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Abstract

The aquaporin family of integral membrane proteins (IMPs) are found in all forms
of life, from prokaryotes to humans. Escherichia coli glycerol facilitator (GF) is a member
of the aquaglyceroporin family that allows for the highly selective passive diffusion of its
substrate glycerol across the inner membrane of the bacterium. Though the structure of
GF was solved in 2000, little is known about the dynamics of GF and the role the
dynamics play in the function and stability of the protein. This lack of information
pertaining to dynamics is common for many IMPs. Here, preparations of isotope-labelled
GF for solution and solid-state nuclear magnetic resonance (NMR) spectroscopy are
explored and optimized in order to reveal atomic dynamics of the protein. The stability of
the GF homotetramer solubilized in various agents, including detergents, bicelles, lipid
nanodiscs, random heteropolymers, and other buffer additives is explored. Sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), intrinsic tryptophan
fluorescence, size exclusion chromatography multi-angle light scattering (SEC-MALS),
dynamic light scattering (DLS), and differential scanning calorimetry (DSC) were used to
determine the oligomeric forms of GF and probe its stability. Using these techniques, it
was found that GF tetramers self-associate to form octamers and higher M: oligomers 24
hours after solubilization. The protein was found to be most stable in lauryl maltose
neopentyl glycol (LMNG), where it existed in a tetramer-octamer equilibrium for g days.
The structures of the GF tetramer and octamer were explored by negative stain electron
microscopy (EM), size-exclusion chromatography small-angle light scattering (SEC-

SAXS), and solid-state magic-angle spinning (MAS) NMR spectroscopy. Although NMR



sample preparation still needs optimization for full structure determination, negative
stain EM and SEC-SAXS revealed low-resolution structures of the detergent-solubilized
tetramer and octamer. The octamer forms from the association of the cytoplasmic faces of

two tetramers, the interaction apparently mediated by their disordered N- and C-termini.
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Chapter One: Introduction

1.1 The Cell Membrane

All cells and their organelles are encompassed by a lipid membrane, an effective
barrier that separates the inside of the cell or organelle from the outer environment. The
cell membrane and its components are responsible for a variety of cellular functions,
including: inter- and intracellular signalling, energy transduction, waste removal, and the

transport of biologically important molecules'.

The Fluid Mosaic model of the membrane, developed by Singer and Nicolson in 19722,
is used to describe most cell membranes. The following sections highlight several
historical observations and studies that laid the foundation on which Singer and Nicolson

developed the Fluid Mosaic model of the membrane.

1.1.1 Films on Water

The use of oils to calm water surfaces was common knowledge when Gaius Plinius
Secundus wrote about it in his encyclopedic series Naturalis Historia3. He noted that the
fishermen in his time would use cooking oil to smooth rough waters to see schools of fish,
though this remained purely observation until further experiments carried out by

Benjamin Franklin in 17724.



Benjamin Franklin is known as the father of electricity; however, he not only
experimented with lighting, but with calming waves on a pond in northern England. He
added a teaspoonful of oil to the water and, in a letter that was published in Philosophical
Transactions in the Royal Society of London#, noted: “the oil, though not more than a
teaspoonful, produced a calm over a space... perhaps half an acre, smooth as a looking

glass.”

Benjamin Franklin’s work was taken a step further by Lord Rayleigh (John William
Strutt) in 1890 when he applied a known volume of olive oil onto a known surface area of
water. With these parameters, he was able to calculate the molecular size of triolein (16

A), the main triglyceride in olive oils.

Irving Langmuir earned a Nobel prize for his work in air-water interface studies. He
repeated Franklin’s oil on water experiment and reported the molecular length of triolein
to be 13 AS. He found that many amphipathic materials spread on water to form a film
one molecule thick, evidenced by a decrease in surface tension once enough material was
added to form a monolayer. He argued that since pure saturated hydrocarbons and
benzene do not spread on water, and amphipathic molecules with regions that were
hydrophilic, or water loving, and hydrophobic, or water averse, do spread, then the
hydrophilic regions must be dissolved in water and the hydrophobic parts point into the

air (Figure 1)®. Though we now know the membrane is a lipid bilayer composed of two



stacked phospholipid monolayers, information about the cell membrane and its

architecture only came to light several decades ago.

Polar Head

Non-polar Tail Air

Water

Figure 1. Irving Langmuir’s description of surfactant structure and orientation at the air-
water interface. (A) Model of an amphipathic surfactant molecule with the polar head (white circle)
and nonpolar tail (wavy line). (B) The air-water interface with surfactant polar heads interacting
with the water and nonpolar tails oriented into the air. Based on Stillwell, 20167



1.1.2 Building Towards a Membrane Lipid Bilayer Model

Robert Hook studied the structure of cork cells and is credited with coining the term
“cell” after observing the cork cell shape, which reminded him of monk’s living quarters®.
However, the earliest studies on cellular membranes were conducted on the plasma
membrane. In 1773, William Hewson conducted microscopic studies on the shape of
erythrocytes (red blood cells), where he observed osmotic swelling and shrinking in
water. Noting the changes in cell shape in the presence and absence of water, he

concluded the cells must have some structure encircling their protoplasm®.

Charles Ernest Overton is considered the first “membranologist” whose experiments
on the permeability of different types of cell membranes showed that the membrane was
not only permeable to water, but to other molecules as well. In 1899, he showed that the
rate at which these molecules traversed the membrane depended on their charge: neutral
moieties crossed the membrane more quickly than charged ones. He tested the solubility
of these molecules in olive oil and found a correlation between the solute’s permeability
in the membrane and its solubility in olive oil, concluding that the membrane contains
lipids. In addition to this, he also recognized that the solutes he tested were capable of
passively diffusing across the membrane, but that other molecules may require assistance

crossing the membrane™.

The first studies on cell membranes that suggested a lipid bilayer were published by

Gorter and Grendel in 1925 They extracted erythrocyte membranes in benzene, which



were dried into lipid monolayers. At the time of their work, they knew the number of
extracted erythrocytes that would produce a measured monolayer area and the rough
surface area of an average erythrocyte. Using these parameters, they found that the
monolayer surface area extracted from the erythrocytes was double the surface area of the
cells; this led them to conclude that the membrane was a lipid bilayer. Though Gorter and
Grendel’s experiments correctly suggested that the membrane is a lipid bilayer, their
methods were not without limitations?: erythrocytes are among the only eukaryotic cells
without organelles or other extensive membrane systems that would increase the surface
area of the lipid monolayer. In addition, benzene is a poor solvent for extracting lipids;
extraction was incomplete (estimated to be approximately 70%), and their calculation
that the cell membrane consisted of 100% lipid meant that there was no room for integral
membrane proteins (IMPs). Nonetheless, these errors favourably cancelled out and their

work set the foundation on which lipid bilayer membrane models would be built.

The late 1920s saw the rest of the pieces of the proverbial cell membrane lipid bilayer
puzzle fall into place. In the same year of Gorter and Grendel’s lipid bilayer discovery,
Leathes and Raper suggested that phospholipids are key structural components in the
cell3, while Hugo Fricke measured the length of the erythrocyte membrane'4.
Interestingly, while the measured 33 A was double the monolayer length Lord Rayleigh
measured (16 A), he did not acknowledge that the membrane was a lipid bilayer. One year
later, urease was isolated by James B. Sumner, the first enzyme ever reported to be

isolated’s. Within the next decade, a membrane lipid bilayer model would emerge.



1.1.3 Early Membrane Models

It is in 1935 that the advances in membrane biology from the previous decade were
used to create the first model of the membrane lipid bilayer. At the time, it was accepted
that proteins played some role in the structure of the membrane, that there were various
types of membranes that carried out different functions, and that membranes were
semipermeable'. All these notions, however, raised more questions than they revealed
answers. While it was accepted that proteins were structurally important in membranes,
all proteins studied thus far were water-soluble and did not reflect the functions of
membrane proteins. The variety of membranes and their functions raised questions about
how different these membranes were, and what common features they might share.

Lastly, how did this tie into the permeability of the membrane?

The Pauci-Molecular model introduced by Danielli and Davson' is the first
representation of the membrane lipid bilayer that was mostly accepted by the scientific
community. While it was known that proteins play some role in the structure of the
membrane, all proteins studied at that point were globular and water soluble; to account
for this, Danielli and Davson included a layer of loosely associated water-soluble protein
to both sides of the membrane in their initial proposal (Figure 2A). After recognizing that
the membrane was semipermeable, Danielli later modified the model to include peptide-

lined pores (Figure 2B).
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Figure 2. The Pauci-Molecular model of the membrane lipid bilayer by Danielli and Davson.
(A) Original proposal of the model. Water-soluble proteins (white rectangles) on either side of the
membrane with the lipid bilayer (white circles and wavy lines) between the protein layers. (B)
Modified model of the lipid bilayer containing pores lined by peptide (jagged lines). Based on
Stillwell, 20167.
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This model served as the basis for other modifications and models, though there were
still several issues that needed to be addressed. The first and most important is the lack of
integral membrane proteins in this model. The Pauci-Molecular model also assumes a
static environment; we know now that the membrane is dynamic?. Danielli and Davson
also failed to address that lipid molecules vary from organism to organism. Lastly, this
sandwich model of protein-lipid bilayer-protein ignores favourable interactions of the

polar head groups of the phospholipids with water.



Another popular membrane model proposed was the Lipoprotein Subunit model
(Figure 3) by Andrew Benson® and David Green' (known for their work with thylakoids
and mitochondria, respectively). In both thylakoid and mitochondrial membranes, the
protein-lipid ratio is relatively high compared to the plasma membrane>*2'. This allowed
them to propose the following: a single, lipoprotein layer in which the hydrophobic,
nonpolar amino acids of the proteins would form a sheet of laterally associating proteins,
with other exposed nonpolar surfaces being covered by the hydrocarbon chains of the
phospholipids. The phospholipids would insert themselves into the cavities of the

associated protein layer, foregoing the need for a lipid bilayer.

b/
5
2
'+ O

Figure 3. The Lipoprotein Subunit model. Lipids are shown as small white circles and black
wavy lines. Proteins are larger white circles or ovals. Based on Stillwell, 20167.

Benson and Green were both highly regarded in their respective fields, which likely
contributed to the attention and consideration this proposal received. This model has
obvious shortcomings: a single mutation in any protein could completely disrupt the

membrane, and it seemed to ignore growing evidence for membrane lipid bilayers.



1.1.4 The Fluid Mosaic Model

In 1972, Singer and Nicholson described the Fluid Mosaic model of membranes,
which is presently the accepted model of the cell membrane. They defined the membrane
as “an oriented, two-dimensional viscous solution of amphipathic proteins (or lipoproteins)

and lipids in instantaneous thermodynamic equilibrium" (Figure 4)>.

Figure 4. Schematic of the cell membrane as proposed by Singer and Nicholson. The
membrane is a phospholipid bilayer with associated peripheral and embedded membrane proteins,
and carbohydrates that may interact with the polar lipid head groups, exposed membrane protein
surfaces, or water. Reproduced with permission from Lombard, 2014

This model addresses the issues that arose with Danielli and Davson’s Pauci-
Molecular model. Singer and Nicholson proposed two broad classes of membrane

proteins: peripheral membrane proteins, or those loosely associated with the membrane



surface, and integral membrane proteins, those that contain segments that are embedded
and thus anchored within the lipid bilayer. On the outer membrane surface,
carbohydrates are attached to proteins (glycoproteins) and lipids (glycolipids). Unlike the
Pauci-Molecular model, the Fluid Mosaic model also addresses the heterogeneity of
membranes by showing membrane proteins, associated components, and lipids

asymmetrically distributed within the inner and outer leaflets of the lipid bilayer.

Singer and Nicholson also addressed the issue of dynamics in their earliest depictions
of the Fluid Mosaic model, where they proposed free lateral diffusion of all membrane
components. This was modified to accommodate the limited movement of proteins that
interact with the stationary cytoskeleton within the cytoplasm. The following sections
will detail the two main components of the cell membrane: the lipid bilayer and

membrane proteins.

10



1.1.5 The Lipid Bilayer

The early work of surface film pioneers such as Lord Rayleigh and Irving Langmiur, in
addition to early membrane studies by William Hewson and Charles Overton,
contributed to Gorter and Grendel’s proposal that the membrane was composed of lipids
that form a bilayer. Singer and Nicholson’s Fluid Mosaic model suggests that the lipid
bilayer is composed of amphipathic molecules called phospholipids, which form the main
structural component of the membrane. This section explores the forces that drive

phospholipids to form lipid bilayers in the aqueous environment.

Water Molecules and Hydrogen Bonding

Water is central to life on Earth, and in our explorations of the solar system and
universe, most researchers assume the presence of water is necessary for the presence
extraterrestrial life. Water is arguably the most important solvent in the world and the
membrane lipid bilayer would not exist without the special properties of water, the
characteristics of water molecules, and the interactions of water molecules with each

other and other moieties that are dissolved in it.

Water molecules are polar and possess a partial negative charge about the oxygen.
The partially positively charged hydrogens are oriented in a tetrahedral configuration

with respect to the oxygen (Figure 5). The most important feature of water is its ability to

11



hydrogen bond (H-bond) with itself and other polar molecules. This hydrogen bonding
affinity is responsible for water’s unique characteristics as a solvent and the hydrophobic

effect.

Averaged over time in liquid water, each molecule makes approximately 3.4 H-
bonds, the densest H-bonding system in any solvent?. Water molecules can make up to
four full H-bonds, which is seen in ice (Figure 5). While the covalent bond between the
oxygen and hydrogen atoms is stronger than the H-bonds to adjacent water molecules
(approximately 492 kJ/mol and 23.3 k]J/mol, respectively), the H-bonds are still nearly 5
times stronger than thermal collision fluctuation energy and van der Waals forces at
25°C7. At 40°C, near physiological temperature, water molecules still retain their extended

H-bond systems; it is only in the gaseous phase that the H-bonds disappear.

you 0
H H o ’ H/ \H
N
L H H .

// \\ . .
5 o
H/ \H H/ \H

Figure 5. The structure of water and the four hydrogen bonds that water molecules make in
ice. In liquid water, water molecules make an average of 3.4 H-bonds. Dashed lines are hydrogen
bonds, filled lines are covalent bonds. The image was made on ChemDoodle: Chemical Publishing
Software version 10. Based on Stillwell, 2016.”
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Surface tension is a measure of the strength of the water surface film. Due to the
extended H-bonding system in liquid water, the surface tension of water is 72.8 dyne-cm™
at 25°C, second only to mercury*+. In comparison, a weaker H-bonding system such as
ethanol has a surface tension of only 22 dyne-cm™. While water forms approximately 3.4
H-bonds with its neighbours in bulk liquid, molecules positioned at the air-water or oil-
water interface are only able to form two H-bonds (Figure 6). To maximize the number of
H-bonds in the system and increase favourable interactions, water molecules at the
interface are pulled by cohesive forces into the bulk solution. This minimizes the surface
area of water at the interface and reduces the number of water molecules that form only
two H-bonds. This force is so strong that, in the absence of gravitational forces, raindrops

would be sphericals.

The Hydrophobic Effect

The hydrophobic effect is a major driving force in biology. It contributes to driving
water-soluble proteins to fold in solution, to the assembly of the membrane phospholipid
bilayer, and the formation of the DNA double helix. In his book, The Hydrophobic Effect:
Formation of Micelles and Biological Membranes?®, Charles Tanford discusses in detail
the aversion of hydrophobic moieties to water, or the hydrophobic effect, via
thermodynamic experiments and principles. As outlined earlier, water molecules can
make approximately 3.4 H-bonds with adjacent water molecules in the bulk liquid; water

molecules that line the surface at the air-water or oil-water interface are only able to H-
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bond to two other water molecules, decreasing the thermodynamic stability of the H-

bonding system.

If a highly nonpolar liquid such as hexane is mixed with water, two of the four sites
for water H-bonds will instead interact less favourably with a hexane molecule (Figure 6).
Molecular dynamics simulations have shown that, in the absence of gravity, hexanes
dissolved in water form a perfect sphere, minimizing the surface area of the hexane-water
interface®. This result is somewhat surprising, as it suggests that the interaction of the
water-water H-bonds is stronger than the entropy of dispersing the hexane molecules
within the water. This also suggests that the H-bonding system in the bulk water is
stronger than the weak van der Waals forces between the hydrocarbon and water
molecules. It is therefore more energetically favourable for hexane molecules to remain in
an entropically unfavourable spherical conglomeration rather than to disperse, as this
maximizes the number of water molecules forming 3.4 H-bonds and minimizes the
number of ordered water molecules. For a comprehensive review on the hydrophobic

effect, see Chandler, 2005%.
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H H Interface water molecule
.0, making two H-bonds

Figure 6. Hexane molecules interacting with liquid water molecules causes loss of two
water-water H-bonds at the interface.

Phospholipids

Phospholipids (PLs) are amphipathic molecules that contain a glycerol molecule
bound to two fatty acid hydrocarbon chains and a polar phosphate head group (Figure 7).
At physiological pH, the phosphate is negatively charged and the PL head groups can be
zwitterionic or anionic. In addition to providing a negative charge at the membrane
surface, PLs are considered the scaffold of the membrane. Table 1 outlines the seven

phospholipids found in mammals.
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Figure 7. The structure of phospholipids. Top: components of a model phospholipid.
Bottom: model phospholipid. Lipid tails are normally 14 to 24 carbons long, unbranched, and may
be saturated or unsaturated, with zero to six cis nonconjugated double bonds. Reproduced with

permission from Stillwell, 20167.



Table 1. The seven phospholipids found in mammals.

Phospholipid Abbreviation Head Group
Phosphatidic Acid PA None
Phosphatidylethanolamine* PE Ethanolamine
Phosphatidylcholine pPC Choline
Phosphatidylserine PS Serine
Phosphatidylinositol PI Inositol
Phosphatidylglycerol* PG Glycerol
Cardiolipin*® CL Phosphatidylglycerol

*The most common PLs in the E. coli inner membrane.

In Escherichia coli (E. coli), there are three main classes of phospholipids that
make up the bacterial inner membrane (see Figure 8 for examples):
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiolipin (CL). PE and
PG head groups interact at the water-phospholipid interface via water bridging and direct
H-bonding, and to a lesser degree at physiological concentrations, by ion bridging?®. In
molecular dynamics simulations (see below), a simplified model for the E. coli inner

membrane is often used consisting of PE and PG.
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Figure 8. The three major PLs in E. coli membranes. PE is phosphatidylethanolamine, PG is
phosphatidylglycerol, and CL is cardiolipin. Reproduced with permission from Popot, 2018%.

Bacterial membranes are composed of 70-80% PE, where PE’s function in the
membrane is largely structural3®. PE is considered zwitterionic but carries a slight net
negative charge at physiological pH. Though PE preferentially H-bonds with PG, PE also
forms H-bonds between other PE molecules, which creates strong, membrane-stabilizing
interlipid contacts. Several studies probing the asymmetric distribution of phospholipids
in the inner and outer layers of the bilayer exploit the chemically reactive head group of
PE and show that certain phospholipids accumulate preferentially in the inner or outer
leaflet of the bilayer3'. Indeed, PE has been shown to be commonly found in the inner

layer of the membrane?.

PG is anionic and accounts for ~10-20% of the phospholipids in the E. coli inner

membrane?. Studies suggest that enrichment of PG and other anionic fatty acids in the

18



cell membrane are required for protein translocation processes. SecA is a water-soluble
protein that is part of the Sec secretion group of proteins and requires the presence of
anionic lipids to successfully and efficiently translocate precursor proteins across the E.
coli inner membrane?®32. Anionic lipids like PG are also implicated in the membrane
protein folding process. Leader peptidase (Lep) is an elongation factor in prokaryotic cells
and eukaryotic mitochondria. It has a large periplasmic domain, two transmembrane
domains and a small cytoplasmic loop; it requires the Sec machinery for incorporation
into the membrane. Studies in which the negative charges of the anionic phospholipids
were shielded in vivo and in testing the system in vesicles that had low amounts of
anionic phospholipids all showed a decrease in efficiency of protein translocation across

the lipid bilayer33.

Like PG, CL is anionic at physiological pH, but makes up less than 5% of the
bacterial cell inner membrane3+. The structure of CL is unusual as it is composed of two
phosphatidic acid molecules bound to a glycerol, which results in two negative charges,
as well as four nonpolar tails. CL is found in larger amounts (approximately 20%) in
mitochondrial membranes. Studies on the function of CL in mitochondrial membranes
allude to raft-like microdomains (defined in the next section) in the membrane. These
microdomains have been implicated in the activation of apoptosis3>. CL also plays a role
in the electron transport chain (ETC), stabilizing important protein components of the

ETC such as cytochrome ¢ oxidase and NADH dehydrogenase3®. First isolated in 194737,

19



the amount of CL has since been linked to a number of diseases, including Tangier’s

disease38, Alzheimer’s disease39, and Parkinson’s disease#°.

Lipid Rafts and Raft-like Microdomains in the Bacterial Membrane

Eukaryotic cells have a diverse phospholipid profile compared to prokaryotes. The
advantages of having such a variety of phospholipids was studied as early as 19774, but it
was not until the late 1990s that the idea of lipid rafts gained traction in membrane
biology. The so-called lipid rafts have been observed in the outer leaflet of the plasma
membrane, where areas enriched in sphingolipids (Figure 9) and cholesterol group
together with membrane proteins and form short-range ordered domains. These domains
carry out important biological processes, which can range from highly specialized
functions such as signal transduction#? to organization of the cytoskeleton*3. The
presence of lipid rafts has been debated, despite a growing amount of evidence in the
literature. Methods to detect lipid rafts, such as resistance to solubilization in Triton X-
1004 and sensitivity to cholesterol depletion, are indirect and cannot be clearly
interpreted. Lipid rafts have also been difficult to visualize in the cell, and when evidence
of visualization emerged, characteristics of the rafts varied widely, possibly due to the

range of structures and their biological roles45-49.
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Figure 9. The structure of sphingosine, a derivative of serine. The derivatization of the
hydroxyl group at C-1 gives rise to the various sphingolipids found in the membrane. Reproduced
with permission from Stillwell, 20167.

There is also evidence of raft-like domains in bacteria. E. coli membranes have
been shown to have pre-existing PE- and PG-enriched domains using a fluorescent label.
PE-enriched domains have been observed at the septum of a dividing cell; FtsZ, which has
an analogous role to tubulin in the cell division process, requires the presence of PE°. 10-
nonyl acridine orange is a CL-specific dye that allows for the visualization of CL in the
membrane. CL has also been shown to be enriched at polar and septal regions of the E.
coli inner membrane, where CL introduces curvature of the membrane and is linked to
high curvature sites in the cell division process>'. Anionic PLs such as PE and CL
introduce high negative curvature in the membrane and thus are found in areas such as

the poles of the cell.

Assembly of the Cell Membrane

When membrane phospholipids are added to water, a decreased surface tension
(approximately 7-15 dyne-cm™, much lower than 72.8 dyne-cm™ in liquid water) is

observed>. This effect is similar to the observed effect of surfactants and suggests that the
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partitioning of phospholipids into the air-water interface, and by extension, at the
membrane-water interface, is energetically favourable. Similar to the hexane-water
simulations, phospholipids in water segregate their lipid tails, adopting a tail-to-tail
orientation away from water molecules to minimize the disruption of the H-bonding
system in the bulk water?. While the hydrophobic effect is the largest contributor to the
favourable formation of membrane lipid bilayers, other stabilizing forces include polar
head group interactions with water and each other. van der Waals forces also play a role
in the formation of the membrane through the interaction of the lipid tails54. The lipid
bilayer self-assembles in solution and will spontaneously close upon itself to shield all

exposed nonpolar moieties.

Bacterial cell membranes

Most bacteria can be divided into two groups based on their cell envelope: Gram
negative and Gram positive. The terminology stems from the Gram staining test,
developed by Hans Christian Gram in 18845%. Gram positive cells have a single lipid
bilayer that envelopes the cytoplasm of the cell. These cells contain a thick peptidoglycan
layer that reacts with the stain. Gram negative cells, such as E. coli, have outer and inner
membranes which are separated by the periplasmic space. Their outer membrane is
surrounded by a thinner peptidoglycan layer that does not retain the Gram stain as well.
Glycerol facilitator (GF) is an integral membrane protein found in the inner membrane of

E. coli and the protein of interest in this work.
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1.1.6 Membrane Proteins

Membrane proteins and membrane-associated proteins make up the second
largest component of biological membranes. Approximately 30% of protein-encoding
genes in the human genome encode membrane proteins5” that can be broadly classified
based on their relationship with the membrane. Peripheral membrane proteins are
proteins that can transiently associate with the membrane and other fixed moieties
within the membrane. Integral membrane proteins are proteins that contain a segment

that is embedded within the membrane bilayer.

Peripheral Membrane Proteins

Peripheral membrane proteins (PMPs) carry out their functions at the membrane
surface and are localized there through electrostatic interactions or H-bonding with
either the polar surfaces of transmembrane proteins or the head groups of the
phospholipids. Alternatively, they may also interact via an anchor that links the PMP to
the membrane3®. They are responsible for a number of cellular processes, such as the
well-studied PMP cytochrome c (cyt c), which plays a role in the mitochondrial electron
transport chain>, and myelin binding protein, which is important in the myelination of
nerves in the central nervous system®. While many PMP functions have been identified,

there is much still unknown about their interactions at the membrane interface due to
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the transient nature of their interactions; trapping PMPs in their functionally active form

is particularly difficult.

Integral Membrane Proteins

Integral membrane proteins (IMPs) are classified by their secondary structures.
The majority of membrane proteins are in the o-helical conformation; investigations of
the human genome suggest that as high as 30% of protein-encoding genes encode o-
helical membrane proteins, and in prokaryotes, surveys suggest approximately 10-15% of
the genome encodes a-helical membrane proteins®. Membrane proteins can also form (-
pleated sheets to make a [3-barrel, noticeably to a lesser degree: in prokaryotes, less than

3% of genes encode B-barrel membrane proteins®2.

B-barrel Integral Membrane Proteins

Gram-negative bacteria like E. coli and organelles such as mitochondria and
chloroplasts in eukaryotic cells possess two envelopes: the outer membrane (OM) and
inner membrane, which are separated by the periplasmic space. IMPs found in the OM
are called outer membrane proteins (OMPs). OMPs function in a variety of ways, from

maintaining membrane asymmetry® to substrate transport across the OM54,
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Despite their variety of functions, OMPs generally adopt a B-barrel conformation,
though some OMPs span the OM with a single a-helix®>° and, recently, were found to
form o-helical channels®’. B-strand secondary structure conformations are extended
relative to a-helices, containing approximately 2 residues per turn (Figure 10). Arranged
side-by-side, B-strands can form (-sheets, with adjacent backbones of each strand H-
bonding with their neighbour to form the sheet. -sheets are also referred to as pleated,
as the consecutive peptide planes regularly alternate their direction above and below the
plane of the sheet. -sheets may adopt parallel or anti-parallel conformations, though -
barrels almost always consist of an even number of antiparallel strands that twist and coil
to allow H-bonding of the first and last strands, forming a single enclosed pore in the

membrane (Figure 11)%8,
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Figure 10. B-strand secondary structure of OMPs. (A) B-strands oriented in parallel; the tip
of the black arrow denotes the C-terminus of the strand. Bottom depicts the same polypeptide in [3-
sheet parallel conformation; the backbone is depicted in light grey, side chains of the residues
alternating from above and below the plane of the sheet are shown as grey and black spheres, and
the dotted black lines denote the H-bonds made between adjacent B-strands to form the [3-sheet. (B)
B-strands oriented in the anti-parallel conformation. Bottom are three 3-strands forming an anti-
parallel B-sheet. Reproduced with permission from Stillwell, 20167.

Figure 11. E. coli outer membrane protein OmpF. OmpF secondary structure shown as a
cartoon. Arrows denote the -strands in anti-parallel formation. (PDB ID: 20MF)
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a-helical Integral Membrane Proteins

Spectroscopic studies using circular dichroism (CD), infrared spectroscopy, and
optical rotatory dispersion®7° on isolated membranes in the mid-1960s suggested that
there were proteins with o-helical character in the plasma membrane. In 1975, Henderson
and Unwin determined the approximately 7 A low resolution structure of the
Halobacterium halobium proton pump bacteriorhodopsin and demonstrated the o-helical
character of transmembrane proteins”.. A decade later, the atomic-resolution structure of
the photosynthetic reaction centre of Rhodopseunomonas viridis would be solved by

Deisenhofer, Michel, and Huber, confirming the presence of transmembrane a-helices?>.

a-helical transmembrane proteins are found in the inner or plasma membranes of
prokaryotic cells and eukaryotic mitochondria and can consist of 1-14 a-helices?. Single
pass or bitopic IMPs contain a single transmembrane helix and a large, soluble,
extramembranous domain. Bitopic IMPs are the most numerous of all IMPs and account
for approximately 45% of all a-helical IMPs74. They are found in all forms of life; in
humans, in particular, they play major roles as signal and antigen receptors, among other
important cell functions?. Bitopic IMP function was commonly attributed to the
extramembranous domain but recent evidence has shown that the transmembrane

segment may also play a role in the functionality of the protein7S.
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Polytopic o-helical IMPs are those that comprise two or more membrane-spanning

a-helices. Between 10-15% of IMPs are 7 transmembrane (TM) helical IMPs in eukaryotes;

in prokaryotes, 6- and 12-TM IMPs are more common?. This motif is observed in a variety

of IMPs with important biological roles, including signalling cascades?”?, a variety of

channels?, and in olfactory?® and visual® receptors. Of particular interest is the G-protein

coupled receptor (GPCR) superfamily, receptors for important hormones like dopamine
and epinephrine”’. 7-TM IMPs are observed in all cells and across many families of a-
helical IMPs; because of their major role in cell health, 7-TM IMPs are coined the

“magnificent seven”®.,

In contrast to bitopic proteins, whose function is often tied to their large,

extramembranous domains, 7-TM IMPs function through their transmembrane domain.

