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Abstract

In this thesis | describe the application of native mass spectrometry to investigate
membrane protein interactions with lipids and other small molecules. This work is
a combination of method development, resulting in novel ways to study membrane
protein-lipid complexes by native mass spectrometry, and application of
established techniques to important biological targets.

In chapter 2, | demonstrate for the first time the ability of surface-induced
dissociation to distinguish between interfacial and non-interfacial phospholipid
binding. Additionally, | show that combining this method with the modern high
sensitivity instrumentation and statistical analysis enables the observation of subtle
differences in oligomeric stabilities of membrane proteins in the presence of
different species of interfacial lipids.

Chapter 3 describes application of native mass spectrometry to the investigation
of a selected set of novel and established detergents. Controlled delipidation of
membrane proteins is readily achieved by selecting a specific detergent from this
set. Furthermore, a protocol for selective removal of either phospholipids or
lipopolysaccharide with the aid of these detergents is presented. These findings
contribute both towards the practical applications to membrane protein research
and also towards a better fundamental understanding of detergents in general.

Chapter 4 describes the use of native mass spectrometry to probe the effects of
lipid binding on a horse Na+/H+ transporter, NHE9. | show, that in the absence of
specific lipid interactions NHE9 is unable to maintain its dimeric form. These results
complement the recently obtained high-resolution structure of this protein.

Finally, chapter 5 illustrates investigation of the human MAPEG protein family. |
use collision-induced dissociation experiments to demonstrate the preference of
one member of this family, LTC4S, for particular phospholipid classes. | also
identify appropriate native mass spectrometry conditions for another member of
this family, MGST2, and link its instability to the removal of structurally important
lipids by membrane mimetics.
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1 Introduction

1.1 Membrane Proteins

Biological membranes are essential for life, enclosing and compartmentalising
cells. All membranes have the same basic structure, with amphipathic lipid
molecules spontaneously forming bilayers (with hydrophobic parts on the inside
and hydrophilic segments facing the aqueous environment on the outside).
Despite a similar overall structure, biological membranes can vary significantly in
exact composition, due to a large diversity of constituent lipids?. In addition,
membranes contain numerous proteins, with the ratio (by weight) of protein to lipid

being close to 1 for most membranes?.

Membrane proteins form around a quarter of the human proteome* and represent
approximately 60% of drug targets®. They can be divided into two main groups in
terms of their interaction with the lipid bilayer: integral membrane proteins have at
least one segment inserted directly into the hydrophobic core of the membrane,
while peripheral membrane proteins only interact with hydrophilic residues on the
outside and are weakly associated with the membrane (Figure 1.1). When the term
‘Membrane Protein (MP)’ is encountered in this thesis it refers specifically to
integral membrane proteins unless stated otherwise. Integral membrane proteins
can be further separated into three groups: monotopic MPs are exposed to only
one side of the lipid bilayer, bitopic MPs span the bilayer exactly once and polytopic
MPs span the bilayer multiple times, with multiple hydrophilic segments on both
sides of the bilayer®. Such membrane-spanning segments are most commonly
hydrophobic a-helices, although the proteins located in the outer membranes of

Gram-negative bacteria usually form B-barrels’.
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MPs can also be divided into several major families by their function, including
transporters, channels, receptors and enzymes (such as proteases)®°.
Transporters are responsible for moving many different types of water-soluble
molecules in and out of the cell. Transporters undergo a structural change upon
the binding of the substrate, resulting in selective movement of molecules across
the bilayer''. They are classified into three groups: uniporters transport a single
substrate across the membrane along the diffusion gradient, while symporters and
antiporters move a different ionic molecule in the energetically favoured direction
to transport the substrate against the activity gradient (what is referred to as
secondary active transport)'2. Antiporters move such enabling molecules in the

opposite direction to the substrate, while symporters do it in the same direction.

lon channels and porins form pores that can be either closed completely or open
to both sides of a membrane at same time. They can selectively move molecules
at up to 10° times greater rate than the fastest of transporters, but can only mediate
‘passive’ transport (down the diffusion gradient)'3. lon channels often default to the
closed state, with opening facilitated by a stimulus, such as a change in voltage

across the membrane, mechanical stress or ligand binding.

