliquots (1 mL) were
taken to represent the 0-hour pre-induction samples for analysis. After reaching an appropriate
ODsoo value, the culture flask was cooled in an ice-water bath for 15 minutes before inducing
protein expression with 0.1 mM IPTG and moving the culture flask to an 18°C (250 rpm)
incubator shaker. After 12 hours post-induction, the culture flask was re-enriched with 1%
glucose, 1 mM NaCl, and 2 mM MgSOs and continued growing until 22 hours post-induction
with culture samples (normalized to 0-hour culture density and 1 mL sample volume) taken at
various time points by centrifugation at 6,000 g for 5 minutes.

Cell samples were resuspended in lysis buffer (20 MM Na2PO4, 500 mM NaCl, 40 mM
imidazole, pH 7.4) and sonicated using a Biologics Ultrasonic Homogenizer 150 V/T at 30%
maximum power with 50 % pulse on ice. Aliquots of the whole-cell lysate samples (W) are taken
to proceed to SDS-PAGE analysis (section 2.2.5). The rest of the whole-cell lysate was
centrifuged at 10,000 g for 10 minutes and the soluble fraction (S) is taken from the supernatant

for analysis as well.
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2.2.3.2 Trial expression protocols with SUMO-p2AR:M13-EmGFP

For the initial trial expressions, OverExpress C43(DE3) cells were transformed with 100-
200 ng of SUMO-B2AR:M13-EmGFP and SUMO-2AR:M13 DNA and plated onto LB agar
plates supplemented with 50 ug/mL of ampicillin for antibiotic selection. Two starter cultures
with 5 mL of LB media supplemented with 50 pg/mL ampicillin were inoculated with a single
colony from the SUMO-B2AR:M13-EmGFP and SUMO-2AR:M 13 transformation plates. The
(2) starter cultures were grown in an incubator shaker at 37°C (250 rpm) overnight. The next
day, 2.5 mL of each starter culture was used to inoculate 2 culture flasks (4 cultures total)
containing 50 mL TBE media and returned to the incubator shaker for growth at 37°C (250 rpm)
until cultures reached an ODgoo of 0.6 — 0.7 A.U. One pair of cultures expressing SUMO-
B2AR:M13-EmGFP and SUMO-B2AR:M13 were cooled in an ice-water bath for 15 minutes
before inducing protein expression with 0.1 mM IPTG and moving the culture flask to an 18°C
(250 rpm) incubator shaker. After 12 hours post-induction, the culture flask was re-enriched with
1% glucose, 1 mM NaCl, and 2 mM MgSO4 and continued growing for another 10 hours (22
hours post-induction total). The other pair of cultures expressing the same two constructs were
kept at 37°C (250 rpm), induced with 0.1 mM IPTG, and continued growing for another 6 hours.
For whole-cell fluorescence and SDS-PAGE analysis, culture samples were taken at 0, 3, 4, 5
and 6-hour time points for trial expressions at 37°C and at 0, 12, 18, 20, and 22-hour time points
(all normalized to the 0-hour culture density) for trial expressions at 18°C. Samples for analysis
were centrifuged at 6,000 g for 5 minutes, decanted, and stored at -20°C until analysis.

For the trial expression with glucose variation, the above procedures for expression at
18°C were repeated with the SUMO-B2AR:M13-EmGFP construct in TBE media with either 0,

0.5, 1, or 2% glucose. For all the cultures, glucose was excluded in the re-enrichment step at 12
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hours post-induction. For the trial expression with IPTG variation, the above procedures were
also repeated with the SUMO-B2AR:M13-EmGFP construct in TBE (TB media enriched with
1% glucose, 1 mM NaCl, and 2 mM MgSOs). The concentration of inducer used to initiate
protein expression was varied with 0.075, 0.1, 0.25, or 0.5 mM IPTG.
2.2.4 Ni-NTA purifications and GroEL removal protocols

For all Ni-NTA purifications and GroEL removal experiments, overexpression of
SUMO-B2AR:M13-EmGFP, SUMO-B2AR:M13-FLAG, or SUMO-LPAR1:M15-FLAG (all
SUMO constructs have an implied 6His-tag at N-terminus) was achieved using the previously
optimized protocols described in section 2.2.3.1, except with 250 mL culture volumes. Cells
were harvested from 250 mL cultures by centrifugation (6,000 g for 30 minutes at 4°C) and the
cell pellets were stored in the -80°C freezer until lysis and purification/GroEL removal. All
buffers used in these experiments are listed in Table 2.2. GroEL removal experiments I1-1X were
performed with Ni-NTA purifications in a standard column format. The amount of Ni-NTA
slurry (Qiagen, Germantown, MD) used for each of these experiments was 3.5 mL (1.75 mL
column volume). GroEL removal experiment | was performed with smaller amounts of the Ni-
NTA slurry (1 mL) and clarified cell lysate (5 mL) in 15 mL conical centrifuge tubes. Instead of

applying buffers to a column and collecting eluate, buffers were applied and gently mixed in
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Table 2.2: Buffers used in Ni-NTA purifications and GroEL removal (GR) experiments.
All lysis buffers contained 0.5 mL protease inhibitor (PI) cocktail (Sigma-Aldrich, St. Louis,
MO) and 3.5 pL benzonase nuclease (Sigma-Aldrich). TBS3 = 50 mM Tris, 300 mM NaCl,
40 mM imidazole. HMK3 = 20 mM HEPES, 20 mM MgClz, 300 mM KCI, 40 mM

imidazole.
GR . .
Exp. Lysis buffer Wash buffer GR buffer Elution buffer
50 mM KH2POg, 50 mM 20 mM HEPES, 150 50 mM Tris, 150
150 mM NacCl, 5% KH2PQO4, 150 mM KCI, 10 mM mM NacCl, 5%
I glycerol, 5 mM mM NacCl, 10 MgCly, (with or glycerol, 250
imidazole, pH 7.9 mM imidazole, without) 5 mM ATP, mM imidazole,
pH 7.9 pH 7.4 pH 7.4
HMK3, 10 mM HMK3, 10 mM HMK3, 10 MM ATP, HMKS3, 300 mM
I ATP, 0.25 mg/mL ATP,pH 7.8 [(1) 0.25, (2) 1.0, (3) imidazole, pH
casein, pH 7.8 2.5 mg/mL casein], 7.8
pH 7.8
HMK3, 10 mM HMK3, 10 mM HMK3, 10 MM ATP, HMKS3, 300 mM
I ATP, 5 mg/mL ATP,pH 8 5 mg/mL casein, pH  imidazole, pH 8
casein, pH 8 8
HMK3,5 mM ATP, HMK3,5mM  HMKS3,5mM ATP, HMK3, 300 mM
IV 1.5 mg/mL casein, ATP, 5% 1.5 mg/mL casein, imidazole, pH 8
5% glycerol, pH 8 glycerol, pH8 5% glycerol, pH 8
HMK3,5 mM ATP, HMK3,5mM  HMKS3,5mM ATP, HMK3, 300 mM
V 1.5 mg/mL casein, ATP, 10% 1.5 mg/mL casein, imidazole, pH 8
5% glycerol, pH 8 glycerol, pH8  10% glycerol, pH 8
TBS3, 0.01% TBS3, 10% TBS3, 0.1% glycerol, TBS3, 300 mM
VI glycerol, 0.001% glycerol, pH 7.4 [(1) 0.001%, (2) imidazole, pH
SDS,pH 7.4 0.01%, (3) 0.01% 7.4
SDS], pH 7.4
TBS3, 10% glycerol, TBS3, 10% TBS3, 10% glycerol, TBS3, 10%
VI 0.001% SDS, pH 7.5 glycerol, pH 7.5 [(1) 0.001%, (2) glycerol, 300
0.01%, (3) 0.1% mM imidazole
SDS], pH 7.5 pH 7.5
TBS3, 10% glycerol, TBS3, 10% TBS3, 10% glycerol, TBS3, 10%
VIl 2 mM CHAPS, pH  glycerol, 4 mM  [(FT2) 4 mM, (FT3)  glycerol, 400
7.5 CHAPS,pH 7.5 8 mM CHAPS], pH mM imidazole
7.5 pH 7.5
TBS3, 10% glycerol, TBS3, 10% TBS3, 10% glycerol, TBS3, 10%
IX 2 mM CHAPS, pH glycerol, 4mM  [(FT2) 4 mM, (FT3)  glycerol, 400
7.5 CHAPS,pH 7.5 8 mM CHAPS], pH mM imidazole

7.5

pH 75
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tubes containing the Ni-NTA slurry and bound proteins. To remove and collect samples, tubes
were centrifuged at 500 g for 3 minutes and the buffers were pipetted off carefully. Due to the
tendency of GroEL to release and re-bind to certain substrate proteins, the column format was
preferred to achieve GroEL removal. The constant stream of mobile phase passing over bound
proteins on the stationary phase allows for GroEL separation while decreasing transient
interactions leading to re-binding events. For all experiments, the Ni-NTA slurry was

equilibrated with lysis buffer (without protease inhibitor or nuclease) prior to each experiment.

Cells were resuspended in lysis buffer (Table 2.2), sonicated at 40% power, 70% pulse on
ice, and centrifuged at 10,000 g for 30 minutes. The supernatant was clarified using a syringe
with a 0.22 um filter. Subsequently, the clarified lysate was mixed with Ni-NTA slurry during
batch binding on ice (1 hour). After batch binding, the lysate/Ni-NTA slurry mix was poured into
the column to collect the flow-through (FT) samples, apply wash buffers and GroEL removal
(GR) buffers. Elution buffer was applied in the last step and collected in 2-3 fractions (E1, E2,
E3) with volumes equivalent to the column volume (1.75 mL). Aliquots of all samples collected

throughout the purification were prepared for SDS-PAGE analysis.

2.2.5 SDS-PAGE and western blotting protocols

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) experiments
were performed in a Mini-Protean Tetra cell (Bio-Rad, Hercules, CA) using Any kD Mini-
Protean TGX Pre-cast Protein Gels (Bio-Rad, Hercules, CA) with Tris/glycine/SDS running
buffer (25 mM Tris-HCI, 192 mM glycine, 0.1% SDS). SDS-PAGE samples were mixed 1:1
with 2X Laemmli sample buffer (65.8 mM Tris-HCI, pH 6.8, 2.1% SDS, 26.3% glycerol, 0.01%
bromophenol blue, 355 mM B-mercaptoethanol; Bio-Rad, Hercules, CA) before pipetting up to

15 pL into sample wells. A molecular weight (MW) standard, Precision Plus Protein

37



Kaleidoscope Pre-Stained Protein Standard (Bio-Rad, Hercules, CA), was included on each gel.
In addition to the multi-colored standards of a wide MW range (250 — 10 kD), this MW standard
also contained the 25 and 75 kD fluorescent markers that were visualized with in-gel
fluorescence assays. After sample loading, gels were run for 35 — 40 minutes at constant voltage
(200 V; Bio-Rad PowerPac power supply) and rinsed 3 times for 5 minutes with DI H2O after
completion. To visualize proteins, gels were stained overnight in Bio-Safe Coomassie Brilliant
Blue G-250 (Bio-Rad, Hercules, CA) and destained in DI H20 for a minimum of one hour before
imaging using a Fotodyne station (using FOTO/Analyst PC Image Version 5.00 software;
Fotodyne Inc., Hartland, W1) equipped with a Coomassie/Methylene blue filter. To visualize
proteins with in-gel fluorescence, gels were rinsed 3 times for 5 minutes with DI H>O and
directly imaged using a Fotodyne station equipped with a fluorescent green filter.

All western blotting (WB) experiments were performed using wet electroblotting
techniques (tank transfer) to transfer proteins from SDS-PAGE gels to a polyvinylidene
difluoride (PVDF; ThermoFisher Scientific, Hampton, NH) membrane in WB transfer buffer (25
mM Tris-HCI pH 8.3, 192 mM glycine, 20% (v/v) methanol). Transfer cassette components
(filter paper and fiber pads), polyacrylamide gel, and the PVDF membrane were equilibrated in
WB transfer buffer (after pre-soak of PVDF membrane in methanol for ~3 seconds) before
assembling the gel/membrane sandwich. Protein transfer was performed under constant voltage
(100V) with an ice pack and rotating stir bar for one hour. After rinsing the membrane with tris
buffered saline and Tween 20 (TBST: 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.05% (v/v)
Tween 20), it was incubated in blocking solution (TBST with 5% (w/v) non-fat dry milk)

overnight to prevent non-specific binding.
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After blocking overnight, the membrane was incubated with primary antibody (1° Ab)
diluted in TBST with 3% (w/v) non-fat dry milk for 1.5 hours. The following dilutions were used
for each primary antibody incubation step: SUMO 1° Ab, 1: 10,000 (Abcam, Cambridge, U.K.);
FLAG 1° Ab, 1: 2,000 (Sigma-Aldrich, St. Louis, MO); GroEL 1° Ab, 1: 80,000 (Sigma-
Aldrich, St. Louis, MO). After three TBST wash steps, the membrane was incubated with
corresponding secondary antibody (2° Ab) diluted in TBST with 3% (w/v) non-fat dry milk for
one hour. The following dilutions were used for each secondary antibody incubation step:
SUMO 2° Ab dilution: 1: 20,000 (rabbit anti-chicken IgY; ThermoFisher Scientific, Hampton,
NH); FLAG 2° Ab, 1: 2,000 (rabbit anti-mouse 1gG; Sigma-Aldrich, St. Louis, MO); GroEL 2°
Ab, 1: 40,000 (goat anti-rabbit 19G; Abcam, Cambridge, U.K.). For visualization by
luminescence, each secondary antibody was provided as a horse radish peroxidase (HRP)
conjugated antibody. After all antibody incubations and wash steps, the membrane was incubated
with HRP substrate (50:50 mix of luminol and peroxide solution) for 5 minutes before exposure
(30 sec. — 1 min.) and imaging with a Fotodyne station.

2.3 Results and Discussion
2.3.1 Designing transferable, water-soluble mutation sets for GPCR

Twenty-three sets of fifteen GPCR point mutants were created based on the crystal
structures listed in Table 2.3 using the MOE modeling software package. Glutamate, aspartate,
and serine mutations were made at each of the outward-facing residues (listed in Tables 2.3 and
2.4) and the hydrophobic solvent-accessible surface area (SASA) was calculated for each wild-
type GPCR structure and point mutant. In most cases, we observed that glutamate mutations
resulted in a greater overall decrease in hydrophobic SASA relative to the wild-type GPCR. In

addition to glutamate, serine was incorporated into the mutation set design when residue
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positions i and i+4 in TM a-helices were identified as commonly outward-facing. This alteration
was to avoid any destabilizing effects related to sidechain charge repulsions of proximal
glutamates. Therefore, mutation sets containing glutamate and serine were expected to be more

effective in conferring protein solubility in aqueous solution while avoiding helix destabilization

from sidechain charge repulsion. The final WS design consisted of 9 glutamate and 6 serine

mutations (M15) at the 15 outward-facing residues listed in Tables 4-5.

Table 2.3: Twenty-three GPCR crystal structures used for solvent-accessible surface

analysis.

Overview of MOE solvent-accessible surface analysis (SASA) results for the wild-type
GPCR and their respective mutants to determine optimal mutations at outward-facing
residues. Under each E, D, S mutation is the number of GPCR that displayed the greatest
decrease in hydrophobic SASA relative to the wild-type GPCR.