They will often form pores or active sites within the membrane which allow the passive
passage or active transport of the substrates that are usually excluded from the
membrane, or contain binding sites for ligands of signalling cascades. These small helix

bundles are functionally versatile and important in the maintenance of cell health.
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1.1.7 Major Intrinsic Protein Family and Aquaporins

The Major Intrinsic Protein (MIP) superfamily are 7-TM IMPs. MIPs form channels
within the membrane that allow water and some non-polar solutes to traverse the
membrane. They are found highly conserved in pro- and eukaryotes, with over 100
members of the MIP superfamily identified; phylogenic analyses indicate that known
MIPs originate from two divergent bacterial MIPs®2. These broadly classify MIP family
members depending on their sequence similarity to aquaporins (AQPs), which are water

channels, or aquaglyceroporins, which conduct glycerol and other less polar substrates.

The first water channel discovered was AQP1 in 19928. For many years, it was
believed that water permeability was intrinsic to the lipid membrane, negating the need
for (and therefore studies in search of) water-specific membrane protein channels. It
became evident, however, that certain cells, such as red blood cells where AQP1 was
discovered, transported water at rates higher than the water molecules could physically

permeate across the lipid membrane.

AQPs are well-documented water and glycerol channels, allowing for the highly-
selective and rapid passive diffusion of their substrate through the pore. The pores are so
highly selective that moieties smaller than water, such as protons and hydroxide ions, are
excluded from crossing the membrane. Other molecules such as urea, silicon, metalloids,
and even gasses such as carbon dioxide and ammonia have been proposed as substrates

for various members of this family3+.

29



1.1.8 Glycerol Facilitator

Glycerol facilitator (GF) is an aquaglyceroporin found in the inner membrane of E.
coli. Its crystal structure was solved in 2000%5, which supplied valuable insight into the
selectivity of the GF pore. GF remains one of the best studied AQPs to date and is the

protein of interest in this work.

In general, AQP monomers share a conserved structure (Figure 12a, b): they are
small helix bundles that consist of six TM helices and two half-helices. Each monomer
contains two subdomains consisting of three TM helices and one half-helix each, related
by a quasi two-fold axis of symmetry and are oriented 180° relative to each other®® (see
Figure 12). The subdomains appear to be the product of an ancient tandem gene

duplication®”.

The half-helices are oriented with their N-termini towards each other within the
membrane to form a seventh membrane-spanning pseudo-helix. Each half-helix contains
a highly conserved Asn-Pro-Ala (NPA) motif on its N-terminus that plays an important
role in the selectivity of the pore®®. AQPs are categorized into three subgroups based on
conserved amino acids that flank the NPA motifs: conventional AQPs or water channels,
glycerol and small, polar molecule conducting channels, and unorthodox channels that

do not exhibit high sequence conservation about the NPA motifs.
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Figure 12. The secondary structure of the E. coli inner membrane protein glycerol facilitator
monomer. (A) Ribbon diagram of the GF monomer. Light blue and grey helices are TM helices 1, 2,
and 4, and 5, 6, and 8, respectively. Green and dark blue are half-helices 7 and 3. Residues of the NPA
motifs are green spheres (half-helix 7) and blue spheres (half helix 3). Red spheres correspond to the
aromatic/arginine (ar/R) selectivity filter (SF). Both the N- and C- termini are found in the
cytoplasm. (B) The GF monomer contains two subdomains, related via 180°. Each domain contains
three TM helices and a half-helix. Adapted with permission from Klein et al., 2014%.

The atomic resolution crystal structure (2.2 A) of GF illuminated the physical and
chemical filters of the GF pore that account for the high selectivity of its substrate
glycerol. The GF pore resembles the shape of an hourglass and is amphipathic in nature.
There is a physical constriction in which the pore narrows to 3.4 A from a 15 A water-filled
vestibule above the extracellular opening. This forms the narrowest part of the pore,
which also contains the aromatic/arginine selectivity filter (ar/R SF). In addition to
physically restricting the size of molecule that may traverse the pore, the ar/R SF forms an
intricate H-bond system that only glycerol, and occasionally, water molecules may fulfill
(Figure 13). Hydronium and hydroxide ions are unable to satisfy the H-bond requirements
and are excluded. Proton passage via the Grotthus mechanism®? is additionally blocked

due to electrostatic repulsion. Positive electrostatic potential is concentrated at the center
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of the pore by the ar/R SF and the two half helices, where the positive N-termini of their
helical macrodipoles meet at the center of the pore. In addition, one side of the channel is
lined with hydrophobic residues, which interact with the carbon backbone of glycerol,
contributing to the specificity of the pore to glycerol over water (Figure 14). Final
contributions to GF pore specificity are from desolvation penalties and configurational
barriers. Water and glycerol pass through the pore in single-file; solvent-substrate H-
bonds are replaced with substrate-channel H-bonds, which lowers the energy barrier and
allows quick (ns timescale) transport of substrates®®. Hydronium and hydroxide ions are
destabilized from the surrounding aqueous environment, as the proper H-bonding

system is unfulfilled, rendering the passage of these ions unfavourable%-92,

Trp48
=
N’/
Gly199 ¢ H
g "/
\ 0
H H H/
Arg206 '\, N,
P i ey
CH;
/N\H i Glycero
CH
i L
e 4
Phe200 G H—-03
A\
o P
r
ok
201 |

Figure 13. The ar/R SF and some of the residues that donate and accept hydrogen bonds to
create an intricate system that contributes to the specificity of the GF pore. Adapted with
permission from Klein et al., 2014%°.
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Figure 14. The polar and non-polar residues that line the GF pore. Pictured are R206 and
W48 of the ar/R SF, as well as two glycerol (G2 and G3) and two water molecules. Also depicted is
the amphipathic nature of the GF pore. On the left are residues that interact through H-bonding
interactions (labelled red), on the right in black are non-polar residues. H-bonds are shown as
dotted lines. Red and black radial lines show hydrophobic interactions. Reproduced with permission

from Fu et al., 2000%.
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1.1.9 AQPs in Health and Disease

In vivo, GF and other AQPs form homotetramers that contain four independently
working pores (Figure 15)%. Water channels allow the passage of water through the pore
down an osmotic gradient and can function to maintain osmotic pressure within the cell.
In E. coli, glycerol uptake occurs in the absence of glucose, where glycerol is used by the
cell as an alternative carbon source®. In humans, 13 AQPs have been identified to date
(Table 2). Human AQPs are expressed throughout the body but are expressed and
function within a localized tissue, though the cell localization and functions of AQPs u
and 12 are still unknown. The three best studied human aquaglyceroporins are AQP3,
AQP7, and AQPg. AQP1o0 is also an aquaglyceroporin and is expressed in the

gastrointestinal tract; there is limited information on its physiological function9+.

D

Figure 15. The structure of the GF homotetramer. GF forms a homotetramer in vivo with
four independently working pores. The monomers are represented as blue and green ribbons, where
the helices are coloured to represent the two subdomains in the monomer. Reproduced with
permission from Klein et al., 2014%.
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Table 2. A summary of human AQPs, sites of expression, and known functions.

Aquaporin

Major sites of expression

Function

IAquaporin-o

IAquaporin-1

\Aquaporin-2

Aquaporin-3

\Aquaporin-4

\Aquaporin-5

\Aquaporin-6

IAquaporin-7

\Aquaporin-8
Aquaporin-9

IAquaporin-10

Eye: lens fibre cells

Red blood cells

Kidney: proximal tubules
Eye: ciliary epithelium
Brain: choroid plexus
Lung: alveolar epithelial cells
Kidney: collecting ducts
Kidney: collecting ducts
Trachea: epithelial cells
Kidney: collecting ducts
Brain: ependymal cells
Brain: hypothalamus

Lung: bronchial epithelium
Salivary glands

Lacrimal glands

Kidney

Fat cells

Testis and sperm

Testis, pancreas, liver and others

Leukocytes

Gastrointestinal tract

Fluid balance within the lens
Osmotic protection

Concentration of urine

Production of aqueous humor
Production of cerebrospinal fluid
Alveolar hydration state

Mediates antidiuretic hormone activity
Reabsorption of water into blood
Secretion of water into trachea
Reabsorption of water

Cerebrospinal fluid balance
Osmosensing function

Bronchial fluid secretion

Production of saliva

Production of tears

Unknown

Transports glycerol out of adipocytes
Unknown

Unknown

Unknown

Unknown

With permission from Verkman et al., 2014%.
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AQPs3 is expressed in the cornea, colon, and in the epidermis. AQP3-mediated
glycerol transport is required for maintaining skin hydration; AQP3-deficient mice exhibit
reduced skin elasticity and hydration%. Interestingly, AQP3 has also been implicated in
cell proliferation, where AQP3-deficient mice manifest with slow skin and cornea wound
healing and colon cell regeneration. AQP3-null mice display resistance to skin tumour
formation, prompting proposals that AQP3-mediated glycerol transport is key to the
mechanism of cell proliferation in these tissues?’. Exploring AQP3 inhibition may yield

insight into potential prevention or treatment of certain tumours.

AQP7 is expressed in the plasma membrane of adipocytes (fat storage cells) and
has been connected to obesity. AQP7 is important in the facilitation of glycerol out of the
cell. AQP7-null mice show increased amounts of fat mass and adipocyte enlargement due
to the accumulation of glycerol and triglycerides, an effect that is more pronounced as the
mice age?®. Some researchers suggest that, by regulating AQP7, fat mass can be altered by

modulating adipocyte size and glycerol storage®°.

AQPg is expressed in hepatic (liver) cells and is considered solely responsible for
glycerol uptake into these cells*®°. AQP7 and AQPg were also shown to allow arsenic
trioxide to cross their pores, which may be the mechanism for arsenic uptake and
poisoning in the liver'®'. Some studies also suggest coordination between the glycerol
channels in adipocyte (AQP7) and liver (AQP9) cells that may play a role in glycerol and

glucose metabolism™=.

36



There are several known AQP-related human disease states, or aquaporinopathies.
Humans lacking functional AQP1, which is expressed in the kidneys, show a decreased
ability to concentrate urine'®3. AQPo is expressed in the lens fibre and is responsible for
water permeation in the eye lens and cell-cell adhesion'4. Subjects with AQPo mutations
develop congenital cataracts as a result of decreased cell-cell adhesion rather than
impaired water permeation'®>'°®. Nephrogenic diabetes insipidus (NDI) is a hereditary
disease caused by loss-of-function mutations in AQP2991°71°8, NDI patients suffer polyuria
(large amounts of dilute urine) and polydipsia (abnormal great thirst) leading to

dehydration and cognitive defects.

A notable aquaporinopathy is the autoimmune disease neuromyelitis optica
(NMO), a rare form of multiple sclerosis that affects the spinal cord and optic nerve'®. An
NMO diagnosis has a poor prognosis, as the disease causes blindness, paralysis, and
death. The presence of autoantibody AQP4-IgG is the cause of NMO in most cases. This
antibody binds to epitopes of AQP4 in the central nervous system, causing an
inflammatory response that can result in demyelination and neuron death. NMO can be
treated with aggressive immunosuppression, but therapeutic agents targeting AQP34,
AQP4-1gG, and mediators of the inflammatory response are being explored™ and clinical

trials have been conducted with promising results™.
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AQPs and other IMPs as Drug Targets

The previous section highlighted the variety of roles of AQPs in the body and
several aquaporinopathies, such as NMO, a severe aquaporinopathy for which AQP4 is a
direct drug target. Mutations in and misassembly of IMPs has been implicated in and
shown to be the direct cause of a variety of disease states">"3. Because of this, there is
significant interest in studying IMP structures, the mechanisms through which they
function, and elucidating information about their structures that can be exploited for

drug delivery and design.

Approximately 60% of drug targets are IMPs and about 50% of small molecule
drugs target IMPs"4. G-protein coupled receptors (GPCRs) account for about a third of
small-molecule drug targets”s; they are attractive targets because of their role in signal
transduction, activation, and inhibition. Many efforts over the last decade to find new
drug targets and develop new classes of drugs have been dedicated to targeting the water-
filled vestibules of cell-surface IMPs"6%7. Another avenue of exploration is targeting TM
domains, which are not only structurally important for the IMP but also make
functionally important interactions with other IMPS and the membrane itself"®. Drugs
targeting TM domains endeavour to disrupt both TM domain-TM domain and TM

domain-membrane interactions and conformational changes.
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1.2 Protein Dynamics

Section 1.1.8 outlined in detail the information gleaned from solving the structure of
GF and illustrated the relationship between the protein’s structure and its function.
While knowing the structure of a protein can yield valuable information, one must also
remember that proteins are not static structures, as they are often depicted, and do not
exist in static environments. Protein dynamics relates functionally important
conformational changes over different timescales. Probing these motions at the atomic
level, as well as their amplitude and direction, is critical to fully understanding the

mechanisms by which proteins carry out their functions.

Solution NMR spectroscopy has been useful in discovering the dynamic properties of
certain proteins, such as calmodulin (CaM). CaM is a small, cytoplasmic protein
responsible for calcium sensing and signal transduction. In conjunction with X-ray
diffraction and molecular dynamics simulations, CaM was found to adopt at least 40
different conformations in response to the calcium concentration in the cell. Different
binding partners appear to bind only to a limited subset of these conformations of CaM.
This allows a single protein to translate a complex, time-varying signal to multiple
possible outcomes, and is subtle compared to a binary on-off signaling system"92°. The
CaM molecule is only one example of the importance of understanding protein dynamics

as they relate to protein function.
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1.2.1 Protein Dynamics: Motions and Timescales

The motions of atoms in a protein can range from timescales on the order of

femtoseconds (fs) to seconds (s) and longer*®. Shorter timescales convey smaller motions,

such as bond vibration on the fs timescale. Other relatively larger, local motions,
including side chain rotations and loop motions occur from the picosecond (ps) (Tier 2,

Figure 16) to nanosecond (ns) (Tier 1, Figure 16) timescale'®.

Biologically relevant dynamics generally take place on the microsecond (ps) to
millisecond (ms) timescale (Tier o, Figure 16)'>. These are rarer collective motions that
may recruit several domains to carry out functions such as enzyme catalysis, signal

transduction, and other protein-protein interactions.

40



1.2.2 The Free Energy Landscape

The free energy landscape (FEL) model is used to describe protein folding and the
relationship between all possible conformations of a protein. The lowest energy
conformation, or ground state, is the basin of the FEL. For complex systems such as
proteins, a number of thermodynamic conformations at the basin are sampled over time;
exploration of the different conformations is also dependent on environmental factors
such as temperature or pH*2'23, Some proteins can slowly interconvert between several

low energy states.

Tier0 pstoms
AN
- i

Free energy, G

Conformational coordinate

Figure 16. The free energy landscape (FEL) of a protein. Tier o motions (light blue curve) are
large, longer timescale (us-ms), biologically relevant motions separated by large kinetic energy
barriers. Tier 1 (ns) and Tier 2 (ps) (dark blue) motions are small, shorter timescale motions of
proteins separated by small kinetic energy barriers and shallower minima, allowing for the
continuous sampling of substates. A and B are different biologically relevant conformations of the
protein. Reproduced with permission from Henzler-Wildman et al., 2007"".
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The low energy basin of the FEL is made up of local minima separated by small
kinetic energy barriers, and thus appears rugged. These minima represent the small
conformational changes (Tier 1 or 2 dynamics) that the protein samples over time, which
manifests as an averaged low energy structure that can be observed by biophysical
methods. Larger kinetic energy barriers (Tier o dynamics) separate the ground state from
excited state(s). FELs are multidimensional; both amplitude and timescale of the motions
of all the atoms in the protein contribute to and affect the landscape'. It is also
important to remember that an FEL is representative of the protein in a particular
environment; it will change when conditions like temperature, pressure, or binding

partner are altered (see A (blue) and B (cyan) in Figure 16).

42



1.2.3 Probing IMP Structure and Dynamics at the Atomic Level

IMPs comprise an estimated 23% of the human proteome; however, a severe
bottleneck to determine IMP structure appears, as approximately 1% of unique structures
deposited into the PDB are IMPs'24. Deposited structures and dynamics studies of IMPs
lag behind the number of water-soluble protein structures because of the difficulty in

their purification in the folded state and complexity of their native lipid environment.

There are many commonly used methods in the literature to probe protein
dynamics. This section will highlight the three methods that are used to probe protein
structure and dynamics with atomic resolution: X-ray crystallography, molecular

dynamics (MD) simulations, and nuclear magnetic resonance (NMR) spectroscopy'?.

X-ray crystallography

X-ray crystallography is a powerful tool to obtain the atomic-resolution structures
of proteins and has virtually no particle size limitations. X-rays are scattered by protein
crystals kept at cryogenic temperatures to minimize atomic motion. Electron density
maps are calculated from the diffraction patterns of the scattered x-rays; from these
maps, 3-dimensional structures are built and rigorously refined. For protein X-ray

crystallographers, the biggest challenge is often producing well-diffracting crystals's.
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Even at temperatures near absolute zero, flexible regions of proteins can still be
indirectly detected through X-ray diffraction. For example, highly dynamic regions of a
protein may lack electron density or not be well fitted in electron density maps; similarly,
residues that can assume different conformations may appear with partial occupancy in
the structure. X-ray B-factors, which convey the extent to which the electron density is
spread out in a crystal, are often interpreted as indicating the amplitude of motion of the
atoms in the crystal, indicative of protein flexibility?. While static disorder can also
increase the B-factor, a frequent cause of static disorder is the co-existence of multiple
conformations in the crystal, also an indication of the inherent dynamics of the protein.
In some studies, proteins have been captured in various intermediate states that help to
elucidate their mechanism. For example, the nucleoside transporter from Neisseria
wadsworthii was crystallised in five different conformations representing different steps
during the nucleoside transport cycle. An elevator-like mechanism for transport was

proposed based on the X-ray diffraction structures observed'®.

Molecular Dynamics (MD) Simulations

MD simulations of proteins are an increasingly powerful tool for probing the
dynamics of IMPs. In MD simulations, Newton’s equations of motion are solved for a
system of atoms that interact with their neighbours, resulting in a simulation of the
trajectories of each of the atoms in the system over the time of the calculation. For large

molecules such as proteins, interaction forces such as covalent bonds, electrostatic
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interactions, H-bonds, and van der Waal’s interactions are modelled by classical
molecular force fields or empirical potentials as opposed to quantum mechanical force
fields'”. This classical treatment cannot simulate chemical reactions, but conformational
changes and even protein folding events have been successfully simulated using this

approach'?,

MD simulations can be used for probing dynamics at high (atomistic) and low
(coarse-grain) resolution. However, IMPs and their native environments are complex and,
despite advances that have increased computational power™9, larger systems such as an
IMP surrounded by the lipid bilayer are presently challenging. Obtaining simulations at
the biologically relevant time scale (milliseconds and longer) is difficult due to the sheer
calculation load°. While MD simulations can simulate a protein in a bilayer, the
complexity of even the E. coli inner membrane, which contains more than 29 different
PLs', makes simulating the lipid membrane taxing. To increase the efficiency of
computation, some strategies employ a mixture of atomistic and coarse-grain

simulations5832133,
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Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy has been fruitful in determining the structures of many
proteins that are difficult to crystallize, including proteins with flexible loops and termini
and highly glycosylated proteins34. NMR spectroscopy is also the leading method to study

protein dynamics at atomic resolution.

Early protein dynamics studies using solution NMR spectroscopy were limited to
small proteins (approximately 50 kDa), though the structures of several larger detergent-
solubilized3>3¢ and lipid bilayer nanodiscs reconstituted’3739 IMPs have been solved.
Significant advances in solid-state NMR (ssNMR) spectroscopy have made NMR
spectroscopy amenable to larger, slow-tumbling systems, such as detergent-solubilized,
oligomeric IMPs#°. NMR studies collect dynamic information on ensemble properties
such as the nuclear Overhauser effect (NOEs), paramagnetic relaxation enhancement
(PRE), three bond scalar couplings, trans-hydrogen bond scalar couplings, chemical
shifts, and residual dipolar coupling'>'4+'42. These parameters as an ensemble yield
insight into the minute details in the chemical environments of the atoms over various
timescales, which can be used to inform on the three-dimensional structure and

structural fluctuations that are essential for the biological function of a protein.

NMR spectroscopy is based on the inherent property of “spin” of an atomic

nucleus. Atoms with spin have their own magnetic moment vector, and when placed in
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an external magnetic field, will align with or against the field which are the low and high
energy levels, respectively. NMR spectroscopy is the signal detected following the
excitation of spins from the lower to the upper energy level. On a macroscopic scale, the
NMR signal is proportional to the population difference between the high and low energy

states. Predictably, the high energy state is less populated than the low energy state.

NMR probes structural changes by monitoring nuclear spin interactions; the
shielding of nuclei by electrons gives information about torsion angles, hydrogen bonding
and molecular packing, in addition to the chemical environment'3. This means that
chemical shifts are sensitive to slight changes in protein structure. The proximity of
nuclei probed by protein NMR spectroscopy (*H, 3C, 5N, 9F, 3'P) can be measured by their

dipolar coupling to approximately 0.1 A within 5 A and to 1 A between 5 to 15 A3,

A novel approach is to use a combined room temperature X-ray diffraction/NMR
spectroscopy method, which utilizes data from X-ray diffraction (B-factors) and NMR
order parameters that yield information about the timescales of motion. Together with
the qFit method, which creates a small ensemble of conformations where each residue is
locally fitted within the electron density map, the library of conformers can be examined
for possible dynamic processes'#4. Though this has only been applied to dihydrofolate
reductase, a soluble enzyme, further method development could allow for IMP dynamics

to be explored this way.
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Solid-State NMR Spectroscopy

In solids, or for large, slowly tumbling molecules in liquids, NMR resonances are
broadened because of orientation-dependent interactions such as dipole-dipole
coupling. Methods to narrow the resonances, such as magic angle spinning, can be
applied to solids, solutions, and proteins embedded in lipid vesicles, and are classified
as solid-state NMR spectroscopy. Compared to solution NMR spectroscopy, ssNMR
spectroscopy allows for IMPs to be studied in native or membrane-like environments,
such as bicelles45. Though considerable progress has been made in the field, challenges
with studying the dynamics of membrane proteins via ssNMR spectroscopy remain. The
sensitivity of the method is an issue: the high and low nuclear energy levels are close
together and the populations of the two states are very similar46. Because of this low
sensitivity, high concentrations of isotope-labelled protein are required. This is often a
challenge, as membrane proteins express at low levels and can be toxic when
overexpressed in a cell. While this can be offset by increasing the volume of the cell
culture expressing the protein, preparations requiring large amounts of isotope-labelled

media are often economically unfeasible.

For structural studies, IMPs require solubilization by detergents, bicelles, or
nanodiscs, resulting in increased hydrodynamic diameters, longer rotational correlation
times and, consequently, increased solution NMR linewidths'47. Dynamic exchange of

detergent molecules may also contribute to line-broadening in solution NMR spectra.
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As a result, most solution NMR studies of membrane proteins have been limited to
small transmembrane helices dissolved in detergent micelles#® or more recently in
nanodiscs#. GF has a tetramer M; of 130 kDa; even without any associated detergent,
the GF tetramer would require TROSY-type experiments'>® and deuteration for the
application of solution NMR methods although, in principle, highly flexible portions of
the protein might be observable using more traditional approaches to protein NMR

analysis.

In the past 10 years, significant progress has been made in solid-state NMR
spectroscopy that is permitting its application to IMPs solubilized with a variety of
agents, even including native cell membranes'43'5'52. These advances are permitting
high-resolution structural information to be obtained from a variety of non-crystalline
biological and non-biological materials and, for example, led to the first high-resolution
structures of amyloid fibrils'3. Three major advances in solid-state NMR spectroscopy
have led to the current state of the method. Improved magnet technology has led to
high-field magnets ranging from 21.1 - 25.9 Tesla (9oo MHz - 1.1 GHz proton frequency)
that have greatly increased the sensitivity and resolution of both solid- and liquid-NMR
spectroscopy and reduced the amount of isotope-labelled protein needed for

measurements's4,

The development of faster Magic Angle Spinning (MAS) rotors, up to 1o kHz, has

permitted the detection of backbone and side-chain proton resonances in

49



multidimensional experiments'ss. Spinning the sample rotor at 54.7° at very high speeds
simulates isotropic Brownian dynamics and reduces 'H-"H- dipolar coupling and
orientation-dependent interactions and proton linewidths. Besides the structural
information available in proton resonances, the high magnetogyric ratio of protons
greatly increases the sensitivity of solid-state NMR compared to 3C- and >N-detected
NMR. It also appears that at very high spinning speeds, protein deuteration is no longer
needed for line-narrowing’s?. One of the consequences of faster spinning rotors is the
requirement of smaller rotors and a potential loss of sensitivity owing to the reduced
rotor volumes. It turns out, however, that the sensitivity losses are partially compensated
by the increased detection sensitivity of the smaller receiver coils. In addition, coherence
lifetimes are significantly longer at higher MAS speeds, leading to improved sensitivity in
multidimensional correlation experiments®>. Other advances in coil design have
improved radio-frequency (RF) homogeneity and reduced the RF-induced heating of

hydrated protein samples’>4.

Finally, a suite of multidimensional pulse sequences has been developed to take
advantage of the aforementioned technical advances in solid-state NMR
spectroscopy’>>'5°, Because chemical shift dispersion in the proton dimension is narrow,
the significantly greater dispersion of 3C and N resonances in proteins are of great value
in improving the resolution of resonances in multidimensional spectra. The
multidimensional solid-state experiments now permit rapid assignment of backbone and

side-chain 'H, 3C, and >N resonances'. The power of solid-state NMR comes partly from
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the sensitivity of chemical shifts to local structure including H-bonding and bond torsion
angles. In addition, dipolar coupling can be used to measure interatomic distances to
within +0.1-A for distances up to 5 A and with a tolerance of +1 A for distances up to 15
A3, Importantly, solid-state NMR pulse sequences have been developed to measure
dynamics of proteins over timescales ranging from ps - ms'>’. Multidimensional rotating
frame (R,p) relaxation dispersion (RD) experiments have also been developed to measure
conformational dynamics on the ms - ps timescales where much biological activity

occurs'ss,

A few examples will illustrate the power of solid-state NMR to shed light on the
structures and functions of IMPs. Most importantly, solid-state NMR can be used to
measure protonation states of polar residues in IMPs. This has already been used to
discover the proton conduction and gating mechanism in the influenza M2 proton
channel®. Key protonation states in the prokaryotic K* channel KcsA were also
measured by ssNMR*°. Chemical shift measurements by ssNMR in KcsA also revealed the
conformational landscape of the protein and how it is affected by pH and potassium ion
concentrations3'%. In addition, ssNMR can detect structural disorder at the atomic level
in IMPs'®'; in the M2 proton channel, disordered regions have been shown to influence
the conformational ensemble of the TM region as well as determine the protonation state

of the channel gates>.
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One of the remaining challenges for the application of solid-state NMR to IMPs is
in sample preparation. Solid-state NMR has been successfully applied to IMPs dissolved
with the help of detergents, nanodiscs'®3 and, importantly, lipid vesicles'®4. Reconstituting
IMPs into lipid vesicles is usually done by exposing detergent-solubilized protein to lipid,
removing the detergent by extensive dialysis in the presence of detergent-binding
materials such as Biobeads or cyclodextrin, followed by concentration of the protein'®s.
This process typically takes on the order of days to weeks but can be accelerated with the
use of sucrose/cyclodextrin/lipid gradient centrifugation'®. Inserting the very low volume
samples into the small rotors (0.7 mm) can also be challenging, but it is now possible to
sediment the protein directly into the rotor using specially-designed ultracentrifuge
device Kkits (e.g. spiNpack by Giottobiotech)'®?. However, finding the correct lipid:protein
ratio is still a trial-and-error process. It appears that the lipid:protein ratio subtly affects
the static protein conformational heterogeneity that gives rise to line-broadening in
spectra’5>%, Optimization of lipid:protein ratios can be done by observing when resolved
glycine backbone or tryptophan side-chain resonances appear in 2D 'H->N correlation

spectra.

Despite these challenges, numerous studies using ssNMR spectroscopy on IMPs
have provided insight into their structure and dynamics. ssSNMR spectroscopy has been
used to probe smaller IMPs, like the 100-residue influenza virus M2 protein, a proton

conducting channel whose gating and conductance mechanisms were shown to be tied to
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dynamics within the single TM helix and contain intrinsically disordered

extramembranous domains5916168,

IMPs with larger TM domains and smaller extramembranous regions, such as
members of the 7-TM helix family, have also been explored, though most studies have
been dedicated to members of the GPCR or microbial rhodopsin families. The Anabaena
sensory rhodopsin (ASR) is a 7-TM helix photoreceptor whose structure was solved via
ssNMR spectroscopy'®®. Human aquaporin-1 (AQP1), the aquaporin responsible for water
homeostasis in red blood cells, was expressed in mg quantities in yeast Pichia Pastoris.
AQP1 was incorporated into proteoliposomes and good quality ssNMR spectra were

obtained. It is likely that these approaches can be optimized and applied to other IMPs'7°.
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1.2.4 Glycerol Facilitator Dynamics

Though IMPs such as GF exist in a dynamic environment, GF and other pore-forming
IMPs are considered relatively rigid; that is, their tertiary structure is thought to remain
largely intact, even while carrying out their function. However, GF and similar IMPs must
undergo some conformational change to allow for the passage of their substrates, as a
rigid structure would likely result in substrates being semi-permanently bound to the

pore.