The largest signalling protein family is G protein-coupled receptors (GPCRs), which
respond to a large diversity of stimuli, including light, odorants, and small molecules
and ions such as calcium'™. GPCRs share the same basic structure with 7 trans-
membrane helices, but have many diverse subfamilies and low-sequence
identity'>'6. Due to the numerous signalling pathways that they control, GPCRs
are very attractive drug targets'”. Another MP family which is appealing for drug
targeting is membrane proteases, which can generate cleavage products on both

sides of the bilayer to control in-cell and between-cells signalling’®.
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Figure 1.1 Membrane protein types. Integral membrane proteins are located
inside the membrane and can be monotopic (green), bitopic (blue) or polytopic
(orange). Peripheral membrane proteins (pink) only interact with the surface of the
bilayer.

One unifying feature for all of these diverse MPs is the influence of their lipid

environment on their structure and function. Various types of lipids and their

interactions with MPs will be explored in the next sections.

1.2 Membrane Lipids

Lipids are loosely defined as molecules that are insoluble in water but soluble in
many organic solvents, although more accurate and detailed definitions have been
proposed based on their biological origin'®. They can perform three general
functions: be used as an efficient energy storage, act as messengers in diverse
signalling pathways and, as was mentioned in the previous section, can be the
building blocks of biological membranes. All membrane lipids must be ampipathic
in order to self-assemble into bilayers, however there are many differences

between the lipid species as a large diversity of them exists. Membrane lipids can
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be classified into four main categories based on their structure:

glycerophospholipids, sphingolipids, sterols and glycolipids®2°,

Glycerophospholipids are the major structural lipids in most membranes, so they
are often referred to simply as phospholipids (PLs)®2'. PLs are based on a glycerol
moiety connected to two acyl fatty acid chains and a phosphate group, which can
be modified by several functional groups (head groups) forming different PL
classes (Figure 1.2a). The common membrane PLs include phosphatidic acid
(PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG), phosphatidylserine (PS) and phosphatidylinositol (P1).
Pl can also be phosphorylated on some or all of positions 3, 4 and 5 (Figure 1.2a),
forming various phosphoinositides (PIPn, where n is the number of phosphorylation
events). Another notable PL is cardiolipin (CDL), which has a PG molecule as a
head group, resulting in a lipid with four acyl chains and two phosphate groups.
There is even further PL diversity, because lipids with the same head group can
differ by having different fatty acid chains at the tail. These chains can vary in length
(the number of carbons) and also in the number and positions of double bonds
(generally, saturated or mono-unsaturated fatty acids occupy the sn-1 position,

while unsaturation is more common at the sn-2 position)?22,

Sphingolipids are based on a sphingosine molecule, which is connected to a fatty
acid by an amide bond. They also have different head groups, which can be simple
(such as hydroxyl for ceramide) or contain a modified phosphate group similar to
PLs, (for example, sphingomyelin contains a phosphocholine head group) (Figure

1.2b).
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1.2 Membrane Lipids

Figure 1.2 Lipid types. a, Phospholipids. b, Sphingolipids. ¢, Cholesterol. d,
Core LPS (Lipid A-KDO2 complex). Abbreviations: PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol;
PS, phosphatidylserine; PI, phosphatidylinositol; CDL, cardiolipin; CER,
ceramide; SM, sphingomyelin; LPS, lipopolysaccharide; KDO, 3-deoxy-D-manno-

oct-2-ulosonic acid .
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Sterols consist of four fused hydrocarbon rings with an alcohol group and a side-

chain. Cholesterol is the most common sterol in mammals (Figure 1.2c).

Glycolipids are lipids that contain sugar. There is a large number of different
glycolipids performing many functions, including acting as signal transducers,
protein anchors and receptors of bacteria and bacterial toxins?3. One important
family of glycolipids is lipopolysaccharides (LPSs), which are located in the outer
leaflet of the outer membrane of many gram-negative bacteria, including
Escherichia coli (E.coli)**. LPS induces immune response in humans and other
animals and is largely responsible for septic shock?*?5. The structure of LPS
consists of three elements: Lipid A, core oligosaccharide and O-antigen, with Lipid
A and the inner core oligosaccharide (3-deoxy-D-manno-oct-2-ulosonic acid, KDO)
highly conserved and required for cellular growth of most gram-negative bacteria

(Figure 1.2d)?526,

In addition to chemical diversity, membranes also exhibit compositional diversity,
with different lipids present in different organisms, cells, organelles and even the
two leaflets of the same membrane?2'2”. Moreover, a particular lipid environment
is modulated by various factors such as cell growth conditions, cell division or
disease?8-30, The variety of existing lipids clearly indicates that they are not simple
building blocks for biological membranes, but have more complex roles and
interactions with MPs. The next section will describe how lipids can influence MP

structure and function.