GPCR PDB ID: GPCR PDB ID: Mutation GLU ASP SER
Crystal Crystal Sites (E) (D) (9
Structure Structure
RHO (1U19,)1% NOP (4EA3)Y7 1.37 18 4 1
CXCR1  (2LNL)S® NTR1 (4GRV)™ 1.41 0 1 22
BIAR (2VT4)'60 5HT1B (41AR)'6! 1.44 15 6 2
B2AR (4LDO)6? 5HT2B (41B4)163 1.48 2 0 21
CXCR4 (30EQ)*64 SMO (4JKV)16° 1.55 15 3 5
DRD3 (3PBL)6® CRFR1 (4KY5)167 1.58 5 0 18
H1R (3RZE)% GLR (4L6R)68 3.23 15 8 0
ACM?2 (3UON)?’ CCR5 (4MBS)16° 4.44 15 6 2
S1PR1 (3V2Y)L70 4.47 2 0 21
PAR1 (Bvw7)it 451 14 5 4
ACM3 (4DAJ)%® 4.55 2 2 19
AA2AR (3EML)® 5.49 18 4 1
OPRD (A4EJ4)172 5.52 0 1 22
OPRK (4DJH)' 5.56 16 6 1
OPRM (ADKL)™! 6.53 17 5 1
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A previously designed WS mutation set (M13) applied to f2AR featured 13 mutations of
outward-facing residues to glutamine. A comparison of the targeted residues in the M13/M15
designs shows that only 5 outward facing residues are shared between the mutation sets. Since
the M15 design was based on a larger data set of known GPCR crystal structures than the M13
design, it was expected that the M15 mutation set would have wider applications among

structurally uncharacterized GPCR.

Table 2.4: The M13 and M15 mutant designs.

The M15 (M9EG6S) mutation set is based on common outward-facing residues among 23
different GPCR crystal structures. The M13 (M13Q) mutation set based on 7 different GPCR
crystal structures was designed by previous lab members.

TM ) Positions of M15 Water-soluble M13 Water-soluble
Helix: Outward-facing Mutations Mutations
Index Residues from 23

GPCR Set

1:N150 1.37(18),1.41(18), 137E,141S,144E, 141Q,143Q,1510Q,
1.44 (21),1.48 (20),  1.48S,155E,158S 1580Q
1.55 (14), 1.58 (14)

2: D250 N/A N/A 2.63Q

3: R3.50 3.23(20) 3.23E N/A

4:WA50 4.44(18),4.47 (21), A44E,4.47S,451E, 451Q,455Q
451 (21), 455 (20)  455S

5:P550 5.49(18),5.52 (21), 5.49E,552S,556E 5.400Q

5.56 (20)
6:P6.50  6.53 (19) 6.53 E 6.46 Q, 6.53 Q
7:P750 N/A N/A 7340Q,7.37Q,751Q

2.3.2 Optimizing SUMO-B2AR:M13 expression in E. coli using an Emerald Green
Fluorescent Protein (EmGFP) fusion partner
After unsuccessful recombinant protein expression in the pRSET and pET-28a vectors

(data not shown), B2AR:M13-EmGFP was sub-cloned into the pE-SUMO vector (Life Sensors,
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Malvern, PA) which had been the most successful bacterial expression vector for the f2AR:M13
constructs in our lab at the time. The result is an N-terminal SUMO (Small Ubiquitin-like
Modifier) fusion protein with an N-terminal 6x-histadine tag (6His-tag) for purification via
immobilized metal affinity chromatography (IMAC). Figure 2.3 shows the whole-cell

fluorescence data reflecting recombinant protein expression over time. The SUMO-$2AR:M13

—@-SUMO-B2AR:M13-EmGFP 18C -A--SUMO-B2AR:M13 18C
—©-SUMO-B2AR:M13-EmGFP 37C -A--SUMO-B2AR:M13 37C
250000
200000
=
= 150000
=
100000
50000

Time (hr)
Figure 2.3: Whole-cell fluorescence during trial expressions at two temperatures.
R.F.U. stands for relative fluorescence units. SUMO-B2AR:M13 with C-terminal EmGFP
(solid lines, circles) and without EmGFP (dashed lines, triangles) in C43(DE3) cells at 18°C
(solid symbols) and 37°C (unfilled symbols).

construct serves as a control to account for any background fluorescence signals from bacterial
cells. Given that both sets of control samples displayed very low relative fluorescence, it is likely
that increased expression of SUMO-B2AR:M13-EmGFP is the source of increased fluorescence
over time.

To verify the presence and localization of SUMO fusion proteins, SDS-PAGE and
western blot analysis with an Anti-SUMO antibody (Life Sensors, Malvern, PA) was performed

on the time course samples (Figure 2.4 A, C). Additionally, in-gel fluorescence with SDS-PAGE
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A SUMO Antibody B  In-Gel Fluorescence

+GFP -GFP +GFP -GFP
Ohr 22hr Ohr 22hr Ohr 22hr Ohr 22hr
WSWS WS WS MW WS WS WS WS

18°C

C D

+GFP -GFP +GFP -GFP
Ohr 6hr Ohr G6hr Ohr 6hr Ohr 6hr

WSWS WS WS MW WS WS WS WS
37°C

Figure 2.4: SDS-PAGE and western blot analysis of SUMO-B2AR:M13-EmGFP (+GFP)
and SUMO-$2AR:M13 (-GFP) expressed in C43(DE3) cells cultured at 18°C (A, B) and
37°C (C, D).

The whole-cell lysate sample and soluble fraction after centrifugation are represented by W
and S lanes, respectively. MW represents the Kaleidoscope protein standard, which has a
fluorescent 75 kD band. The samples represented in the 0-hour and 6/22-hour lanes were
taken prior to inducing protein expression and 6 or 22 hours after induction, respectively. (A,
C) Western Blot analysis using SUMO primary antibody to detect SUMO-2AR:M13-
EmGFP (87 kD, green star) and SUMO-B2AR:M13 (~60 kD, yellow diamond). (B, D) SDS-
PAGE and in-gel fluorescence analysis to detect properly-folded SUMO-32AR:M13-EmGFP
construct.

was used to identify properly-folded EmGFP fusion proteins (Figure 2.4 B, D). The relative band
intensities in the soluble versus whole cell fraction for both constructs appear to be greater at
lower temperatures (18°C), rather than the optimal temperature for E. coli growth (37°C). This
observation correlates with the in-gel fluorescence analysis showing fluorescent bands only for
the 18°C samples. There are many cases in the literature that demonstrate lower temperature
growth conditions can improve solubility and stability during expression of some proteins.1’417

It is believed that the lower temperatures can improve protein expression in part by dampening
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the rate of protein synthesis which increases the amount of time for correct protein folding and
decreases the potential for misfolding or aggregation events. The results shown in Figure 2.4
support the theory that C-terminal GFP can act as a fluorescent reporter for expressing properly-
folded protein in bacterial cells. This provided our lab with an efficient screening tool for
optimizing recombinant protein expression.

We tested some of the variables that had been optimized for trial expressions of SUMO-
B2AR:M13-FLAG and summarized the results in Figures 2.5 and 2.6. The optimized protocol for
SUMO-B2AR:M13-FLAG expression was developed by previous lab members (Dr. Kikonyogo
and Dr. Gacasan) and is detailed in the Methods section. The protocol involved using Terrific
Broth (TB) media enriched with 2mM MgSOs, 1 mM NaCl, and 1% glucose (TBE) at
inoculation, re-enrichment with the same concentrations of MgSQO4, NaCl, and glucose at 12
hours (TBE+12), and growth for 22 hours after induction with 0.1 mM IPTG. Figure 2.5 shows
the fluorescence data from independent trial expressions varying glucose content in the starting
TBE media (with no glucose added at re-enrichment) or IPTG inducer concentration for protein
expression. These data suggest that the optimized protocol for expressing SUMO-B2AR:M 13-

FLAG could be improved by increasing the concentration of inducer, IPTG, from 0.1 to 0.25
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Figure 2.5: Normalized whole-cell fluorescence data from independent trial expressions
of SUMO-B2AR:M13-EmGFP in C43(DE3) cells.

Cells were cultured in enriched Terrific Broth (TBE = TB enriched with 2mM MgSQO4, 1 mM
NaCl, 1% glucose concentration — or varied in panel A) at 18°C after inducing protein
expression with 0.1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG), or varied IPTG
concentrations in panel B. Fluorescence data above reflect cell samples at 22 hours post-
induction normalized to the 0-hour cell culture density. (A) Initial glucose concentration of
TBE culture media was varied from 0 — 2%, and expression. (B) IPTG concentration used to
induce protein expression was varied from 0.075 — 0.5 mM.

mM (Figure 2.5 B). In terms of glucose concentration, no further improvement to the optimized
protocol could be observed since 1% glucose was associated with the highest relative
fluorescence (Figure 2.5 A). The culture media conditions were further investigated and
summarized in Figure 2.6. The media conditions used in the optimized protocol produce
relatively the same amount of fluorescence as those same conditions without the 12-hour
enrichment step at 22 hours post-induction. Additionally, relative fluorescence increased
substantially when culture growth was extended to 26 hours in TB, TBE, and TBG (5, 6, 7 in

Figure 2.6) before harvesting cells.
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Figure 2.6: Normalized whole-cell fluorescence data from trial expressions of SUMO-
B2AR:M13-EmGFP in C43(DE3) cells cultured at 18°C in LB/TB media variations.

1: LB = Lysogeny broth, 2: LBE = LB enriched (2mM MgSQO4, 1 mM NaCl, 1% glucose),

3: LBG = LB enriched (2 mM MgSO4, 1 mM NacCl, 0.5% glycerol), 4: LBE+12 = LB
enriched + 12 hr re-enrichment, 5: TB = Terrific broth, 6: TBE = TB enriched (2mM MgSOs,
1 mM NaCl, 1% glucose), 7: TBG = TB enriched (2 mM MgSQO4, 1 mM NaCl, 0.5%
glycerol), 8: TBE+12 = TB enriched + 12 hr re-enrichment, 9-10: Plasmid_LBE/TBE+12 =
Empty pE-SUMO vector in both LBE/TBE+12 growth conditions to serve as negative
controls. For all cultures, protein expression was induced with 0.1 mM IPTG.

Therefore, the following protocol adjustments were suggested to further optimize the expression
of properly folded SUMO-B2AR:M13-FLAG: 1) Maintain the usage of TBE media from the
previously optimized protocol without the 12-hour re-enrichment step. 2) Increase the amount of
IPTG used to induce protein expression to 0.25 mM. 3) Increase the post-induction growth time
from 22 to 26 hours before harvesting cells.
2.3.3 Strategies to remove GroEL complex during WS-GPCR purifications

Identification of GroEL (60 kD) in purified samples of SUMO-2AR:M13-FLAG (60
kD) by collaborators at St. Jude prompted us to utilize an Anti-GroEL antibody (Sigma-Aldrich)
as a specific probe for GroEL. Figure 2.7 below shows the results obtained by SDS-PAGE and

western blot analysis of cell lysate samples from a previous trial expression of SUMO-
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SUMO Antibody
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GroEL Antibody

TB TBE TBG TBE+12 SUMO
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100 kD
75 kD

50 kD

50 kD

37kD 37 kD

25 kD 25 kD

20 kD 20 kD

Figure 2.7: Western blot analysis on soluble fraction samples from trial expression of
SUMO-B2AR:M13-EmGFP in C43(DE3) cells cultured at 18°C in TB with different
supplements.

TB media abbreviations are defined in the legend of Figure 2.6. Zero represents the 0-hour
culture sample taken prior to induction and 22 represents the normalized 22-hour culture
sample taken post-induction. (A) SUMO primary antibody is used to detect SUMO-
B2AR:M13-EmGFP (87 kD, green star) 22 hours post-induction. (B) GroEL primary
antibody is used to detect GroEL (~60 kD, red x) presence during trial expression.

B2AR:M13-EmGFP (87 kD). In Figure 2.7 (B), it is evident that the antibody detects GroEL in
all trial expression samples. The ubiquitous nature of GroEL should be expected as it functions
as an obligate folding chaperone for many proteins that are vital for bacterial cell survival.'’® In
Figure 2.7 (A), the target protein can be detected at the expected molecular weight and only in
samples collected 22 hours post-induction.

The temperature conditions used during recombinant protein expression in E. coli does
not appear to affect the relative amounts of GroEL expression (Figure 2.8 (B)). Overall, there
seems to be slightly less GroEL in the 0-hour samples than in the 6-/22-hour, but no significant
difference between the two temperatures. However, expression at the lower temperatures and
longer growth time yields more target protein in the soluble fraction than with the higher

temperatures and shorter growth time (Figure 2.8 (A)) as we have observed in previous
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Figure 2.8: Western blot analysis of samples from trial expression of SUMO-
B2AR:M13-EmMGFP in C43(DE3) cells cultured at 18°C or 37°C in TBE.

(A) SUMO primary antibody is used to detect SUMO-$2AR:M13-EmGFP (87 kD, green
star) in trial expression samples. (B) GroEL primary antibody is used to detect GroEL (~60
kD, red x) in trial expression samples.

experiments (Figure 2.4). Regardless, it became evident that avoiding GroEL during protein
expression would necessitate changing expression systems, but even then, it is possible that
orthologs of GroEL and other chaperones will be similarly problematic. Therefore, we proceeded
to implement strategies for removing GroEL during protein purification as described in the
introduction. The following results (Figures 2.9-2.16) are representative of the many GroEL
removal trials performed during IMAC purification (Ni-NTA agarose) of either the SUMO-
B2AR:M13-EmGFP or SUMO-B2AR:M13-FLAG constructs, which both have a 6His-Tag on
the N-terminal end of SUMO. Data from the GroEL Removal | experiment (Figure 2.9) showed
that 5 mM ATP was partially effective in promoting GroEL-substrate release. In Figure 2.9 A,
the elution sample from the +ATP set (lane 8) had qualitatively less GroEL than the No-ATP set

(lane 13) based on the relative band intensity.
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A GroEL Antibody
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1 23456 7 8 91011 1213 14

Figure 2.9: GroEL Removal I: SUMO-B2AR:M13-EmGFP Ni-NTA purification and
ATP-stimulated GroEL substrate release.

Sample description: 1 = Soluble lysate, 2 = Flow-through, 3 = Wash, 4-7 = GroEL release
buffer with 5mM ATP, 8 = Elution (+ATP set), 9-12 = GroEL release buffer without ATP, 13
= Elution (No-ATP set), 14 = Kaleidoscope protein standard. (A) SDS-PAGE/Western blot
analysis of purification samples using GroEL antibody to detect GroEL presence (~60 kD,
red x). (B) SDS-PAGE/Western blot analysis of purification samples using SUMO antibody
to detect SUMO-B2AR:M13-EmGFP presence (87 kD, green star). (C) SDS-PAGE and in-
gel fluorescence analysis to detect SUMO-B2AR:M13-EmGFP presence in parallel.

Since the amounts of SUMO-B2AR:M13-EmGFP in both elution samples were roughly
equivalent (Figure 2.9 (B, C)), we attributed the decreased GroEL contamination in lane 8 to the
presence of ATP in the GroEL release (GR) buffer. In GroEL Removal Il — V experiments
(Figures 2.10 — 2.13), a combination of the strategies using ATP and casein to stimulate GroEL-
substrate release were implemented. Initially, we tested a protocol of increasing concentrations

of casein (0.5, 1.0, 2.5 mg/mL) in the GR buffers (Figure 2.10) coupled with (10 mM) ATP
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addition to all purification buffers, except elution. Given that ATP hydrolysis is a fast process,
GroEL can presumably re-bind to the target protein during various steps of the purification
process. Thus, our rationale behind including ATP in the lysis, wash, and GR buffers was to
prevent subsequent binding events after GroEL-substrate release by constantly stimulating ATP
hydrolysis. Figure 2.10 (A) shows the GroEL specific bands throughout the GR and wash
samples which indicates that the chaperones are consistently being released from the target
protein bound to the column. In Figure 2.10 (B), the fluorescent bands attributed to our target
protein were visible in the elution fractions. Since GroEL is also present in the elution fractions,

we decided to test higher concentrations of casein in the GR buffer.