Studies probing the dynamics of GF consist of short molecular dynamics simulations
and hydrogen-deuterium exchange studies. de Groot et al. were able to simulate AQP1
and GF in a bilayer for 10 ns'”. They showed that the rate of permeation of water
molecules in the simulation was comparable to observed experimental rates. They also
noted that water permeation was slower in GF than in AQP1, due to a constriction at the
conserved NPA motifs in the absence of glycerol. Jensen et al. supported this by modeling
GF in a bilayer and calculating the width of the pore in the presence and absence of
glycerol'72. MD simulations using the X-ray crystal structures of GF with and without
glycerol in the pore (GF+g, GF-g, respectively) compared to a simulated GF model
without glycerol in the pore were studied. When comparing the X-ray crystal structures
of GF+g and GF-g, the width of the GF pore narrowed approximately 0.5 A in the absence
of glycerol. The simulated GF without glycerol in the pore showed a narrowing of 1 A
compared to the GF+g pore. These results suggested that the glycerol channel opens in

response to interactions with glycerol.
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Hydrogen-deuterium exchange mass spectrometry (HDX-MS) has been used to probe
the dynamics of membrane proteins in detergents'73'75> and other membrane mimetics
such as bicelles'7® and nanodiscs'77*78, HDX-MS monitors the exchange of backbone amide
hydrogens with deuterium in solution'”3. After the protein is diluted into D,O, exchange
is quenched at different time points to measure conformational fluctuations on different
timescales. Conformational changes relate to rates of exchange; regions exposed to
solution and those that are poorly H-bonded will exchange rapidly compared to regions

that are not accessible to the solvent or form strong H-bonds.

Pan et al. found that solvent-exposed regions of detergent-solubilized GF, such as the
loops that protrude extra- and intracellularly, exchanged quickly and completely,
suggesting that they are disordered®'. TM helices 1 and 5, which are responsible, in part,
for stabilizing monomer-monomer interactions, exhibited very little exchange and thus
are fairly rigid. Interestingly, TM7, the half-helix closer to the periplasm, also exchanges
quickly and exhibits HDX characteristics similar to the flexible loops. One of the
conserved NPA motifs is found in the loop connecting it to the helix which suggests that

TM7 dynamics may play a role in the diffusion of glycerol and water through the GF pore.

In the following sections, I review the methods applied in this thesis to the study of E.

coli glycerol facilitator.
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1.3 Light Scattering Techniques

1.3.1 Dynamic Light Scattering

Dynamic light scattering (DLS) measures the time-dependent fluctuations in light
scattering intensity of particles in solution'79. Fluctuations in scattering intensity are
caused by random Brownian motion of particles in solution; Brownian motion is affected
by the size and shape of the particles, as well as the temperature and viscosity of the
solution. By measuring the scattering fluctuations of a laser at some angle to the incident
light, the translational diffusion coefficient (D) can be obtained and information about
the size distribution and the size of the particles is gathered. However, proteins and other
macromolecules in aqueous solutions are solvated and are not always spherical*®°. By
monitoring changes in the intensity of scattered light, DLS provides a mechanism by
which the hydrodynamic diameter, in this case, of the protein and associated water, lipid,
or detergent molecules, can be calculated'?. The measured time-dependent changes in
light scattering are correlated against short decay intervals (1) and the intensity
autocorrelation function can be obtained for mono-disperse samples (Equation 1)'®. The
translational diffusion coefficient (Dt) and particle radius (Rn) for an ideal sphere are
related by the Stokes-Einstein equation (Equation 2); this equation can be used to
calculate the particle’s hydrodynamic radius. Figure 17 shows a schematic of the typical

DLS instrumentation.
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Equation1. G(7) =1+ be~2Dra*t

where b is a constant dependent on the instrumentation, Dr is the translational

diffusion coefficient, and q is the scattering vector.

kT
3nnDr

Equation 2. R, =

where Ry is the hydrodynamic diameter (m), k is Boltzmann’s constant
(m%kg/K's?), T is the absolute temperature (K), 1 is the viscosity (Pas), and Dris the
translational diffusion coefficient (m/s?). In DLS, the measured time-dependent changes
in light scattering are fit to an autocorrelation function from which the diffusion
coefficient is determined, and the Stokes-Einstein equation is used to calculate the

particle hydrodynamic radius.
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Figure 17. Schematic of a typical DSL instrument. Reproduced with permission from Bhattacharjee,
2016",
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1.3.2 Size-Exclusion Chromatography Multi-Angle Light Scattering

Size-exclusion chromatography multi-angle light scattering (SEC-MALS) can be
used to obtain the absolute molecular weight and hydrodynamic radius of molecules in
solution?9'82, SEC-MALS is a powerful technique that utilizes size-exclusion
chromatography (SEC) as a fractionation step that prior to light scattering measurement.
Performing SEC on a sample before measuring light scattering allows for the separation of
different sized species, and with adequate peak separation, light scattering can be

measured on individually fractionated populations of molecules.

SEC-MALS measures static light scattering (SLS), which measures the time-
averaged light scattering intensity of a population of particles?. The advantage of
measuring scattering over several angles as compared to a single angle is that the radius
of gyration of the molecule can be calculated and this can be used to determine the molar
mass of the particle scattering the light. In addition to SLS, SEC-MALS also employs a
refractive index and UV absorbance detector for concentration determination. SLS yields
information about the weight-averaged molecular mass of the particle, which makes SEC
an integral step to assure that homogenous samples are being measured. In series, these
three detectors elucidate information about hydrodynamic radius, molecular weight, and

oligomerization, if present.

For SEC-MALS studies of IMPs, the membrane mimetic that the protein is

solubilized in must be considered. Molecules used to solubilize IMPs such as detergents
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will form a detergent shell around the protein. Because of this, solubilized IMPs can

appear to have a larger M; after analysis of the LS/RI/UV data. To address this issue, a
(Z—Z) refractive index calibration is applied, which relates changes in the RI to changes in
protein concentration, with the latter being monitored by UV absorbance at 280 nm.
(Z—Z) calibrations are carried out in the sample buffer containing the IMP solubilization

agent in the presence of standard proteins. From this, the light scattering caused by the
detergent shell is separated from the light scattering of the protein; the protein’s

molecular mass can then be accurately determined using the following relationships'3.
Equation 3. MM, = k; @S)

@

dc)app (RD)

. an (RD)
Equation 4. (E)app = sz(U_V)

where MM, = the molar mass of the protein, k, and k, = calibration constants, LS = the

signal from the light scattering detector, RI = the signal from the refractive index

d . : : e
detector, (d—Z) = the apparent refractive index increment of the protein-solubilizing
app

agent complex, A = the extinction coefficient of the protein, and UV = the signal from the

UV absorbance detector.

By combining equations 2 and 3, the molar mass of the protein surrounded by

solubilization agent (MMjpp), as well as its oligomeric state (N) can be calculated.
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. K(LS)(UV)
Equation 5. MM, = AT

MMy,
MM

Equation 6. N =

where K = a calibration constant, and MM = the molar mass calculated using the protein
sequence. Knowledge of the protein sequence is required for calculating N and the

extinction coefficient, A'®4 in equation 4.

From (d—n

dc) the quantity of solubilizing agent (§) surrounding the protein can be
app

approximated as follows:

Y app— D)
Equation 7. § = -4 P2 —dcPP
(E)detergent

Where § = the mass (g) of associated solubilization agents in the detergent shell per gram

. d . o o
of protein, (d—Z)pp = the specific refractive index of the proteins in the sample buffer

o d . .
(calculated from a calibration step), (d—rcl) detergent = the specific refractive index of the

solubilizing agent associated with the protein.

The mass of the protein/detergent complex (MMcomplex) can be determined with Equation

7.

Equation 8. MM ,mpiex = MMy, (1 + 6)
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1.4 Small Angle X-Ray Scattering

Similar to the SEC-MALS experiments described in Section 1.3.2, small angle X-ray
scattering (SAXS) experiments are often done in-line with a pre-separation SEC step in
order to separate and collect X-ray scattering data from differently sized species in a
sample. Samples are irradiated with highly collimated x-rays, ideally from a synchrotron

source, and the scattering intensity (I) is collected at multiple small angles's.

For data presentation, the scattering intensity I(s) of the protein is usually plotted
. « ”» L . 9 .
against the “momentum transfer” or scattering vector, (s) where s = 4msin(3), 28 is the

scattering angle and A is the x-ray wavelength'®®. The one-dimensional scattering curves
contain low resolution information about the three-dimensional structure of a particle
because the particles are undergoing rapid Brownian dynamics. The scattering curve is
dependent on the distribution of electrons in the molecule averaged over all orientations
but because there are no x-ray lenses to refocus the scattered x-rays, the scattered x-rays
cannot be used to directly reconstruct an image of the protein. Instead, the scattering
curves are fitted to low-resolution ab initio protein models generated by algorithms with
the use of beads that simulate the scattering of the protein and the solvent. The low-
resolution images reliably report on the size and shape of the molecule, yielding
information such as molecular weight, maximum molecular dimension (Dmax), and radius
of gyration (Rg). The low-resolution SAXS models can also be fit with high resolution

structures obtained via X-ray crystallography or NMR spectroscopy where available'®7.

61



AQPo has been modeled with the detergent halo using SAXS and these results have been

helpful for the analysis of several other membrane proteins889,
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1.5 Negative-Stain Transmission Electron Microscopy

Negative-stain electron microscopy (negative stain EM) is often used to quickly screen
samples for their suitability for cryo-electron microscopy (cryo-EM) studies but is also
valuable for examining protein homogeneity, oligomerization, and structure'9®'9, Protein
samples are adsorbed onto an EM grid, enveloped by a layer of electron-dense heavy
metal solution such as uranyl acetate, and dried. This results in a high contrast between
the electron-dense background and the particle. The background scatters electrons more
intensely and so particles appear lighter in the images as they have lower electron
scattering power. Stain may also accumulate in exposed grooves within the particle,

causing irregular contrast and the ability to visualize some particle details.

Subsequent to image acquisition, negative stain image classification can be conducted
on the set of collected images using mathematical algorithms that compare the pixel
intensities of the images'9>. Image classification can be used to compare the acquired
images to projections of high-resolution structures. Image classification and class
averaging also increases the signal-to-noise ratio of the images and permits finer details
to be observed in the images. It also is the only way to assess the heterogeneity of samples
that can arise from a number of sources, including conformational differences, multiple
oligomers, and differences in orientation on the grid. In some cases, the class averages
can be used to construct low resolution (approximately 20 A) 3D models of a protein or

complex, as long as the sample is monodisperse'3. 3D model generation is possible when
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particles orient randomly on the grids, providing a variety of views and negating the need

for additional imaging at different angles.
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1.6 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a biophysical technique that monitors
the heat flux, or power, to a sample as a function of time and temperature'9+. As
temperature is changed, the DSC apparatus measures the heat either absorbed or
emitted from the sample which is based on the temperature difference between the

sample and a reference cell.

There are two classes of DSC: heat-flux and power compensated. Heat-flux DSCs
have a sample cell and an empty reference cell that are placed on a thermoelectric disc
and surrounded by a furnace'®. As the furnace heats, the heat will transfer through
the thermoelectric disc at equal rates to the reference cell and the cell containing the
sample's. However, the temperature difference between the cells due to the heat

capacity of the sample, which can be measured by area thermocouples. The heat flow
resulting from this can be measured by q = AITT where q is the sample heat flow, T is

the difference in temperature between the sample and the reference, and R is the
resistance of the thermoelectric disc'%. Power compensated DSCs contain sample and
reference cells that are heated by separate furnaces. Both cells are kept at the same
temperature, and differences in the thermal power required to maintain the same

temperature in the cells are plotted as a function of temperature or time'?7.
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DSC is used regularly to measure the thermal stability of proteins and explore
protein folding'9®-2°°. For IMP studies, DSC can be used to test the thermal stability of
proteins of interest in different detergents and other solubilizing agents, where a
higher thermal melting point is indicative the superior stabilization of one solubilizing
agent over another>°-2°2, DSC can be used to test the stability of membrane mimetics
and their potential in IMP studies>3. In particular, it was found that lipid nanodiscs
(see Section 1.8.6) retained the thermodynamic characteristics of a lipid bilayer and
may be more suitable for solubilizing IMPs than lipid vesicles. Here, the thermal
melting points of GF in a variety of solubilizing agents were measured via power-

compensated DSC.
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1.7 Studier’s Autoinduction Method

The following section describes the background and methods used to overexpress

GF in E. coli cells.

In 2005, William Studier developed a set of defined media that can be used to
optimize the screening process for proteins of interest?°4. Screening processes commonly
require parallel cultures to indicate which target proteins, if any, express well and would
be useful to scale up to multi-milligram amounts for structural studies such as X-ray
crystallography and NMR spectroscopy. Parallel studies can be laborious when growth
rates, and therefore induction times, vary. Studier discovered a cause of unintended
induction by trace amounts of lactose observed in complex media and optimized defined
media for parallel studies that would reliably induce the cells for overexpression of the

target protein at high cell densities.

The lac operon is commonly used in the overexpression of recombinant proteins in
E. coli*°5. In the absence of glucose, E. coli can metabolize lactose as a carbon source.
When taken up into the cell, lactose is metabolized to allolactose which activates
transcription of the lac operon, which contains the genes that transcribe the lactose-
metabolizing machinery. To begin transcription, the lac promoter (lacUV5) recruits RNA
polymerase for transcription of the lacZ, Y, and A genes. The lac promoter is used in the
inducible T7 RNA polymerase (T7 pol) system in recombinant cells for overexpression of

target proteins in E. coli. The lacUV5 promoter regulates transcription of T7 pol in the E.
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coli chromosome. T7 pol is an extremely active polymerase with high fidelity for its
promoter. In the absence of lactose, the endogenous lacl repressor will bind to the lacUV35
promoter upstream of the gene of a target protein inserted into an expression plasmid,
which is downstream of the T7 pol promoter. Cell cultures are typically induced in the
mid-log phase with a molecular mimic of allolactose, isopropyl B-D-1-
thiogalactopyranoside (IPTG); after induction, cell growth slows and overexpression of

the protein of interest commences>°°.

Studier developed both non-inducing and auto-inducing media. Autoinduction
circumvents the need to induce cells with IPTG in the log phase. Studier’s medium
contains glucose, lactose, and glycerol. Enough glucose is provided to the cells to grow to
a high density, but, when the glucose runs out, lactose (present in small amounts) will
enter the cell to be metabolized as a carbon source. This induces transcription, and
expression of the target protein takes precedence over cell growth. Glycerol is provided as

a carbon source to the cells to support growth after induction.

Studier’s autoinduction media was shown to increase protein yields compared to
IPTG-induced media. It is also useful in high-throughput testing for various proteins for
structural studies, as well as the overexpression of generally poorly expressing membrane
proteins. Studier also described other media designed to overexpress target proteins with
selenomethionine or isotope labels incorporated in them for X-ray crystallography or

NMR, spectroscopy respectively°7.
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1.8 Detergents and Other Membrane Mimetics

The first sections of this chapter outlined the importance of the cell membrane
and its function, as well as the two largest components that make up the membrane:
phospholipids and IMPs. Section 1.1.5 touched upon the variable composition of
membranes in prokaryotes and eukaryotes, the phospholipids that comprise them, and
the membrane proteins whose functions are tied to their localization in the cell or
organelle. Previous sections also outlined the importance of studying membrane protein
structure and dynamics to glean insight into the diverse functions of IMPs responsible for

maintaining cell health and their roles in a variety of disease states.

To study membrane proteins, they must be extracted from the membrane; because
of their unique native lipid environment, IMPs have highly hydrophobic surfaces and
therefore require a solubilizing agent to remain in solution®. To this end, amphipathic
molecules such as detergents have been used to disrupt and extract IMPs from the lipid
membrane and solubilize them for structural and dynamics studies. The following
sections will give a brief overview of the types of agents used in this work and those

commonly found in the literature to extract and solubilize IMPs.
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1.8.1 Detergents

Detergents are amphipathic molecules with a hydrophilic head group and
hydrophobic tail; their structure allows them to insert into and extract IMPs from the
lipid membrane bilayer2. Historically, detergents have been used to extract and solubilize
IMPs, and they remain the most common solubilizing agent used in IMP studies (Figure
18). Detergents can be broadly classified as non-polar, zwitterionic, and ionic, where non-
polar detergents are considered gentle in that they disrupt protein-lipid and lipid-lipid
interactions but do not disturb protein-protein interactions, essentially maintaining the

native state of the protein°8.
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Figure 18. Detergent extraction and solubilization of IMPs from the lipid membrane. 1-4
show the effect of increasing the concentration of a detergent (green) to initiate the extraction of
three different IMPs (red, blue, and orange) from the lipid membrane (black). Steps 5 and 6 show the
extracted IMPs solubilized in detergent micelles. Reproduced with permission from Popot, 2018%.
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Detergent structures vary widely, but detergents can be characterized by a number

of parameters. The critical micellar concentration (CMC) of a detergent is the

concentration at which detergents spontaneously form micelles?, provided that the

sample is above the critical micellar temperature (CMT). Micelles are pseudo-spherical

clusters of detergent monomers where the detergent head groups form a hydrophilic

outer surface and sequester their hydrophobic tails within?°. The CMC is the parameter

used when selecting detergents for extraction and purification, though the number of

molecules making up the detergent micelle, or aggregation number N, and micelle size

(usually reported as My) are also taken into consideration?°8, The detergents and their

properties used in this work are listed in Table 3.

Table 3. The detergents explored in this work and their properties.

Detergent CcMC Aggregation Micelle Size
(mM) Number (kDa)

n-Dodecyl-3-D- 0.17 79-149 72

Maltopyranoside (DDM)

n-Octyl-BD-Glucopyranoside 18-20 27-100 25

(0G)

Sodium Dodecyl Sulfate (SDS)*  6-8 62 18

n-Dodecyl-N-N- 1-2 76 17-22

Dimethylamine-N-Oxide

(LDAO)

Lauryl Maltose Neopentyl 0.01 Unknown o1

Glycol (LMNG)

Decyl Maltose Neopentyl 0.036 Unknown Unknown

Glycol (DMNG)

Dodecyltrimethylammonium 16 48 Unknown

Bromide (DTAB)®

'Data taken from Anatrace website with the exception of  ThermoFisher Scientific and ® Moulik, et al.,

1995°%.
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It should be noted, however, that successfully extracting and solubilizing IMPs
using detergents does not necessarily guarantee that the protein remains natively folded
and maintains its function. In fact, it has been shown that lipid-protein contacts are
important in a number of IMPs with varying roles in cells*°=>3. Detergent solubilization
frequently strips away natively interacting lipids, which may also compromise the native
structure based on changes in the lateral pressure and hydrophobic mismatch°8. Though
detergents have been used extensively in IMP research, other solubilizing agents that
might provide an environment that better parallels the native lipid bilayer are being

explored and developed.
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1.8.2 Styrene Maleic Anhydride Lipid Particles

Styrene maleic anhydride lipid particles (SMALPs, Figure 19) are novel solubilization
agents that are touted as a detergent-free method*+. The SMA polymer is an amphipathic
molecule that has been shown to insert into lysed cell membranes and encircle the lipids
surrounding IMPs, solubilizing and stabilizing proteins in their native lipid
environment?4, which eliminates the need for extraction from the membrane and
solubilization via a detergent. SMALPs have been used to prepare membrane proteins to
probe conformational dynamics via electron paramagnetic resonance (EPR)
spectroscopy®5, structural assays via negative stain EM*, solid-state NMR?7, and for sub-
nm modeling of IMPs using single-particle cryo-EM?8, Recently, three different proteins
were extracted from the E. coli inner membrane and the phospholipids associated with
each protein was analyzed®9. The authors showed that each protein was removed from
the membrane with a distinct phospholipid profile, whereas the SMALPs show no
preference for any of the lipids. This supports the view that integral membrane proteins
preferentially interact with specific lipids that may be important for maintaining them in

their native conformation.
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Figure 19. Styrene maleic anhydride lipid particles (SMALPs) are used to solubilize IMPs in
their native lipid environment. Left: the structure of the SMA co-polymer. Right: a SMALP, where
the SMA co-polymer is shown as a blue band and the lipids in the center are shown as space filling
models. Reproduced with permission from Jamshad et al., 2015>*°.
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1.8.3 Liposomes

Liposomes are composed of hydrated lipids that can form one or more bilayers
encircling a small volume of water (Figure 20)**.. The diameters of these artificial
spherical vesicles can be tuned to range from nanometers to several micrometers,
depending on the preparation. They have been used to solubilize many membrane
proteins in their active conformations, including members of the aquaporin family. E.
coli aquaporin Z has even been inserted into liposomes that were subsequently
immobilized on a polydopamine membrane to create a novel water-purification
system??2, Liposomes are a suitable bilayer mimetic, but are large and viscous, and are
not amenable to solution NMR spectroscopy, X-ray diffraction and some other
structural tools. Recently, solid-state NMR methods have been used to probe the
structure and dynamics of liposome-embedded proteins and this is dealt with in further

detail in Section 1.2.3.

Figure 20. Structure of a model liposome. White spheres are the hydrophilic head groups of
the phospholipids and yellow lines are the hydrophobic tails. Adapted from Bitounis, et al., 20123,
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1.8.4 Bicelles

Bilayered discoidal mixed micelles, or bicelles, were first described in 1995 as a
potential solubilization method for IMP structural studies via NMR spectroscopy®*+. As
indicated in Figure 21, mixtures of long and short chain lipid, or detergents and lipids, do
not always form the classical micelle structure but instead the long-chain lipids form
small lipid bilayers surrounded by the detergent or short-chain lipid. The size and shape
of the bicelles depends on the lipid:detergent ratio, or q ratio, in addition to other
physical parameters such as temperature, hydration level, and ionic strength29-2.
Isotropic bicelles can be used in liquid NMR studies**4, and magnetically oriented bicelles
are amenable to solid-state NMR studies4>22%. The Protein Data Bank contains several X-
ray diffraction structures of membrane proteins crystallized from bicelles including
bacteriorhodopsin®?7, LeuT>?8, and the Voltage-Dependent Anion Channel-2229. Bicelles
provide a physiologically relevant environment compared to detergent micelles and may

be superior in retaining the native structure of IMPs.

Figure 21. Representation of an IMP (red, orange) solubilized by a classical bicelle. Long-
chain lipids (grey circles and black lines) form a bilayer surrounded by short-chain lipid or detergent
(green circles and black lines). Adapted from Piai, et al., 2017>°.
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1.8.5 Amphipathic Polymers

Amphipathic polymers, or amphipols, were shown to solubilize and reasonably
stabilize four different IMPs in the absence of detergent®'. They were initially used in a
number of attempts to study membrane proteins by solution NMR spectroscopy2, but
have recently found success in the preparation of proteins for structure determination by
cryo-electron microscopy>3. Amphipol-solubilized enzymes have been shown to retain
their enzymatic activity, though in some cases activity appears to be dampened compared

to detergent-solubilized or bicelle-incorporated IMP»4235,

Amphipols are relatively short, linear, amphipathic polymers that contain
randomly placed hydrophobic and hydrophilic units (Figure 22)%°. These polymers are
highly soluble, negatively charged, and encircle IMPs to maximize interactions between
the hydrophobic subunits of the polymer and the membrane-interacting (hydrophobic)
surface of the IMP (Figure 23). The hydrophilic moieties in the polymer interact with the

aqueous solution to keep the Amphipol-IMP complex soluble.

The most commonly used amphipol, A8-35, is a polyacrylate chain containing
randomly-incorporated isopropylamine and octylamine side-chains. Each chain contains
approximately 35 subunits. About 1/3 of the subunits are unreacted and bear a negatively
charged carboxylate at pH 7. The chains self assemble in water to form micellar

aggregates containing about 9 A8-35 chains’.
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Figure 22. Structure of amphipol A8-35. The polymer is comprised of randomly distributed
groups where the molar percentages of x = 35%, y = 25%, and z = 40%. Reproduced with permission
from Le Bon, et al., 2018>3%.

Figure 23. IMP OmpX solubilized by amphipol A8-35. Amphipols form a belt around the
exposed hydrophobic surface area of IMPs to solubilize them. OmpX is shown in green; red spheres
are the octyl chains of the amphipol, grey spheres are isopropyl chains, and blue spheres are the
carboxylate moieties of A8-35. Reproduced with permission from Popot, 2018%.
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1.8.6 Lipid-Protein Nanodiscs

Lipid-protein nanodiscs (LPNs) are similar to bicelles in that they are comprised of
a solubilized lipid bilayer but instead are encircled by two copies of a membrane scaffold
protein (MSP), which are amphipathic a-helical proteins that shield the hydrophobic tails
of the lipid molecules from the aqueous solution? (Figure 24). MSPs are derived from
human serum apolipoprotein A1 (Apo-A1), the main constituent of High Density
Lipoproteins (HDL) responsible for the transport of triglycerides, phospholipids and
cholesterol in serum?39. LPNs are a particularly intriguing membrane mimetic in that the
size of the solubilized lipid bilayer can be adjusted by modifying the length of the MSP

used?4°,

Figure 24. Lipid-protein nanodisc-solubilized bacteriorhodopsin (lime green), a 7-TM IMP.
The lipid bilayer is shown as light grey. Two MSP monomers are shown in ribbon format in cyan and
dark blue. With permission from Nath, et al., 2007°%.
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The image of a nanodisc shown in Figure 24 is based on extensive characterization
by DSC23241) SAXS?42, MD simulations#, solid-state NMR spectroscopy?#+245, and mass
spectrometry?4°, The structure and dynamics of membrane proteins solubilized in
nanodiscs were probed by hydrogen-deuterium exchange mass spectrometry>4’, cryo-
EM>24, solution NMR spectroscopy+8249, SAXS?°, and solid-state NMR spectroscopy?>'.
Although bacteriorhodopsin could be crystallized directly from nanodiscs for structure
determination®?, X-ray diffraction has not been widely applied to the structure
determination of membrane proteins solubilized with the use of lipid nanodiscs. One
limitation of this technology is that the sizes of the nanodiscs range from 7 - 13 nm;

large or oligomeric proteins may not be amenable to solubilization in these materials.

79



1.8.7 Random Heteropolymers

In 2018, Panganiban et al. reported a novel polymer that was used in place of
detergent to promote the folding of AQP1 during cell-free protein synthesis>3. The
expression and correct folding of AQP1 was monitored by the fluorescence of green
fluorescent protein (GFP), which was fused to AQP1. They found an increase in
expression and stabilization of AQP1 when their novel polymers were added to the cell-

free synthesis mixture.

To develop these polymers, Panganiban et al. analysed the surfaces of water-
soluble proteins and determined the size distributions and distances between charged
and hydrophobic patches. The polymers consist of four monomers with varying
hydrophobic character; the monomers are incorporated into the polymer with a fixed
distribution based on the average surface characteristics of water-soluble proteins. The
four monomers are methyl methacrylate, oligo(ethylene glycol) methacrylate, 2-
ethylhexyl methacrylate and 3-sulfopropyl methacrylate (Figure 25). Though the overall
ratio of monomers in the polymer is known, the sequence in which they are added is
random and varies from preparation to preparation; thus, the polymers are termed
random heteropolymers (RHPs). RHPs were designed with the characteristics of
intrinsically disordered proteins in mind: high flexibility within the chain to allow for
changes in conformation to maximize favourable interactions between the polymer

subunits and the hydrophobic and charged patches on the protein of interest’s surface. It
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was envisioned that these polymers would be able to solubilize water-soluble proteins in

organic solvents and IMPs in water.

Py
TR

Figure 25. Structure of random heteropolymers (RHPs). The molecular structure of the four
polymer subunits (i-1) of varying hydrophobicity in RHPs, which are added to the polymer with fixed
distributions and random sequences. Reproduced with permission from Panganiban et al., 20183
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1.9 Purpose of the Research

Despite the many roles that IMPs play in the cell, there is still much to be learned
about the mechanisms by which they function. The importance of elucidating atomic
motions that enable their biological activity has been highlighted, as IMPs have been
implicated in a number of human diseases. There are, however, reasons that only 1% of
unique structures deposited into the PDB are IMPs and why so little is known about their

dynamics.

First, most endogenous IMPs are expressed in low amounts. In some cases,
overexpression in a host cell is toxic?4. To probe structure and dynamics at the atomic
level, common methods require mg amounts of protein. Methods such as NMR
spectroscopy require expensive isotope labels which are added to the growth media. This
can be cost prohibitive if mg quantities of target protein can only be obtained by growing

multiple litres of cell culture.