1.3 Membrane Protein — Lipid Interactions

Membrane proteins and lipids do not simply coexist in biological membranes, but

influence each other in multiple ways?'. In terms of interaction with proteins, lipids
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can be assigned into three groups: bulk lipids, annular lipids and non-annular lipids
(Figure 1.3)%2. Bulk lipids are not in contact with proteins and can diffuse
throughout the bilayer. Annular lipids are in direct contact with the transmembrane
regions of a membrane protein and got their name for forming an annulus or ring
around the protein. While individual annular lipid molecules are in fast exchange
with the lipids in the bulk, they can still be important for the MP function as one
molecule replaces another in the first lipid shell and the protein senses the same
environment on average33. A recent study using molecular dynamics (MD)
simulations observed unique lipid environments for different MPs, highlighting the
high degree of selectivity for the surrounding lipid shells34. Both the hydrophobic
chains and the polar head groups can be important for the annular lipid selection,
with factors such as hydrophobic thickness or the distribution of charges affecting
specificity of the protein-lipid interactions3>. There is an energetic penalty for the
mismatch between the hydrophobic transmembrane part of the protein and the acyl
chains of the surrounding lipids, which can result in protein conformation being
altered, with deformations such as tilts or bends36. One example of the importance
of the acyl chain length for annular lipids is Ca?*-ATPase protein, where the chain
lengths of PC species affect both activity and the rates of phosphorylation and
dephosphorylation3337. The polar head groups of annular lipids can regulate
membrane proteins by interacting with the amino acids of the opposite charge at
the binding sites. An example of such regulation is mechanosensitive channel of
large conductance (MscL) from E.coli, which requires anionic lipids for correct

function38.39,
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Figure 1.3 Membrane protein-lipid interactions. A dimeric membrane protein
interacts with the surrounding lipids. Bulk lipids (grey) are not in direct contact with the
protein. Annular lipids (yellow) form a protective ring around the protein and are in fast
exchange with bulk lipids. Non-annular lipid (red) is stabilising the dimer formation.

Non-annular lipids bind more tightly to MPs, often at highly specific binding sites
between transmembrane helices of a monomer or between subunits of an
oligomeric complex®2. These lipids perform multiple roles and can be essential for
membrane protein structure or function. Non-annular lipids found between
monomeric subunits in a membrane protein complex are often responsible for
maintaining the correct oligomeric state*®. While many diverse lipid species
perform this function for different MPs, CDL is particularly well-suited for this
purpose due to its unique dimeric structure, containing four acyl chains and two
negative charges — CDL is sometimes referred to as ‘molecular glue’ for its ability
to stick monomers together*!42. Non-annular lipids can also be necessary for MP
function; for example, a bacterial potassium channel KcsA requires binding of
anionic lipids to facilitate channel opening*3. Another role of non-annular lipids is
as allosteric effectors; for example, cholesterol modulates G-protein coupling and
ligand binding for a member of GPCR family called serotoniniareceptor**. Similarly

to annular lipids, MPs can select for either specific head groups or acyl chains of
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non-annular lipids to fit into a particular binding site, with some examples of a single

lipid species being required for MP oligomerisation*®.

There is also a distinct class of MP-lipid interactions, where the lipid acts as the
actual substrate for a particular MP. An example of such interaction comes from

lipid flippases, which transfer lipids across the membrane“6.

With all of these important MP-lipid interactions existing, a variety of biophysical
techniques have been developed to study them and they will be reviewed in the

next section.

1.4 Techniques Used to Investigate Membrane Protein — Lipid

Interactions

Most of the methods applicable to MPs produce the best quality of data when
performed on pure and homogeneous samples. As MPs are not water soluble,
various membrane mimetics, such as detergent micelles, are employed to extract
the protein of interest from its native membrane environments and solubilise it.
Membrane mimetics compatible with native mass spectrometry are reviewed in

more detail in Section 1.6.

One of the most widely used techniques for determining MP structures and their
interactions with lipids is X-ray crystallography. The structures obtained at high
resolution allow direct identification of lipid binding sites locations, as well as any
structural rearrangements caused by lipid binding*’. However, the number of MP
crystal structures remains low compared to their soluble counterparts due to a
number of challenges, such as low expression yields and instability outside of

native membrane for MPs, as well as the difficulty of obtaining well-diffracting
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crystals*®. In addition, dynamic elements, such as soluble unstructured loops, are
often not resolved, which could lead to missing structurally important elements*°.
Several challenges are also associated with identifying bound lipids, with weaker-
bound species not surviving purification process or not being unambiguously
characterised due to their highly dynamic nature®®. This limits X-ray crystallography
to probe only the most specific and strong binders in most cases (although even
transiently-bound annular lipids have been co-crystallised with MPs in rare

cases®?).