A GroEL Antibody

Wash GroEL release Wash
SL FT 1 2 1 2 3a 3b 3 4 E1 E2 E3

150 kD
100 kD
75 kKD
50 kD
B In-Gel Fluorescence
Wash  GroEL release Wash
SL FT 1 2 1 2 3a 3b 3 4 E1 E2 E3
75 kD

Figure 2.10: GroEL Removal I1: SUMO-B2AR:M13-EmGFP Ni-NTA purification and
GroEL substrate release with ATP and casein.

Sample description: SL = Soluble lysate, FT = Flow-through, Wash1-4 = Wash buffer
applied twice before and after GroEL release steps contained 10 mM ATP, GroEL releasel-
3a/b = GroEL release buffers contained 10 mM ATP and increasing amounts of casein (30
mL each): 0.5 mg/mL (1), 1.0 mg/mL (2), 2.5 mg/mL (3a/b), E1-3 = Elution fractions. (A)
SDS-PAGE/Western blot analysis of purification samples using GroEL antibody to detect
GroEL presence (~60 kD, red x). (B) SDS-PAGE and in-gel fluorescence analysis to detect
SUMO-B2AR:M13-EmGFP presence (87 kD, green star).
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In GroEL Removal I11, we increased the casein concentration to 5 mg/mL and the GR
buffer volume to 150 mL total. Figure 2.11 (A) shows the Coomassie stained gel of the samples
collected throughout the experiment. SUMO-B2AR:M13-EmGFP is clearly visible in the E2 lane
above the 75 kD marker. Furthermore, the bands running above the 75 kD marker are visible
with in-gel fluorescence in Figure 2.11 (B). However, there were still bands that likely
correspond to GroEL in the elution fractions based on migration during SDS-PAGE. Since it
appears that GroEL was consistently released through the GR samples 1 — 5, we drastically
increased the volume of GR buffer used in GroEL Removal IV (Figure 2.12) to 1 liter. However,
we also needed to decrease the casein concentration because of flow rate issues during the

A SDS-PAGE Coomassie

GroEL Release Wash
FT 1 2 3 4 5 1 2 3 4 5

B In-Gel Fluorescence

GroEL Release Wash
FT 1 2 3 4 5 1 2 3 4 5 MW E1 E2

Figure 2.11: GroEL Removal I11: SUMO-B2AR:M13-EmGFP Ni-NTA purification and
GroEL substrate release with ATP and Casein.

Sample description: FT = Flow-through, GroEL releasel-5 = GroEL release buffer contained
10 mM ATP and 5 mg/mL casein (150 mL total), Wash1-5 = Wash buffer applied after
GroEL release steps, MW = Kaleidoscope protein standard contains a fluorescent 75 kD
marker, E1-2 = Elution fractions. (A) SDS-PAGE analysis of purification samples using
Coomassie stain to detect proteins. (B) SDS-PAGE and in-gel fluorescence analysis to detect
SUMO-B2AR:M13-EmGFP presence.

51



A SDS-PAGE Coomassie

GroEL Release Wash
FT 1 2 3 4 5 6 7 8 1 2 3 El1 E2 MW

B In-Gel Fluorescence

GroEL Release Wash
FT 1 2 3 4 5 6 7 8 1 2 3 El1 E2 MW

Figure 2.12: GroEL Removal IV: SUMO-2AR:M13-EmGFP Ni-NTA purification and
GroEL substrate release with ATP and Casein.

Sample description: FT = Flow-through, GroEL releasel-8 = GroEL release buffer contained
5mM ATP, 5% glycerol, and 1.5 mg/mL casein (1000 mL total), Wash1-3 = Wash buffer
applied after GroEL release steps, E1-2 = Elution fractions, MW = Kaleidoscope protein
standard contains a fluorescent 75 kD marker. (A) SDS-PAGE analysis of purification
samples using Coomassie stain to detect proteins. (B) SDS-PAGE and in-gel fluorescence
analysis to detect SUMO-B2:M13-EmGFP presence.

purification with GroEL Removal Il1. In the elution fractions of Figure 2.12 (A), we observed the
least amount of chaperone compared to previous attempts, but GroEL remained bound to our
target protein despite the volume of GR buffer used. Additionally, we observed a smaller amount
of our target protein (Figure 2.12 (B)) relative to previous attempts. It was suggested that we
attempt the GroEL removal protocols with the construct that was originally found to have GroEL
associated. The rationale here was to ensure that no aspects of the C-terminal EmGFP fusion
partner were impeding the release of GroEL from our target protein. In GroEL Removal V
(Figure 2.13), the same protocols and buffers used in the previous experiment were applied to the

SUMO-B2AR:M13-FLAG construct. Since the target protein and GroEL have similar molecular
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weights, it was necessary to use antibody detection for the two proteins. The results showed that
GroEL remained bound to the target protein in the elution fractions (Figure 2.13 (A)). It is
important to note that the culture volumes (250 mL) used in the purifications/GroEL removal
experiments were much smaller in scale to the amounts needed for crystallization trials with St.
Jude (2 liters). Therefore, even if one liter of GR buffer were sufficient to completely remove
GroEL, the volume of GR buffer needed to separate chaperone from target protein would be
much larger for the scale necessary for crystallization trials.

The next set of strategies we implemented involved detergent-containing buffers to

remove GroEL from our target protein during Ni-NTA purification. Initially, we tried sodium

A GroEL Antibody

GroEL Release Wash
SL FT1 2 3 4 5 6 7 8 1 2 El1E2

150 kD

100 kD
7S kD

B FLAG Antibody

GroEL Release Wash
SLFT1 2 3 4 5 6 7 8 1 2 E1E2

150 kD

100 kD
75 kD

50 kD

Figure 2.13: GroEL Removal V: SUMO-B2AR:M13-FLAG Ni-NTA purification and
GroEL substrate release with ATP and Casein.

Sample description: SL = Soluble lysate, FT = Flow-through, GroEL releasel-8 = GroEL
release buffer contained 5 mM ATP, 10% glycerol, and 1.5 mg/mL casein (1000 mL total),
Wash1-3 = Wash buffer applied after GroEL release steps, E1-2 = Elution fractions. (A)
SDS-PAGE/Western blot analysis of purification samples using GroEL antibody. (B) SDS-
PAGE/Western blot analysis of purification samples using FLAG antibody.
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dodecyl sulfate (SDS) because the concentration at which it is used in sample loading buffer (1%
SDS) for SDS-PAGE is effective in disrupting/denaturing the GroEL ring complexes. While not
recommended, anionic detergents, such as SDS, have been used in concentrations up to 0.3%
during purification according to the Ni-NTA agarose user manual (Qiagen, Germantown, MD).
We initially tried very low concentrations of detergent in GroEL Removal VI (Figure 2.14), with
GR buffers containing 0.001% - 0.01% SDS. The bands that were visible through in-gel
fluorescence in Figure 2.14 (B) correspond with the target protein. The lower bands in the
elution lanes of the Coomassie-stained gel (Figure 2.14 (A)) correspond to GroEL. The SDS

concentrations used were partially effective, but not sufficient in completely removing

A SDS-PAGE Coomassie

GroEL Release Wash
SL FT 1 2 3 1 2 El E2 E3 MW

150 kD
100 kD
75 kD
50 kD
B In-Gel Fluorescence
GroEL Release Wash
SLL FT 1 2 3 1 2 E1 E2 E3 MW
75 kD

Figure 2.14: GroEL Removal VI: SUMO-B2AR:M13-EmGFP Ni-NTA purification and
GroEL substrate release with SDS detergent.

Sample description: SL = Soluble lysate, FT = Flow-through, GroEL releasel-3 = GroEL
release buffer contained 0.001% SDS (1) and 0.01% SDS (2-3), Wash1-2 = Wash buffer
applied after GroEL release steps, E1-3 = Elution fractions. (A) SDS-PAGE analysis of
purification samples using Coomassie G250 for general protein visualization. (B) SDS-PAGE
and in-gel fluorescence analysis to detect SUMO-B2AR:M13-EmGFP presence.
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GroEL from the target protein. However, when we tried to increase the SDS concentration to
0.1% in GroEL Removal VII (Figure 2.15), GroEL and the target protein were completely
removed from the column. In the Coomassie-stained gel and in-gel fluorescence assay, bands
corresponding to the target protein and GroEL were absent in the expected regions of the elution
lanes. These results implied that 0.1% SDS was excessively harsh and disrupted binding of target
protein to the stationary phase of the column. Thus, we attempted to use a milder detergent in
GroEL Removal VIII (Figure 2.16). CHAPS is a zwitterionic detergent that is often used in

solubilizing membrane proteins without denaturation.'’” For this experiment, it was suggested to

A SDS-PAGE Coomassie

GroEL Release Wash
SL FT 1 2 3 1 2 El E2 E3 MW

100 kD
7S kD

S50 kD

37 kD

25 kD

B In-Gel Fluorescence

GroEL Release Wash
SL FT 1 2 3 1 2 El E2 E3 MW

Figure 2.15: GroEL Removal VII: SUMO-B2AR:M13-EmGFP Ni-NTA purification and
GroEL substrate release with SDS detergent.

Sample description: SL = Soluble lysate, FT = Flow-through, GroEL releasel-3 = GroEL
release buffer contained 0.001% SDS (1), 0.01% SDS (2), and 0.1% SDS (3), Wash1-2 =
Wash buffer applied after GroEL release steps, E1-3 = Elution fractions. (A) SDS-PAGE
analysis of purification samples using Coomassie G250 for general protein visualization. (B)
SDS-PAGE and in-gel fluorescence analysis to detect SUMO-B2AR:M13-EmGFP presence.

7S kD
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use an increasing concentration of CHAPS in successive steps of the soluble lysate binding to the
Ni-NTA agarose in the column. The prepared soluble fraction of the cell lysate initially
contained 2 mM CHAPS. After the first round of binding to Ni-NTA agarose, FT1 was increased
to 4 mM CHAPS and re-loaded in the column. A small volume of the resulting flow-through
sample (FT2) was taken for SDS-PAGE analysis in Figure 2.16. Stock buffer was added to the
remaining FT2 to give a final concentration of 8 mM CHAPS. Subsequently, FT2 was re-loaded

in the column and collected as FT3 for gel samples. The rationale behind this change in GroEL

A SDS-PAGE Coomassie

Wash
SL FT2 F:FS 1 2 E1 E2 E3 MW
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In-Gel Fluorescence

Figure 2.16: GroEL Removal VIII: SUMO-B2AR:M13-EmGFP Ni-NTA purification
and GroEL substrate release with CHAPS detergent.

Sample description: SL = Soluble lysate, FT1 (not shown) = CHAPS added to flow-through 1
(2 mM) prior to reloading on column, FT2 = CHAPS added to flow-through 2 (4 mM) prior
to reloading on column, FT3 = CHAPS added to flow-through 3 (8 mM) prior to reloading on
column, Wash1-2 = Wash buffer applied after GroEL release steps assumed in FT1-3 steps,
E1-3 = Elution fractions. (A) SDS-PAGE analysis of purification samples using Coomassie
G250 for general protein visualization. (B) SDS-PAGE and in-gel fluorescence analysis to
detect SUMO-2AR:M13-EmGFP presence.
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removal method was to disrupt the GroEL-target protein binding and remove as much chaperone
as possible in the initial stages of binding to the Ni-NTA agarose. However, this approach was
not sufficient in completely removing GroEL based on the elution fractions in Figure 2.16 (A).
Based on the nature of GroEL-substrate binding, the strong association between GroEL
and the M13 mutants suggests there are still significant regions of hydrophobicity in the
transmembrane (TM) region. This situation served as a useful test case for the M15 (M9OE6S)
mutation design. Also, it was suggested that we test the M15 design with a different GPCR to
rule out the possibility of B2AR itself being the bottleneck in GroEL removal. We had sub-
cloned the water-soluble LPA: receptor mutant (r:M15) DNA sequence into the pE-SUMO
vector. The LPAR1:M15 DNA sequence was initially inserted in the pET-28a vector for trial
expressions in E. coli, but protein expression was very poor (data not shown) in all the conditions
tested. A FLAG tag (DYKDDDDAK) had been inserted at the C-terminus of SUMO-
LPAR1:M15 by Dr. Alexandra Kikonyogo and Binh Nguyen. The FLAG tag allows for affinity
chromatography with the Anti-FLAG M2 agarose gel and produces cleaner preparations during
protein purifications. At the time of this project, affinity purification with FLAG was preferred to
the traditional IMAC methods. However, FLAG purification conditions must be milder relative
to IMAC methods due to the sensitivity of the Anti-FLAG M2 antibody toward denaturing.
Thus, for GroEL Removal IX (Figure 2.17) with SUMO-LPAR1:M15-FLAG we necessarily had
to continue using the Ni-NTA purification method. The protocol that was followed in GroEL
Removal VIII was repeated for this experiment with the same CHAPS detergent concentrations.
As opposed to the B2AR:M13 constructs in the previous experiments, SUMO- LPAR1:M15-
FLAG has a molecular weight slightly below that of GroEL. It is difficult to identify the protein

bands with only the Coomassie-stained gel image in Figure 2.17 (A). Since this LPAR1:M15
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mutant lacked an EmGFP fusion partner, it was necessary to perform western blot analysis to

identify both proteins with similar molecular weight (Figure 2.17 (B, C)).

A SDS-PAGE Coomassie
SL 7FT17_FT2 FIT3 w1 W2 E1 E2 E3 MW
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B GroEL Antibody C SUMO Antibody
SL FT1 FT3W1 E1 E2 SLFT1FT3W1 E1 E2

250 kD 250 kD

150 kD 150 kD
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75 kD 75 kD

50 kD S0 kD

Figure 2.17: GroEL Removal IX: SUMO-LPAR1:M15-FLAG Ni-NTA purification and
GroEL substrate release with CHAPS detergent.

Sample description: SL = Soluble lysate, FT1 = CHAPS added to Flow-through 1 (2 mM)
prior to reloading on column, FT2 = CHAPS added to Flow-through 2 (4 mM) prior to
reloading on column, FT3 = CHAPS added to Flow-through 3 (8 mM) prior to reloading on
column, Wash1-2 = Wash buffer applied after GroEL release steps assumed in FT1-3 steps,
E1-3 = Elution fractions. (A) SDS-PAGE analysis of purification samples using Coomassie
R250 for general protein visualization. (B) SDS-PAGE/Western blot analysis of purification
samples using GroEL antibody to detect GroEL presence (~60 kD, red x). (C) SDS-
PAGE/Western blot analysis of purification samples using SUMO antibody to detect SUMO-
LPAR1:M15-FLAG (~55 kD, yellow chevron) presence.

Again, these data showed that 2 — 8 mM CHAPS detergent was not sufficient to remove GroEL
from the target protein as it was clearly present in the elution fractions. In terms of GroEL
disassociation in the presence of CHAPS detergent, it appeared that both M13/M15 mutation sets
affected B2AR and LPARL1 similarly. Also, there did not seem to be anything specific about the

B2AR or LPARL1 that was causing strong association to GroEL. While it is difficult to interpret

58



comparisons between the different mutation sets when they were applied to different receptors, it
was clear that a different strategy would be necessary to produce WS GPCR mutants.