Second, IMPs require a membrane-like environment. In the absence of a
solubilizing agent such as a detergent, IMPs will irreversibly aggregate and precipitate
due to the large exposed hydrophobic surface and the hydrophobic effect. In some cases,
IMPs will even remain unfolded in an attempt to maximize the number of favourable
interactions between hydrophilic residues?s>. Some studies suggest that although IMPs
are properly folded when solubilized by detergent micelles, they may not retain their in

vivo biological activity?>s.
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Third, and alluded to in the section above, is the tendency of IMPs to aggregate
irreversibly in solution. While novel solubilizing agents and membrane mimetics have
been developed, IMPs behave differently in the presence of different solubilizing agents;
their solubility often requires empirical determination and is context-dependent"4. Owing
to the lack of a true mimetic of the native lipid membrane environment, the hydrophobic
surface area can be improperly shielded, encouraging interaction of the exposed

hydrophobic areas.

The overall purpose of this work was to probe the dynamics with atomic resolution
of E. coli glycerol facilitator using liquid or solid-state NMR spectroscopy. The work
presented will outline the methods used to optimize GF expression, purification,
solubilization, and characterization of its oligomeric state for NMR spectroscopy studies
as well as present the characterization of the GF octamer and preliminary 2D DARR NMR
spectra of LMNG-solubilized GF. It is our hope that studying the dynamics of GF, a
bacterial protein expressed in a system that allows for high yields, easy mutation, and
requires no post-translational modifications, will lay the foundation for studying the
structure and dynamics of analogous proteins and other IMPs via solid or liquid NMR

spectroscopy.
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Chapter 2: Materials and Methods

2.1 Materials

Dodecyl-B-D-maltoside (DDM), tetradecyl-B-D-maltoside (TDM), imidazole, and
isopropyl B-D-1-thiogalactopyranoside (IPTG) were purchased from Gold Bio (St. Louis,
MO). Octyl-B-D-glucopyranoside (OG), sodium dodecyl sulfate (SDS), 40%
acrylamide/bisacrylamide, poly(ethylene) glycol 2000 (PEG 2000), Triton X-100,
lysozyme, RNAse A, DNAse I, and a-lactose monohydrate were purchased from Sigma
(St. Louis, MO). BL21(DE3) competent cells were purchased from New England Biolabs
(Ipswich, MA). Topio E. coli storage cells were purchased from Invitrogen (Waltham,
MA). Isotopically labelled amino acids, glucose, ammonium chloride, glycerol, and
deuterium oxide were purchased from Cambridge Isotope Laboratories (Tewksbury, MA).
1000x metals solution was purchased from Teknova (Hollister, CA). Amphipol A8-35,
PMAL C-8, lauryl maltose neopentyl glycol (LMNG), decyl maltose neopentyl glycol
(DMNG), lysomyristoylphosphatidylcholine (LMPC), dodecyltrimethylammonium
bromide (DTAB), and the 101 LMNG:CHS (cholesteryl hemisuccinate) mixture were
purchased from Anatrace (Maumee, OH). Lauryldimethylamine-N-oxide (LDAO), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC), and E. coli polar lipid extract were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL). Ni-NTA agarose resin was purchased from Qiagen (Venlo,

Netherlands). Sodium chloride, sodium azide, sodium phosphate, Amicon® Ultra-4
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Centrifugal Filter Units, Amicon® Ultra-15 Centrifugal Filter Units, Coomassie Brilliant
Blue R-250, and Coomassie Brilliant Blue G-250 were purchased from MilliporeSigma
Canada (Oakville, ON). Bio-Beads SM2 were purchased from Bio-Rad (Hercules, CA).
Phenylmethyl-sulfonyl fluoride and sodium cholate were purchased from ThermoFisher
Scientific (Waltham, MA). The plasmids for the nanodisc MSPs (Membrane Scaffold
Proteins) were a gift from Stephen Sligar (pMSP1E3D1: Addgene plasmid # 20066;
http://nz2t.net/addgene:20066; RRID:Addgene_20066, pMSP1D1: Addgene plasmid #
20061; http://n2t.net/addgene:20061; RRID:Addgene_20061, pMSP2N2: Addgene plasmid
# 29520; http://nz2t.net/addgene:29520; RRID:Addgene_29520.) C43 (Walker) cells were
kindly provided by Fraser Ferens and Deb Court (Department of Microbiology, University
of Manitoba). Random heteropolymers (RHP) were provided by Professor Ting Xu

(University of California, Berkley).
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2.2 Methods

2.2.1 Glycerol Facilitator Expression

Initial work was done with GF expressed in E. coli BL21(DE3) pLysS cells
containing a pET28b(+) vector encoding the endogenous GF gene with an N-terminal
Hiss tag, T7 epitope, and thrombin cleavage site (thrombin-plasmid)°. We subsequently
discovered that a mutation had been introduced into the gene sequence, changing
aspartic acid to valine at position 168 in the protein. A new codon-optimized gene was
created (GenScript, Nanjing, China) to correct the mutation and add an N-terminal Hiss
purification tag and TEV cleavage site to the codon optimized, mutation-free GF gene.
The gene was ligated into a pET28b(+) vector (TEV-plasmid) that was transformed into E.
coli BL21(DE3) cells. The M; of this GF construct is 32 523 Da; its pl is 6.64 (both

calculated by (https://web.expasy.org/compute pi/)). No differences in behaviour

between the mutated and native protein were observed in the course of this work.

Twenty-five mL overnight pre-cultures were grown in lysogeny broth (LB) or
terrific broth (TB) at 37°C and shaking at 300 rpm. Studier's autoinduction system>°7 was
used to maximize GF expression in the final cultures. E. coli cultures were grown in
Studier LS-5052 (for preparations of >N and 3C uniformly labelled GF) or C-501750 (for
optimized incorporation of 3C for uniform labelling). All culture media were titrated to
pH 7 before sterilization. Final cultures were inoculated with 5 mL of overnight pre-

culture per litre of final culture and shaken at 300 rpm for 48 hours at 20 °C. Cells were
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harvested by centrifugation at 5000 x g for 15 minutes at 4°C. Harvested cells were lysed
via 3 rounds of freeze-thaw cycles and incubated with lysozyme (150 mg per litre of
culture) for 30 minutes, and DNase (Deoxyribonuclease I) and RNase (Ribonuclease A) (1
mg each per litre of cells) for 10 minutes, with gentle stirring. The pH of the lysate was
monitored between freeze-thaw cycles and maintained at approximately pH 7. Membrane
pucks were prepared by layering the lysate over 70% w/v sucrose and centrifuging at 22
ooo rpm for 60 minutes at 4°C in a Beckman SW 32 TI rotor in a Beckman Coulter
Optima LE-80K Ultracentrifuge. The supernatant was discarded, and the membrane
pucks were stored on top of the sucrose layer at -80o °C. Protein preparation is described

below.

To prepare soluble GF that is expressed in the cytoplasm, a pET28b(+) vector
containing the sequence to express a fusion protein encoding the codon-optimized E.
coli GF gene with an N-terminal TEV cleavage site, His¢ tag, and maltose binding protein
(MBP), and C-terminal apolipoprotein AI*3 (GF-Fus plasmid) (GenScript, Nanjing, China)
was transformed into BL21(DE3) cells. The GF-Fus-containing cells were pre-cultured and
final cultures were grown in LB at 37°C, shaking at 300 rpm. Final cultures were
inoculated with the overnight pre-culture, grown to OD approximately 0.6 and induced
with 1 mM IPTG, then allowed to grow overnight. Harvesting the cells and lysis by freeze-
thaw cycles were carried out as described above, and the lysate was centrifuged at 12 ooo

rpm for 1 hr at 18°C in a Thermo Scientific F14-14x50cy rotor and Thermo Scientific Sorvall
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Lynx 6000 centrifuge or a Thermo Scientific Sorvall Legend XTR Centrifuge using a F15S-

8x50cy rotor.

To explore the effect of the disordered N- and C-termini on the oligomeric state of
GF, a pET28b(+) vector containing E. coli glycerol facilitator with a 19 amino acid
truncation at the C-terminus (CT-) in addition to an N-terminal Hise tag and TEV
cleavage site (GenScript, Nanjing, China) was expressed in Bl21(C43) cells. Overexpression
and membrane puck formation followed the same steps outlined for the Bl21(DE3) cells

containing the TEV plasmid above.
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2.2.2 GF Purification

GF Extraction and Purification

GF was extracted from frozen membrane pucks in 25 mM sodium phosphate buffer
pH 7.4, containing 150 mM NaCl, 0.04% w/v sodium azide (Buffer A), and one of 30 mM
DDM, 20 mM SDS, 20 mM DTAB, 20 mM OG, or 0.05% w/v LMNG and 0.005% w/v CHS
for three hours at room temperature with gentle stirring. Insoluble matter was removed
by centrifugation at 12 ooo rpm for 1 hr at 18°C in a Thermo Scientific F14-14x50cy rotor
and Thermo Scientific Sorvall Lynx 6000 centrifuge or a Thermo Scientific Sorvall Legend
XTR Centrifuge using a F155-8x50cy rotor. The supernatant containing detergent-
solubilized GF was purified using immobilized metal (nickel) affinity chromatography
(IMAC)>7. For studies carried out on DDM-solubilized GF, the resin was first washed
with 30 mL of Buffer A containing 0.5 mM DDM (Buffer A1). The resin was then washed
with the same buffer containing 60 mM imidazole (Buffer Az) until the A.s, was below
o.01. The protein was eluted from the IMAC resin using Buffer A1 containing 250 mM

imidazole (Elution Buffer). 1.5 mL fractions were collected until the A,s, was below o.o1.

To extract GF from the membranes using SMA 2K*4, the membrane pucks were
first homogenized with a dounce homogenizer in buffer containing 50 mM phosphate
buffer pH 8, 500 mM NaCl, and 10% v/v glycerol (SMA solubilization buffer) at a

membrane concentration of 40 mg/mL. SMA 2K was then applied to the homogenized
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membranes at 2.5% w/v, gently inverted to mix, and incubated for 2 hours at room
temperature with gentle agitation. The mixture was centrifuged for 45 minutes at 110 ooo
x g at 4°C in a Beckman SW 32 TI rotor and Beckman Coulter Optima LE-80oK
Ultracentrifuge. The supernatant was applied to the IMAC column pre-equilibrated with
SMA solubilization buffer. The column was washed with SMA solubilization buffer after
the supernatant was applied, and a subsequent wash using the same buffer containing 60
mM imidazole was done. The SMALPs containing GF were eluted from the resin with
SMA solubilization buffer containing 250 mM imidazole at pH 7.5 based on procedures

outlined by Lee et al.>4.

SEC-MALS, negative stain EM, and SAXS studies were done on GF first extracted
from the membrane with DDM as described above. Detergent exchange occurred on the
IMAC column, where Buffers A1 and A2 and Elution Buffer containing 0.05% w/v LMNG
instead of DDM were used. Buffer A1 was used to wash the resin and one resin volume of
buffer was left in the column for one hour at room temperature to equilibrate and allow
for detergent exchange. The same washing and elution protocols were followed after

equilibration using Buffer A2 and Elution Buffer containing 0.05% w/v LMNG.

In screening other detergents and solubilization agents except for LMNG,
detergent exchange occurred at the final elution step in the IMAC column. To obtain
LMNG-solubilized GF, the Buffers A1 and A2 and Elution Buffer contained 0.05% w/v

LMNG. Thirty mL of Buffer A1 containing LMNG was used to wash the column and
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remove impurities. After that wash, another column volume of Buffer A1 containing
LMNG was applied to the column and equilibrated for one hour at room temperature to
allow for detergent exchange. LMNG-solubilized GF was then purified as described above.
For all other detergents, the column was washed with Buffers A1 and A2 containing DDM
and subsequently washed with one column volume of detergent-free Buffer A to reduce
excess DDM. One resin volume of Elution Buffer containing the appropriate detergent
was applied and allowed to equilibrate for one hour before elution from the column. For
all GF purifications, protein yield was calculated with Beer’s Law using absorbance at 280
nm, measured using a Thermo Scientific NanoDrop 2000c Spectrophotometer, and € = 38

305 M*cm™ (calculated from https://web.expasy.org/compute_pi/).

In many cases, GF was further purified by Size-Exclusion Chromatography (SEC)
or purified and characterized by SEC-Multi-Angle Light Scattering (MALS) and this is

described in detail in Section 2.2.3.

GF in Liposomes

Preparation of Mixed Micelles

An E. coli polar lipid extract (Avanti Polar Lipids) was used to form mixed micelles
according to the method described by Doerrler et al.5®. Thin films were formed by roto-

evaporation; lipids were then sonicated for 5 minutes in liposome buffer containing 50
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mM HEPES pH 7.5, 50 mM NaCl, 5 mM MgCl,, and 2 mM [B-mercaptoethanol where the
lipid concentration was 25 mg/mL. The lipids were then frozen in an ethanol/dry ice bath
and thawed slowly to room temperature. Lipid vesicles were homogenized by 5 passages
through a 27-gauge needle and diluted in the liposome buffer to 4 mg/mL. 1 pmol of

DDM per 1 mg of lipid was added to solubilize the lipids and generate mixed micelles.

GF Incorporation into Liposomes

DDM-solubilized GF was added to the mixed micelles where the protein:lipid ratio
was 1:100 (w/w), then the mixture was incubated for 30 minutes at room temperature with
gentle agitation. 80 mg/mL of Bio-beads were added to the mixture to remove detergent
and the mixture was incubated for 2 hours at 4°C. Fresh Bio-beads were added after 2
hours and 16 hours at 4°C. Proteoliposomes were isolated by centrifugation at 125 ooo x g
for 1 hour at 4°C in a Beckman SW 32 TI rotor and Beckman Coulter Optima LE-80K
Ultracentrifuge. The proteoliposomes were resuspended at 0.25 mg/mL of GF in liposome

buffer containing 1 mM B-mercaptoethanol.
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GF in Bicelles

Preparation of Bicelles

Bicelles were prepared according to the method described by Morrison et al., with
a q ratio (DMPC/DHPC), of 0.5 or 4%9. Dried lipids were first hydrated with bicelle buffer
containing 10 mM sodium phosphate pH 7.5, 0.15 mM sodium azide, and 7% D,O (99.9%)
for 2-3 hours. After hydration, 3-5 freeze-thaw cycles with vortexing between cycles were

performed, and the bicelles were stored at -80°C.

Incorporation of GF into Bicelles

Pre-formed bicelles were thawed at room temperature until the mixture resembled
a gel; they were then vortexed briefly to encourage a homogenous phase and kept on ice.
DDM-solubilized GF was added to the bicelles at approximately 5 mg/mL with a bicelle to
protein ratio of 1:4 (v/v). The mixture was gently pipetted and incubated on ice for 30
minutes to allow for reconstitution. Successful reconstitution was checked by measuring

the melting temperature by differential scanning calorimetry.
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GF in Nanodiscs

Preparation of Empty Nanodiscs

Two different membrane scaffold proteins (MSPs) were used that can form two
different sized nanodiscs. MSP1E3D1 and MSP1D1 form nanodiscs with diameters of 12 nm
and 9.5 nm, respectively>+°. MSPs were expressed in BL21(DE3) cells containing a
pET28a(+) plasmid encoding the MSP gene and a Hiss-tag. Pre-cultures and final cell
cultures were grown in TB at 37°C with shaking at 300 rpm. Final cultures were
inoculated with an overnight pre-culture and allowed to grow to OD approximately 0.6,
then induced with IPTG. After induction, the cells were grown for another 2.5 hours. The
cells were then harvested by centrifugation at 5000 x g for 15 minutes at 4°C. After
harvesting, the cells were resuspended in a buffer containing 20 mM sodium phosphate
pH 7.4, 1% Triton X-100, 0.01% sodium azide, 1 mM phenylmethyl-sulfonyl fluoride
(PMSF) to discourage proteolytic degradation, and 5 mg of DNAse I. The cells were lysed
via three 1-minute rounds of sonication; the lysate was then clarified by centrifuging for

30 minutes at 30 000 x g at room temperature.

MSPs were purified from the lysate by IMAC. The nickel resin was first
equilibrated with buffer containing 40 mM Tris/HCl pH 8, 0.3 M Na(l, and 1% Triton X-
100 (MSP buffer A), and the lysate was applied to the column. The resin was washed with

a buffer containing 40 mM Tris/HCl pH 8, 0.3 M NaCl, 50 mM sodium-cholate, and 20
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mM imidazole, then a subsequent wash with a buffer containing 40 mM Tris/HCI buffer
pH 8, 0.3 M Na(l, and 50 mM imidazole. MSPs were eluted from the IMAC column with a
buffer containing 40 mM Tris/HCl buffer pH 8, 0.3 M NaCl, 0.4 M imidazole, and 0.01%
sodium azide. Fractions containing protein were verified using SDS-PAGE, and those
fractions were pooled and dialyzed against a buffer containing 20 mM Tris/HCI pH 7.4,
0.1 M NaCl, 0.5 mM EDTA, and 0.01% sodium azide. Dialysis was done over 24 hours, and
fresh dialysis buffer was used after the initial four hours of dialysis. The protein yield per
purification was calculated using absorbance at 280 nm and Beer’s law (¢ = 21 430 M*cm™
for MSP1D1 and 29 910 M cm™ for MSP1E3D1)%4°, Dialysed samples were concentrated to 1
mg/mL using an Amicon Ultra centrifugal filter (10 kDa MWCO, Millipore Sigma) and

stored at 4°C.

Empty nanodiscs were initially formed with MSP1E3D1 as the surface area of the
nanodisc (8 goo A2) is potentially suitable for incorporation of a GF tetramer. The surface
area of the GF tetramer is approximately 3 920 A2 based on the surface area of a single
transmembrane B-helix (140 A2)24°, and this agrees well with the surface area of the GF
tetramer based on the structure deposited in the Protein Data Bank, PDB ID: 1FX8%.
Nanodiscs were prepared by mixing DMPC with the MSP at a 160:1 ratio, in addition to 20
mM cholate in dialysis buffer with incubation for 1 hour. Bio-beads were added to remove
the detergent and the mixture was allowed to incubate for 18 hours with gentle stirring to
ensure removal of the detergent. Lipid-filled nanodiscs were obtained after removal of the

Bio-beads.
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Incorporation of GF into Nanodiscs

After elution from the IMAC column, the most concentrated fraction of DDM-
solubilized GF based on absorbance at 280 nm was added to the MSP/lipid/cholate
mixture, where the number of nanodiscs was in excess of the number of GF tetramers and
the mixture was equilibrated for 1 hour before the addition of Bio-beads. The mixture was
equilibrated for 18 hours before removal of the Bio-beads, as described above. GF

incorporation was verified by SDS-PAGE and DSC.

Purification of the MBP-GF-ApoA1* Fusion Protein

After centrifugation, the supernatant containing the GF fusion protein was applied
to the IMAC column. Buffers A1 and A2 and Elution Buffer were prepared without
detergent, and the IMAC column wash and elution steps were followed as described

above for GF.
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2.2.3 Characterization of the Stability and the Oligomeric State of Solubilized GF

The oligomeric state of detergent-solubilized GF was determined by size-exclusion
chromatography multi-angle light scattering (SEC-MALS), SDS-PAGE (poly-acrylamide
gel electrophoresis), blue native (BN) PAGE, dynamic light scattering (DLS), and

differential scanning calorimetry (DSC).

Size Exclusion Chromatography-Multi-angle Light Scattering (SEC-MALS)

SEC-MALS measurements were carried out on the fraction eluted from the IMAC
column containing the largest amount of protein based on absorbance at 280 nm.
Samples were centrifuged for 5 minutes at 15 ooo rpm in an Eppendorf centrifuge 5424
with rotor FA-45-24-11 to remove large aggregates. SEC-MALS measurements first gel
filtered samples using a Superdex 200 Increase 10/300 column on an AKTA Pure 25
chromatography system. Gel filtration was done with Buffer A1 pre-filtered through a 0.22
pm filter. The gel filtered sample then passed through the DAWN Heleos-II light
scattering (LS), OptiLab T-rEX refractive index (RI), and UV absorbance detectors in
series. Protein conjugate analysis was performed using the ASTRA software (Wyatt

Technology) (See Section 1.3.2 of the Introduction).
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SDS-PAGE and BN-PAGE

Denaturing gels were run on a Hoefer® Mighty Small II SE 250 mini-vertical gel
electrophoresis unit. Native gels were run on the Mighty Small II or an Amersham ECL

gel box.

SDS-PAGE gel samples were incubated for 10 minutes at room temperature at a 1:5
sample buffer to sample ratio. The sample loading buffer consisted of 50 mM Tris-Cl
buffer pH 6.8, 2% w/v SDS, 0.1% w/v Bromophenol blue, 10% w/v glycerol, and 1% v/v -
mercaptoethanol. Gels were composed of a 5% acrylamide stacking gel and 8% resolving
gel. The gel running buffer contained 25 mM Tris/HCI buffer pH 8.3, 125 mM glycine, and
0.5% w/v SDS. Electrophoresis started at 8o volts until all protein entered the resolving
gel; the voltage was then increased to 150 volts. Following electrophoresis, gels were fixed
with 25% isopropyl alcohol and 10% acetic acid for 20 minutes before staining with

Coomassie Brilliant Blue R-250 to visualize protein bands.

Blue Native gel samples were incubated in 12.5 mM Tris buffer pH 7, 20% w/v
glycerol and 0.02% w/v Coomassie Brilliant Blue G-250, for 10 minutes with a 1:1 buffer to
sample ratio. Pre-cast 4%-12% continuous gels were purchased from GE Healthcare Life
Sciences (used with the Amersham gel box) or GenScript (SurePAGE™ 10-well plates,

used with the Mighty Small II box). Gels were run at 50 volts until all the protein entered
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the gel. The voltage was increased to 200 volts and electrophoresis continued for a further

1-1.5 hours.

Intrinsic Tryptophan Fluorescence

Intrinsic tryptophan fluoresence spectra were measured on a Jasco 810
spectropolarimiter/fluorometer. Sample temperature was maintained at 20°C with a built-
in Pelltier device. GF samples were placed in a 1 cm path length quartz fluorescence
cuvette and spectra were acquired from 300 to 450 nm using a 1 s response time, a 1 nm
data pitch, a scanning speed of 10 nm/min, a bandwidth of 5 nm, and an excitation
wavelength of 280 nm. Samples were equilibrated at room temperature at the new pH for

10 minutes after titration before measuring spectra.

Dynamic Light Scattering

Experiments testing the effect of storage temperature and protein concentration
on the oligomeric state of GF were conducted with a Nano-S Dynamic Light Scattering
system (Malvern Instruments Ltd., Malvern, UK) using 45 pL quartz cuvettes. The
pathlength of the cell is 3 nm. Backscatter detection was measured at an angle of 173°
with a laser at 633 nm. All samples were equilibrated for 10 minutes at 20°C before DLS

measurements were taken. DLS samples were measured in triplicate and averaged.
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For samples used to explore the effect of storage temperature the concentration of
GF in Elution buffer containing 0.5 mM DDM was 97 uM; equal volumes of the sample
were used for storage at room temperature, at 4°C, and -80°C. To test the effect of protein
concentration on the stability and oligomerization of GF, a sample containing Elution
Buffer, 0.5 mM DDM, and 112 pM GF was separated into three aliquots. One aliquot was
not diluted, another was diluted 1:10, and the third diluted 1:100 in Buffer A1 containing
0.5 mM DDM. Half of the volume of each of the three initial aliquots was stored at 4°C to
monitor the effects of dilution and storage temperature. The other halves were kept at
room temperature. All samples were mixed before aliquoting to ensure the even

distribution of GF. DLS measurements were taken as described above.

Thermal Melting of GF in Detergents and Other Membrane Mimetics

The melting temperature of GF solubilized by detergents, bicelles, nanodiscs, and
RHPs was conducted on a Nano DSC (TA Instruments, New Castle, DE). Samples were
scanned from 20°C to 9o°C at a rate of 1 °C/minute in 0.3 mL capillary cells. NanoAnalyze

software (TA Instruments) was used to process the data.

Samples were measured after being eluted from the IMAC column in Elution
Buffer and either 0.5 mM DDM or 0.05% w/v LMNG against a buffer blank of Elution
Buffer and the detergent used. To measure the melting temperature of GF incorporated

into bicelles, the sample was first equilibrated to room temperature after incubation with
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empty bicelles, then measured against a buffer blank containing Elution Buffer and 0.5
mM DDM. The melting temperature of GF in nanodiscs was measured after the final
dialysis step. The buffer blank used was the dialysis buffer outlined above. RHP-
solubilized GF samples were measured after purification from the IMAC column against a

buffer blank of Buffer A and 2 mg/mL of 36 kDa RHP.
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2.2.4 Characterizing the GF Octamer

Negative Stain Electron Microscopy

Sample Preparation

DDM-solubilized GF samples were eluted from the IMAC column as outlined
above. The most concentrated fraction eluted from the IMAC column based on
absorbance at 280 nm was used to prepare negative stain grids. LMNG-solubilized GF
samples were eluted from the IMAC column and fractions containing GF based on
absorbance at 280 nm were pooled and dialysed overnight using 3500 MWCO dialysis
tubing (Fisher Scientific) to remove imidazole. The pooled sample was concentrated
using an Amicon Ultra centrifugal filter (100 kDa MWCO, Millipore Sigma) using a
Sorvall Legend XTR centrifuge (ThermoFisher Scientific) and a TX-750 4 swing out rotor.
Samples were concentrated to approximately 300 pL and gel filtered on the SEC-MALS as
described above with buffer containing 0.05% w/v LMNG to remove aggregates and
assess the quality of the protein. Fractions containing GF tetramers and octamers were

identified by the peak elution position and collected.
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Electron microscopy

Negative stain electron microscopy was carried out by Cynthia Lee Page at the
Boulder Electron Microscopy Services in the Department of Molecular, Cellular, and
Developmental Biology at the University of Colorado under the direction of Professor
Andy Hoenger. Approximately 4 pl of GF diluted 1:100 with SEC-MALS buffer were
adsorbed to a glow discharged continuous carbon copper grid (Electron Microscopy
Sciences, Hatfield, PA). The sample was allowed to adhere for 30 seconds, blotted off,
washed twice with water, then stained with 2% aqueous uranyl acetate for 30 seconds

before blotting dry.

Image data were collected on an FEI Tecnai F20 FEG transmission electron
microscope (FEI-Company, Eindhoven, The Netherlands) operating at 200 kV. Images
were acquired at a magnification of 62 ooox and a defocus of -0.6 pm using a total dose of
approximately 15 to 30 electrons/A2. Images were recorded binned by two on a 4K x 4K
Gatan Ultrascan 895 CCD camera (Gatan Inc., Pleasanton, CA). The resulting pixel size
corresponds to 7.3 A on the specimen. SerialEM software2®° was used to automate the

data acquisition. Images were processed and 2D averages were computed using Relion2%.,
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Size Exclusion Chromatography-Small -Angle X-ray Scattering

Sample Preparation

LMNG-solubilized GF samples were prepared similarly to LMNG-solubilized GF
negative stain EM samples. After dialysis, samples were concentrated with an Amicon
Ultra centrifugal filter (100 kDa MWCO, Millipore Sigma) using a Sorvall Legend XTR
centrifuge (ThermoFisher Scientific) and TX-750 4 swing out rotor and a second gel
filtration step was done. After the second gel filtration step, fractions containing GF
tetramers and octamers were collected based on peak elution position, pooled, and
concentrated using an Amicon Ultra centrifugal filter (100 kDa MWCO, Millipore Sigma)
using a Sorvall Legend XTR centrifuge (ThermoFisher Scientific) and TX-750 4 swing out

rotor to approximately 8 mg/mL.

SAXS Data Acquisition, Processing, and Modeling

In-line SEC-SAXS data were collected by Ewan McRae and Matthew McDougall
(Department of Chemistry, University of Manitoba) at Beamline 21, Diamond Light
Source (Chilton, Oxfordshire, UK). 50 pL containing 8 mg/mL of LMNG-solubilized GF
was passed over a 2.4 mL Superdex 200 Increase column equilibrated with Buffer A1
containing 0.01% w/v LMNG using an Agilent 1200 high performance liquid

chromatography (HPLC) system. The eluted column fractions were injected directly into
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the SAXS beam. Further information about the system can be found here:
https://www.diamond.ac.uk/Instruments/Soft-Condensed-Matter/small-

angle/B21/description.html.

ScAtter (http://www.bioisis.net/users/sign_in/) and the ATSAS suite*6 including

Crysol?®3, Gnom?%4, and Sasref*%5 software were used to process the SAXS data; models of
the GF homotetramer surrounded by the DDM detergent shell were constructed using
the GF crystal structure (PDB ID: 1FX8)8 and the Memprot algorithm?%. The GF octamer

model was created using Pymol (https://www.schrodinger.com/pymol) to generate

symmetry mates.

The LMNG-solubilized GF octamer was built as follows: the CHARMM-GUI
Micelle Builder algorithm?%7 was used to construct an LMNG micelle around the protein
tetramer. This detergent-belted tetramer was superimposed on each half of the X-ray
diffraction octamer model shown in Figure 57 using Pymol2%8. A SAXS scattering curve
was generated using the CRYSOL algorithm?% in the ATSAS package. The resulting
scattering curves had y? values of 9.1. Next, the SASREF algorithm?% in ATSAS was used
to search for conformations of the octamer that best fit the measured scattering curve by
varying the positions and orientations of each tetramer with its detergent belt. This
reduced the x> values to 6.8. The best model had the tetramers and their detergent belts
tilted in a manner similar to that observed in the negative stain EM images shown in

Figure 60. In the final step, models of the protein termini were added. Since the SASREF
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algorithm?2%9 is limited to a maximum of 10 subunits, each of the 8 N-and C-termini were
combined into one continuous amino acid sequence adopting a 3., helical conformation
(to reduce the size of the water box) built using Chimera?7° and energy-minimized with
the GROMACS 5.1.4 molecular dynamics simulation package?”. The simulations were
carried out under periodic boundary conditions at constant temperature (T = 310 K) and
pressure (P =1 bar). A 50 ns MD simulation was then performed on the energy-minimized
structure and 8 conformations were chosen at random from the last 10 ns of the
simulation to represent different conformations of the presumably disordered termini.
The 8 terminal conformations were added to the best fitting SAXS model as described
above. The termini were added either to the interface between the tetramers or to the
surfaces of the octamers in the case where the tetramers interacted through their

periplasmic surfaces.
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2.2.5 Solution and Solid-state NMR Spectroscopy of GF

Solution NMR Sample Preparation

5N isotope-labelled GF was extracted from E. coli membranes with extraction
buffer containing 20 mM SDS followed by purification via IMAC, as described above. The
most concentrated fraction eluted from the column based on absorbance at 280 nm was
added to an NMR tube with 7% D.O and 75 pM 2,3-dimethyl-2-silapentane-5-sulfonate

(DSS); the tube sealed with Teflon tape.

Solution NMR Data Collection and Processing

Solution NMR spectra were acquired on approximately 100 uM SDS-
solubilized GF by Vu To with an Agilent/Varian INOVA 600 MHz NMR spectrometer
using a triple-resonance probehead at 25°C at the University of Manitoba. Heteronuclear
single quantum coherence (HSQC) NMR spectra were acquired over 10 hours with a
spectral width of 16x32 ppm (*Hx®N) with 128 scans and 128 increments in the N

dimension. The standard Agilent/Varian BioPack pulse sequence was used?7=.
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Solid-state NMR Sample Preparation

After elution from the IMAC column, samples containing >N and BC isotope-
labelled GF, based on absorbance at 280 nm, were pooled and dialysed against a buffer
containing 25 mM sodium phosphate pH 7.5, 150 mM sodium chloride, 0.04% sodium
azide, and 0.01% w/v LMNG overnight to remove imidazole and reduce the concentration
of LMNG to 0.01% w/v. After dialysis, the pooled samples were concentrated to
approximately 75 pL using a centrifugal concentrator. This sample was then dialysed
against the same dialysis buffer above containing 50% w/v PEG 2000 to further reduce the
sample volume. Dialysis was stopped at an approximate sample volume of 20 pL. and a

protein concentration of approximately 32 mg/mL.

ssNMR Spectroscopy Data Collection and Processing

Approximately 8 mg of 3C-, >N-labelled LMNG-solubilized GF were packed into a
1.6 mm ssNMR rotor. All NMR spectra were acquired on a 600 MHz Bruker Avance III
spectrometer (Bruker Biospin Ltd.) equipped with a 1.6 mm 40 kHz MAS (Magic Angle
Spinning) probe (Phoenix NMR) at o °C. For all experiments, the 'H go degree pulse was
161.3 kHz at 77.5 W, the 3C go degree pulse was 125 kHz at 315 W, and the N go degree
pulse was 93.6 kHz at 400 W. The MAS rate was 13.333 kHz. The 'H transmitter offset was
set to 2 kHz. Spinal-64 'H decoupling at 110 kHz was used during all acquisition periods.
1D hN and hC CP-MAS spectra were obtained with 256 scans and processed with 60 Hz
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line broadening. The CP contact time for the hN experiment was 1.5 ms. The N
transmitter offset was 7.6 kHz and the SW was 39.7 kHz. The 'H pulse was rectangular
with a 23 W power level. The >N pulse was a 90%-100% linear ramp about 200.6 W. The
CP conditions for the hC experiment were a contact time of 1 ms, a rectangular 28 W 'H
pulse, and a 3C 90%-100% tangent ramp centered at 218 W. The transmitter offset was 15.1
kHz and the SW was 81.5 kHz. 2D DARR (Dipolar Assisted Rotational Resonance) NMR
spectra®”3 were acquired with States-TPPI in the indirect dimension over 4.5 days with a
10 ms mixing time. The transmitter frequency offset was 100 ppm in both directions; the
spectra shown are a summation of four blocks of the experiment with 32 scans and 768
rows. The same hC CP conditions stated above were used. The SW was 81.5 kHz in T, and
80 kHz in T.. The DARR field on the 'H channel was 13.333 kHz. Acquisition times were
24.6 ms in T, and 4.6 ms in T,.. NMR spectra were processed using NMRPipe*74 with an
exponential apodization function of 8o Hz and a 150 Hz Gaussian; the data were zero-
filled in the direct dimension to 8192 points and in the indirect dimension to 4096 points.
The first three points were corrected with linear prediction using 12 coefficients. In the
DARR experiment, magnetization is transferred from protons to 1-bond-coupled 3C and
then transferred through space to nearby 3C. At short mixing times nearby intra-residue
connections are observed but for long mixing times inter-residue connections can be
observed and used for resonance assignment. T> measurements were done with a pseudo-
2D spin-echo experiment. The BC transmitter offset was centered in the CA region at 52

ppm. The refocusing pulse was an Rsnob at 10.15 dB with a width of 637 uS to decouple
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the neighbouring COs and CBs. There was a total of 8 rows acquired, each with 16 scans.
The direct dimension was processed using the same parameters as the hC spectrum. T,
relaxation times were fitted using Topspin Dynamics Center (Bruker Biopsin Ltd.) with an

integral region of 23 to 81 ppm and a calculated T, of 1.8 ms.
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Chapter 3: Results

3.1 Optimizing GF Overexpression

Initial protein expression experiments used BL21(DE3) pLyS cells containing the
thrombin-plasmid. These cells were grown in rich (LB or TB) and Mg minimal media.
Solubilization and purification in DDM resulted in protein yields of approximately 5 mg
of DDM-solubilized GF per litre of cell culture in rich media and 3 mg/L in minimal
media. To improve protein yields, the pLysS cell glycerol stocks were refreshed by re-
plating and preparing new glycerol stocks with well-growing isolated colonies. The
thrombin-plasmid was also purified from the pLysS cells and transformed into BL21(DE3)
cells. Protein yields remained the same after refreshing the pLysS glycerol stocks, clonal

selection, and transformation into BL21(DE3) cells.

The thrombin-plasmid contains the endogenous GF gene, which was sequenced
and found to encode a valine instead of an aspartic acid at position 168>75. A new
construct was created with the correct sequence (V168D), an N-terminal Hise tag, a TEV
protease cleavage site, and was codon optimized. Overexpression of GF with the new
TEV-plasmid in BL21(DE3) cells (TEV-cells) in rich media increased protein yields to

approximately 20 mg/L.
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In this work, Studier media LS-5052 (uniform labelling) and C-750501 (uniform
labelling optimized for maximum incorporation of 3C and additional labelling with 5N)2°4
were screened for production of GF amenable to NMR spectroscopy measurements. All
media were adjusted to pH 7 before sterilization; this was done to prevent acidification of
the cell culture from excreted protons and metabolic waste. TEV-cells grown in LS-5052
and C-750501 reproducibly yielded 30 to 40 mg of GF per litre of cell culture, enough

protein for characterization and NMR studies.
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3.2 Purification of DDM-solubilized, Tetrameric GF

The SEC-MALS elution profile of DDM-solubilized GF shown in Figure 26 shows
that GF exists as a mixture of about equal amounts of tetramer and octamer, and some
larger aggregates, shortly after purification from the IMAC column. Storing the sample for
24 hours at room temperature resulted in visible precipitate. NMR spectroscopy
measurements require samples to remain in solution and stable for several days and up to
one week, in addition to being highly concentrated and isotopically-labelled; a
polydisperse sample such as the one shown in Figure 26 would not likely be amenable to

NMR spectroscopy.
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Figure 26. The SEC-MALS elution profile of DDM-solubilized GF freshly purified from TEV-
cells grown in rich media. The y-axis is absorbance at 280 nm. The major x-axis markers represent
the volume eluted from the SEC column. The minor x-axis makers denote the volumes of fractions
that were collected. Peak (a) corresponds to the GF octamer. Peak (b) is the GF tetramer.

A variety of buffer conditions were screened to discourage GF octamer formation and
precipitation. The following sections describe the optimization of DDM-solubilized GF
homotetramer preparations of protein expressed from TEV-cells grown in LB rich
medium.
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3.2.1 Buffer Environment

We optimized GF solubility using a buffer containing 250 mM sodium phosphate
at pH 7.5 including 25 mM sodium chloride. Based on the polydispersity observed in the
SEC-MALS elution profile in Figure 26, further optimization was required to obtain a

monodisperse DDM-solubilized GF tetramer.

Phosphate Buffer Concentration

Optimization of phosphate buffer concentration and pH considered the range of
pHs required to keep GF soluble and the temperature range over which the buffer is
soluble. GF was previously shown to aggregate irreversibly in solution at low and high
pH?7%; a pH range of approximately 6-8 is required for formation of soluble GF tetramers
and to reduce visible aggregates in the sample to a minimum. Phosphate buffer has a
buffering capacity within this pH range and is physiologically relevant?77. Buffers used in
the laboratory were stored at 4°C to reduce observed microorganism growth in the buffer.
High concentrations of phosphate buffer precipitate at low temperatures, which reduces
the concentration of buffer in solution. Phosphate buffer concentration was optimized to
moderate the pH drop observed in the freeze-thaw cycles during the purification process,
as well as to inhibit precipitation of phosphate buffer at 4°C. Phosphate buffer
concentration was lowered to 25 mM; purification with the new concentration suggested

adequate buffering power during the freeze-thaw cycles with little pH change and no
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visible precipitate after storage at 4°C. Sodium azide (0.04% w/v) was also added to the
buffer to discourage microorganism growth, which also allowed for buffer storage at room

temperature.

Effect of pH

Previous pH titrations of GF followed by SDS-PAGE appeared to show that GF
dissociates into monomers, dimers, and trimers at low pH?7; raising the pH to within the
physiological range resulted in partial reassembly of the tetramer. At pH values greater
than pH 8, visible aggregation was observed. However, the oligomeric state of GF was
monitored via SDS-PAGE, which contains high concentrations of SDS that denatures
proteins and might have contributed to the observed oligomeric state of GF. We therefore
decided to use intrinsic protein fluorescence to monitor the effects of pH on GF tertiary

structure as well as the folding and refolding of the tetramer in the absence of denaturing

SDS.

GF monomers have 5 tryptophan residues (Figure 27) that can be used to monitor
intrinsic GF tryptophan fluorescence over a pH range via excitation at 280 nm. Figure 28
shows the fluorescence intensity of DDM-solubilized GF at the starting, low, and ending
pH’s of the titration (7.4, 3.7, and 7.5 respectively). At pH 7.4, the tryptophan fluorescence
maximum is at 335 nm and contains shoulders at 319 nm and 309 nm at the beginning of

the titration. At the lowest pH (3.7), the shoulders have disappeared, the fluorescence
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intensity is enhanced, and the main peak has shifted to 341 nm. The red shift suggests
that there are more tryptophan residues exposed to water and that the GF tetramer has
dissociated at low pH. This interpretation agrees with the SDS-PAGE results that show
the protein tetramer dissociating below pH 6278, When the sample is titrated back to the
starting pH (7.5), the shoulders at 309 and 319 nm are restored and the main peak shifts
back to 335 nm, but the fluorescence is slightly more quenched than it was at the start of
the titration. These results support the earlier SDS-PAGE results®?® suggesting that much
of the protein can be restored to its neutral pH tetrameric state following acidification.
Unfortunately, the protein is not very stable at acidic pH, forming irreversible precipitates
so that NMR studies on the putative monomer at pH 3.7 were not possible. Note also that
during the titration the amount of Rayleigh scattering at the excitation wavelength

increases, suggesting increasing amounts of aggregated protein.

g W219

¥ w215

Figure 27. Ribbon diagram of the GF crystal structure. Left: the GF homotetramer, viewing
from the periplasm-facing surface. Right: the GF monomer with the periplasmic surface at the top
and the cytoplasmic surface at the bottom. Blue ribbon: transmembrane a-helices and disordered
loops, red spheres: tryptophan residues. (PDB ID: 1FX8).
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Figure 28. A pH titration of GF tryptophan fluorescence was conducted with excitation at
280 nm. Spectra were measured at pH 7.4 (grey dashed line), pH 3.7 (dotted line) and following
restoration to pH 7.5 (solid grey line). At pH 7.4 (grey dashed line) the spectrum shows a peak at
335 nm and shoulders at 319 nm and 309 nm. At pH 3.7 the fluorescence intensity is enhanced, the
shoulders have disappeared, and the main peak has shifted to 341 nm, suggesting greater exposure to
water of some of the Trp. Upon restoration of the pH to 7.5 (solid grey line), the shoulders at 319 nm
and 309 nm reappear, the main peak returns to 335 nm, but the intensity is quenched more than
what was observed prior to acidification.

Sodium Chloride Concentration

SEC-MALS elution profiles of DDM-solubilized GF suggested that the sample was
polydisperse, despite optimization of the phosphate buffer concentration and exploring
the effect of pH on the oligomeric state of GF. Initial GF experiments used 25 mM Na(l,
which is added to promote protein solubility. Several concentrations of NaCl were
explored and optimization led to an NaCl concentration of 150 mM, which also provides
an osmolarity that is a reasonably physiological>7°. The newly optimized conditions led to

SEC-MALS elution profiles of DDM-solubilized GF that contained a single peak
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corresponding to the GF tetramer (Figure 29, top), which, after protein conjugate
analysis, reproducibly yielded an approximate M; of 150 kDa, within acceptable error
limits of the true M; of 128 kDa. Unfortunately, 24 hours later, the SEC-MALS elution
profile of the same sample stored at room temperature showed two peaks corresponding
to the octamer (calculated M, approximately 290 kDa) and the tetramer (Figure 29,

bottom).
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Figure 29. Optimizing the buffer environment for DDM-solubilized GF. Top: the SEC-MALS
elution profile showing a pure homotetramer of DDM-solubilized GF, freshly purified from TEV-cells
grown in rich media, where peak (a) corresponds to the GF homotetramer. Bottom: the sample
from (a) stored for 24 hours at room temperature shows two peaks corresponding to the octamer
(peak b) and tetramer (peak c).
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Imidazole Concentration

Poly-histidine tags are used to purify recombinant proteins on IMAC columns as
the imidazole ring in histidine interacts strongly with the immobilized transition metal
ions?®°, The histidine analog imidazole is used to elute proteins of interest bound to the
resin. However, imidazole also contributes to the salt concentration of the buffer and we
wondered if the imidazole was a factor in the long-term instability of detergent-
solubilized GF. The 250 mM imidazole was removed by gel filtration with a running
buffer containing optimized Buffer A1 (25 mM phosphate buffer pH 7.5, 150 mM NaCl,
0.04% w/v azide) and 0.5 mM DDM or by overnight dialysis against the same buffer. DLS
was used to compare samples stored with imidazole in the buffer with those that were
desalted via SEC. Although DLS is less informative than SEC-MALS, it has the advantage
that measurements can be taken more quickly and does not involve diluting the samples,
which could alter protein self-association. Panel A in Figure 30 shows a DLS spectrum of
Elution Buffer containing 0.5 mM DDM. The peak with an average particle diameter of
6.5 nm is in good agreement with the measured diameter of DDM micelles of 8.1 nm at
22°C, with the known size of the detergent®®', and with earlier measurements in our
group®, The peak at about 615 nm likely corresponds to a rod-like DDM micelle. Rod-
like micelles appear under a variety of conditions including increasing temperature®, salt
concentration, and surfactant concentration®*2%3-28_ Note that larger particles scatter
more intensely than smaller particles (Rayleigh scattering scales to the sixth power of the

diameter) and, therefore, the intensities of the peaks do not directly report the relative
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amounts of the spherical and micellar aggregates'?. Indeed, the number of rod-like

micelles is likely to be very small and the reported relative number of 615 nm diameter

particles is 0%.
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Figure 30. The effect of salt concentration on DDM-solubilized GF self-association. DLS
measurements show the hydrodynamic size of particles distributed by intensity. (A) Elution Buffer
containing 0.5 mM DDM. (B) Freshly prepared DDM-solubilized GF in buffer A containing 250 mM
imidazole prior to desalting by gel filtration. (C) SEC sample (B) suggests a single, homogenous
sample. (D) Sample (C) stored for 5 days at room temperature. (D) suggests that desalted DDM-
solubilized GF remains mostly homogenous with small amounts of higher M, oligomers.

Panel B in Figure 30 shows the DLS spectrum of DDM-solubilized GF upon elution
from the IMAC resin. In excellent agreement with previous results*®? and the known size
of the GF tetramer®>, the major peak appears at about 13.5 nm. The peak at about 712 nm
likely represents rod-like empty micelles and is greatly diminished compared to that
observed in Panel A, presumably because most of the detergent is associated with GF,

although we cannot rule out the possibility that this is a GF-DDM aggregate. A new peak
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observed at about 106 nm likely represents a small amount of aggregated GF, which is also
observed in the SEC-MALS elution profiles (Figure 29). SEC-MALS purification of the
sample in B results in the removal of the aggregated protein giving rise to a preparation
that appears to contain DDM-solubilized tetramers (13.5 nm), some GF-DDM aggregate
(342 nm), and, possibly, some rod-like micelles (615 nm, Figure 30C). Storage of the
protein for 5 days at room temperature results in a broadening of the protein peak that
moves to a higher average hydrodynamic radius of about 18 nm (Figure 30D), suggesting
the appearance of slightly larger protein oligomers, likely to be octamers, judging from
the previous SEC-MALS results (Figure 29, bottom). This sample also contains more
aggregate with average diameter of 255 nm. Interestingly, storing the sample for 5 days
appears to release the DDM, which reforms 6.5 nm diameter micelles. Overall, it
appeared from these experiments that immediately removing imidazole from the
detergent-solubilized sample by gel filtration gave rise to less self-association over time
(Figure 30). However, it cannot be ruled out that diluting the protein by gel filtration may

also have contributed to the reduced self-association.

Effect of Osmolytes

Glycerol is an osmolyte that moderately increases protein stability>3¢ in addition to
being the substrate of GF. Glycerol was screened for its potential in stabilizing DDM-

solubilized GF. The SEC-MALS elution profile of DDM-solubilized GF with 5% w/v
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glycerol added (Figure 31) shows multiple peaks, corresponding to tetramer, octamer, and
aggregates, indicating a polydisperse sample in the presence of glycerol. Thus, it appears

that glycerol increased the protein’s self-association compared to its absence (Figure 29,

top).
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Figure 31. The effect of the substrate and osmolyte glycerol on the oligomeric state of GF.
The SEC-MALS elution profile of DDM-solubilized GF in Buffer A1 and 5% w/v glycerol shows
multiple peaks and suggests that the addition of glycerol does not encourage a monodisperse
sample, yielding octamer (peak a) and tetramer (peak b) and some larger aggregates.

Other Buffer Additives

Baynes et al. proposed the “gap effect theory” which may explain why some buffer
additives appear to improve protein solubility and stability>®’. The gap effect theory
suggests that these additives increase the free energy of protein-protein interactions and

discourage aggregation. In their work, 0.5 M arginine was shown to slow the aggregation
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of protein-folding intermediates as well as reduce the amount of recombinant proteins
being incorporated into inclusion bodies during overexpression. For DDM-solubilized GF
in the presence of 0.5 M arginine, the SEC-MALS elution profile showed that GF elutes as
a single tetrameric peak (Figure 32, top). The sample was stored for three days at room
temperature and gel filtered, and the SEC-MALS elution profile showed multiple peaks
corresponding to higher M; oligomers and possibly a small amount of monomeric protein
(Figure 32, bottom). Thus, 0.5 M arginine was not effective at preventing GF self-

association.
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Figure 32. The effect of 0.5 M arginine on the oligomeric state of GF. The SEC-MALS elution
profile of DDM-solubilized GF in Buffer A1 and 0.5 M arginine. Top: the most concentrated GF
fraction freshly purified by IMAC elutes as a single, tetrameric peak. Bottom: the sample from (top)
stored at room temperature for 3 days and gel filtered. Based on the multiple peaks, the elution
profile shows that the sample has associated to larger oligomers and aggregates and possibly a
small amount of monomeric protein.
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Eliezer et al. were able to stabilize the equilibrium intermediate of a small water-
soluble protein for solution NMR studies by adding 10% v/v ethanol (EtOH) to their
sample*®®. We wondered if addition of ethanol might reduce GF hydrophobicity-mediated
self-association and added 10% EtOH to the GF fractions immediately upon elution from
the IMAC column. Shortly afterwards, visible precipitation was observed in the sample.
When we reduced the EtOH concentration to 5% v/v, no visible precipitation was
observed, and DLS measurements showed that DDM-solubilized GF appeared to remain
predominantly tetrameric (13.5 nm) (Figure 33, top) accompanied by small amounts of 91
nm and 1718 nm diameter aggregates. However, 24 hours later (Figure 33, bottom), visible
precipitate was observed, the smallest diameter particle had increased to 15.7 nm, and a
significant amount of 68 nm aggregate was present, suggesting that ethanol was unable to

prevent GF self-association.
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Figure 33. The effect of 5% v/v ethanol on the oligomeric state of GF. DLS measurements
show the hydrodynamic size of particles distributed by intensity of DDM-solubilized GF in Buffer A1
and 5% EtOH v/v. Top: DDM-solubilized GF in Elution Buffer and 5% EtOH showing the presence
of three different sized species, though most of the particles appear to be GF tetramer. Bottom: the
sample from (top) was stored for 24 hours at room temperature, resulting in a greater abundance of
aggregates and the appearance of visible precipitate in the sample.
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Adenosine triphosphate (ATP) is a putative biological hydrotrope®°. Hydrotropes
are small amphiphilic molecules that work in molar concentrations to solubilize
hydrophobic molecules®®. Addition of 12 mM ATP to the SEC-MALS elution buffer
resulted in a major peak corresponding to LMNG-solubilized GF tetramer, but it was not
well resolved from a broad peak arising from multiple GF higher molecular weight
oligomers (Figure 34). Elution profiles of the protein dissolved in LMNG in the absence

of ATP are shown below.
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Figure 34. The effect of 12 mM ATP on the oligomeric state of GF. The SEC-MALS elution
profile of LMNG-solubilized GF in Buffer A1 and 12 mM ATP suggests a small tetrameric peak and
higher M, oligomer shoulder. The peak eluting at 21 mL is likely ATP.
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Nickel is easily stripped from the IMAC column resin with
ethylenediaminetetraacetic acid (EDTA) when the resin is being regenerated. It is
possible that some nickel could elute with GF as it is being eluted from the IMAC column.
This might cause nonspecific aggregation of GF, possibly by association of the Hiss tags
on the protein. Thus, 1 mM EDTA was added to the IMAC-eluted protein samples to
remove any nickel bound to the Hiss tag and reduce putative tetramer-tetramer
association and further aggregation. The SEC-MALS elution profile in Figure 35 shows a
single tetrameric peak for freshly prepared GF; however, high molecular weight
aggregates and some dissociated species are observed in the SEC-MALS elution profile of
the same sample 24 hours later (Figure 35 top and bottom, respectively). The GF tetramer
contains two putative cation binding sites at the 4-fold symmetry axis in the centre of the
tetramer®> and it is conceivable that removal of bound metal ions by EDTA enhances the

dissociation of the tetramer.
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Figure 35. The effect of 1 mM EDTA on the oligomeric state of GF. The SEC-MALS elution
profiles of DDM-solubilized GF in Buffer A1 and 1 mM EDTA. Top: the most concentrated GF
fraction freshly purified by IMAC elutes as a single, tetrameric peak. Bottom: the sample from (top)
stored at room temperature for 1 day and gel filtered. Based on the multiple peaks, the elution profile
shows that the sample has associated to form higher M, oligomers and aggregates as well as less
associated forms such as monomer and dimer.
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Removal of the Hiss Tag

Affinity tags like poly-His tags used in the purification of proteins are often cleaved
in a separate purification step. The cysteine protease tobacco etch virus (TEV) protease
cleaves its target amino acid sequence Glu-Asn-Leu-Tyr-Phe-GIn-(Gly/Ser) between the
Gln and Gly/Ser residues with high specificity>%°. Thrombin is a serine protease that
preferentially cleaves Arg/Lys-Xaa in amino acid sequences A-B-Pro-Arg/Lys-A’-B’, where
A and B are hydrophobic amino acids and A', B' are nonacidic amino acids and A-
Arg/Lys-B, where A or B are Gly*. Poly-His tags on target proteins are often followed by
a TEV or thrombin cleavage site to enable specific removal of the affinity tag. TEV is
favoured due to its high specificity for its amino acid sequence but has been shown to be
less active in the presence of detergents, which are necessary when studying IMPs.
Thrombin has been shown to remain active in the presence of 94 detergents and would
be amenable to His-tag cleavage in GF, given that there is only one cleavage site
accessible in the sequence?®. However, cleavage of affinity tags on membrane proteins

often fail when the tag is close to the membrane-spanning domain of the protein.

In early work with a thrombin-cleavable Hiss-tag, no attempt was made to remove
the tag owing to the low protein yields and the fact that others in the group had tried and
failed previously. The codon-optimized GF construct containing a TEV-removable Hiss-
tag gave significantly increased yields and attempts were made to remove the Hiss tag to

reduce self-association and aggregation. However, His¢-tag cleavage was unsuccessful
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possibly due to the low activity of TEV protease in the presence of detergents or owing to

the inaccessibility of the cleavage site.

Sample Storage

Temperature

To explore the effects of temperature on GF oligomerization, DDM-solubilized GF
was stored at room temperature, at 4°C, or at -80°C. The polydispersity of samples was
monitored over time via DLS (Figures 36 and 37). After thawing, the samples stored at -
80°C showed visible aggregate and no further measurements were made. DLS
measurements on all remaining samples revealed some level of soluble aggregate, but
suggested that storing GF at 4°C slightly improved GF stability by slowing tetramer-

tetramer association over a period of 10 days.
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Figure 36. The effect of storage temperature on the oligomeric state of GF after 24 hours.
Top: freshly purified DDM-solubilized GF in Elution Buffer showing three different-sized species in
solution, where the most intense peak just above 13.5nm is likely the GF tetramer, the peak at 78.8
nm is an aggregate, and the peak at 712 nm is likely rod-like DDM micelles. Middle: the same
sample from (top) stored for 24 hours at room temperature; visible precipitate is observed in the
sample and the fraction of aggregated species larger than the tetramer has significantly increased.
Bottom: the same sample from (top) stored for 24 hours at 4°C. The sample shows only a small
increase in higher diameter particles compared to the freshly prepared sample from (top).
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Figure 37. The effect of storage temperature on the oligomeric state of GF after 10 days. DLS
measurements show the hydrodynamic size of particles distributed by intensity. Top: compared to
Figure 36 (top), DDM-solubilized GF stored at room temperature for 10 days shows a diminished
tetramer peak (13.5 nm) and two peaks at 43.8 nm and 190.1 nm with significantly elevated intensity
at higher apparent diameters, likely corresponding to different higher M, oligomers. Bottom: the
sample was stored for 10 days at 4°C. The size of the most intense peak (18.2 nm) suggests
significant GF self-association although the most abundant aggregate is significantly smaller than
that observed in Figure 36 (top), suggesting that perhaps storage at 4°C leads to reduced GF
aggregation compared to that at room temperature.
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GF Concentration

Highly concentrated DDM-solubilized GF samples (approximately 100 uM or
more) were observed to visibly precipitate one hour after elution from the IMAC column.
Swift aggregation suggested that there was insufficient detergent in the sample to
adequately solubilize GF, leading to self-association and formation of octamers and
higher M; oligomers. To combat this, samples were diluted 1/10 with Buffer A1 (no
imidazole) and 0.5 mM DDM and stored at room temperature (Figure 38) and 4°C (Figure
39). DLS measurements of samples diluted 1/10 showed no visible aggregate if the sample
was diluted immediately following elution from the IMAC column, compared to
undiluted samples, where slow self-association to octamer and higher M; oligomers over
several days were observed (Figure 39C). In this experiment, based on the DLS
measurements, storing the diluted samples at 4°C (Figure 39) showed little improvement

of GF stability and solubility compared to storage at room temperature (Figure 38).

134



>
w

24
19

14 /\/\
) \
10

1 10 100 1000 10000 1 100 1000 10000

Size d.nm Size d.nm

14

H ©

Intensity (%)
[(o]
Intensity (%)

(@]

.

©
O

19

=
S

14

100 1000 10000 - 1 10000

SN

Intensity (%)
(e}
Intensity (%)

'
=

=
=
o

Size d.nm Size d.nm

Figure 38. The effect of protein concentration on the oligomeric state of DDM-solubilized
GF in Elution Buffer or diluted 1 in 10 with Buffer A1 and stored at room temperature. (A) Freshly
purified DDM-solubilized GF (110 uM) shows a sample that is predominantly tetrameric GF (13.5 nm)
with a small amount of aggregate (91 nm) and some rod-like micelles (712 nm). (B) Sample (A)
diluted 1/10 with Buffer A1 at room temperature contains a higher detergent:protein ratio, more rod-
like micelles at 615 nm, and a slightly more intense aggregate peak at 38 nm. (C) Sample (A) stored
for 24 hours at room temperature showing no aggregate peaks at 50 — 100 nm but a significant
increase in the intensity of the presumptive rod-like micelle peak (459 nm). It is impossible to
discount, however, that this peak reflects a GF-DDM aggregate. The small shoulder at 8.7 nm may
reflect empty DDM micelles. (D) Sample (A) after storage for 6 days at room temperature.