In some of the gel images (Figures 2.16 and 2.17), an additional band was observed that
runs slightly higher than the proposed GroEL bands (>60 kD). We speculate this higher
molecular weight band could be the 70 kD chaperone protein, DnaK (HSP70 homolog), that
functions both independently, and in tandem with the GroEL system to promote protein
folding.’%17® It has been proposed that the proteins interact in a successive manner in which
DnaK shuttles polypeptide substrates from the ribosome to the GroEL/ES system, but with the
assistance of other molecular chaperones (DnaJ and GrpE).1”® Similar to GroEL, it has been
reported to be a contaminant bound to target proteins after purifcations.'&

2.4 Conclusion

As noted in Table 2.1, GroES and urea have been used independently in reported
strategies to separate target proteins from GroEL during purification. However, there were
several different problems that made these strategies impracticable. For the GroES strategy, the
issue was project-funding dependent because the high reagent pricing constrained us to very few
hypothetical test experiments. Even if we assumed successful outcome, we still lacked funding
for the greater amount of GroES necessary in a large-scale preparation of WS-GPCR intended
for crystallization trials. The issues with the urea strategy were related to concerns with the
potential need for subsequent GPCR refolding experiments. In the literature, there are some
examples of protein refolding experiments with GPCR including the leukotriene receptors
BLT1,184182 B T2,18118 cannabinoid receptor 1 (CB1),'84184 serotonin receptor 4A (5-
HT4A),*%18 and the glucagon-like peptide-1 receptor (GLP1R).! These methods involved

refolding in detergents, lipid-detergent, or synthetic polymer (amphipols) mixtures, but resulted
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in varying degrees of success and often recovered sub-optimal (50% or less of total protein)
yields of functional GPCR.*®" Furthermore, conditions for successful refolding experiments are
highly receptor-specific. Therefore, it is likely that a large amount of time would have to be

invested in testing and optimizing GPCR refolding conditions.
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Chapter 3
A Benchmark of Loop Modeling Methods Applied to G Protein-Coupled Receptors
3.1 Introduction
Many proteins contain loop segments that can adopt a wide range of dynamic structures,

including disordered random-coil loops, short “turn” loops, and long loops with embedded
secondary structures. These loop segments are often flanked by secondary structural elements or
distinct protein domains. Due to their inherent conformational flexibility and structural diversity,
loops serve a wide range of important functions for many proteins. 8 For example, loops that

are exposed on the protein surface often interact with other biomolecules.%%-19

3.1.1 Significance of extracellular loop 2 (ECL2) in GPCR: Structural characteristics and

functional roles

As mentioned in Chapter 1, the extracellular and intracellular loops (ECLs and ICLs) of
GPCR have lower sequence and structural conservation than the TM domains. With respect to
the available known GPCR structures (mostly Class A GPCR), ECL2 is generally the longest
and most diverse in terms of amino acid identity and three-dimensional structure. Despite low
sequence conservation, an overwhelming majority of GPCR contain a disulfide bond between
highly conserved cysteine residues in ECL2 and the top (extracellular) of TM3. Based on the
analysis of 367 GPCR sequences representing members from Class A, B1, B2, C, and F that
were downloaded from the GPCRdb alignment tools, %3194 89% (327 out of 367) of sequences
contain the conserved cysteine residues in ECL2/TM3. Also, the disulfide bond between the
cysteine sidechains is observable in 94% (47 out of 50) of representative crystal structures of
unique GPCR (as of May 2018). Three of the lipid receptors (LPAR1, S1PR1, CB1) that have

known crystal structures lack the conserved disulfide bond between ECL2/TM3. Instead, they
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contain an intra-loop disulfide bond that constrains the loop conformation. Herein, the conserved
cysteine in ECL2 will be denoted by C45.50 because the loop connects TM4-5. This disulfide
bond provides a structural constraint that tethers ECL2 to the GPCR TM bundle. For some
GPCR, interfering with the conserved ECL2-TM3 disulfide bond is detrimental to receptor
function,19°1%

For many GPCR, ECL2 plays important roles in GPCR activation, orthosteric ligand
binding, and allosteric ligand interactions.*®”1% Mutagenesis experiments on ECL2 of the
complement C5a receptor and thrombin receptor resulted in constitutively active GPCR
(signaling activity without agonist binding).1**2% These findings suggest that in some GPCR,
ECL2 functions as a negative regulator that dampens signaling by restricting the transition to
active receptor states in the absence of endogenous ligand. However, ECL2 mutagenesis does
not uniformly confer constitutive GPCR activity. For example, the A204E mutation in ECL2 of
the ghrelin receptor resulted in diminished constitutive activity.?®* Thus, it is generally
understood that ECL2 plays a role in GPCR function, but many of the details are receptor-
dependent.

Given that the binding pocket features of closely-related GPCR are relatively similar,
there must be other structural aspects that give rise to observed differences in receptor-ligand
specificity. Indeed, the diversity among ECL2 amino acid sequences and structural features of
closely-related GPCR contributes to the receptor-specific ligand interactions.® Table 3.1 below

shows examples of GPCR crystal structures with ECL2-ligand interactions.
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Table 3.1: GPCR structures with ECL2 contacts to the crystallized ligand.

Cys 45.50 indicates the conserved ECL2 residue that forms a disulfide bond with Cys 3.25.
ECL2 residue interactions are indicated by the following abbreviations: Hydrophobic
(HYD), Backbone H-bond (BBH), Sidechain H-bond (SCH) Aromatic (ARO), Charge-
assisted H-bond (CAH+/-). Each set of ECL2 interactions were compiled from the pre-
calculated GPCR-ligand interaction tool on GPCRdb®*.

GPCR PDBID Cys45.50 ECL2 Residue Interactions with Crystallized Ligand

DRD3 3PBL1!® Cc181 1183, HYD
CXCR4 30DuU* C186 C186, BBH
LPAR1 4Zz35%2 N/A M198, HYD
S1IPR1 3V2Y1™© N/A V194, BBH
CB1 5U09203 N/A F268, HYD
P2Y12R 4PXZ2%4 C175 C175, BBH; K179, CAH+
SMO  4JKV1® C390 V386, HYD: Y394, ARO
RHO  2Z73%% C186 F188, HYD
B2AR  2RH1%* C191 F193, ARO
PAR2 G5NDD?%® C226 C226, HYD:; H227, ARO; D228, CAH-
PAR1 3vw7it C254 L258, BBH; L262, HYD
APJR 5VBL2” Cc181 L173, HYD; N175, N177, BBH; T176, SCH
FFAR1 5TZR2% C170 L158, HYD; W174, HYD
AAIR 5UEN?2%° C169 F171, ARO
AA2AR 4EIY?10 C166 F168, ARO:; E169, CAH-

3.1.2 ECL2is a problematic modeling target with traditional template-based methods

Template-based modeling methods rely heavily on target-template sequence alignments
where gaps often lead to errors in the target model. As mentioned previously, GPCR loop
segments display low sequence conservation relative to the TM domains and tend to exhibit
variable lengths which inevitably introduces gaps in GPCR sequence alignments. Therefore,
GPCR loops tend to be difficult modeling targets with template-based methods.

Ab initio loop modeling can be described as a “mini-protein folding problem” with
success largely depending on two general components: sampling and scoring. An extensive
search to sample loop conformational space is implemented with the target sequence. Also, a
method to evaluate or score the loop model conformations that are most likely to be near-native

(close to the reference structure) is necessary. ECL2 within GPCR tends to be a more
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challenging modeling target for conformational sampling because longer loops have more
degrees of freedom. ECL2 makes contacts to various ligands in experimentally determined
structures (Table 3.1), the impact of which will necessarily be neglected by the scoring function
when ligand is absent during loop modeling.
3.1.3 GPCR ECL2 modeling benchmark: Research questions and goals

Our primary research question at the start of this benchmark study was, which of the
available modeling software methods can accurately predict loop models that are close to the
reference loop structures? The prediction involves generating model loop structures and ranking
them based on criteria (i.e. energy functions as in Rosetta and MOE) that desirably correlate with
experimentally determined structures. Our primary goal was to establish a method for re-
modeling the ECL2 of GPCR models and choosing candidate models based on the benchmark
results. The reference GPCR crystal structures used in this benchmark for ECL2 modeling are
listed in Table 3.2. Many of the GPCR crystal structures that were available at the start of this
study (August 2017) were included in this benchmark study to represent the “native” ECL2
reference structures. Crystal structures with poorly resolved or completely missing residues in
ECL2 were excluded from the benchmark. The highest resolution structures were chosen as

references for individual GPCR that had multiple crystal structures available.
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Table 3.2: GPCR reference structures used in loop modeling benchmark.
The reference structures were divided into four categories, Groups 1-4, of increasing
expected difficulty based on loop lengths.

Group GPCR ResP(I)DILIii:)a é A) REs(i:cll_uZes LEe crilétzh ECL2 Features
GLR 5XF12'1/3.2 F289 - N300 12 Loop, no 2°
GLPIR  5NX222/3.7  Y291-N302 12 3-10 helix
DRD3  3PBL'¢/2.9  F172-N185 14 Loop, no 2°
1 CRFR1  4Z9G*3/32 D254 -T268 15 3-10 helix
ACM4  5DSG?*#/26  K177-N192 16 3-10 helix
us28 4XT1#5/2.9 V166 -E181 16 B-hairpin
CXCR4 30DUM /25  N176-N192 17 B-hairpin
LPAR1  4z35%2/29  W186 - S203 18 3-10 helix
SIPR1  3V2Y'/28  W182-H199 18 3-10 helix
CB1 500922 /2.6  W255 - D272 18 a-helix
o P2Y12R  4PXZ?°/25  T163-S180 18 3-10 helix
SMO 4KV /25  A379 - N396 18 B-hairpin
OPRD  4N6H?'%/1.8  A187-P205 19 B-hairpin
CCR5  5UIW27/22  T167-S185 19 B-hairpin
P2YIR  4XNV?8/22  S190-E209 20 B-hairpin
AT2R  5UNG*°/28  R182-E202 21 B-hairpin
RHO 2773%% /25 G173 - D194 22 B-hairpin
3 GRM1  40R2%/238 E728 - S749 22 B-hairpin
NTR1  4XES??'/26  M208- D230 23 B-sheet, 3-10 helix
B2AR 2RH1% /2.4  W173 - N196 24 a-helix
ETBR 5GLI?*? /25 F240 - T263 24 B-hairpin
PAR2  5NDD?®/28  V211-1235 25 B-hairpin
PAR1  3VW7Y%/22  L239-E264 26 B-hairpin
APJR  5VBL?/26  R168-S193 26 B-hairpin
4 OX1R 47183128 M183 - D209 27 B-hairpin
FFARL 5TZR?®/22  Al46-D175 30 Loop, B-sheet
AAIR  SUEN?/32  G145-S176 32 (2) a-helices
AA2AR  4EIY?0/18 G142 - P173 32 (2) a-helices
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Although not a comprehensive list, Table 3.3 shows several GPCR with more than two
crystal structures available at the beginning of this study. The dynamic nature of these loops is
apparent in these sets of superposed crystal structures. The ECL2 Ca atoms in different
structures of a single protein have root mean square deviation (RMSD) values ranging from 0.3 —
1.5 A. The RMSD is a measure of the average atomic distance between superimposed protein

structures, and is calculated using the following equation

RMSD = 1)

in which the distance between the it" pair of corresponding atoms is represented by &i.
Traditionally the gold standard of structure prediction is achieving top-ranking models with sub-
angstrom accuracy (Ca RMSD under 1.0 A) to the reference “native” structure. However, ECL2
experimental variability in different crystal structures of the same GPCR can exceed this value.
For the ECL2 targets in this benchmark, it is more reasonable to consider methods that produce
top-scoring models with near-atomic accuracy (Co. RMSD within 2.5 A) the threshold for
success.??* Often, models with near-atomic accuracy are sufficient for applications downstream

of modeling.>
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Table 3.3: ECL2 structure variation among GPCR with more than 2 crystal
structures.

The ECL2 residues of each set of GPCR PDBs were superposed and the Ca. RMSD values
were calculated.

ECL2 ECL2
GPCR PDB IDs Residues RMSD
GLR 4L6R, 5EE7, 5XEZ, 5XF1168:211.225 F289 - N300 1.29 A
GLP1R 5NX2, 5VEW, 5VEX, 6B3J?12226.227 Y291 - N302 1.52 A
ACM2 3UON, 4MQS, 4MQT?7228 V168 - S182 0.76 A
ACM3 4U14, 4U15, 4U16, 4ADAJ?-22 K212 - S226 0.46 A
CXCR4 30DU, 30EQ0, 30E6, 30ES, 30E9, N176 - N192 0.81 A
4RW8164’230
LPAR1 4734, 4735, 4736%% W186 - S203 0.28 A
CB1 5XRA, 5XR8, 5TGZ, 5U092%3.231.232 W255 - D272 0.64 A
P2Y12R ANTJ, 4PXZ, 4PY (204233 T163 - S180 0.93 A
SMO 4JKV, 409R, 4QIN, 4QIM, 4N4W, 5L71, A379 - N396 0.40 A
5L7D165,234-236
OPRD 4N6H, 4RWD, 4RWA?16.237 Al187 - P205 0.43 A
NOP 4EA3, 5DHG, 5DHH72%8 T207 - P224 0.75 A
AT2R 5UNG, 5UNF, 5UNH?% R182 - E202 0.59 A

NTR1 3ZEV, 4GRV, 4XEE, 4XES, 4BWB, 4BVO0, M208 - D230 0.75 A
4BUO, 5T04159,221,239,240

B1AR 2Y00, 2Y01, 2Y02, 2Y03, 2Y04, 2YCW, W181 - T203 0.43 A
2YCX, 2YCY, 2YCZ, 2VT4, 3ZPR, 3ZPQ,

4AMI, 4AMJ, 4BVN, 4GPO, 5F8U,
5A\GE29,160,241-246

B2AR 2RH1, 2R4R, 2R4S, 3D4S, 3NY8, ANYA, W173 - N196 0.40 A
3NY9, 3KJ6, 3P0G, 3PDS, 3SN6, 4LDE,
4LDL, 4LDO, 4GBR, 4QKX, 5JQH, 5D5B,
5D5A, 5D6L21,30,32,34,35,162,247-254

ETBR 5GLI, 5GLH, 5X93, 5XPR?22% F240 - T263 1.14 A

RHO 1U19, 1GZM, 1L9H, 1F88, 1HZX, 2G87, 0.65 A
2PED, 2J4Y, 2HPY, 2135, 2136, 2137, 2X72,
30AX, 3CAP, 3DQB, 3PQR, 3PXO, 3CoM,
3CIL, 4X1H, 4J4Q, 4BEZ, 4BEY, 4PXF,

4A4AM, 5TE3, 5TE5, 5DYS,
5EN019,20,24,156,256—274

AA2AR 2YDV, 2YDO, 3REY, 3PWH, 3RFM, 3EML, G142 -P173 0.95 A
3QAK, 3UZC, 3UZA, 3VGA, 3VG9, 4ElY,
4UHR, 4UG2, 51UB, 51U8, 51UA, 51U4, 51U7,

5G53, 5UIG, 5K2A, 5K2B, 5K2C,
5K 2[D22:23,25,275-282

Average ECL2 RMSD: 0.73 A, Std. Dev.: 0.33
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3.1.4 Description of loop modeling software: Rosetta and MOE

Rosetta loop modeling protocols can be used for loop refinement or loop reconstruction.
This study only implements modeling in the context of loop reconstruction — ab initio/de novo
prediction of the “native” loop conformation based on the amino acid sequence, but the initial
backbone and sidechain conformations are discarded prior to modeling. Loop refinement, on the
other hand, is utilized in finding lower energy conformations starting from a given loop
conformation that is potentially close to the “native” structure.