Interestingly, the tetramer has completely disappeared and is replaced by apparent 43 nm, 164 nm,
and 3100 nm aggregates.
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Figure 39. The effect of protein dilution and storage at 4°C on the oligomeric state of GF.
DLS measurements showing hydrodynamic size of particles distributed by intensity of DDM-
solubilized GF in Elution Buffer, diluted 1 in 10 with Buffer A1, and stored at 4°C. Top: an aliquot of
the sample from Figure 38B stored at 4°C for 24 hours shows the tetramer to have been replaced by a
particle with an average apparent diameter of 15.7 nm, a small amount of 106 nm particles, and some
particles with average diameters of 712 nm. There is an increase in aggregate peaks compared to
Figure 38B. Bottom: the same sample from (top) stored for 6 days at 4°C; the relative intensity of
the tetramer peak (13.5 nm) has diminished and the intensity of the aggregate peaks at 24 nm, 525
nm, and 1700 nm have increased compared to 38A and 37B.
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3.2.2 Stabilizing GF in Aqueous Solution

Historically, detergents have been used to extract, solubilize, and stabilize IMPs294.
However, detergents that are proficient at extracting IMPs from the membrane may not
necessarily be amenable to keeping the IMP of interest soluble for an extended period of
time. Many studies published in the literature report extraction with one detergent and
exchange into another detergent or other membrane mimetics such as liposomes,
bicelles, nanodiscs, or polymers295. The following sections outline the various detergents
used to extract GF from the membrane, and the subsequent detergents and other

membrane mimetics tested to improve the solubility and stability of the GF tetramer.

GF Extraction

Octyl-glucoside (OG)

The GF homotetramer crystal structure was solved in octyl-B-D-glucoside®, a non-
ionic detergent with a monosaccharide head group and 8-carbon chain. OG is one of the
more commonly used detergents used to extract IMPs from membranes>°8, However, in
my hands, extraction of E. coli membranes with 20 mM OG for 3 hours at room

temperature yielded insufficient amounts of purified GF for characterization studies.
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Sodium Dodecyl Sulfate (SDS)

SDS is a denaturing, anionic detergent with a 12-carbon tail that is commonly used
to denature proteins for polyacrylamide gel electrophoresis. DDM-extracted GF tetramer
is relatively resistant to dissociation by SDS, with most tetramer dissociating to
monomers only above 40% w/v SDS*76. I used 0.6% w/v SDS to extract GF from the E. coli
membrane. The oligomeric state of SDS-solubilized GF was monitored by SDS-PAGE,
suggesting that, in SDS, GF exists in mostly monomeric form, with minimal tetramer,
trimer, and dimer bands. However, after 24 hours at room temperature, the samples

developed a visible precipitate.

We speculated that GF monomers might be suitable for dynamics measurements
via solution NMR spectroscopy as they are approximately 30 kDa, close to the traditional
protein size limit for solution NMR spectroscopy®¢. Uniformly >N- labelled GF was
prepared using LS-5052 to grow the cells. GF was extracted from the membranes and
solubilized with SDS, then purified by IMAC. Heteronuclear single quantum coherence
(HSQC) spectra were acquired on the SDS-solubilized GF monomers (Figure 40). The
spectrum shows on the order of about 16 intense cross-peaks, another 10 that are weaker
and a broad mass of peaks that are poorly resolved. Visible in the spectra are peaks
corresponding to Asn, Gln and Arg side-chains. Two likely Gly backbone amide
resonances are observed as well as 3 or 4 resonances that are likely Ser/Thr. About 11
other backbone amide resonances are resolved but not identifiable. The resolved

backbone amide resonances likely belong to the flexible N- and C-termini of the protein
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that are expected to have rapid rotational correlation times owing to a lack of structure.
In the X-ray diffraction structure®, 22 residues in the C-terminus and 5 in the N-terminus
are not observed, presumably owing to conformational averaging. In addition to these, we
might also expect to observe 19 residues in the disordered N-terminal Hiss-tag. Altogether
about 20 resonances from the disordered termini are not observed and these may
constitute the remainder of the very broad resonances that are observed in the spectrum.
The rest of the protein resonances are not observed, likely because of a combination of
line broadening owing to conformational exchange, detergent exchange, hydrogen
exchange, and oligomer association. After 10 hours of acquisition, precipitate was visible

in the sample and no further attempts at solution NMR spectroscopy were made.
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Figure 40. HSQC spectrum of SDS-solubilized *N-labelled GF monomers with several
residue-type assignments. The narrow chemical shift range suggests a disordered conformation for

the observable resonances.

Dodecyltrimethylammonium Bromide (DTAB)

DTAB is a cationic detergent with a positively charged head group and a 12-carbon

tail. Twenty mM DTAB was used to extract GF from the membrane but it resulted in poor

protein yields and no further characterization was done.

Lauryl Maltose Neopentyl Glycol:Cholesteryl Hemisuccinate (LMNG:CHS)

Recent publications?97298 reported using a mixture of LMNG and CHS, a

cholesterol mimetic, to extract and purify an ion channel and GPCR and solve their

structures via cryo-EM. Extraction of GF from the membrane using 5% LMNG and 0.5%
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CHS resulted in poor protein yields and no further characterization of the protein was

done.

Dodecyl Maltoside (DDM)

DDM is the most common detergent used to extract IMPs; approximately 30% of
unique IMP structures deposited into the PDB in 2016, 2017, and 2018 were extracted from
the membrane using DDM™4. DDM is a non-ionic and gentle detergent, which consists of
a maltose head group and 12-carbon tail. DDM has been used throughout this work and,
compared to other detergents tested here, was observed to be the best detergent to use to
successfully extract GF from the membrane of E. coli. Protein yields of DDM-solubilized

GF were consistently 30-40 mg/L of cell culture in Studier’s autoinduction media.

SMA 2K

The SMA 2K co-polymer (Figure 41) comprises a 2:1 ratio of styrene to maleic acid
and is the recommended starting SMA polymer to use for initial compatibility tests with
the protein of interest. Purification follows via the affinity tag on the IMP of interest.
SMALP (Styrene Maleic Acid Lipid Particle)-protein solubilization is indicated when the
initially turbid SMA/membrane mixture becomes translucent. Multiple extractions and
solubilization of GF using SMA 2K were attempted, with no visible change in sample

turbidity; incubation times, SMA:membrane (w/w) ratios, and other parameters, such as
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different buffer conditions, were adjusted to encourage GF solubilization via SMALPs

with little success.

- - 11

Figure 41. The structure of the styrene maleic anhydride co-polymer. Styrene maleic
anhydride lipid particles (SMALPs) are used to solubilize IMPs in their native lipid environment>+.

142



GF Solubilization

After extraction from the membrane, GF was solubilized in a variety of detergents
and other membrane mimetics to improve the stability of the GF tetramer and slow the
time-dependent self-association forming octamer and higher M; oligomers. Most
detergent exchange was done at the IMAC step in the purification process, where GF was
incubated with the new detergent while bound to the resin before elution. In some cases,
detergent exchange was done during SEC. In the case of bicelles, liposomes, and
nanodiscs, GF was eluted from the resin, incubated with the respective membrane
mimetic, then tested for incorporation. In the following sections, GF was first extracted
from the membrane with DDM and exchanged into another detergent or solubilizing

agent.

Detergents

DDM

Compared to other detergents tested here, GF extraction from the membrane with
DDM yielded the most protein. In addition to successfully extracting GF with DDM, GF
solubilized in DDM was optimized and we obtained a pure, homogenous tetramer after
elution from the IMAC column (Figure 29, top). Though DDM appeared to be a suitable
detergent, DDM-solubilized GF samples showed visible precipitate over hours to several

days after purification, and SEC-MALS elution profiles showed octamer formation after
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one day (Figure 29, bottom). To improve the solubility and stability of GF, several

detergents and membrane mimetics were explored.

Lauryldimethylamine-N-oxide (LDAO)

LDAO is a zwitterionic detergent with a charged head group and a 12-carbon
chain. LDAO was used to solubilize the photosynthetic reaction center in the first
membrane protein crystal structure ever solved”>. GF was extracted with DDM and
purified on an IMAC resin followed by exchange of DDM for LDAO during SEC-MALS.
After exchange of LDAO for DDM, visible precipitate was observed in the sample and it

was not further characterized.

Lysomyristoylphosphatidylcholine (LMPC)

LMPC is a zwitterionic lysophospholipid. It was previously shown that LMPC-
solubilized GF is more thermally stable than DDM-solubilized GF?76. The SEC-MALS
elution profile of GF extracted with DDM and solubilized with LMPC shows a single peak
corresponding to tetrameric GF (Figure 42, top). Following storage at room temperature
for three days, the LMPC-solubilized GF sample showed visible precipitate and the SEC-
MALS elution profile showed peaks corresponding to tetramer, octamer and higher M,

oligomers (Figure 42, bottom).
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Figure 42. The effect of lysophospholipid LMPC on the oligomeric state of GF. The SEC-
MALS elution profile of GF extracted with DDM and exchanged into 5 mM LMPC. Top: freshly
prepared LMPC-solubilized GF elutes as a tetramer. Bottom: the sample stored at room
temperature for 3 days shows tetramer, octamer and larger aggregates.
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Dodecyltrimethylammonium Bromide (DTAB)

DTAB has a positively charged head group and has a carbon chain the same length
as DDM and was chosen to monitor the effect of a cationic detergent on the self-
association of GF tetramers. GF required a larger volume of DTAB-containing elution
buffer to elute completely from the IMAC column, suggesting that GF is poorly
solubilized in DTAB than in DDM. The SEC-MALS elution profile in Figure 43 suggests
that DTAB-solubilized GF exists as a mixture of dissociated monomers, dimers and

trimers.
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Figure 43. The effect of the cationic detergent DTAB on GF solubility. The SEC-MALS
elution profile of GF extracted with DDM and exchanged into 3 mM DTAB suggests that DTAB-
solubilized GF exists as a mixture of dissociated monomers, dimers and trimers.
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Lauryl Maltose Neopentyl Glycol (LMNG)

LMNG is a member of the MNG (maltose neopentyl glycol) class of surfactants
(Figure 44)%%9. MNGs have a different structure from detergents in that they contain two
hydrophilic heads and two hydrophobic tails grafted onto a neopentyl glycol core. NMGs
form large micelles and have relatively low CMCs. Freshly purified LMNG-solubilized GF
elutes from the SEC-MALS column predominantly as a tetramer with a small octamer
shoulder and a small amount of higher M; aggregates (Figure 45, top). This sample was
stored for 9 days at room temperature; no visible precipitate was observed, and the SEC-
MALS elution profile of the stored sample (Figure 45, bottom) is remarkably similar to
that of the freshly purified GF sample, showing a small increase in the fraction of octamer
(Figure 45, top). This sample was by far the most stable of all of my GF preparations, and
these results were highly reproducible over many repetitions. However, although the
protein in LMNG is highly soluble over long periods of time, the existence of two

oligomeric forms might be problematic for NMR analysis.
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Figure 44. The structure of LMNG>.
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Figure 45. The effect of LMNG on the stability and solubility of GF. The SEC-MALS elution
profile of GF extracted with DDM and exchanged into 0.05% w/v LMNG. Top: freshly prepared
LMNG-solubilized GF shows a mostly tetrameric protein (peak b) with a small octamer shoulder (a).
Note that the elution position of the GF oligomers is not the same as that observed in DDM. The
identity of the octamer and tetramer peaks was established by other methods and is described below.
Bottom: the sample from (top) stored for 9 days at room temperature shows a slightly increased
ratio of octamer (peak c) to tetramer (peak d), suggesting that LMNG stabilizes GF better in
solution than DDM, although in DDM the tetramer slowly converts to octamer.

To further probe the enhanced stability of LMNG-solubilized GF, differential
scanning calorimetry (DSC) was used to measure melting temperatures. DSC measures
the change in heat released and absorbed in a sample system relative to a buffer blank3°°.
DSC measurements suggest that the melting temperature of DDM-solubilized GF is

approximately 76°C, while LMNG-solubilized GF melts at 84°C (Figure 46 top and
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bottom, respectively). The higher melting temperature observed in LMNG further

supports the superior stabilizing effect of LMNG over DDM.
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Figure 46. The effect of LMNG on the melting temperature of GF. Differential scanning
calorimetry (DSC) measures the thermal melting of proteins. Top: the baseline-corrected
thermogram of DDM-solubilized GF reveals a melting temperature of approximately 76°C. Bottom:
the baseline-corrected thermogram of LMNG-solubilized GF shows a melting temperature of
approximately 84°C, suggesting that GF is more stable when solubilized in LMNG than in DDM.

149



LMNG:CHS

Initial extraction using LMNG:CHS and subsequent purification of GF resulted in a
single tetramer peak on the SEC-MALS elution profile, though poor extraction efficiency
was noted as protein yields were only approximately 4 mg/L. Extracting first with DDM
and exchanging to LMNG:CHS reproducibly yielded a large amount of LMNG:CHS-
solubilized GF. These samples, however, were polydisperse as indicated by SEC-MALS
(Figure 47). Since no improvement was observed from adding CHS, it was omitted for

succeeding preparations.
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Figure 47. The effect of LMNG:CHS on the solubility of GF. The SEC-MALS elution profile of
GF extracted with DDM and solubilized in 0.05% LMNG:0.005% CHS w/v indicates that the sample
is polydisperse containing GF tetramer, octamer and other high M, aggregates.
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Decyl Maltose Neopentyl Glycol (DMNG)

DMNG is also a member of the MNG class of detergents. DMNG carbon chains are
two carbons shorter than those in LMNG, and DMNG has been shown to be more
effective than LMNG at extracting IMPs3°'. The SEC-MALS elution profile of GF
solubilized with 0.5 mM DMNG showed a major peak for tetramer but in addition
showed multiple higher and lower M; peaks and therefore was not considered suitable for

further characterization (Figure 48).

80
70
60
50
40

30

20

Absorbance (mAU)

10

0 5 10 15 20 25
-10
Volume (mL)

Figure 48. The effect of DMING on the solubility and stability of GF. The SEC-MALS elution
profile of GF extracted with DDM and solubilized in 0.5 mM DMNG shows multiple peaks indicative
of a polydisperse sample.
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Other Membrane Mimetics

The use of detergents and their capacity to provide a physiologically relevant
environment for IMPs has always been a concern for membrane protein researchers.
Though the ease with which detergents extract and solubilize IMPs from the membrane
makes them advantageous, the environmental disparity between a detergent micelle in
vitro and the native lipid membrane in vivo may greatly affect IMP folding and stability,
and thus the overall structure and function of proteins of interest. The following sections
report the results of my attempts to incorporate GF into several membrane mimetic

systems used commonly in and emerging from the literature.

Liposomes

Liposomes are an attractive membrane mimetic as they provide a lipid bilayer
environment that can comprise a similar mixture of phospholipids as the native
environment for the protein of interest. Due to their large size and viscosity, liposomes
are not amenable to solution NMR spectroscopy. However, significant progress in solid-
state NMR spectroscopy*4® makes them a viable membrane mimetic for IMP studies. A
native E. coli lipid mix (Avanti Polar Lipids) was used here to form liposomes. DDM-
solubilized GF was reconstituted into small, unilamellar lipid vesicles (SUVs) composed
of native E. coli lipids. SDS-PAGE suggested that GF tetramers, octamers and a higher M,
aggregates were incorporated into or associated with the SUV bilayers. No further

attempts to characterize the proteoliposomes due to the presence of large M, aggregates.
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Bicelles

Like liposomes, bicelles are an appealing membrane mimetic as they also provide a
bilayer environment for IMPs extracted from the native lipid membrane??°. Bicelles differ
from liposomes in that they comprise a mixture of short-chain and long-chain lipids. The
long-chain lipids self-associate in aqueous solution to form a bilayer disc, which is
solubilized by a short-chain belt covering the exposed lipid hydrocarbon. The ratio of
long to short chain lipid is the q ratio, and is used to classify the bicelles®°. In addition,
the radius of the bilayer disc can be directly calculated from the q. Larger q ratios
correspond to larger, anisotropic bicelles and are generally considered more biologically
relevant. A q ratio of 4 has been suggested as optimal for ssNMR spectroscopy3°2. Small q
ratios yield isotropic, fast tumbling discs that are better suited for small IMPs studied by

solution NMR and a q = 0.5 has been suggested to be optimal for that purpose3°.

DDM-solubilized GF was incubated with empty preformed DMPC/DHPC (1,2-
dimyristoyl-sn-glycero-3-phosphocholine/1,2-dihexanoyl-sn-glycero-3-phosphocholine)
bicelles with q ratios of 4 and 0.5 to test for their suitability for solid-state and solution
NMR measurements, respectively. Incorporation of DDM-solubilized GF into bicelles
with q ratios of 4 and 0.5 both resulted in visible aggregate after incubation for 30
minutes on ice. These aggregates might be suitable for ssNMR spectroscopy, but they

would not be suitable for solution NMR studies and were not further characterized.
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Amphipols

Amphipols (APols) are effective at solubilizing IMPs but cannot be used to extract
IMPs from the membrane?8. In the absence of detergent, they bind tightly to IMPs in
aqueous buffers. Above their relatively low CMC (0.002% w/v for A8-35), APols form
micelles, though in the presence of an IMP most amphipols will be bound to it. Amphipol
A8-35 was tested for its ability to solubilize DDM-extracted GF. SEC-MALS measurements
were made using a running buffer without amphipol or detergent. The elution profile
shown in Figure 49 shows two maxima, suggesting that at least two species are present in
the amphipol-solubilized mixture. Although the SEC column was not calibrated in the
presence of amphipol, the peak positions suggest a mixture of unresolved GF octamer and
tetramer as well as a higher M; oligomer. The breadth of the peak may indicate multimer
equilibrium or that the column was overloaded. Since the SEC-MALS elution profile of
the amphipol-solubilized GF (Figure 49) was difficult to interpret, SDS-PAGE was used to
assess the GF oligomer state. Figure 50 shows an SDS-PAGE electrophoregram of one-
week-old DDM- and amphipol-solubilized GF. It indicates that the amphipol-solubilized
samples exhibit higher amounts of tetramer than octamer, which supports the above
interpretation of the SEC-MALS elution profile. In contrast, the DDM-solubilized protein
shows higher amounts of octamer than tetramer. High M, aggregates that did not enter
the stacking gel are not shown. After one week at room temperature, amphipol-

solubilized samples did not show any visible precipitate.
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Figure 49. The effect of amphipols on the solubility and stability of GF. The SEC-MALS
elution profile of GF extracted from DDM and exchanged into amphipol A8-35 at 1.5 mg amphipol:1
mg GF. The broad peak observed suggests multimer formation during elution.
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Figure 50. SDS-PAGE gel electrophoregram of 7-day old samples of DDM- and amphipol-
solubilized GF. Both protein samples show some octamer and tetramer, though based on the
intensity and thickness of the bands, amphipol-solubilized GF appears to remain mostly tetrameric
over one week. DDM-solubilized GF appears to associate to octamers over the same period. Not
shown are the bands corresponding to larger aggregates that did not enter the running gel.
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Poly (Maleic Anhydride-alt-1-Decene) substituted with 3-(Dimethylamino) Propylamine
(PMAL)

PMALs are a zwitterionic class of amphipol that differ from the classic amphipols
by consisting of alternating polar/nonpolar subunits consisting of carboxyl,
ammoniumamidate and C8, C12, or C16 alkyl chains (Figure 51). PMAL C-8 contains C8
alkyl chains. PMALSs have been shown to solubilize enzymatic IMPs that retain their
enzymatic activity, whereas the same enzyme solubilized in amphipol A8-35 had not been
explicitly demonstrated to retain enzymatic activity®5. PMALs have also been shown to
be able to insert IMPs into a membrane without disrupting it>34. In this work, PMAL C-8
was used to solubilize GF. I was unable to characterize PMAL-solubilized GF by SDS-
PAGE, as the PMAL appeared to bind to the Coomassie present in the SDS-PAGE staining
solution used to visualize protein bands in the gel (Figure 52). PMAL also appeared to
absorb at 280 nm, preventing accurate determination of protein yield. SEC-MALS was not
attempted with the PMAL-solubilized GF sample due to the polymer absorbance at 280

nm.
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Figure 51. Structure of PMAL B-100. PMAL B-100 is comprised of zwitterionic subunits with
varying chain lengths. PMAL C-8 denotes PMAL B-100 subunits with an 8-carbon chain. With
permission from Gorzelle et al.*3>
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Figure 52. SDS-PAGE electrophoregram of the different purification steps for PMAL-
solubilized GF. Lane 1: DDM-solubilized E. coli membranes. Lane 2: IMAC column eluate during
sample loading. Lane 3: Initial PMAL wash and detergent exchange step on the IMAC column
(Buffer A1 containing 25 mg/mL PMAL to give a 5:1 w/w PMAL:GF ratio). Lane 4: DDM wash of the
IMAC column, to remove loosely-bound contaminants (occurs before PMAL wash) Lane 5: Protein
standard Mg ladder. Lane 6: PMAL-solubilized GF dialysed overnight to remove imidazole. Lane 7:
Sample from Lane 6, concentrated. Lane 8: Highest absorbing fraction from IMAC.
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Nanodiscs

Nanodiscs were first described in the mid-2000s by Stephen Sligar et al.?39
Nanodiscs comprise a lipid bilayer encircled and solubilized by a membrane scaffold
protein (MSP), an amphipathic helical protein. Sligar et al. were initially studying high-
density lipoprotein (HDL) and its role in artherosclerosis3®3 and engineered MSPs from
human serum apolipoprotein A1, which were observed to form lipo-protein particles. The
engineered MSPs wrap around a lipid bilayer in a belt-like configuration, forming a small,
discoidal structure. The size of the disc can be adjusted by modifying the length of the
MSP used to solubilize the bilayer. Recently, ssNMR spectroscopy was used to
successfully distinguish small conformational differences between detergent-solubilized

and nanodisc-solubilized IMPs304:305,

Two different MSPs were tested for incorporation of GF into nanodiscs. Similar to
the bicelle preparations of GF, incorporation was unsuccessful, as measured by DSC.
Incorporation of GF into nanodiscs was measured by DSC on the expectation that
nanodisc-incorporated GF would have an elevated thermal melting point. However, the
DSC thermogram in Figure 53 shows that the melting temperature of GF in the presence
of nanodiscs (MSP1E3D1) is the same as that measured in DDM. The fact that the melting
points of GF and the MSP are the same in the nanodisc preparation for the individual
proteins suggests that GF was not incorporated into the nanodiscs. It is possible that the

GF tetramer may be too large to be incorporated into even the largest nanodisc, and
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certainly the GF octamers are too large. The DSC thermogram of the empty MSP1E3D1

nanodisc is shown in Figure 54.
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Figure 53. Monitoring the incorporation of GF into nanodiscs. A DSC thermogram of DDM-
solubilized GF after incubation in the presence of nanodiscs containing DHPC and cholate shows
three peaks corresponding to the thermal melting points of the lipid (peak a, 26°C), DDM-
solubilized GF (peak b, 75°C), and nanodisc scaffold protein MSP1E3D1 (peak c, 86°C). The
unchanged melting point of GF suggests that incorporation of GF into the nanodiscs was
unsuccessful.
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Figure 54. DSC thermogram of empty nanodiscs formed with MSP1E3D1. Peak a is the
thermal melting point of the lipid at approximately 26°C. Peak b is the melting point of MSP1E3D3 at
approximately 86°C.

Random Heteropolymers (RHP)

DDM-solubilized GF was incubated with 36 kDa average molecular weight RHPs.
Enough material was available for exchange at the final IMAC elution step, DSC
measurements, and SDS-PAGE. SDS-PAGE suggested that the 36 kDa RHPs solubilize GF,
but GF appears to be present in solution as a tetramer, octamer, and higher M; oligomers
(Figure 55). After one week, RHP-solubilized GF samples show no visible aggregate. DSC
measurements of RHPs in buffer A and RHP-solubilized GF were complex and

inconclusive.
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Figure 55. Using RHPs to solubilize GF. SDS-PAGE electrophoregram of 36 kDa RHP-
solubilized GF. Lane one is the standard protein ladder. Lane two is 36 kDa RHP-solubilized GF,
which shows that the sample runs mostly as a tetramer (band c), though some octamer (band b)
and higher M, oligomers (band c) are also present.
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GF Fusion Protein

Mizrachi et al. were able to express and purify DsbB, a small, membrane-bound
enzyme that catalyzes cysteine disulfide bonds in E. coli without added detergents or
other solubilizing agents3°%. They expressed DsbB as a fusion protein with a highly soluble
cytoplasmic protein, maltose binding protein (MBP), fused to the N-terminus of DsbB.
On the C-terminus, a truncated version of human apolipoprotein Al (ApoAI*) was fused.
MBP is a decoy protein, where expression of MBP preceding DsbB directs expression of
the fusion protein into the cytoplasm, instead of directing its incorporation into the
membrane. ApoAl* is a version of the amphipathic helix that is also used to solubilize
nanodiscs; it shields the hydrophobic parts of DsbB from water and promotes
solubilization. When expressed together, a water-soluble version of DsbB is produced in
the cytoplasm. Some enzymatic activity was observed in DsbB after purification and

cleavage of the N-terminal MBP.

I designed and expressed a pET28b(+) vector encoding a MBP-GF-ApoAI* fusion
protein that was expressed in BL21(DE3) E. coli cells. SDS-PAGE analysis of IMAC eluted
protein showed low Mr bands indicative of proteolytic cleavage (Figure 56). Addition of
proteolysis inhibitors to the cell culture and buffers in the purification process may aid in
reducing proteolytic cleavage, but no further optimization of this approach was

undertaken.
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Figure 56. The electrophoregram of the MBP-GF-ApoAI* fusion protein shows that the
protein is likely proteolytically cleaved during the purification process. Lane one is the standard
protein ladder. Lanes two and three are the two highest absorbing fractions at 280 nm.
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3.2.3 Structural Characterization of the GF Octamer

Following the exploration of solubilizing agents, temperature, pH, solubilizing
conditions and protein constructs, it was determined that extraction of GF with DDM and
solubilization of GF with LMNG in concentrations close to its CMC provided protein
preparations that were the most stable and the least likely to precipitate even at high
concentrations of protein. However, in LMNG, GF exists as a mixture of octamers and
tetramers, so I next sought to characterize the octamer structure to identify the cause of
the aggregation. Knowing which parts of the protein are interacting to form the octamer

might enable the introduction of mutations that would eliminate the self-association.

Examination of the GF crystal structure symmetry mates reveals that the
cytoplasm-facing surfaces of the tetramers face each other, suggesting that the interface
between the tetramers is likely occupied by the disordered N- and C-termini (Figure 57).
Although the disordered termini are not observed in the crystal structure, it is possible
that they may be interacting to promote octamer formation. Negative stain Electron
Microscopy (EM) and Small Angle X-ray Scattering (SAXS) were employed to elucidate

the solution structure of the octamer.
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Figure 57. The crystal structure of GF symmetry mates reveals the potential structure of the
GF octamer. The cytoplasm-facing surface of the tetramers are at the interface. The disordered N-
and C-termini (not seen in the crystal structure) protrude from the cytoplasm-facing surfaces and
may occupy the interface, possibly causing the observed self-association of the tetramers. Figure 61
shows the GF tetramer and disordered N- and C-termini. GF is shown in ribbon (left) and space-
filling (right) models; blue and red denote different tetramers. (PDB ID: 1FX8).
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Negative Stain Electron Microscopy (EM)

Negative stain EM was conducted on tetrameric DDM-solubilized GF and on
tetrameric and octameric LMNG-solubilized GF. The micrographs collected for DDM-
solubilized GF tetramers were of poor quality (Figure 58) and could not be used to
calculate 2D class averages. LMNG-solubilized GF tetramers and octamers were separated
by SEC-MALS and octamer and tetramer fractions were collected based on their elution
positions. During SEC, the LMNG concentration was lowered from 0.05% to 0.01% w/v to
reduce to a minimum the number of empty micelles. Figure 59 shows one of the 400
electron micrographs taken of the LMNG-solubilized GF octamer preparation. Both the
LMNG-solubilized GF octamer and tetramer preparations contained a variety of
structures that might reflect the presence of LMNG spherical micelles and worm-like
structures that have been observed previously3°”. Empty LMNG micelles have been
reported to have diameters of about 5 nm by negative stain EM3°7. Both sets of images
also contain an abundance of particles that appear to be octamer and tetramer. This
suggests that, following their separation by SEC, the octamers and tetramers re-

equilibrate to form a mixture.
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Figure 58. Sample of a negative stain electron micrograph of DDM-solubilized GF tetramer.
The length of the scale bar is 100 nm.