The modeling process is implemented in two stages with iterations of Monte Carlo
simulated annealing: An initial low-resolution/coarse-grained stage where the sidechain atoms
are represented as “centroids” and a high-resolution/full-atom stage where the sidechain atoms

are explicitly represented. Figure 3.1 shows a schematic overview of the general Rosetta loop

Rosetta Loop Modeling Workflow

Low-resolution (Coarse-grained Side-chains ) stage

Sample Loop Loop Closure: KIC/CCD, Monte Carlo
Backbone Metropolis Criterion
Dihedrals Minimize Loop Backbone Acceptance Test

5 Outer
Cycles

pe—
—

Transition to Full-atom stage:
Add & Pack Side-chains on

High-resolution (Full-atom) stage Loop Backbone
=]
Sample Loop Loop Closure: KIC/CCD, Monte Carlo
Backbone Optimize Side-chains Metropolis Criterion
Dihedrals Minimize Loop Backbone Acceptance Test

5 Outer
Iterate Cycles

Figure 3.1: Overview schematic of Rosetta loop modeling process.
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modeling process. The available loop modeling algorithms in Rosetta differ in conformational
search (sampling) strategy and solutions to the loop closure problem.

The Cyclic Coordinate Descent (CCD) algorithm proceeds by optimizing the dihedral
angles through consecutive loop residues from the N- to C-terminus where the goal is to
minimize the distance between the free C-terminus end of the loop and the fixed anchor
position.?83284 The CCD algorithm in Rosetta uses experimentally-derived fragment libraries to
guide the conformational search during loop modeling. The fragment libraries contain the
coupled phi/psi dihedrals of peptide segments with 9 and 3 residues (9mers, 3mers) from the
PDB.

The Kinematic Closure (KIC) method selects 3 pivot atoms (remaining loop backbone
atoms are designated non-pivot) and divides the loop into two segments for conformational
sampling of the non-pivot phi, psi dihedral angles. Subsequently, the pivot dihedral angles (6 phi,
psi angles for 3 pivots) are analytically solved to position each rigid segment for loop closure.?3
The standard KIC protocol for loop modeling has subsequently been replaced by the Next
Generation KIC (NGK) and KIC with Fragments (KICF) methods.

The Next Generation KIC (NGK) algorithm employs intensification strategies during
non-pivot conformational sampling in both low- and high-resolution stages of the loop modeling
process.?® In the high-resolution stage, NGK implements additional annealing strategies that
modulate the energy function to overcome large energy barriers. The intensification strategies
involve 1) using neighbor-dependent Ramachandran distributions (Ramaz2b term) to select
phi/psi dihedral combinations during sampling and 2) independently sampling ® angles based on
observations in high-resolution crystal structures. Traditionally, the planar character of the

peptide bond restricts the m dihedral angle to either 180° for the common trans-configuration or

69



0° for the less common cis-configuration. However, analyses of high-resolution protein
structures concluded that trans peptide ® values can vary by more than 25° from planarity in
some cases, and that the non-planar character of peptides are more common than previously
known.?®” During the NGK method, o sampling is performed independently of the phi/psi
dihedrals from a Gaussian around the observed mean of 179.1° +6.3.285 The annealing strategies
implemented in the NGK method involve ramping the weights of 1) the repulsive component of
the Lennard-Jones potential and 2) the Rama score (distinct from Rama2b term used in
intensification strategy), which is the likelihood of a phi/psi combination occurring given an
amino acid type. While the intensification strategies (Rama2b and o sampling) are applied in
both low- and high-resolution stages of loop modeling, the annealing strategies are only
implemented in the high-resolution stage. Overall, these intensification and annealing strategies
were found to greatly improve loop modeling accuracy compared to the standard KIC method.
The KIC with Fragments (KICF) method combines the fragment library sampling
strategy from the CCD method with the KIC loop closure method. The main difference between
this method and the NGK method is the way in which loop backbone conformations are sampled.
The fragment-based sampling of phi/psi/omega dihedral angles consists of four major steps: (1)
one of the given fragment libraries is selected at random and searched for alignment frames
where fragments overlap with subsegments of the loop; (2) one of the alignment frames and
fragments within that frame is selected at random; (3) the phi/psi/omega dihedral angles of that
fragment are applied to the loop subsegment; and finally (4) kinematic closure (KIC)
calculations are performed to achieve loop closure. The Rosetta all-atom energy function to
evaluate/score biomolecular structures and models has evolved over many versions (Scorel2,

Talaris2013, Talaris2014), with the Rosetta Energy Function 2015 (REF2015) becoming the
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default scoring function as of July 2017.288-2°1 However, the most recently available scoring
function (REF2015) and loop modeling algorithm, (KICF), had not been tested on the 12-
residue, or 14-17 residue loop modeling benchmark sets used by Rosetta developers (as of May
2018).

The MOE Loop Modeler application has a de novo search method and a PDB search
method for generating potential loop backbone conformations. For this study, only the de novo
search method was used to model the ECL2 of the benchmark GPCR. MOE loop modeling
protocols also consist of distinct low-/high-resolution stages for loop modeling. The initial de
novo search stage only deals with the loop backbone atoms, generating potential loop
conformations that are ranked by an initial coarse scoring function before advancing to the full-
atom stage. Figure 3.2 shows a schematic overview of the general MOE loop modeling process.
MOE loop modeling uses an extension of the CCD algorithm, Full CCD (FCCD).?*? This method

differs from CCD by solely operating on the Ca backbone atoms with pseudo bond angles and

MOE Loop Modeling Worktlow

De novo Search Stage (Backbone atoms only) |

Sample Ca. Loop Closure
Pseudo Angles ‘* (FCCD) — OPtlnﬁm Ca

Initial Coarse F‘ Test for Atom H Build Full

Scoring Clashes Backbone
—
Full-atom Stage | { _;
Add & Pack Side- Loop Refinement: Final Scorin
Chain Atoms on |E==)| Multiple Energy |mmm)| (GBVI) g
Loop Backbone Min. Steps

Figure 3.2: Overview schematic of MOE loop modeling process.
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dihedral angles, optimizing both terms to achieve loop closure. Probability densities calculated
from high-resolution PDB structures resulted in specific profiles for the Ca pseudo bond and
dihedral angles. These profiles are used for random sampling of loop Ca conformational space
during the de novo search stage, followed by FCCD loop closure.

After loop closure by FCCD, it is necessary to optimize the Ca backbone atoms. This is
accomplished by using a component of the PULCHRA (Protein Chain Reconstruction
Algorithm) method which employs a steepest descent gradient minimization and a simple
harmonic potential to optimize the Ca positions before full backbone reconstruction.?®® To
reconstruct backbone atom positions from the Ca loop traces generated, MOE uses the BBQ
(Backbone Building from Quadrilaterals) method which is based on proximal distance
geometries for sets of four sequential Ca atoms in the loop. Additionally, MOE backbone packer
performs a minimization to relieve any strained backbone geometries and atom clashes. This step
is followed by a final geometry and duplicate check to ensure that non-redundant backbone
conformations with reasonable bond and dihedral angles are being evaluated by the coarse
scoring function. The top-ranking loop backbone conformations are advanced to the full-atom
stage.

In the full-atom stage, sidechain atoms are added to the loop and optimized with respect
to the sidechain orientations. The entire loop segment is energy minimized through multiple
steps before the final scoring step. The full-atom loop conformations generated are scored using
GBVI (Generalized-Born Volume Integral). The potential energy of the system using GBVI has
been shown to recover loop conformations close to the native from the Jacobson Loop Decoy

Dataset.2%
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3.2 Methods

The Molecular Operating Environment (MOE version 2016.08) software package was
used for GPCR structure preparation and visualization. The Rosetta software suite (Rosetta
version 3.8) and MOE were used for modeling the ECL2 segment of the benchmark reference
structures. For each of the GPCR in the benchmark, the Robetta fragment server was used to
generate the “9-mer” and “3-mer” fragment library files that are necessary for Rosetta CCD and
KICF loop modeling methods.?*® Fragment generation for each reference GPCR excluded any
PDB data from the GPCR crystal structure itself, as verified by manual inspection of PDB ID
codes in each fragment file.
3.2.1 Structure preparation protocol using MOE for GPCR targets

The benchmark GPCR structures listed in Table 3.2 were downloaded from the PDB8
and prepared for loop modeling with MOE. Ligands and water molecules were deleted from the
PDB structure files. For each GPCR structure, the “QuickPrep” process was used to streamline
the structure preparation process. QuickPrep corrects any structural issues (i.e. residues with
alternate locations, missing atoms, chain breaks, etc.) that often accompany structural data, adds
explicit hydrogens and partial charges with “Protonate 3D,” and performs a tethered-receptor
energy minimization with the Amber12EHT?%6-2% forcefield (RMS gradient of 0.1 kcal/mol/A).
The final energy minimization step is performed to improve any inaccurate geometries derived
from the crystallographic data. During the minimization process, the receptor atoms are tethered
to ensure that changes to the initial positions are modest.
3.2.2 Rosetta and MOE loop modeling methods

A total of 1000 ECL2 models were generated for the GPCR benchmark targets after

structure preparation using each loop modeling method. All 28 reference structures in the
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benchmark were reconstructed with the Rosetta methods discussed previously, but only 12 of the
28 reference structures were tested with MOE. This was due to time and software license
limitations (limit on the number of allowed MOE batch jobs running concurrently), and most
importantly the preliminary data from the shorter ECL2 targets which will be discussed later.

The following descriptions are the main Rosetta command line options used to perform
NGK, KICF, and CCD loop modeling methods in low-resolution and full-atom stages. The
remodel stage is the term for the initial coarse-grained modeling step. The remodel stage samples
loop backbone conformations using a reduced representation of amino acid sidechains and a
Rosetta low-resolution scoring function. This is initiated by the following options associated
with the ‘-loops:remodel’ command: ‘perturb_kic’, ‘perturb_kic with fragments’, ‘perturb ccd’.
A loop definition file is separately generated for each reference GPCR to define the residues of
the loop (ECL2) to be remodeled. By enabling the “extend loop” field in the loop files, the target
loop segment’s bond lengths, angles, and omega torsions are idealized, and all phi/psi values are
replaced randomly from Ramachandran space to give an initial closed conformation at the start
of remodel stage. This is to ensure that loop reconstruction is not influenced by the initial loop
conformation. Subsequently, the loop phi/psi dihedrals are sampled using the fragment data
described previously, followed by KIC or CCD calculations to achieve loop closure. Finally, the
loop undergoes minimization using the BFGS (Broyden-Fletcher-Goldfarb-Shanno) algorithm
and a Metropolis criterion acceptance test using the Rosetta low-resolution scoring function,
scoredL. The number of Monte Carlo steps in both stages of loop modeling is determined by the
number of outer and inner cycles, (outer_cycles * inner_cycles). The default number of outer (5)
and inner cycles (evaluated by: min(1000, number_of loop_residues * 20)) were used for all

Rosetta loop modeling jobs in this benchmark study. Loop poses are set to the lowest energy
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conformation evaluated at the end of each outer cycle. The temperature decreases exponentially
from 1.5 KT to 0.5 KT from the first step to the last. The refine stage is the term for the all-atom
loop modeling step and is activated by the following options associated with the ‘-loops:refine’
command: ‘refine kic’, ‘refine_kic with fragments’, ‘refine ccd’. This stage implements a
similar scheme to the perturb stage, with major differences in the all-atom treatment of the loop
during conformational sampling and the scoring function used to guide and evaluate loop
conformations during model production.

The following MOE loop modeling options were used during the de novo search stage,
full-atom model generation, and final model scoring. The loop sequence for each GPCR ECL2
was selected in the sequence editor window and the following options were provided in the main
MOE Loop Modeler window: only the de novo search method was enabled, the default RMSD
limit of 0.50 was decreased to 0.25 A, the max iterations and energy window were set to 1000
and 10, respectively. The number of de novo search runs, and final models built were set to 1000
total. Subsequently, SVL batch files were created to run the loop modeler jobs on a high-
performance computing cluster. Due to the molecular database (.mdb files) storage limitations,
10 sets of 100 final models or 20 sets of 50 final models were generated.

3.3 Results and Discussion

Loop modeling performance throughout this benchmark study is assessed by comparing
de novo models of ECL2 for proteins from Table 3.2 to the crystallographic reference structures
indicated in the same table. Superpositions were performed for residues not modeled de novo
before calculation of (Ca) RMSD values. The metrics reported throughout this section include:
lowest RMSD model (LRM), top scored model (TSM), lowest RMSD model in the top 10 scored

(LRM-T10), and lowest RMSD model in the top 25 scored (LRM-T25).
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To decide which scoring function to use with Rosetta loop modeling, the NGK loop
modeling algorithm was used to sample ECL2 conformations for the group 1 GPCR from Table
3.2 using both the most recently available Rosetta Energy Function 2015 (REF2015) and its
predecessor, Talaris 2014. The LRM results show that models meeting the near-atomic accuracy
metric of 2.5 A were sampled in each run (Figure 3.3). However, when modeling loops of
unknown structure, the TSM is more relevant than the LRM. In 3 out of 4 cases, REF2015
improved reference structure prediction accuracy (lower RMSD) for the top scored models.
These data suggest that the REF2015 scoring function is more suitable for identifying models
closer to the reference ECL2 structures in the benchmark. Furthermore, the most recent energy

function has been parametrized to estimate energies in units of kilocalories per mole, whereas all
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Figure 3.3: Energy function comparison with Rosetta NGK loop modeling.
Comparisons of the energy function influence on loop modeling performance is shown for
the shortest GPCR ECLZ2 targets in the benchmark. Lowest RMSD Models (LRM) and Top
Scored Models (TSM) are shown from 1000 models generated for each ECL2 target. The
number in parentheses represents the ECL2 length.

previous Rosetta energy functions used arbitrary units.?®* Therefore, REF2015 was used in the

Rosetta loop modeling protocols for all benchmark targets and method comparisons.
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Loop modeling was performed using three algorithms in Rosetta and one algorithm in
MOE for the Group 1 ECL2 targets from Table 3.2. The results from Group 1 (Figures 3.4 and
3.5) show that the NGK and KICF methods were able to sample models with better accuracy
than either CCD or MOE-LM based on the RMSD of the LRM to the reference ECL2 structures.
Notably, ECL2 of the muscarinic acetylcholine receptor M4 (ACM4, Figure 3.6) and dopamine
receptor D3 (DRD3) targets were modeled with sub-angstrom accuracy using both NGK (LRM
=0.34,0.71 A, respectively) and KICF (LRM = 0.35, 0.76 A, respectively) algorithms. For the
ECL2 of CXCR4 (Figure 3.7), loop modeling using KICF also displayed sub-angstrom accuracy
for the LRM (0.50 A). In all of the figures showing superposed ECL2 of the LRM and reference
structures, the green loop represents the reference crystal structure and the orange loop represents
the LRM using NGK (panel A) and KICF (panel B). Six out of the seven ECL2 targets in Group
1 were modeled with near-atomic accuracy (RMSD < 2.5 A) using the NGK algorithm.
Additionally, all seven of the targets were modeled with near-atomic accuracy using the KICF
algorithm. Similarly, six out of the seven ECL2 targets were modeled with near-atomic accuracy
using the CCD algorithm. However, none of the targets were modeled with sub-angstrom
accuracy using the CCD algorithm. The average RMSD for the LRM produced by the NGK,
KICF, and CCD algorithms were 1.66, 1.09, and 2.07 A, respectively. In comparison, the
average RMSD for the LRM produced by the MOE-LM de novo search algorithm was much

higher, 3.37 A. In addition, there were only two cases where the LRM had RMSD
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Figure 3.4: Group 1 results of the Lowest RMSD Models and Top Scored Models.