Figure 59. Sample negative stain electron micrograph of LMNG-solubilized GF octamer
used to calculate the 2D class averages in Figure 60. The length of the scale bar is 100 nm.
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The individual images were processed using Relion®* to create 2D class averages.
The three largest classes of particles based on 2D averages from the octamer sample are
shown in Figure 60. Care should be taken in interpreting negative stain EM images of
membrane proteins in detergent owing to artifacts that can arise from images of the
detergent even below the CM(C3°8, For example, the “halo” that appears to surround each
image in Figure 60 is likely an artefact of image averaging that was used to create the
class averages. This sort of artefact is commonly described in the literature3°7. However,
when a crystal structure is known, the proteins can be confidently identified when the
dimensions of the crystal structure are in agreement with the observed dimensions of the
negatively-stained EM particles. Keeping in mind that negative stain EM images the
surfaces of particles, the largest 2D class image (Figure 60A-1) shows what appears to be a
GF octamer in which the tetramers are stacked in a manner that appears very similar to
what is observed in the crystal structure (Figure 57), with the main difference being that
the orientations of the two tetramers are tilted with respect to each other. Figure 60B
shows three sets of less abundant octamers obtained from the same data set. The longest
distance across the octamer in the crystal structure is about 106 A, as shown in Figure 57,
which is in reasonably good agreement with the EM images shown in Figure 60. Also in
good agreement are the widths of each tetramer, which in the crystal structure®s is about
65 A. Between the two tetramers, electron density is observed that might arise from the
disordered N- and C-termini. In the crystal structure®, the two tetramers are separated
by about 10 A at their closest approach. However, the cytoplasmic surfaces contain a

number of cavities that could accommodate the disordered termini (Figure 61A).

168



Figure 60. (A) 2D class averages of negative stain EM images of LMNG-solubilized GF
octamer. The three most populated class averages are shown where (1) used 5899 particles to form
the image, (2) used 5079 particles, and in (3), 4618 particles were used. The scale bar = 100 A. (B)
The less populated 2D class averages of octamers. (C) 2D class average of a tetramer from the
octamer preparation.

One difference between the X-ray and EM structures is that the two tetramers are
not parallel to one another in the EM octamer images. A possible explanation for the tilt
of the structures is that the EM images captured a solution state in which multiple
orientations of the tetramers are possible in the octamer, whereas the crystal lattice can
only accommodate one orientation. The N-terminus of our GF construct contains an
additional 20 residues from the Hiss-tag that might contribute to the differences observed
between the crystal structure and the EM images. There is no mention of whether or not
a purification tag was present on the GF protein that produced the X-ray diffraction
structure in Figure 57%. Figure 61A highlights the N- and C-terminal residues of each
monomer in the crystal structure. In each case, the termini emerge near the periphery of
the protein, suggesting the possibility that they could escape the tetramer interface

altogether. In contrast, the images in Figure 60A1 and Figure6oB suggest that the lowest
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free energy state of the termini in the EM structures is occupying the space between the
tetramers and perhaps their interaction explains the octamer formation. The second and
third most populous 2D classes appear to be views of the octamer or tetramer looking
down on the periplasmic or cytoplasmic surfaces. Figure 61B shows a model of the GF
tetramer surrounded by an LMNG detergent belt built as described in the Methods

section and discussed in more detail below.
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Figure 61. (A) The crystal structure of the GF tetramer (green ribbon) with the N- and C-
terminal residues of each monomer shown as yellow and blue spheres, respectively. The location of
the terminal residues in the monomers suggests that the termini can escape the interface of the
tetramers in the octamer. (PDB ID: 1FX8). (B) A model of the GF tetramer surrounded by an LMNG
detergent belt built as described in the Methods section. The LMNG molecules are shown in blue and
the monomers in the GF tetramer are individually coloured yellow, orange, red, and grey.

The diameter of the detergent belt circumscribing each tetramer is about 103 A
and this agrees well with the dimensions of the images shown in Figures 60A-2 and 60A-

3. It is difficult to determine if the image surfaces are periplasmic or cytoplasmic. On the
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periplasmic surface one might expect to observe 4 “towers” protruding from the tetramer
that project above the membrane. These are shown most clearly in the space filling model
in Figure 57 (right). The highest point of each tower comprises the C-terminus of helix-4,
the N-terminus of helix-5, and a connecting loop. Interestingly, four lightly stained areas
are observed on one “face” of each of the tetramers in the octamer 2D class averages
(Figure 62), which may be these towers. On the other hand, if the surfaces are
cytoplasmic, one might expect to observe 4 amino and 4 carboxy termini projecting from
the surfaces. Bear in mind, however, that the resolution of the images is on the order of 17
A and that the termini are expected to be disordered. Finally, that the SEC-purified
octamer preparation contains tetrameric GF is evidenced by the 2D class average images
shown in Figure 60C. Both dimensions of this particle are in good agreement with the X-

ray diffraction structure shown in Figure 57.

Figure 62. The potential sites of the “towers” of the GF monomers. The most populated 2D
class average of the GF octamer sample shows four more lightly stained areas around the perimeter
of the molecule where the “towers” may be.
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Size-Exclusion Chromatography-Small Angle X-ray Scattering (SEC-SAXS)

SEC-SAXS was conducted on LMNG-solubilized GF to investigate the shape and
size of the self-associated octamers and to further explore the nature of the octamer
configuration observed via negative stain EM. Significantly higher protein concentrations
are required for SAXS than for negative stain EM, where, generally, concentrations of 5
mg/mL are acceptable for SAXS, and for negative stain EM, sample concentrations are on

the order of 0.01 mg/mL.

GF octamers and tetramers were separated before SAXS measurements via in-line
SEC. Figure 63A shows the elution profile from the SEC column. Integrated scattering
intensity (grey) is plotted against the time intervals over which SAXS measurements were
made (Frame Number). As an indication of particle size, the radius of gyration (Rg)
calculated from the SAXS measurements of the eluted fractions are plotted in red. The
elution profile shows a plateau of high M, aggregates, followed by octamer and tetramer
peaks. The R values measured for the octamer and tetramer, as described below, agree

well with the particle sizes identified in the SEC-MALS measurements reported above.

A SAXS scattering curve averaged over several frames for the tetramer is shown in
Figure 63B (See Section 1.4). Figure 63C shows a classical Guinier plot of the scattering
data, In[I(s)] vs. s?, that can be used to provide a model-free estimate of the Rq of the

protein from the slope at low angles. The Guinier approximation assumes that for low
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(SRg)?
3

scattering angles, (s < Ri) ,1(s)~ 1(0)exp[— ], where I(0) is the forward scattering at
g

zero angle®”. The radius of gyration is the average root mean squared (rms) distance of
the electrons to the centre of density in the protein. For the GF tetramer, the scattering
data gave an R 0of 49.9 A, in reasonably good agreement with the dimensions of the
protein®. The intercept of the Guinier plot can also be used to obtain an estimate of the
M; of the protein from the known concentration and I(0); this was determined from
Figure 63C to be 368.2 kDa for GF3°93'°. Subtracting the mass of the protein tetramer from
this estimate and dividing by the molecular weight of an LMNG molecule suggests that

about 236 LMNG molecules help solvate the GF tetramer.
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Figure 63. LMNG-solubilized GF tetramer SAXS scattering data. A. The SEC elution profile
of LMNG-solubilized GF at a concentration of 8 mg/mL showing peaks of tetramer, octamer, and a
small amount of high M, oligomers. B. The baseline-subtracted tetramer SAXS scattering curve
(blue) and the fit of the model calculated using the Memprot algorithm?® (red). The y-axis is the
scattering intensity I on a logarithmic scale. The x-axis, s in units of nm’, is the scattering vector
where s = 4nsinf /. C. A Guinier plot of the data in B.

The spherically averaged scattering intensity I(s) is the square of the scattering
amplitude, A(s), as follows: I(s) = < I(s) > g = < A(s)A*(s) > q. The scattering
amplitude is the Fourier transformation, F , of the difference in electron density, Ap(r),
between the protein p(r), and the solvent p(r)s as follows: A(s) =F[Ap(r)]**7. A convenient
way to analyze the scattering data represents the scattering particle as a pairwise distance
distribution function p(r), which is essentially a histogram of distances between every

pair of electrons within the particle. The p(r) function is generated by Fourier

. . . 2 21(s)si
transformation of the scattering intensity as follows: p(r) = Zr? ) 000 w ds. Graphs
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of the pairwise difference distribution function p(r) versus r are useful for detecting
conformational changes. The p(r) and its plots can also be used to determine the
maximum length of the molecule, Dmayx, and the Rg. The Daxis the point on the graph
where the curve reaches the horizontal axis and the R can be calculated from p(r). For
GF, the pairwise difference distribution graph in Figure 64A yielded a Dmaxof 97 A and a
R; of 55.6 A. Integrating the scattering intensity provides an estimate of the protein
excluded volume, V. For GF, the volume determined is 271 294 A3. By comparison, the
volume of the GF tetramer crystal structure calculated using the VADAR 1.8 server3" is 145
146.5 A3, in reasonably good agreement with the known dimensions of the protein

tetramer with additional mass from the solubilizing detergent.

Kratky plots are graphs of s?I(s) vs. s and are helpful in diagnosing disorder in a
protein. For example, a distinct peak in the graph indicates a folded conformation and a
plateau is diagnostic of a disordered chain. Normalized or dimensionless Kratky plots are

(SRg)I(s)

TR sR. For globular proteins, a peak should appear at V3 and

graphs of

deviations from this suggest asymmetry or flexibility in the protein32. Normalized Kratky
plots are normalized for protein concentration, volume, and Rg, and are used to detect
changes in conformation or oligomerization. Figures 64B and 64C show the Kratky plot
and normalized Kratky plot of the GF tetramer SAXS data. They show a peak at 1.70 and

confirm that the protein is globular and not very flexible.
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Figure 64. LMNG-solubilized SAXS scattering data. (A) An electron pair distribution
function graph of the GF scattering data. (B) A Kratky plot of the GF SAXS data. (C) A normalized
Kratky plot of the GF tetramer SAXS data.

The scattering data in Figure 63B had sufficient signal to allowed us to prepare an
ab initio 3D reconstruction of the tetramer surrounded by a DDM detergent shell using
the Memprot algorithm?®¢ and the X-ray diffraction structure of the GF tetramer®> (Figure
65). Memprot could not fit the protein to an LMNG shell owing to the lack of electron
density information for LMNG. The most important measure of how well the model
structure agrees with the measured data is how well the measured scattering curve fits
the theoretical scattering curve calculated from the model33. The simulated SAXS
scattering curve in Figure 63B fits the measured data very well, with the x> difference
between the two curves being 1.489. One thing to keep in mind is that both the N-
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terminal Hise-tag, the first 5 N-terminal residues of the protein, and the C-terminal 22
residues are missing from the structure®> and are likely the origin of the deviations of the

theoretical curve from the measured one.

Figure 65. 3D reconstruction of LMNG-solubilized GF using SEC-SAXS data. The GF
homotetramer is shown as a cartoon (blue) surrounded by a shell of detergent molecules (red) using
the electron density for DDM. Note that the model shows that GF recruits detergent molecules only
to the exposed hydrophobic surfaces to form a detergent belt. Modeled with the Memprot
algorithm®*® and the GF crystal structure (PDB ID: 1FX8).

Analysis of the SAXS data from the GF octamer was more problematic. For one
thing, the Memprot algorithm?®¢ is not configured to construct a detergent belt around
each of the tetramers in the octamer. We therefore constructed models of the octamer as
described in the Methods section. A SAXS curve of the octamer calculated using
CRYSOL?2%3 from the crystal structure®s shown in Figure 57 deviated from the measured
octamer SAXS curve (see Figure 66) with a 2 value of 115. Superimposing the DDM-
tetramer model generated with Memprot (Figure 65) on the octamer shown in Figure 57
resulted in a model with an improved x> goodness of fit of 24.7. A further improvement
was made by building a model of the GF octamer with LMNG detergent belts around each

tetramer and superimposing it on the X-ray diffraction structure shown in Figure 57. The
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SAXS scattering curve (Figure 66B) generated from this model shows an improved fit with
a x> value of 9.1. Optimization of the orientations of each tetramer and its affiliated
detergents belt using SASREF>® resulted in a model (Figure 66C) with an improved fit to
the measured scattering curve (Figure 66D) with a x? of 6.8. Here, the model shows the
tetramers and their detergent belts tilted with respect to each other in a manner that is
reminiscent of that observed in the negative-stained EM image of the octamer (Figure
60A-1). Note, however, that the periplasmic faces of the tetramers are facing each other,

not the cytoplasmic faces as in the crystal structure.
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Figure 66. GF octamer models and their SAXS scattering curves. (A) A space-filling model
of the GF octamer (green) with LMNG detergent belts (grey lines) around each tetramer that was
built from the X-ray diffraction structure® shown in Figure 57. (B) The SAXS scattering curve (dark
blue) of the structure in (A) generated with CRYSOL*3and compared to the measured octamer SAXS
curve (light blue). (C) A model of the GF octamer with LMNG detergent belts around each tetramer
in which the tetramer orientations were optimized using SASREF*%. (D) The SAXS scattering curve
(dark blue) of the structure in (C) generated with CRYSOL?® and compared to the measured
octamer SAXS curve (light blue).

Further improvements in the fitting of the octamer SAXS data were achieved by
adding models of the amino and carboxy termini (see the Methods section) to the best fit
octamer models oriented either with their cytoplasmic surfaces interacting (Figure 67A)
or their periplasmic surfaces interacting (Figure 67C). These models gave the closest

agreement with the measured SAXS scattering curves with x> values of 3.9 and 2.4,
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respectively. Although the model with the tetramers interacting through their
cytoplasmic surfaces had the closest fit to the measured SAXS curve, the difference in the
x* values between the models in Figure 67A and 66C are too small to allow for the
discrimination between the models. The number of LMNG molecules surrounding each
GF tetramer is 100, the maximum permitted by the Micelle Builder algorithm?¢7. This is
compared to the 236 LMNG molecules that were estimated to associate with each
tetramer based on the tetramer SAXS data above. Observation of the LMNG-belted
octamer models shows that some regions of the presumed membrane-interacting surfaces
on the octamer do not interact with detergent, suggesting that the models could be
improved further. However, overall there is good agreement between the SAXS data and
the SAXS curves generated from the model octamers, suggesting that the models are a

valid depiction of the structure of the octamer.
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Figure 67. GF octamer models and their SAXS scattering curves. (A) A model of the GF

octamer with LMNG detergent belts around each tetramer (blue) with cytoplasmic surfaces facing
each other and N- and C-termini (red) modelled as described in the Methods section. (B) The SAXS
scattering curve (dark blue) of the structure in (A) generated with CRYSOL*®3 and compared to the
measured octamer SAXS curve (light blue). (C) A model of the GF octamer with LMNG detergent
belts around each tetramer with periplasmic surfaces facing each other and N- and C-termini (red)
modelled as described in the Methods sections. (D) The SAXS scattering curve (dark blue) of the

structure in (C) generated with CRYSOL*® and compared to the measured octamer SAXS curve
(light blue).
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C-terminally Truncated GF

To discern whether the disordered GF N- and/or C-termini are indeed causing the
observed self-association of GF, a truncated GF construct was created with the last 19
amino acids, corresponding to the C-terminus, removed. The expression plasmids (GF-
CT-) were transformed into E. coli C43 cells and grown in LS-5052. After harvesting the
cells, the cell pellet mass was similar to that for preparations expressing the full GF
protein. Following the purification steps used for all our preparations, no CT- GF could be
isolated from these cells. This may indicate that the C-terminus is needed for proper
processing of the protein and insertion into the plasma membrane or that the protein

missing its C-terminus is degraded by the cell.
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3.3 Solid-State NMR Spectroscopy of LMNG-solubilized GF

Studier’s autoinducing medium, LS-5052 were used for uniform labelling of GF
with B3C and N using cells containing the TEV plasmid. This produced protein yields of
30 - 40 mg of N and 3C-labelled GF per litre of cell culture. In Studier’s autoinduction
media, the main source of carbon is glycerol. However, additional sources of unlabelled
carbon, such as succinate, are also in the medium that could dilute the 3C. To ensure
high levels of 3C incorporation in the solid-state NMR samples, C-750501 was optimized
to produce isotope-labelled GF. It minimizes the presence of other carbon sources and

can also be used to incorporate and uniformly label proteins with >N.

To enhance GF stability, LMNG-solubilized GF was dialysed to remove imidazole.
The sample was then gel filtered to remove high M; soluble aggregates, empty micelles,
and free monomers by reducing the concentration of LMNG to its CMC (0.001% w/v).
Reducing the concentration of LMNG to its CMC drives any detergent left in the sample

to associate with and solubilize GF.

Magic-angle spinning at high speeds necessitates the use of small sample volumes
and highly concentrated protein for ssNMR measurements. For example, the new Bruker
1 kHz MAS probe uses a 0.7 mm diameter rotor with a sample volume of 0.5 pL
requiring on the order of 1 mg of protein at a concentration of 2 g/mL. The 1.6 mm rotor
used in this work has a volume of 8 @L. For comparison, SAXS samples were concentrated

to approximately 8 mg/mL.
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Figure 68 shows an elution profile of LMNG-solubilized GF concentrated to
approximately 25 mg/mL prior to gel filtration, showing the presence of high levels of
soluble aggregate. For the ssNMR experiments, the fractions containing octamer and
tetramer (Figure 68, peaks b and c¢) were pooled and concentrated using Amicon spin
filters, achieving concentrations of 32 mg/mL in approximately 8o pL. Microdialysis with
the use of PEG-2000 to draw water out of the sample resulted in an NMR sample of

approximately 13 mg of 3C/>N-labelled GF in 20 pL (650 mg/mL).
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Figure 68. Concentrated, LMNG-solubilized GF forms soluble, high M, aggregates. The SEC-
MALS elution profile of LMNG-solubilized GF dialysed overnight to remove imidazole and

concentrated to approximately 25 mg/mL shows the formation of soluble, high M, aggregates (peak
a). Peaks b and c are GF octamer and tetramer, respectively.

One-dimensional 5N (Figure 69, top) and 3C spectra (Figure 69, bottom) of the
above-described sample gave high NMR signal intensity indicating that adequate
amounts of BC- and N-labelled protein were present in the rotor. The observed chemical

shift range shows that the protein is folded and not denatured.
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Figure 69. The 1D 3C- and ®N-spectra of LMNG-solubilized GF indicate adequate amounts
BC- and ®N-labelled protein are present in the rotor and that the protein is not denatured. Top: 1D
hN “N-spectrum of LMNG-solubilized GF. Bottom: 1D hC 3C-spectrum of LMNG-solubilized GF.

Preliminary carbon-carbon 2D NMR spectra from the 3C/*>N labelled LMNG-
solubilized GF sample. Figure 70 shows 2D DARR (Dipolar Assisted Rotational
Resonance) spectra of LMNG-solubilized GF. Figure 70 (top) shows the full spectrum
from the methyl region to the carbonyl region whereas Figure 70 (bottom) shows an

expansion of the high-field region. Several resonances have been identified in Figure 70
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(bottom) based on known unique 3C chemical shift ranges in folded proteins34. For
example, Ser and Thr Cf resonances are always the most downfield shifted in proteins
and Ala CB are always the most upfield shifted. Other unique shifts giving rise to

identifiable peaks are the Pro-Ca-Cp and Ile-Cy-C8.
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Figure 70. 2D DARR (Dipolar Assisted Rotational Resonance) spectra of LMNG-solubilized

GF. Top: the full 2D DARR spectrum is shown with the 3C-methyl and methylene, Ca and Cf and
carbonyl regions of the spectrum identified. Bottom: the high-field region of the spectrum shown in
(top). Several crosspeaks in the spectrum are identified based on known unique chemical shift
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The average 3C T, relaxation time of the upfield region of the spectrum from 23-81
ppm was measured by 1D NMR as described in the Methods sections yielding a T, of 1.79
ms with a standard deviation of 0.04. The relaxation decay is shown in Figure 71. This
rapid transverse relaxation precluded the measurement of 3D spectra necessary for

observation and assignment of all the resonances in the protein.
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Figure 71. The average BC T, relaxation time of resonances in the upfield region from 23-81
ppm of LMNG-solubilized GF is 1.79 ms with a standard deviation of 0.04.

The short T,s suggest exchange-broadening that might arise from several sources.
Although a simple tetramer-octamer equilibrium could broaden many of the resonances
at the interface between the tetramers, it seems unlikely that this would affect the entire
protein. Another possibility is that the protein is undergoing conformational exchange on
the ms-ps timescale that significantly changes the chemical shifts of most of the
resonances in the protein. This would be somewhat surprising because no such

conformational change has been reported in GF or in any aquaporin. Furthermore, it is
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difficult to imagine the protein retaining its exquisite substrate specificity if it were to
undergo very large conformational fluctuations because the substrate-specificity clearly
depends, to a large extent, on the pore maintaining its size within very narrow limits.
However, it is certainly possible that the detergent environment has led to
conformational flexibility in the protein that is not present in the native bacterial
membrane. In addition, it’s also possible that detergent exchange could lead to line-
broadening of many resonances in the protein, especially those near the surface and
interacting with the protein. Besides all these possible sources of dynamic exchange, it is
also possible that the NMR resonance in the protein dissolved in LMNG at high
concentrations are broadened owing to static heterogeneity. Recall that in bilayer-
dissolved IMP’s the lipid:protein ratio can affect the static protein conformational
heterogeneity and lead to line-broadened spectra’s>%5. This problem has been overcome
in some cases by careful exploration of lipid:protein ratios to discover the right
combination that gives rise to one predominant conformation. Perhaps membrane
proteins, especially those that do not bind a prosthetic group, are more conformationally

flexible than we realize.
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Chapter 4: Discussion

Integral membrane proteins (IMPs) play important roles in many aspects of
cellular function and homeostasis. Despite being encoded by approximately 30% of the
genome5’, knowledge about the structure and dynamics of IMPs lags significantly behind
soluble proteins; this bottleneck is generally attributed to the IMPs native lipid
environment, which is required for the protein to remain stable and solubilized. The lipid
environment presents a unique challenge for techniques such as X-ray diffraction and
NMR spectroscopy that are used to obtain high-resolution structural and dynamics
information. To circumvent this issue, researchers have used detergents and developed
membrane mimetics to encourage IMP solubility and stability. Substantial developments
in fields like ssNMR spectroscopy® and cryo-electron microscopy (cryo-EM)3'5 now allow

the use of these techniques to explore the structures of IMPs .

Little is known about the dynamics of GF and IMPs in general. The work presented
here was aimed at the preparation of an isotope-labelled GF sample to study its protein
dynamics via NMR spectroscopy. To this end, preliminary 2D carbon-carbon ssNMR
spectra were collected on LMNG-solubilized 3C- and N-labelled GF. The bulk of the
work was dedicated to preparing an isotopically-labelled, homogenous, detergent-
solubilized GF sample that was stable for one week for NMR spectroscopy studies. This
included optimization of the buffer environment and solubilizing agent. Here, I purified

homogenous tetrameric DDM-solubilized GF, which aggregated after 24 hours, and an
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LMNG-solubilized GF octamer-tetramer equilibrium that was stable for g days. The
octamer was characterized via size-exclusion chromatography multiangle light scattering
(SEC-MALS), negative stain electron microscopy (EM), and size-exclusion
chromatography-small angle X-ray scattering (SEC-SAXS). Finally, methods to discourage

self-association to obtain pure GF homotetramer in LMNG were explored.
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4.1 GF Overexpression

NMR spectroscopy experiments often require milligram amounts of isotopically
labelled protein. Studying IMP dynamics via NMR spectroscopy is challenging in part due
to low levels of protein expression in native host cells; heterologous overexpression of
IMPs often slows cell growth and may be toxic3®. Initially, BL21(DE3)-pLysS cells were
used to overexpress GF which resulted in poor protein yield. These cells contain an
additional plasmid that expresses T7 lysozyme to reduce basal level protein expression for
the gene of interest3'7, which makes them suitable for expression of otherwise toxic genes.
It has been shown, however, that overexpression of IMPs in pLysS cells can result in
cytoplasmic aggregates containing the overexpressed IMP, as well as chaperones,
proteases, and other cytoplasmic proteins®54. The pLysS cells also conferred ampicillin
resistance, whereas the pET28b(+) plasmid encoding the recombinant GF gene conferred
kanamycin resistance; using two antibiotics that may be metabolized at different rates
presented additional complexity to the overexpression media and growth protocol. To
minimize the variables in the overexpression protocol, it was decided to use cells lacking

the pLysS plasmid and to design a new expression plasmid (see below).

During the course of my work, we discovered a mutation at position 168 from an
aspartic acid to a valine in the GF gene sequence used in the pLysS cells. A new plasmid
containing a codon optimized, mutation-free GF gene sequence was transformed into
BL21(DE3) cells. Cells are biased towards certain codons during overexpression, and in

some cases, specific codons are avoided entirely3'®. Codon optimization adjusts the
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codons used in a target sequence to those that are used preferentially in the host cell.
This has been shown to increase protein overexpression in E. coli3'9. BL21(DE3) cells are
used routinely to overexpress recombinant protein3?° but are often not suitable for IMP
overexpression3* likely due to overloading the Sec translocase, which is required for
membrane protein biogenesis3*2. Despite this, the BL21(DE3) cells used to overexpress GF
in this work grew robustly in rich media and expressed abundant protein that was
inserted in the E. coli inner membrane. This new expression system allowed enough
protein expression for the characterization of solubilized GF. However, rich media such as

LB or TB cannot be used to incorporate isotope labels for NMR spectroscopy studies.

Mg minimal medium3 is widely used to prepare BC- and N- uniformly labelled
and site-specific labelled protein. Protein yields are often significantly lower in this
medium compared to rich media, likely due to slower cell growth in the log phase leading
to lower cell density. To combat this, cells were grown to high cell density in a rich
medium and allowed to equilibrate with the minimal medium before induction3*4. GF
protein yields were still too low with this strategy, and growing cells in large volumes of
isotope-containing Mg minimal media would be cost prohibitive and impractical. A more
reasonable approach was to explore different labelling media to prepare isotope-labelled

GF.

W. F. Studier’s autoinduction media?°4 were routinely used to grow isotope-

labelled GF. The media used here are LS-5052 and C-750501 for 3C- and *N- uniform
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labelling. Using these media without further adjustments resulted in nearly 7-fold higher
GF protein yields compared to the Mg minimal media; minor modifications such as
titrating the final culture to pH 7 before inoculation further increased the yield of protein.
Excretion of protons and metabolic waste products such as lactic acid3?* acidifies the
growth medium as the cells grow. E. coli grow optimally in a pH range of 5.5 to 83*° and
titrating to pH 7 enhanced cell growth and overexpression of GF. LS-5052 was initially
used to prepare uniform-labelled GF but contains 20 mM succinate, which can act as an
alternate carbon source, potentially diluting the incorporation of isotope labels. C-750501,
which was optimized for maximum BC incorporation, was used instead of LS-5052. C-
750501 contains glucose and glycerol, which can be purchased relatively inexpensively
isotopically labelled with 3C, as the only carbon sources available to the cells; this ensures

high incorporation of the label into the recombinant protein.

A stark difference in protein yield was observed between GF purified from Mg
minimal media and Studier’s autoinduction media though both media provide sufficient
nutrients for cell growth. It is possible that the growth conditions used for these media
contribute to the disparity. For Mg minimal media, cells are grown at 37°C for
approximately 10 hours. For final cultures in Studier’s autoinduction media, growth at
20°C is recommended over 48 hours. The cells in Mg minimal media are likely expressing
large amounts of GF quickly, which can slow cell growth or be detrimental to the cell. At
20°C, growth and overexpression are likely progressing slowly compared to 37°C, which

allows the cells to better adapt to the presence of large amounts of GF. Allowing the cells
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to grow for longer periods of time allows for similar cell densities to cultures grown at
37°C. Another important contribution to the difference in GF yield is the higher cell

densities achievable in Studier’s media compared to LB and Mg.
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4.2 Extracting GF from the Membrane

After successfully overexpressing the IMP of interest, the membrane-embedded
protein is usually extracted from the native lipid environment for structural or functional
studies. Though other novel surfactants and membrane mimetics have been developed,

detergents are commonly used to extract IMPs from the membrane3*7.

I explored several extraction agents for the removal of GF from the E. coli
membrane and found that in general, detergents were the most effective in terms of the
amount of protein that could be extracted. Dodecyl maltoside (DDM), which is the most
commonly used detergent in the purification of IMPs3?7, was the most effective at
extracting large amounts of GF from the native lipid bilayer compared to other detergents

and extraction agents that were explored.

Octyl glucoside (OG) has a shorter carbon chain length than DDM. OG was the
detergent used to solubilize GF when its crystal structure was solved®; however in my
hands, yields of OG-extracted and solubilized GF were significantly lower than of DDM-
extracted GF. Furthermore, characterization of the sample revealed a mixture of tetramer,
octamer, and higher MW aggregates, and after 24 hours, the OG-solubilized sample
contained visible precipitate. While both OG and DDM are nonionic detergents, OG is
considered a harsher, more denaturing detergent than DDM due to its shorter carbon
chain?94. Shorter carbon chains may not adequately shield the hydrophobic areas of the

IMP from the aqueous environment, causing association and aggregation.
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lonic detergents, which are considered harsh and denaturing, were also tested in
the extraction step. SDS and Dodecyltrimethylammonium bromide (DTAB), like DDM,
have 12-carbon chains; SDS has a negatively charged head group while DTAB’s head
group is positively charged. It is possible that solubilizing GF in an ionic detergent would
discourage aggregation by charge repulsion of the micelles. Extracting GF from the
membrane using SDS and DTAB resulted in poorer yields than in OG and DDM, with

DTARB less effective for extracting GF from the membrane than SDS.