The LRM and TSM are shown out of 1000 models generated for Group 1 ECL2 targets using
NGK, KICF, CCD, and MOE-LM. In total, the LRM had sub-atomic accuracy in two and
three cases when using the NGK and KICF algorithms, respectively. Additionally, the LRM
had near-atomic accuracy in seven cases when using the KICF algorithm and six cases when
using the NGK or CCD algorithms. The upper and lower dotted lines represent the near-
atomic and sub-angstrom accuracy thresholds, respectively.
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Figure 3.5: Group 1 results of the Lowest RMSD Models in the Top 10 and 25 Scored.
The LRM-T10 and LRM-T25 are shown out of 1000 models generated for Group 1 ECL2
targets using NGK, KICF, CCD, and MOE-LM. The upper and lower dotted lines represent
the near-atomic and sub-angstrom accuracy thresholds, respectively.
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values below 2.5 A. While generating ECL2 models with sub-angstrom or near-atomic accuracy
overall is desirable, sampling loop conformations is only one aspect of structure prediction when
the target structure is unknown. Loop models with low RMSD values to the target must also be
scored or ranked favorably so they can be distinguished from the rest of the generated models.
To evaluate the scoring component of loop modeling protocols, the RMSD of the top 1, 10, and
25 scored models (TSM, LRM-T10, LRM-T25) compared to the reference ECL2 structure were
analyzed and tabulated in Figures 3.4 and 3.5. Overall, MOE-LM had a much higher average
RMSD value for the TSM (7.96 A) compared to the Rosetta loop modeling algorithms. The
NGK, KICF, and CCD algorithms had average TSM values of 3.61, 3.40, and 4.56 A,
respectively. It is common practice to retain a subset of the top scored final models in structure
prediction projects. For example, retaining the top 10 or 25 scored models increases the
probability of selecting lower RMSD models for a target structure. For every ECL2 target in
Group 1, the RMSD values for the LRM-T10/-T25 are lower than the RMSD value for the TSM.

However, expanding the number of retained ECL2 models from the top 10 to the top 25 scored

Figure 3.6: ECL2 models of ACM4 superposed with reference structure.

(A) The LRM (orange) and TSM (magenta) out of 1000 total models generated using NGK
loop modeling had RMSD values of 0.34 A and 0.40 A to the reference structure (green). (B)
The LRM and TSM out of 1000 total models generated using KICF loop modeling had
RMSD values of 0.35 A and 0.62 A to the reference structure.
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Figure 3.7: ECL2 models of CXCR4 superposed with reference structure.
(A) The LRM (orange) and TSM (magenta) out of 1000 total models generated using NGK
loop modeling had RMSD values of 3.08 A and 7.02 A to the reference structure (green). (B)
The LRM and TSM out of 1000 total models generated using KICF loop modeling had
RMSD values of 0.50 A and 4.19 A to the reference structure.

did not result in identifying drastically lower RMSD models. In Group 1, there were only three
of seven cases in which the LRM-T25 had a drastically lower RMSD value compared to the
LRM-T10 (Figure 3.5). Models with near-atomic accuracy were generated and scored within the
top 25 for the targets CRFR1 (using KICF), ACM4 (using CCD), and US28 (using CCD) that
were not scored within the top 10. However, for most of the targets there was not a significant
advantage in retaining the top 25 scored models rather than the top 10 out of 1000 models total.
All Group 2 ECL2 targets from Table 3.2 were modeled using the three loop modeling
algorithms in Rosetta, and five of the seven were modeled with MOE-LM. Results for Group 2
targets (Figures 3.8 and 3.9) show that the NGK and KICF methods were able to sample loop
conformations of the cannabinoid receptor type 1 (CB1) ECL2 with sub-angstrom accuracy

overall (NGK/KICF LRM = 0.85/0.82 A, Figure 3.10). Loop modeling with the KICF algorithm
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Figure 3.8: Group 2 results of the Lowest RMSD Models and Top Scored Models.

The LRM and TSM are shown out of 1000 models generated for Group 2 ECL2 targets using
NGK, KICF, CCD, and MOE-LM. In total, the LRM had sub-atomic accuracy in one and
two cases when using the NGK and KICF algorithms, respectively. Additionally, the LRM
had near-atomic accuracy in four cases when using the KICF algorithm and in three cases
when using the NGK or CCD algorithms. The upper and lower dotted lines represent the
near-atomic and sub-angstrom accuracy thresholds, respectively.
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Figure 3.9: Group 2 results of the Lowest RMSD Models in the Top 10 and 25 Scored.
The LRM-T10 and LRM-T25 are shown out of 1000 models generated for Group 2 ECL2
targets using NGK, KICF, CCD, and MOE-LM. The upper and lower dotted lines represent
the near-atomic and sub-angstrom accuracy thresholds, respectively.
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also achieved sub-angstrom accuracy with the longest loop in Group 2, CCR5 (LRM =0.75 A).
In terms of near-atomic accuracy, there were three and four cases where the NGK and KICF

algorithms sampled loop conformations with RMSD values < 2.5 A. There were three cases

where the CCD algorithm sampled loop conformations with near-atomic accuracy, but no
models with sub-angstrom accuracy were generated.

In Figure 3.8, the TSM for a majority of Group 2 targets had a much larger RMSD value
than the LRM which is consistent with the results from Group 1. However, for the CB1 ECL2
target the TSM using KICF displayed near-atomic accuracy to the reference structure with an
RMSD of 1.93 A and the LRM was scored within the top 10 models (Figures 3.9 and 3.10 B).
On the other hand, the TSM found using NGK had an RMSD of 4.32 A to the reference structure
and the LRM was not scored within the top 10 or 25 scored models. The lowest RMSD model

found in the top 10 scored models using the NGK method displayed near-atomic accuracy to the

/w ‘ e > v, ) P >
Figure 3.10: ECL2 models of CB1 superposed with reference structure.
(A) The LRM (orange) and TSM (magenta) out of 1000 models total using NGK loop
modeling had RMSD values of 0.85 A and 4.32 A to the reference structure (green). (B) The
LRM and TSM when KICF loop modeling was used had RMSD values of 0.82 A and 1.93 A
to the reference structure.
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reference structure with an RMSD of 1.39 A. For the CCR5 ECL2 target, both methods that use
fragment assembly (KICF and CCD) outperformed the NGK method in all 4 metrics. Notably,
the LRM and LRM-T25 values from the KICF method with CCR5 were 0.75 and 0.81 A.

In Group 2, the smoothened receptor (SMO) ECL2 was the most troublesome target for
all three Rosetta loop modeling methods and MOE-LM. Out of all the loop modeling algorithms
tested, the KICF algorithm yielded the most accurate LRM with an RMSD of 1.58 A to the
reference structure. The LRM found using the NGK, CCD, and MOE-LM algorithms had RMSD
values of 6.22, 5.84, and 4.97 A, respectively. However, the top scored model from this method
had an RMSD of ~20 A. While the ECL2 is situated just above the center of the TM bundle in
the reference structure, SMO (Class F GPCR) differs from the other benchmark structures in
many ways. Particularly, SMO has a longer ECL1 than other known GPCR structures (mostly
Class A) and an extracellular domain (ECD) linker region that essentially form a lid over ECL2
and the TM bundle center (Figure 3.11). The long ECL1 and ECD linker regions might sterically
hinder ECL2 loop conformations that are close to the reference structure. In other words, loop
models that position ECL2 away from the TM bundle center, ECL1, and the ECD linker regions
may be scored better. Since the SMO reference structure contained a co-crystallized ligand with
contacts to the ECLs (ECL2 contacts shown in Table 3.1), it is also plausible that the
conformation of the reference ECL2 is not as energetically favorable when the ligand is absent.
A second set of ECL2 models (n = 1000) was generated for SMO using the NGK algorithm, but
the ECD linker domain on the N-terminus was deleted prior to loop modeling. Of the Rosetta
loop modeling algorithms used in this benchmark, NGK was the quickest at generating a given
set of loop models. Thus, subsequent ECL2 modeling of benchmark targets were performed with

the NGK algorithm due to time constraints. Out of the second set, the TSM and LRM were the
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Figure 3.11: ECL2 models of SMO superposed with reference structure.
(A) Side view of SMO crystal structure (PDB:4JKV) highlighting the native ECL2 (green)
buried underneath ECL1 (gray) and the ECD linker (salmon). (B) Top view of the
extracellular side of the SMO crystal structure (C) The LRM (orange), TSM (magenta), and
LRM-T10 (cyan) using the NGK algorithm had RMSD values of 6.22 A, 17.0 A, and 12.7 A
to the reference structure, respectively. (D) The LRM, TSM, and LRM-T10 using the KICF
algorithm had RMSD values of 1.58 A, 19.9 A, and 6.89 A to the reference structure,
respectively. The ECD linker and ECL1 regions were hidden in panels C and D to visualize
ECL2 and models clearly.

same and had an RMSD value of 3.30 A to the reference ECL2. This is a significant
improvement over the TSM and LRM RMSD values from the initial set of models produced by

NGK which were 17.0 A and 6.22 A, respectively. This demonstrates that the steric hindrance
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provided by the ECD linker domain is one impediment to sampling loop conformations similar
to the reference SMO structure.

The MOE-LM method was used to model ECL2 for five of the seven total targets in
Group 2 (Figures 3.8 and 3.9). Similar to the results from Group 1, MOE-LM was consistently
less accurate than the Rosetta loop modeling algorithms based on the 4 metrics used (LRM,
TSM, LRM-T10, LRM-T25). For the first five targets of Group 2, there were no models found
with sub-angstrom or near-atomic accuracy to the reference structure. In addition to the technical
limitations with MOE batch jobs, these initial results indicated that using the de novo search
algorithm in MOE-LM was not feasible for the remaining Group 3-4 benchmark targets.

Group 3 targets from Table 3.2 were modeled using only the Rosetta loop modeling
algorithms. The results from modeling the ECL2 of Group 3 targets (Figures 3.12 and 3.13)
show that KICF was the only algorithm capable of sampling ECL2 models with sub-angstrom
accuracy relative to the reference structures. The LRM generated by KICF for the P2Y1R
(Figure 3.14 B) and AT2R ECL2 targets had sub-angstrom accuracy with RMSD values of 0.63

and 0.54 A, respectively. However, the LRM of P2Y1R had near-atomic accuracy (RMSD < 2.5

A) to the reference structure for all three loop modeling algorithms.
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Figure 3.12: Group 3 results of the Lowest RMSD Models and Top Scored Models.

The LRM and TSM are shown out of 1000 models generated for Group 3 ECL2 targets using
NGK, KICF, and CCD. In total, the LRM had sub-atomic accuracy in two cases when using
the KICF algorithm. Additionally, the LRM had near-atomic accuracy in three cases when
using the KICF algorithm and in single cases when using the NGK or CCD algorithms. The
upper and lower dotted lines represent the near-atomic and sub-angstrom accuracy
thresholds, respectively.
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Figure 3.13: Group 3 results of the Lowest RMSD Models in the Top 10 and 25 Scored.
The LRM-T10 and LRM-T25 are shown out of 1000 models generated for Group 3 ECL2
targets using NGK, KICF, and CCD. The upper and lower dotted lines represent the near-
atomic and sub-angstrom accuracy thresholds, respectively.
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Figure 3.14: ECL2 models of P2YR1 superposed with reference structure.

(A) The LRM (orange), TSM (magenta), and LRM-T10 (cyan) out of 1000 models generated
using NGK loop modeling had RMSD values of 2.44 A, 6.53 A, and 2.55 A to the reference
structure (green), respectively. (B) In this case, the LRM was also the TSM (magenta) when
KICF loop modeling was used (LRM = TSM = 0.63 A RMSD to reference structure).

In the case of the P2Y 1R ECL2 target, the lowest RMSD model was also the top scored
model. This was not the case for the AT2R ECLZ2 target, but the top scored model produced by
the KICF method still had sub-angstrom accuracy (RMSD = 0.81 A) when compared to the
reference structure. On the other hand, the KICF and NGK algorithms produced top scored
models with high RMSD values (~18 A for both methods) compared to the ECL2 reference
structure of B2AR (Figure 3.15). For the top 25 scored f2AR ECL2 models, none of the methods
were able to generate loop models with RMSD values below 4 A. Since this target had one of the
longer loops in the benchmark, it is possible that increased sampling was necessary to produce
models closer to the reference structure. To determine if increased sampling would drastically
improve models, a second set of 4000 ECL2 models was generated for f2AR using the NGK
loop modeling algorithm. From the larger set of models, the LRM had an RMSD of 2.93 A to the
reference target. While this is only a slight improvement from the LRM from the initial set of

1000 models, the TSM from the set of 4000 models had a RMSD value of 5.46 A which is
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Figure CL2 models of B2AR superposed
(A) The LRM (orange), TSM (magenta), and LRM-T10 (cyan) out of 1000 models generated
using NGK loop modeling had RMSD values of 3.84 A, 18.1 A, and 6.81 A to the reference
structure (green), respectively. (B) The LRM, TSM, and LRM-T10 generated using KICF
loop modeling had RMSD values of 2.60 A, 18.6 A, and 5.04 A to the reference structure,

respectively.

drastically lower than the TSM from the initial set (18.1 A). Out of the 4000-model set, the
LRM-T10 and LRM-T25 both had an RMSD of 3.67 A to the reference structure which was also
lower relative to the LRM-T10 and LRM-T25 from the initial set (6.81 and 5.83 A).

Group 4 targets from Table 3.2 were also modeled using the Rosetta loop modeling
algorithms (Figures 3.16 and 3.17). The average LRM values resulting from modeling with the
NGK, KICF, and CCD algorithms were 4.55, 4.98, and 5.38 A, respectively. None of the loop
modeling methods used was able to generate models with sub-angstrom or near-atomic accuracy
to the reference structures. Based on these results, an increase in conformational sampling is
likely necessary. Potentially due to inadequate sampling of conformational space, deficiencies in
the scoring function to distinguish accurate models were evident for the longer loops in this
benchmark set. The average ECL2 RMSD values for the TSM using the NGK, KICF and CCD
algorithms were 13.18, 11.01, and 11.70 A, respectively. A decrease in the average ECL2 RMSD

values was observed for the LRM-T10 using the same three algorithms (7.65, 7.37, and 7.72 A),
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Figure 3.16: Group 4 results of the Lowest RMSD Models and Top Scored Models.
The LRM and TSM are shown out of 1000 models generated for Group 4 ECL2 targets using
NGK, KICF, and CCD. The upper and lower dotted lines represent the near-atomic and sub-
angstrom accuracy thresholds, respectively.
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Figure 3.17: Group 4 results of the Lowest RMSD Models in the Top 10 and 25 Scored.
The LRM-T10 and LRM-T25 are shown out of 1000 models generated for Group 4 ECL2
targets using NGK, KICF, and CCD. The upper and lower dotted lines represent the near-
atomic and sub-angstrom accuracy thresholds, respectively.
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but were still much higher than the 2.5 A threshold.

Advances in GPCR structure prediction have been assessed in the community-wide
GPCR DOCK experiments in 2008, 2010, 2013. In these experiments, researchers were tasked
with modeling a target GPCR with a bound ligand prior to the publication of the target crystal
structures. In GPCR DOCK 2010, two of the targets were the crystal structures of the
DRD3/eticlopride (PDB: 3PBL) and CXCR4/IT1t (PDB: 30DU) receptor-ligand complexes.®
Overall, there were no models submitted for either target where the ECL2 had a backbone
RMSD within 2.5 A to the crystal structure. While the best DRD3 models had ECL2 RMSD
values of 2.69 A, CXCR4 was a more difficult modelling target where the two best models had
ECL2 RMSD values of 4.32 and 6.61 A. Based on all submitted models of DRD3 and CXCR4,
the median RMSD values for ECL2 were 4.11 and 9.19 A, respectively. While the RMSD values
presented in this benchmark study show significant improvement in modeling the ECL2 of
DRD3 and CXCR4 in terms of sampling, it is remarkable that the LRM obtained from KICF
loop modeling with CXCR4 was ranked within the top 10 scored models and had an RMSD
value of 0.50 A. However, it should be noted that there is a significant advantage in modeling
loops starting with a GPCR crystal structure versus a homology model. In general, a template-
based GPCR model (without additional refinement) has an equivalent backbone structure to the
aligned segments of the template. Model inaccuracies can originate from gaps in target-template
sequence alignments which are frequently placed near the loops and anchor positions at the TM
helical ends. Arora et al. showed that variations in loop anchor positions can have significant
influence on modeling accuracy for GPCR loops.?®® Therefore, the results obtained from this
benchmark study represent a best-case scenario for modeling GPCR loops where the starting

structure contained no errors in the anchor positions.