LMNG and LMNG:CHS have been shown to extract delicate IMPs from the
membrane. For example, LMNG was used to extract STRAG6, a receptor responsible for the
internalization of retinol3?8; other IMPs, such as GPCRs, have been extracted using
LMNG:CHS32933°, CHS is a cholesteryl molecule that is often used in conjunction with
detergents to solubilize and stabilize eukaryotic IMPs33, and has been also used to extract
IMPs when mixed with DDM332. CHS enhances the stabilization of solubilized IMPs
because cholesterol is present in the lipid bilayer of eukaryotic cells333. CHS likely
provides an effective mimic of the cholesterol in the native eukaryotic lipid environment
and encourages proper folding. LMNG and LMNG:CHS did not extract GF from the
membrane as effectively as DDM or OG. LMNG is much larger that DDM and may be a
poor extraction agent for GF due to its relatively large structure, which may be sterically
hindered from penetrating and disrupting the membrane. In this work, I extracted the
membranes with LMNG for the same period of time as for DDM and longer extraction

times might increase the amount of GF extracted from the membrane. The SEC-MALS
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elution profile of GF extracted and solubilized in LMNG indicated a pure homotetramer
suggesting that future studies optimizing membrane extraction with LMNG may be

warranted.

DDM and OG are relatively inexpensive detergents; however, frequent membrane
extractions using high concentrations of detergent may not be economical. SMA co-
polymers theoretically allow for a detergent-free method to solubilize IMPs in their native
lipid environment334. However, in my hands, SMA 2k was not an effective solubilizing
agent for GF. [ made no attempt to optimize the extraction conditions and used
conditions that were optimized for other membrane proteins®4. The buffers that are
suggested for optimal SMA use fall at the upper limit of the pH range amenable to GF
without causing aggregation®7®, and their compatibility with GF is unknown. From the
results sections above, the optimal buffer environment of GF, and likely IMPs in general,
is protein dependent. Varying buffer type, pH, salt concentration and storage
temperature even slightly may cause self-association and aggregation and likely
contributed to the poor extraction of GF from the membrane. It is possible that better

optimization of these variables might lead to higher yields of soluble, homogenous GF.
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4.3 Osmolytes and Other Additives

After observing GF self-association to octamers in DDM and LMNG, different
additives and sample storage conditions were explored to discourage octamer formation
in LMNG and further aggregation in DDM. Methods such as removing the Hise affinity
tag to reduce any affinity tag-mediated aggregation were impeded by low activity of the
TEV protease in the presence of detergents®92. A thrombin cleavage tag could be used
instead, as thrombin has been shown to be active in the presence of a variety of

detergents>92.

Osmolytes are molecules found intracellularly that are known to stabilize proteins;
they play a role in regulating cell volume under water stress and protect proteins from
other stressors such as temperature and pH fluctuations33>. The mechanism by which
osmolytes interact with and stabilize proteins is still incompletely understood, but it has
been hypothesized that they (1) increase the hydration of proteins, encouraging them to
fold more compactly and (2) interact unfavourably with the peptide backbone, increasing
the free energy of the unfolded state and strengthening the protein secondary
structure33%. Glycerol was added to the detergent-solubilized GF sample after purification
for two reasons: as an osmolyte, it may improve protein stability?®®, and as the substrate,
glycerol may induce small conformational changes that aid in stabilizing the protein337.
SEC-MALS elution profiles (Figure 31) indicated a 1:1 ratio of octamer to tetramer in
DDM-solubilized GF after addition of glycerol, so other additives that were proposed in

the literature to aid in solubilizing IMPs or improve and promote proper protein folding
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were explored. The osmolytes TMAO33°, ATP289, and arginine®® initially showed
promising results, but the samples revealed similar self-association to the DDM-

solubilized sample after 24 hours.

Because of the extremely variable native environments of IMPs, the solubilizing
agent used to solubilize an IMP is often optimized for the IMP of interest. This is time-
intensive and tedious, though the development of high-throughput screening methods
for overexpression and solubilization of IMPs is progressing33®339. This aids in identifying
a point from which to begin optimization. Often, once a buffer has been chosen, minor
adjustments to pH, temperature, ionic strength, and detergent concentration are

required.

Phosphate buffer was used here because the optimal buffer range encompasses
physiological pH and because this buffer is amenable to NMR measurements in that it
does not interfere with the measurements34°. Previous work showed that GF is susceptible
to changes in pH278; at low pH (less than pH 6), GF dissociated to monomers, and at high
pH (greater than pH 8), visible aggregation was observed. Titrating DDM-solubilized GF
(Section 3.2, Effect of pH), to high (pH 8.5) and low (pH 3.7) pH showed that the GF
tetramer would dissociate at low pH and reform after being titrated back to pH 7.5.
However, based on the fluorescence intensity of GF, it appears that, while some GF

tetramers are recovered, not all the protein is retained in tetrameric form. Because of this,
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and to remain in a physiologically relevant environment, all experiments were carried out

at pH 7.4.

Purification of GF was conducted at room temperature; samples were stored at 4°C
and -80°C to observe the effect of temperature on the oligomeric state of the sample.
Based on results obtained via DLS, there was little observable difference between storing
the sample at room temperature and at 4°C. At low temperatures, higher concentrations
of phosphate buffer are insoluble, which may affect the buffering capacity of the buffer,
and thus, the solubility of GF. When GF was frozen for storage, the thawed sample
showed visible precipitate after warming to room temperature. Working at room
temperature was both the most convenient and physiologically relevant temperature to

store GF.

Adjusting the ionic strength of the buffer allowed for the preparation of purely
tetrameric, DDM-solubilized GF. lonic strength does not affect nonionic detergents as
much as ionic detergents3#, but is still required in the environment to maintain close to
physiologically relevant conditions3+°. SEC elution profiles suggested that initial
preparations of DDM-solubilized GF in buffer containing 250 mM NaCl were purified as
both octamer and tetramer. Homogenous DDM-solubilized GF tetramer was obtained in
buffer containing 150 mM NacCl, which is close to the physiological concentration and the
concentration of saline used for medical purposes34>. While ionic strength does not affect

nonionic detergents such as DDM and LMNG, it certainly will interact with the protein
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and may thereby alter the solubility and self-association of the protein. Whereas the salt
concentration was optimized for DDM solubilization, the salt concentrations used for
LMNG solubilization were the same as those used for DDM. It is conceivable that further
optimization of the salt concentration in LMNG may result in more homogenous
samples. However, the similarity in the nature of the detergent molecules suggests that

this is unlikely.
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4.4 Solubilizing GF with Detergents, Membrane Mimetics, and Other Agents

Despite the development of other detergents and novel solubilization methods,
DDM is still the most commonly used detergent initially explored for solubilization and
stabilization of IMPs3#. Its nonionic and relatively gentle character likely allows it to be
amenable to a large variety of IMPs. Sugar-based detergents have been and continue to be
popular in IMP studies; global analysis of detergents used to extract and solubilize IMPs
for structural and dynamics studies found that sugar-based detergents are used in
approximately 75% of the studies analysed3#. DDM and OG, among other sugar-based
detergents, are used based on their popularity, proven usefulness, and for economical

reproducibility.

Though sugar-based detergents are used commonly and have remained popular
since their introduction into IMP studies in the mid-1980s, their compatibility with IMPs
is not necessarily guaranteed. It is common to extract the IMP of interest with one
detergent and exchange it into another detergent or into a membrane mimetic.
Depending on the IMP of interest, other agents such as lipid vesicles, bicelles, nanodiscs,
or other types of detergents, such as zwitterionic or ionic detergents, may be superior to
the extracting detergent for stabilizing the IMP. Reconstitution into lipid bilayers such as
vesicles, bicelles, and nanodiscs present a physiologically relevant environment. This calls
into question the relevance of structures and other characterizations gleaned from

detergent-solubilized IMPs. It may be fruitful to examine the structure of an IMP
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solubilized in detergent and in a lipid bilayer, such as bicelles or nanodiscs, to see what, if

any, differences there may be.

In my work with freshly prepared DDM-solubilized GF, the protein eluted from
the SEC column as a homotetramer but, over 24 hours, the protein self-associated to form
octamers and higher MW oligomers, leading to visible aggregate. Solubilizing GF in
different detergents with varying chain length, head group, and charge, allowed for
possible insight into optimizing solubilization of GF and exploration of the processes

leading to aggregation of detergent-solubilized IMPs.

For GF extracted with DDM and exchanged with another solubilizing agent, efforts
were made to reduce the amount of DDM in the sample and encourage complete
detergent exchange. Nevertheless, trace amounts of DDM may still be present, resulting
in a lack of homogeneity both in the detergent composition and protein conformation.
Additionally, endogenous membrane lipids may have remained bound to GF during the
extraction process and detergent exchange34. Some of the inhomogeneity of the GF
protein preparations may have been the result of incomplete detergent and phospholipid
exchange and further purification steps such as ion exchange chromatography may be

used to ensure that GF is solubilized in a homogenous environment.

On the other hand, solubilizing GF via a mixed micelle or a bicelle may be what is

needed to enhance its stability outside of the membrane. Historically, any q ratio was

204



thought to form the bicelle architecture as described in Section 1.8.4 above. Instead, it
was shown that at q < 0.5, mixed micelles are formed instead of the classical bicelle
structure and an ellipsoidal micelle is formed with bicelle-like properties for 0.5 < q < 12%.
The dynamics of the E. coli outer membrane protein OmpX were examined in detergent
micelles, bicelles (q = 0.5), and nanodiscs3#4. The dynamic variability of OmpX was
compromised in micelles compared to the OmpX in the lipid bilayer environment of
bicelles and nanodiscs, which shows that the dynamics of IMPs are affected by the
detergent micelle. The B,-adrenergic receptor (B2AR) was reported to be stable in both
micelles and nanodiscs. Micelle-solubilized B2AR was observed to retain, in higher
proportions, the inactive form of the receptor in micelles. When reconstituted into
nanodiscs, B2AR retained the active conformation345. This suggests that, while micelles
may be amenable to solubilizing IMPs, the architecture of micelles compared to bicelles,
nanodiscs, and other lipid bilayer environments may cause subtle differences in IMP

structure and stability.

Amphipols, SMALPS, and RHPs have been developed to provide alternatives to
detergent solubilization of IMPs, though the use of detergents still predominates in IMP
studies. Amphipols (APols) have been shown to solubilize a variety of IMPs345, though
characterizing the APol/IMP complex is still ongoing3+7. APol-solubilized
bacteriorhodopsin (BR) was correctly folded and retained functionality, but manifested
slower photocycling rates compared to rates in the native membrane343, Interestingly,

Apol-solubilized BR photocycling kinetics were more similar to the rates seen for
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membrane-embedded BR compared to detergent-solubilized BR, which suggests that
Apols may stabilize IMPs better than detergents. Other studies of APol-solubilized IMPs,
such as the sarcoplasmic reticulum Ca**-ATPase, suggest that APols constrain the
inherent dynamics of the protein, resulting in slow hydrolytic activity and Ca?*

dissociation349:35°,

SMALPs have also been used to solubilize rhomboid proteases with activity in the
SMALPs more similar to that of the protease in the membrane than in detergents35'. One
drawback, however, is that only half of the protein was incorporated into SMALPs.
Sensory rhodopsin II reconstituted into SMALPs showed similar constraints on
conformational dynamics when compared to the dynamics of the protein in liposomes or

nanodiscs®5.

RHPs are the most recent polymer developed and designed to solubilize IMPs in
aqueous solutions and retain the tertiary structure of water-soluble proteins in organic
solvents?s3. RHPs have been shown to solubilize AqpZ during cell-free synthesis. My

results above in Section 3.2.2 show that GF appears to be soluble in RHPs.

All three systems have great potential, though there is still much to be learned
about the complexes they form with IMPs. Based on my results, solubilization via Apols
appears to be the most promising system, though it was not pursued in this work due to

the success of LMNG-solubilization. RHPs also show promise but rigorous
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characterization studies were not feasible due to the amount of RHP available for our
experiments. Though SMALPs have been developed over the past decade*4,
characterizing and optimizing the SMA copolymer and the lipid particles devoid of IMP
themselves is still ongoing35>33. SMALPs were not further pursued here as the system
likely requires further optimization; at the very least, detergent-solubilized GF should be
characterized in the SMA-solubilization buffer, as it was shown in my results that GF is
polydisperse as a result of its buffer environment (Section 3.2.1). Preliminary work here
suggests that additional characterization of Apol/GF and RHP/GF complexes may be

useful for discouraging aggregation and improving the stability of GF.

It was previously shown that high concentrations of SDS dissociate GF tetramers
into monomers, but that the protein retains most of its @-helical content®?8. In this study,
SDS was used to solubilize >N-labelled GF to determine the feasibility of studying GF
monomer dynamics via solution NMR spectroscopy. Only a few very broad NMR
resonances were observed (Figure 40), suggesting that most of the protein is in dynamic
conformational exchange on the millisecond to microsecond timescale. While SDS is a
strong solubilizing detergent, visible precipitate appeared in the samples after 24 hours,
possibly because the solubilized monomers do not retain their native structure in the
presence of high concentrations of SDS. Instead, they may be solubilized, poorly folded
molten globules354. It is of note that GF does not immediately unfold and aggregate in
SDS. Some cooperativity in the folding of GF has been shown where monomers associate

within the membrane, forming tetramers and assuming their native conformation3.
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Because of this cooperativity, it is likely that any dynamics information obtained on SDS-
solubilized GF monomers would not be representative of the individual monomers in the

GF homotetramer.

LMNG has been shown to stabilize delicate membrane proteins such as human
rhodopsin, a GPCR responsible for light perception355. LMNG and LMNG:CHS mixtures
were not as successful as DDM or OG at extracting GF from the membrane; however,
monitoring the stability and characterizing the oligomeric state of freshly prepared and
aged samples of LMNG-solubilized GF suggested that LMNG is better at stabilizing GF
than DDM (Figures 45 and 46). GF samples did not show any observable preference to
solubilization in LMNG or LMNG:CHS. CHS is a detergent that is a cholesterol-like
mimetic; it is added to other detergents to form a mixture used to solubilize and stabilize
IMPs, notably GPCRs and other eukaryotic IMPs356357. E. coli is prokaryotic and does not
contain any cholesterol, so it is unsurprising that CHS does not contribute to the
stabilization of detergent-solubilized GF. It is of note, however, that some Gram negative
bacteria produce hopanoids, which are structurally homologous to sterols35®. Hopanoids
have been observed primarily in the outer membrane of gram negative bacteria where
they play a role constraining the lipid bilayer and forming a liquid ordered phase3s9, as

well as a potential role in antibiotic resistance358.

The observed overall stabilization of LMNG-solubilized GF compared to other

detergents and solubilization agents may be attributable to the structure of LMNG.
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Compared to DDM and OG, LMNG molecules are larger, containing two hydrocarbon
tails and two polar head groups. The two hydrocarbon tails of LMNG may be better at
shielding the hydrophobic surface of GF than DDM. Despite the observed stabilizing
effects, LMNG-solubilized GF appears to be stabilized in an octamer-tetramer
equilibrium, based on SEC-MALS elution profiles and protein conjugate analysis (Figure
45). The CMC of LMNG is low compared to DDM, approximately 0.01 mM?2% for LMNG
compared to 0.17 mM3% for DDM. LMNG micelles are relatively stable, with off-rates that
are four orders of magnitude lower than DDM3%., During preparation of buffer containing
LMNG, the detergent required several hours to dissolve at room temperature, which was
accelerated by vigorous vortexing or by applying heat to the buffer. The strong self-
association of LMNG may indicate a high affinity for GF, explaining its superior
solubilizing power. Nevertheless, the observation of GF octamers and aggregates in
LMNG suggests that some hydrophobic areas in the protein are exposed, giving rise to the
higher molecular weight aggregates. It’s possible that octamers form during the detergent
exchange process and that the slow dissociation of LMNG from its micelles leaves
hydrophobic patches on GF exposed leading to aggregation. However, as discussed below,
it is also possible that octamer formation is mediated by the relatively hydrophilic N- and

C- termini of the protein.
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4.5 Characterizing the GF Octamer

Protein aggregation and disease are closely associated; this is seen in over 40
amyloidopathies such as Alzheimer’s disease3®?, Creutzfeldt-Jakob disease3%3, and Type II
diabetes3%4. Although amyloids are usually formed from water-soluble proteins3®s, those
studying IMPs must also contend with the tendency of IMPs to oligomerize and

aggregate.

I optimized conditions where DDM-solubilized GF could be purified as a
homotetramer but associated to octamers and higher MW oligomers after 24 hours. By
exploring other detergents, I found that LMNG-solubilized GF remained stable for more
than one week at room temperature, but appeared to be solubilized in a tetramer-
octamer equilibrium. Characterizing the GF octamer was done to identify methods to
discourage GF self-association in solution, so we first examined the crystal structure
symmetry mates to identify potential GF octamer models. We found that in the crystal,
two tetramers stack to form an octamer (see Section 3.2.3) and used negative stain EM
and size-exclusion chromatography-small-angle X-ray scattering to gain insight into the

LMNG-solubilized octamers.

With resolution limits of approximately 18 A36¢, negative stain EM is often
employed as a preliminary step to screen samples for cryo-EM studies. We first attempted
to collect images of negatively stained, freshly purified DDM-solubilized GF, which

oligomerizes to form octamers and higher M, aggregates over 24 hours. Negative stain EM
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was attempted on a DDM-solubilized GF sample aged for 3 days at room temperature.
Since this sample was expected to oligomerize and aggregate in these conditions, we
sought to discern whether the precipitates observed were either structured, insoluble,
high M: oligomers of folded GF, or unfolded, aggregated GF oligomers. Unfortunately, the
negative stain EM images of this sample did not provide any insight into the nature of the

precipitated protein.

Although we were unable to collect useful images of the DDM-solubilized GF
aggregates, we were able to collect excellent images of both tetrameric and octameric
LMNG-solubilized GF (Figure 59). Through image processing, 2D class averages were
constructed, showing views of octamer and tetramer looking down on the periplasmic or
cytoplasmic surfaces and the lateral membrane-interacting surface. These views of the
protein were verified by the close similarity of features of the images to those of the X-ray
diffraction structure and of detergent-solubilized models that we built based on the
crystal structure (Figure 57). The 2D class averages of the LMNG-solubilized GF octamer
sample revealed the octamer is composed of two stacked tetramers where the interaction
surfaces are not parallel. Because of the low resolution of negative stain EM, it was
difficult to determine if the tetramers interact via their cytoplasmic or periplasmic
surfaces. However, electron density between the tetramers in the 2D class averages and
the appearance of the “towers” in the images (Figure 62) suggested that the interfaces are
the cytoplasmic faces of the tetramers, where the disordered N- and C-termini protrude.

This is in line with the model created from the symmetry mates in the crystal structure
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and suggests that the polar, disordered termini may be responsible for octamer
formation. An explanation for the tilting of the tetramers with respect to each other is not
obvious when each tetramer is composed of identical monomers and leads to the
suggestion that the orientation of the tetramers in the octamers is an artefact of the

protein’s interaction with the EM grid or the staining procedure.

While the 2D class average images were very high quality (17 A resolution), they
did not permit a reconstruction of a 3D detergent-solubilized protein structure. This may
be explained by a lack of images representing all particle orientations. This in turn may be
owing to the protein having a preferred surface for interacting with the EM grid. It is
interesting to note that the most recognizable features of the protein are of the
membrane-embedded lateral surfaces that interact with lipid in the membrane and
detergent in the images. This suggests that the detergent belt may in some way aid in the

uptake of stain by the protein.

Size exclusion chromatography-small angle X-ray scattering (SEC-SAXS) is a
powerful tool used to probe the low-resolution (between 10-50 A) structures of biological
macromolecules and complexes in solution'®. SEC-SAXS has also been used to
characterize a few integral membrane proteins including photosystem I (PS I) of
Tricondyloides elongatus where the B-decylmaltoside detergent belt shields the
hydrophobic surface of the monomer and homotrimer3%7. Here, SEC-SAXS was used to

probe the structure of the LMNG-solubilized GF octamer. We successfully modeled the
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GF tetramer and DDM detergent halo using the scattering data collected and the
Memprot algorithm?®6, confirming the tetramer solution structure. However, the GF
octamer and LMNG detergent belt was more difficult to model despite the higher
concentrations of protein octamer. A major problem was the inability of Memprot to
model two detergent belts, but it’s also possible that, unlike the tetramer, the SEC could
not adequately separate the octamer from higher M, aggregates and/or tetramers (Figure
63A). Other attempts to obtain better signal from the GF octamer included increasing the
concentration of the LMNG-solubilized GF sample but this resulted in larger amounts of

high M; GF oligomers and did not increase the concentration of octameric GF.

Despite these problems, by building GF octamer models with an LMNG detergent
belt using the Micelle builder algorithm in CHARMM-GUI?%7, we were able to calculate
hypothetical scattering curves based on the models and compare the fits of the
hypothetical and experimental scattering curves. It’s interesting to note that the best
fitting octamer models were comprised of two tetramers with cytoplasmic or periplasmic
surfaces tilted with respect to one another in a manner highly reminiscent to what is
observed in the 2D class average negative stain EM images (Figure 60). However, the SEC-
SAXS octamer data could not support a cytoplasmic over periplasmic surface interaction.
One obvious area for improving the models is to build detergent belts with greater
amounts of detergent. Recall that the very successful models of the tetramer contained
about twice the mass of detergent per protein molecule as in the octamer models. It is of

note also that the direct calculation of electron density from SAXS scattering data, DENSS
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(https://www.tdgrant.com/denss/) was recently expanded to be able to calculate the

structures of membrane proteins with detergent belts, and could be used here to better
model the detergent belts around the tetramers in the octamer structure. Additionally,
the calculation the Rgvalue, which gives the spherical average of the particle causing the
x-ray scattering3®® should be considered as both the octamer and tetramer models of
LMNG-solubilized GF are not perfectly spherical. Nevertheless, based on the structure of
the model created from the crystal structure symmetry mates and the negative stain EM
2D class averages, it appears that in solution, the octamers are formed by the GF

tetramers with their cytoplasm-facing surfaces at the interface.

In characterizing the GF octamer, we hoped to identify the cause of the self-
association which might give insight into methods that would discourage the formation
of the octamer. We initially surveyed the GF crystal lattice searching for potential
residues that could interact with each other and cause the self-association. It was our
thought that by introducing point mutations at sites likely to interact at the interface, the
octamer formation could be prevented. We found, however, that in the crystal structures
the lateral, lipid-interacting surfaces of the tetramers were too far apart to interact; no
residues were found at the interfaces that might interact with the tetramer opposite of it.
The closest approach of two tetramers in the crystal lattice is between the cytoplasmic
surfaces (Figure 57). However, no interacting residues are observable, presumably
because the disordered termini that protrude from the cytoplasmic surfaces are not

visible in the structure. This further supports the suggestion that the disordered N- and
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C-termini play a role in the formation of the octamer. It is possible to speculate that the
elongated N-terminus containing the Hises tag, TEV cleavage site, and linker region causes
the tetramers to “tilt” towards each other on one end to accommodate the extra residues.
In our preparations, in contrast to the parallel orientation observed in the crystal
structure, it’s difficult to propose a mechanism for building such an asymmetric structure
from the symmetric homotetramer. If the disordered termini are responsible, it might be
possible to replicate this in MD simulations of tetramers that include the disordered

termini and learn the atomic structural basis of the asymmetry.

Crystallographers often truncate the N- and C-termini of their target proteins to
encourage crystallization3%. A C-terminal truncation was explored here to determine
whether the disordered termini were interacting and causing tetramer association. The C-
terminus of the GF monomer was chosen as it is longer than the N-terminus and
attempts to remove the N-terminal Hiss tag via TEV cleavage were unsuccessful.
BL21(DE3) cells containing the plasmid coding for the C-terminal truncated GF gene grew
poorly in rich media; when the plasmid was transformed into C43 cells, robust growth
was observed. C41 and C43 strains (Walker strains) are derivatives of BL21(DE3) cells that
were selected by exhibiting robust growth despite overexpressing the bovine
oxoglutarate-malate transport protein (OMTP)37°. The C43 cells are C41 cells that tolerate
overexpressing OMTP and E. coli F-type ATPase subunit b. Though the C43 cells with the
plasmid containing the GF C-terminal truncation grew robustly, no protein could be

purified. It may be that the C-terminus is required for proper insertion into the
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membrane or for proper folding of GF, or that truncation leads to proteolytic

degradation3*737; if GF is improperly folded, it may be forming inclusion bodies instead37>.
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4.6 ssNMR Spectra of LMNG-solubilized GF

Significant progress in ssNMR spectroscopy methods and instrumentation'® has
allowed for the structures of lipid bilayer-embedded IMPs as large as 350 residues to be
solved37. Using the solid-state regime, IMPs that were previously too large to study with
liquid NMR spectroscopy can now be probed for their structure and dynamics'4°. Here,
preliminary MAS ssNMR spectra of LMNG-solubilized GF were obtained and several
resonances were identified (Section 3.3). The 2D BC-3C dipolar assisted rotational
resonance (DARR) spectra show potential for measuring GF dynamics via ssNMR
spectroscopy, but the measured 3C transverse relaxation rates (T.) suggest that the
LMNG-solubilized sample requires more optimization to obtain a homogenous sample.
Thus, despite the extensive screening of detergents, solubilizing agents, and membrane
mimetics presented here, LMNG may be a relatively poor mimic of the native lipid
bilayer. Hydrophobic mismatch and lipid acyl chain ordering (and the presence of lipids
in general) have been discussed extensively in the context of IMP folding374, native self-
association within the lipid bilayer375, and the stability of IMPs in general'4%376377. It is well
known that bilayer-dissolved IMPs require careful optimization of the lipid:protein ratio
to prevent static protein conformational heterogeneity and line-broadened spectra378379,
While it is conceivable that LMNG-solubilized GF might be further optimized for the
measurement of ssNMR spectra, the physiological relevance of a bilayer environment and
the success in obtaining ssSNMR spectra of other IMPS in bilayers suggest that the best

avenue forward will be solubilization of GF in lipid vesicles, bicelles, or nanodiscs.
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2D DARR was used in part to report the complete MAS ssNMR resonance

assignment of microcrystalline YadA membrane protein. YadA is a 105 residue trimeric
protein involved in the infection pathway of some food-borne diseases caused by Yersinia
enterocolitica and Yersinia pseudotuberculosis3’. High quality 2D DARR spectra were also
obtained for Bacillus subtilis BmrA reconstituted into liposomes, a 130 kDa homodimeric
membrane protein that plays a role in multidrug resistance38°. The newly developed TIDE
(T.* weighted deconvolution) method has been shown to attain higher resolution and
sensitivity when used for measuring 2D DARR spectra on small, bitopic IMPs and may be
applicable to larger IMPs, like the 6TM E. coli acetate-succinate helicase3®'. These studies

support the idea that studies probing the dynamics of IMPs such as GF are imminent.
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4.7 Future Work and Conclusions

The ability to relatively inexpensively make large amounts of 3C-, N-labelled
LMNG-solubilized GF in combination with further developments in ssNMR spectroscopy
will, in all likelihood, lead to high quality ssNMR spectra and the eventual resonance
assignment of the dynamic structure of GF. As described in Section 4.6, high quality
spectra of BmrA were obtained of the protein reconstituted in proteoliposomes3®°; it
would be prudent, therefore, to further explore the reconstitution of GF in bicelles,
liposomes, or nanodiscs, perhaps by first solubilizing in LMNG to maintain the stability of
GF during the reconstitution process. The benefit in studying bicelle- or liposome-
solubilized GF is two-fold: based on the success of ssNMR spectroscopy of other IMPs,
these environments may be more amenable to acquiring higher quality ssNMR spectra,
and an environment that closely mimics the IMP’s native environment is expected to

support the retention of the IMPs native conformation and prevent aggregation.

The information obtained from comparing the structures of detergent- and lipid
bilayer-solubilized GF samples would also be beneficial. It has been suggested that
differences between the environments provided by detergent compared to lipid bilayer-
solubilization can impact factors such as lateral pressure and hydrophobic
mismatch58344376 and cause conformational changes that translate to a folded, detergent-
solubilized but inactive protein°2"35. Understanding at the molecular level the
differences in the structure and dynamics of IMPs in detergents and bilayers would

contribute significantly to our understanding of membrane protein folding and might
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have practical benefits, such as improving the preparation of IMPs for structure and
dynamics studies. Accompanying this are outstanding questions about the formation of
the GF octamer and the underlying causes for association of the tetramers and formation
of higher M, aggregates. Though attempts to increase the concentration of octamer
resulted in higher than usual amounts of soluble aggregate, it would be valuable to
further investigate the nature of octamer formation and what role, if any, its formation

plays in GF aggregation.

The overall goal of this work was to probe the dynamics of E. coli integral
membrane protein glycerol facilitator. Here, we presented the overexpression and
purification of 3C, 5N-labelled LMNG-solubilized GF for MAS ssNMR spectroscopy. We
were able to obtain 2D DARR spectra where multiple resonances could be identified. We
also presented the characterization of the GF octamer and explored the potential cause of
the observed self-association of the tetramers. To this end, both negative stain EM 2D
class averages and SEC-SAXS models supported the original octamer model proposed: the
octamers are offset, stacked tetramers that are tilted towards each other on one end of
the interface with what is likely their cytoplasmic-facing surfaces, and both the

disordered N- and C-termini protrude into the space between the tetramers.
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