90



3.4 Conclusion

Overall, the results from modeling Group 1 and 2 ECL2 targets showed that KICF
sampled the most loop conformations with sub-angstrom and near-atomic accuracy to the
reference structure (Figure 3.18). The NGK algorithm followed just behind KICF in terms of
building loop models with sub-angstrom accuracy, but both algorithms had the same number of
cases of modeling loops with near-atomic accuracy. Although the CCD algorithm was not able to
build any loop models with sub-angstrom accuracy for the targets in Group 1 and 2, CCD
produced models with near-atomic accuracy for nine of the fourteen targets. The results from
modeling Group 3 ECL2 targets showed that only the KICF algorithm was able to sample loop
models with sub-angstrom accuracy.

Regardless of loop length, the RMSD of the TSM was much higher than the LRM in
most cases. This was also observed in another benchmark study targeting 13 GPCR ECL2 using
the CABS modeling software.>® Overall, these data suggest that the KIC with Fragments and
Next Generation KIC methods within Rosetta perform better than Cyclic Coordinate Descent
method or the de novo search method within MOE Loop Modeler for loops with up to 20
residues (Groups 1 & 2). For longer loops (20 — 32 residues), KIC with Fragments outperforms
all the other methods. Out of all 28 GPCR loops modeled, KICF generated the most models
under 2.5 A out of 1000 produced total. However, for targets analogous to Group 4 (loop lengths

25-32 residues) it is recommended that a greater number of models be produced (i.e. > 4000).
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Figure 3.18: Overview of ECL2 models with sub-angstrom or near-atomic accuracy.
Model accuracy is assessed by the RMSD to the reference ECL2 being under 1.0 or 2.5 A for
sub-angstrom or near-atomic accuracy, respectively. (A) For the three Rosetta loop modeling
algorithms, the number of cases where the LRM had RMSD values with sub-angstrom or
near-atomic accuracy to the reference structures in Groups 1-3. None of the loop models
produced from the Group 4 targets had RMSD values below 2.5 A. (B) For the Rosetta KICF
loop modeling algorithm, the number of cases where the TSM, LRM-T10, and LRM-T25 had
RMSD values with sub-angstrom or near-atomic accuracy to the reference structures in
Groups 1-3.

Since none of the tested loop modeling algorithms were able to sample models within the 2.5 A

RMSD threshold for the Group 4 ECL2 targets, it is likely that increased sampling is necessary.
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For loops that lacked models with RMSDs within 2.5 A in the Top 1, 10, or 25 (out of 1000 total
models) scored models but had models with RMSDs within 2.5 A in the LRM category;
adjustments to the scoring function, refinement methods, or loop structure environment could
improve loop prediction.

Based on these data, it is recommended that researchers modeling loops of unknown
structure should at least retain the top 10 scored models using the most recent Rosetta energy
function for further refinement or validation. This benchmark study suggests that expanding the
number of retained top scored models to the top 25 does not consistently yield a more accurate
model that would compensate for the much larger computational burden of working with 25

model structures in post-modeling procedures versus 10 models.
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Chapter 4
Future Considerations
4.1 Potential improvements to loop modeling methods for GPCR

Additional Rosetta loop modeling jobs are in progress for some of the group 4 benchmark
targets (25-32 residue ECL2) to further test the impact of increasing the number of final models
generated for very long loops. If increased sampling does not drastically improve loop modeling
accuracy with respect to the native structure, then alternative approaches within the Rosetta
modeling suite could be explored in future benchmarks. A potential test with KICF could
evaluate loop modeling accuracy when using fragments with varied lengths). Previous analysis
of the Rosetta de novo structure prediction method found that models were sampled closer to the
native structure when using long (5-19 residues) and short (3-9 residues) sets of varied fragment
sizes instead of the standard 3 and 9 residue fragments.®%

In a separate set of tests, loop modeling with target GPCR models embedded in a virtual
membrane environment guided by an energy function specific to membrane proteins
(implemented with key elements available in RosettaMP.®" Incorporating these features could
disfavor the sampling and/or scoring of final loop models that are positioned away from the
central helical bundle (similar to the TSM in Figure 3.15 A and B). While the field of protein
structure prediction has progressed in terms of modeling accuracy over the past several years,
there is still room for improvement in developing more efficient sampling and scoring strategies

for GPCR structural features.
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4.2 Alternative expression systems and WS mutant designs for GPCR.

By the end of Chapter 2, the evidence was clear that the strategies implemented to
liberate bound WS-GPCR from GroEL were insufficient. In an alternative approach, we decided
to test different protein expression systems that could be more conducive to recombinant WS-
GPCR production. The GroEL/ES system optimally functions at a temperature of ~30°C, but
only retains about 30% of its folding activity at 12°C.3%? Since our expression protocol involved
culture growth at 18°C, it is possible that the GroEL/ES system was a major bottleneck for
protein expression and proper protein folding. Thus, we tested WS-GPCR expression in
ArcticExpress(DE3) bacterial cells (Agilent, Santa Clara, CA), which constitutively co-express
the cold-adapted chaperonins, Cpn60 and Cpn10, that have 54% and 74% protein sequence
identity to GroEL and GroES, respectively. At low temperatures in the 4 — 12°C range,
Cpn60/10 showed much higher protein folding activities than the GroEL/ES counterparts.®°3
Unfortunately, SUMO-B2AR:M13-EmGFP expression in ArcticExpress(DE3) cells resulted in
lower levels of target protein than our previous protocols (data shown in appendix Figure A.1).

Finally, we wanted to test the WS-GPCR constructs, His-p2AR:M13/M15-FLAG, with
insect cell expression systems. To avoid any similar problems with the eukaryotic homolog of
GroEL, HSP60, we decided to use the pMIB vector (ThermoFisher Scientific, Hampton, NH)
transient transfection system which results in the target protein with an Nt-signal peptide
(Honeybee melittin secretion signal). This feature allows for secreted expression of target
proteins into the cell culture media. Purifying recombinant proteins from the cell culture media
can have the benefit of having reduced amounts of background proteins that will non-specifically
bind to the column. For this portion of the project, Dr. Truc Chi T. Pham was essential in guiding

the insect cell culture handling and maintenance work, in addition to performing the first round
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of lipid-mediated transient transfections in Spodoptera frugiperda (Sf9) and High Five™ cell
lines. After a few trial transfections, we were unable to observe expression of either the M13 or
M15 WS-GPCR constructs. Additionally, Dr. Pham performed multiple expression trials with
both M13 and M15 constructs in the same insect cell lines mentioned previously but instead,
using a baculovirus expression system (Bac-to-Bac; ThermoFisher Scientific, Hampton, NH)
which uses a recombinant virus to carry the gene of interest, infect the insect cell hosts, and drive
protein expression.3® After expression and purification by Ni-NTA, she performed in-gel trypsin
digestion and LC-MS/MS to identify the proteins in the elution fractions. SDS-PAGE bands
corresponding to proteins of MW ~48 and ~70 kD were identified as most likely His-
B2AR:M15-FLAG and HSP70, respectively. Given that protein yields with the insect expression
systems were low (or unobservable) and the potential presence of another chaperone
contaminant, our group decided to suspend the WS-GPCR project until more funding was
available.

Future WS-GPCR designs with additional mutations could be implemented to further
disrupt hydrophobic regions on the outer surface of the TM domains. This strategy aims to
decrease the binding affinity of WS-GPCR to GroEL (or re-bind to GroEL after substrate
release). Thus, GroEL removal from purified WS-GPCR may be possible using some of the
strategies discussed in Chapter 2 or, ideally, unnecessary due to the absence of GroEL after
purification.

The Protein Patch Analysis tool in MOE was used to calculate and visualize hydrophobic
surface patches to identify regions where potential protein-protein interactions occur via (i.e.

GroEL substrate binding interactions). Figure 4.1 shows the hydrophobic surface patches of the
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A B2AR-M15 B2AR-WT B2AR-M15

Figure 4.1: Protein Patch surface analysis of B2AR-WT and p2AR-M15 using MOE.

A crystal structure of the B2AR (PDB ID: 2RH1) was used to create the M15 mutant using
MOE. The atoms shown represent the mutated residues of the M15 design. The Protein Patch
Analysis tool in MOE was used to calculate and visualize hydrophobic surface patches
(green) to show significant regions where potential protein-protein interactions occur. For the
wild-type and M15 mutant structures, (A) the TM1-4 side view and (B) TM5-7 side view are
displayed and correspond to the alternate views shown in Figure 4.2.

B2AR-WT and the resulting patches after applying the M15 mutations on three-dimensional
structures of the proteins. The orange arrows in Figure 4.1 A highlight significant regions where
the M15 mutations disrupt hydrophobic surface patches with respect to 2AR-WT. Figure 4.2
shows the hydrophobic surface patches of B2AR-WT and f2AR-M15 represented within two-
dimensional map projections generated using MOE. In all figures containing 2D maps, two

viewing perspectives for each protein are provided for the TM1-4 and TM5-7 sides. For greater
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Figure 4.2: Protein Patch 2D map projection of hydrophobic surfaces on p2AR-WT and
B2AR-M15.

The 2D Maps application within MOE 2016.08 creates a two-dimensional projection of the
Protein Patches (Figure 4.1). The hydrophobic surface patches (green) are shown for the
B2AR-WT (left) and B2AR-M15 (right) proteins when viewed from the orientations depicted
in Figure 4.1 A and B. The 2D projection is dependent on the protein structure’s orientation
within the view window of MOE. After setting the desired view, the equator (red) and central
meridian (blue) of the 2D projection are established.

detail, Table 4.1 lists the approximate area (A?) and average energy (kcal/mol) of significant
hydrophobic surface patches as well as the individual residues that contribute to the patches.
Table 4.2 shows the TM domain distribution of residues attributed to the four largest
hydrophobic surface patches by area for the B2AR-M15 mutant. The data in Table 4.1 suggests
that the M 15 mutations disrupt the largest hydrophobic area associated with the WT protein. The
largest hydrophobic patch associated with P2AR-WT has an area of 3100 A% which is a little

over 2.5 times greater than the largest patch associated with the f2AR-M15 mutant.

98



Table 4.1: Protein Patch surface analysis of p2AR-WT and p2AR-M15.
The largest hydrophobic surface patches by area with the associated patch amino acid residues
are listed in descending order for the B2AR-WT and f2AR-M15 constructs.

WT vs
M15
Surfaces

Avg. Energy per A?

Hydrophobic Patch Area (A?) (kcal/mol)

Patch Residues

B2AR-
WT
Protein
Patches

1 \ 3100 \ -0.15

V31 W32 V34 M36 138 V39 M40 L42 143 L45 F49 G50 L53 T56 K60 194 T110
V114 V117 C125 V126 V129 Y132 F133 P138 F139 L144 L145 K149 V152
1153 L155 M156 V157 1159 V160 L163 T164 L167 P168 M171 W173 F193
T195 Q197 Y199 1201 1205 V206 Y209 V210 P211 L212 V213 1214 M215
V216 F217 V218 Y219 R221 F223 A226 K263 F264 K273 G276 1277 M279
T281 T283 L284 C285 W286 L287 P288 F289 F290 1291 V292 1294 V295
H296 V297 1298 Q299 L302 1303 R304 K305 V307 Y308 1309 L310 L311
W313 1314 Y316 V317 F321 L324 1325 C327 R328 R333 F336 L339 L340
L342

2 \ 690 \ -0.15

V44 V48 V52 155 A59 T73 C77 L80 V81 L84 A85 P88 F89 A92 M96 M98
T100 F101 F104 W105 F108 1112 L115 W158 F166 Q170 T189

3,4 | 60, 50 | -0.13, -0.13

3 (K267 P330 1334), 4 (L230 L266)

B2AR-
M15
Protein
Patches

1 \ 1170 \ -0.14

W32 M36 V39 M40 143 L53 194 T110 V114 V117 F193 T195 Y199 M215
Y219 F223 A226 K263 F264 K273 G276 1277 M279 T281 C285 W286 P288
F289 F290 V292 V295 H296 Q299 L302 1303 R304 K305 V307 Y308 1309
310 L311 W313 1314 Y316 V317 F321 L324 1325 C327 R328 R333 F336
L340 L342

2 | 610 | -0.15

V44 V48 V52 155 T73 C77 L80 V81 L84 A85 P88 F89 A92 M96 M98 T100
F101 W105 F108 1112 115 W158 F166 Q170 T189

3 | 370 | -0.15

Q197 1201 1205 Y209 L212 V216 T283 L284 L287 1294 V297 1298

4 | 340 | -0.15

C125V129 Y132 F133 P138 F139 L144 P211 1214 V218 R221

5,6 | 190, 100 | -0.16, -0.13

5 (L167 P168 M171 W173 Y199), 6 (M156 V160 T164 \/206)

7,8 | 100, 90 ] -0.14, -0.13

7 (V126 L145 K149 1153 V157), 8 (V31 V34)

9, 10 | 60, 50 ! -0.13, -0.13

9 (K267 P330 1334), 10 (L230 L266)
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Table 4.2: Hydrophobic surface patch distribution across TM domains of f2AR-M15.
The residues of the four largest hydrophobic patches are grouped by TM domain for B2AR-
M15. The Ballesteros-Weinstein residue numbers are given in parentheses.

B2AR-

M15 Patch # 1 Patch # 2 Patch # 3 Patch # 4
W32 (1.31), M36 (1.35),
TML | V39 (1.38), M40 (1.39), \@;‘2((11'45% \fgg ((%gj)) n/a n/a
143 (L42), L53 (152) ~1), 155 (1.
T73 (2.44), CT7 (2.48),
L80 (2.51), V81 (2.52).
T™2 194 (2.65) L84 (2.55), A85 (2.56), n/a n/a
P88 (2.59), F89 (2.60),
A92 (2.63), M96 (2.67)
C125 (3.44),
W105 (3.24), F108
Mg | THOG29),VI14E33). | gop (I 112)(3 3 " V129 (3.48)
V117 (3.36) s s Y132 (3.51),
' F133 (3.52)
W158 (4.50), F166
T™M4 n/a (4.58), Q170 (4.62) n/a n/a
Q197 (5.36),
1201 (5.40), | P211 (5.50),
Y199 (5.38), M215 1205 (5.44), | 1214 (553),
TMS5 | (5.54), Y219 (5.58), F223 n/a ¥200 a8, | vois e
(5.62), A226 (5.65) L212 (5.51), | R221, (5.60)
V216 (5.55)
K273 (6.35), G276 (6.38),
1277 (6.39), M279 (6.41), Bgi ggjgg
T281 (6.43), C285 (6.47), 1287 (6.49).
TM6 | W286 (6.48), P288 (6.50), n/a 1201 (6.56) n/a
F289 (6.51), F290 (6.52), V297 (6.59)
V292 (6.54), V295 (6.57), 1205 (6.60)
H296 (6.58) '
K305 (7.32), V307 (7.34),
Y308 (7.35), 1309 (7.36),
L310 (7.37), L311 (7.38),
vy | W313 (7.40), 1314 (7.41), " " "

Y316 (7.43), V317 (7.44),

F321 (7.48), L324 (7.51),

1325 (7.52), C327 (7.54),
R328 (7.55)
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To improve upon the M15 design, a new series of WS mutants are proposed in Table 4.3.
The development of the M21, M27, and M33 mutation sets were designed to improve the M15
design by incrementally disrupting the remaining hydrophobic patches identified in Table 4.1
and 4.2 with a minimal number of mutations. The additional mutations incorporated into the
M21, M27, and M33 designs target some of the outward-facing residues that compose Patch 1
(M21), Patch 2 (M27), and Patches 3-4 (M33), respectively. It is important to note that not all of
the listed patch residues in Tables 4.1-4.3 are considered outward-facing. The methods for
determining outward-facing residues and choosing amino acid point mutations that were
described in Chapter 2 were applied in these proposed WS mutant designs. The three proposed
WS mutants were generated from the B2AR crystal structure (PDB: 2RH1**) by using MOE to
apply the point mutations listed in Table 4.3. Protein patch analysis was performed on each WS
mutant to calculate the hydrophobic surface patches (Patch details in Table 4.4) and generate 2D
maps (Figure 4.3) following the same process applied previously for f2AR-WT and f2AR-M15.
For each of the new WS mutants, the largest hydrophobic surface patch decreases in area relative
to the corresponding patch in the preceding mutation set. Based on these data, the proposed M33
mutant would display smaller area hydrophobic surface patches compared to the initial M15
design. The largest hydrophobic patch on the M33 mutant has an area of 350 A?which is greatly
diminished compared to the surface patches associated with WT and M15 proteins (3100 and
1170 A2, respectively). With respect to the total combined area of hydrophobic patches on the
protein surface (Table 4.5), the M15 mutant exhibits hydrophobic patches with smaller total area
by 820 A? relative to the WT. In comparison, the total combined area of hydrophobic patches for

the M33 mutant is almost 900 AZsmaller than the M15.
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Table 4.3: Future WS-GPCR mutant design sets applied to p2AR.

As extensions of the initial M15 design, the M21, M27, and M33 mutation
sets incorporate the point mutations from each of their respective

predecessors and an additional six mutations. The underlined residues

represent the additional point mutants relative to the preceding mutation set.

B2AR-M15 B2AR-M21 B2AR-M27 B2AR-M33
137E | 138 | 1.31E | W32 | 1.31E | W32 | 1.31E | W32
141S | L42 | 1.37E| 138 | 137E | 138 | 1.37E | 138
144E | L45 | 141S | L42 | 1.38S | V39 | 1.38S | V39
148S | F49 | 144E | L45 | 1.41S | L42 | 141S | L42
155E | T56 | 1.48S | F49 | 144E | L45 | 1.44E | L45
158S | A59 | 1.55E | T56 | 1.48S | F49 | 1.48S | F49
3.23E | F104 | 158S | A59 | 1.51E | V52 | 151E | V52
444E | V152 | 323E | F104 | 155S | T56 | 1.55S | Ts56
447S | L155 | 444E | V152 | 1.58E | A59 | 158E | A59
451E | 1159 | 447S | L155 | 255E | L84 | 255E | L84
455S | L163 | 451E | 1159 | 2.63E | A92 | 263E | A92
549E | V210 | 455S | L163 | 2.67S | M96 | 2.67S | M96
552S | V213 | 549E | V210 | 3.23E | F104 | 3.23E | F104
556E | F217 | 552S | V213 | 3.24S | W105 | 3.24S | W105
653E | 1291 | 556E | F217 | 444E | V152 | 352E | F133

6.39E | 1277 | 447S | L155 | 444E | V152
653E | 1291 | 451E | 1159 | 4.47S | L155
6.57S | V295 | 455S | L163 | 451E | 1159
7.37E | L310 | 5.49E | V210 | 455S | L163
748S | F321 | 552S | V213 | 5.36E | Q197
751E | L324 | 556E | F217 | 5.40S | 1201
6.39E | 1277 | 5.44E | 1205

653E | 1291 | 5.49E | V210

6.57S | V295 | 552S | V213

737E | L310 | 555S | V216

748S | F321 | 556E | F217

751E | L324 | 6.39E | 1277

6.46S | L284

6.53E | 1291

6.57S | V295

737E | L310

748S | F321

751E | L324
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Table 4.4: Protein Patch surface analysis of p2AR-21, p2AR-M27, and 2AR-M33.

2
Hydrophobic Patch Area (A?) Avg. Energy per A
(kcal/mol)
WS-
GPCR
Surfaces | patch Residues
1 610 -0.15
V44 V48 /52 155 T73 C77 L80 V81 L84 A85 P88 F89 A92 M96 M98 T100
F101 W105 F108 1112 L115 W158 F166 Q170 T189
2 400 -0.14
B2AR- M36 V39 M40 143 194 L95 T110 V114 V117 F193 T195 Y199 W286 F289 F290
M21 H296 K305 Y308 1309 W313 Y316 \/317
Protein 37 370, 340 -0.15, -0.15
Patches
3 (Q197 1201 1205 Y209 L212 V216 T283 284 L287 1294 \/297 1298), 4 (C125
V129 Y132 F133 P138 F139 L144 P211 1214 \/218 R221)
56,7 210, 190, 140 -0.14, -0.16, -0.15
5 (C285 P288 V292 Q299 L302 1303 R304 V307 E310 L311 1314), 6 (L167
P168 M171 W173 Y199), 7 (L53 C327 R333 F336 L340 L342)
1 370 -0.15
Q197 1201 1205 Y209 L212 \/216 T283 L284 L287 1294 /297 1298
2 350 -0.14
M36 M40 143 194 L95 T110 V114 V117 F193 T195 Y199 W286 F289 F290
P2AR- H296 K305 Y308 1309 W313 Y316 V317
M27
Protein 3, 4 340, 210 -0.15, -0.14
Patches 37125 V129 Y132 F133 P138 F139 L144 P211 1214 V218 R221), 4 (C285
P288 V292 Q299 L.302 1303 R304 V307 E310 L311 1314)
56,7 210, 190, 140 -0.16, -0.16, -0.15
5, (V81 A85 F108 1112 L115 W158 F166 Q170), 6 (L167 P168 M171 W173
Y199), 7 (L53 C327 R333 F336 L340 L342)
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Table 4.4 (continued): Protein Patch surface analysis of p2AR-21, f2AR-M27, and

p2AR-M33.
Hydrophobic Patch Area (A?) Avg. Energy per A’
WS- ydrop (kcal/mol)
GPCR
Surfaces
Patch Residues
1 350 -0.14
M36 M40 143 194 195 T110 V114 V117 F193 T195 Y199 W286 F289 F290
H296 K305 Y308 1309 W313 Y316 V317
2,3 210, 210 -0.14, -0.16
P2AR- 2 (C285 P288 V292 Q299 L.302 1303 R304 V307 E310 L311 1314), 3 (V81 A85
M33 F108 1112 L115 W158 F166 Q170)
Protein
Patches |45 190, 180 -0.16, -0.14
4 (L167 P168 M171 W173 Y199), 5 (E205 Y209 L212 T283 L287 1294 1298)
6,7 140, 140 -0.14, -0.15
6 (C125 V129 Y132 P211 1214 V218 R221), 7 (L53 C327 R333 F336 L340
L.342)

Table 4.5: Total area of all hydrophobic patches for B2AR-WT and WS B2AR mutants.

Construct Total hydrophobic patch area
B2AR-WT 3900 A?
B2AR-M15 3080 A2
B2AR-M21 2730 A2
B2AR-M27 2460 A2
B2AR-M33 2190 A2
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TM1-4 Sideview TMS-7 Sideview

Figure 4.3: Protein Patch 2D map projections of hydrophobic surfaces on future p2AR

WS mutant sets.
The hydrophobic surface patches (green) are shown for (A) B2AR-M21, (B) B2AR-M27, and
(C) B2AR-M33 WS mutant proteins when viewed from the orientations depicted in Figure 4.1

A and B.
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In conclusion, additional WS mutations that disrupt remaining hydrophobic surface
patches could be implemented in future work. The proposed WS mutant series, M21, M27, and
M33, could be tested in preliminary expression and purification trials using the same methods
outlined in Chapter 2 to probe for GroEL/chaperone presence in the elution fractions. To
estimate whether the maximum number of proposed mutations in the M33 design would be
sufficient in disrupting hydrophobic patches, we applied the MOE Protein Patch surface analysis
tools to compare the WT mu opioid receptor (OPRM) with the second generation WS OPRM
mutant designed by the Liu group (described in Chapter 2) which contained 46 mutations
(OPRM-M46). Although an initial exposure to 0.1% SDS was required to solubilize and purify
OPRM-MA46, the purified protein was soluble in agueous solution (130 mM NaCl, 20 mM
NaHPO,) and retained ligand binding properties comparable to the native receptor.®”* The
OPRM crystal structure (PDB: 4DKL!Y) was used to construct the OPRM-M46 mutant in MOE.
The data from the hydrophobic patch analysis and 2D map projections are shown in Tables 14-
15 and Figure 4.4. The hydrophobic surface patches remaining on the OPRM-M46 mutant
relative to its WT counterpart is proportional to the patches found on the B2AR-M33 mutant. The
OPRM-M46 mutations reduce the total hydrophobic surface patch area on OPRM-WT from
4,560 A?to 2,650 A2, Similarly, the B2AR-M33 mutations reduce the total hydrophobic surface
patch area on B2AR-WT from 3,900 A?to 2,190 A2, Comparisons between different receptors
with different WS mutation come with an obvious caveat that the f2AR-M33 mutant may still
behave differently than the reported OPRM-M46. Thus, experimental validation will be

necessary to assess the viability of the alternative WS mutation designs.
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Table 4.6: Protein Patch surface analysis of OPRM-WT.

Hydrophobic ) ,
Patch # Area (A?) Avg. Energy per A2 (kcal/mol)
1 2700 -0.15

T67 171 L74 177 V78 V80 V81 F84 L88 V89 Y91 V92 R95 F152 F156 C159
V163 Y166 1167 V169 H171 K174 F178 C190 L194 1198 P201 V202 M205 F221
P224 W226 Y227 W228 L231 L232 K233 1234 C235 F237 1238 F239 F241 1242
M243 V245 L246 1247 1248 V250 C251 Y252 L254 M255 L257 L259 K271 L275
T279 R280 L283 V284 V286 V288 1290 C292 T294 P295 1298 Y299 1301 1302
A304 L305 1306 1308 P309 F320 C321 A323 L324 T327 C330 L331 V334 L335
A337 F338 L339 F343 K344 F347 R348 F350 C351 1352

2 1140 -0.15

M65 V66 A68 169 T70 M72 C79 L83 F87 M90 193 V94 K100 1105 F108 L112
Al115L116 T120 P122 F123 V126 L129 M130 T132 P134 F135 1138 L139 K141
1142 1146 Y149 P181 K185 W192 L200 M203 F204

3 230 -0.14

Q124 W133 V143 1144 Y148 M151 C217 L219 F221 E229 L232 K233 V236
F237 W293 1296 H297 V300 1301 W318 1322 Y326

4,5,6 100, 100, 90 -0.16, -0.14, -0.13

4 (F313 V316 S317), 5 (P172 V173 L176), 6 (V189 1193)

7,8,9 70, 70, 60 -0.15,-0.14, -0.14

7 (T208 Y210 1215), 8 (1186 C190), 9 (1256)
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Table 4.7: Protein Patch surface analysis of OPRM-M46.

Hydrophobic ) ,
Patch # Area (A?) Avg. Energy per A? (kcal/mol)
1 660 -0.15

M65 V66 A68 169 K70 C79 M90 193 V94 K100 1105 F108 K112 L116 T120 P122
F123 V126 L129 M130 T132 P134 F135 L139 K142 1146 Y149 P181 K185 W192

2 430 -0.14

V169 F237 F241 V245 1248 Y252 M255 1259 K271 L275 T279 L283 V286 1290
P295 K298 Y299 1301 L305 1306 1308 P309 Q314 C321

3 370 -0.15

F152 F156 C159 K190 L194 1198 K205 F221 P224 W?226 Y227 W228 K231 L232
K239

4,5,6 240, 230, 230 -0.14,-0.14, -0.14

4 (L88 V89 E91 V92 R95 Y96 Y336 F343 F347 R348 F350 C351 1352), 5 (Q124
W133 V143 1144 Y148 M151 C217 L219 F221 E229 L.232 K233 V236 F237
W293 1296 H297 V300 1301 W318 1322 Y326), 6 (V163 Y166 1167 H171 K174
F178 K247 C251 L254 L257)

7,8,9 100, 100, 90 -0.14,-0.14, -0.16

7 (R280 V284 /288 C292 E331 L335 L339), 8 (P172 V173 L176), 9 (F313 V316
$317)

10, 11, 12 70, 70, 60 -0.16, -0.14, -0.14

10 (T208 Y210 1215), 11 (1138 K141), 12 (1256)
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OPRM-M46

Figure 4.4: Protein Patch 2D map projection of hydrophobic surfaces on OPRM-WT
and OPRM-M46.
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Appendix

Table A.1: Primers used in PCR for sub-cloning.

The forward primer sequences in bold correspond to the beginning (5”) of the respective
templates used in PCR. The reverse complement primer sequences in bold correspond to the end
(3’) of the respective templates. The underlined portion of the primer sequences correspond to
the restriction enzyme recognition site. Bsal is unlike the other restriction enzymes in that it cuts
outside of its recognition site (underlined portion without italics) to give non-palindromic
overhangs for ligations. The underlined and italicized portion of the pE-SUMO forward primer is
the AGGT overhang required for vector ligation.

Primer Restriction Primer sequence (5’ —3°)
Identity Enzyme
pRSET BamHI GTAGCGCGCGGATCCATGGGTCATCACCATCATCATCACGGG
Forward TCCCTGC
pPRSET EcoRI CGCCCGCAACAGCGCCAGCGAATTCCAGCAGGCTATCATTGG
Reverse TGC

pE-SUMO Bsal GCAGATGTGGAGGTGGTCTCTAGGTATGGGGCAACCCGGGAA
Forward CGGC

pE-SUMO Xhol CGCCAAGATGCCACCCTCGAGTTACTTGTACAGCTCGTCCAT
Reverse GCCGAG
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Figure A.1 Trial expression of SUMO-B2AR:M13-EmGFP in ArcticExpress(DE3) Cells
grown in TBE media at 12°C.

An O/N culture (1 mL) containing LB, 20 pug/mL gentamycin, 50 pg/mL ampicillin was
inoculated with a single colony from the ArcticExpress (DE3)/SUMO-2AR:M13-EmGFP
transformation plate. The O/N culture was used to inoculate flasks 1 and 2 containing (25
mL) TBE media. The differences between the two culture conditions were, flask 1 contained
no additional antibiotics (as recommended by the product manual) and flask 2 contained the
same concentrations of antibiotics from the O/N culture (20 pg/mL gentamycin — selection
pressure for Cpn60/10 expression plasmid, 50 pg/mL ampicillin — selection pressure for pE-
SUMO plasmid). Cultures were grown at 30°C (250 rpm) until they reached an ODgoo = 0.6
A.U. Subsequently, they were grown at 12°C (250 rpm) for 26 hours after inducing protein
expression with 0.1 mM IPTG. A (1 mL) 0-hour sample was taken before IPTG addition and
all samples taken afterwards were normalized to the 0-hour ODeoo value. The whole-cell
lysate and soluble lysate samples are represented by W and S, as in previous figures.
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