Another method for high resolution protein structure determination is electron
microscopy. Traditionally, electron 2D crystallography was the technique of
choice®®, however single particle cryogenic electron microscopy (cryo-EM) is
rapidly growing in popularity due to recent technological breakthroughs®'. Single
particle cryo-EM enables identification of high resolution protein structures without
the need for crystallisation, which makes it the preferred structure determination
method for many MP families®2. Recent examples of single particle cryo-EM
applied to MPs include determining structures of GPCRs coupled to G-proteins®3-54
and elucidating specific protein-lipid interactions for the heat- and capsaicin-
activated ion channel, TRPV1%. The current challenges for obtaining high
resolution structures with this method include the size limit (with the minimum
protein size roughly defined to be 100kDa), sample heterogeneity and the high
concentration of solutes in the buffer (for example, salt and glycerol which are often
used during MP purification, as well as membrane mimetics such as detergent

micelles)%®.

While the methods above are extremely useful for obtaining high resolution protein

structures, they provide little or no information about protein dynamics. Nuclear
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magnetic resonance (NMR) spectroscopy is an alternative method that can yield
high-resolution protein structure as well as dynamics information. Solution NMR
spectroscopy has until recently been limited to small proteins (roughly below 30-
40 kDa in mass) due to slow tumbling times of big molecules, and, accordingly,
also required the use of detergents that form small micelles®”%8. In particular,
foscholine (FC) 12, also known as dodecyl phosphocholine (DPC), has been
extensively used for solution NMR, accounting for approximately 40% of the
structures produced by this technique; however, there is substantial evidence of
FC12 having destabilising and denaturing properties for many MPs%°. The latest
advances in technology and methods allow using solution NMR to probe dynamics
of large proteins well above 100 kDa in mass®6'. Alternatively, solid state NMR
can be employed to study MPs of various sizes in a detergent-free environment

(for example, inserted into oriented or unoriented lipid bilayers)®”.

In addition to the aforementioned methods, various other biophysical techniques
have been successfully applied to investigate protein-lipid interactions, including
atomic force microscopy (AFM), Forster resonance energy transfer (FRET) and
electron paramagnetic resonance (EPR). AFM uses a sharp tip to probe the
surface of an MP and can be performed on the protein in its native membrane
environment®?. FRET allows investigating MP-lipid interactions by measuring the
extent of energy transfer from the protein to different types of fluorescently labelled
lipids®3. EPR uses spin-labelled lipids to distinguish between bulk lipids and those

in contact with the protein surface®*.

Computer technology is constantly improving at a rapid pace, meaning that MD
simulations become increasingly popular in complementing experimental findings,

or even performing original investigations of MP-lipid interactions®5-67. Two main

11
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types of force fields are used for the majority of MD simulations: atomistic scale
and coarse-grain (CG) scale force fields. Atomistic scale force fields provide
greater accuracy and resolution but are really computationally expensive and
therefore limited in terms of the size of the system and the simulation time; CG
scaling involves combing a group of atoms into a single ‘bead’, significantly
reducing computation cost at the expense of resolution®. MD simulations can also
yield quantitative information by estimating the energetics of protein-lipid

interactions®®.

Native mass spectrometry (MS) is a complementary approach to the methods
above that has made substantial contributions to the field of MP-lipid interactions
over the past decade®. As native MS is the main technique used in this thesis, it
will be explored more extensively in the following sections. The next section will
provide an overview of native MS, describing common experiments and

highlighting various strengths and limitations of this method.

1.5 Native Mass Spectrometry

Mass spectrometry is a technique that measures mass-to-charge ratios (m/z) of
molecules in the gas phase. Throughout its early history, MS had been primarily
used for the studies of small volatile molecules. In order to extend MS capabilities
to larger molecules, such as peptides, novel ionisation techniques were developed,
with fast atom bombardment (FAB) being an important early example’®7". Later,
the revolutionary development of soft-ionisation techniques, most notably matrix-
assisted laser desorption ionisation (MALDI)"2 and especially electrospray
ionisation (ESI)”® in the late 1980’s, allowed transmission of large intact

biomolecules into the gas phase, thus paving the way for the field of native MS74.
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Native MS differs from the other biological MS methods (such as bottom-up
proteomics) by using non-denaturing buffers to maintain the native state of a
protein prior to ionisation and then preserving any non-covalent interactions and
(to a large extent) the native fold of the protein in the vacuum of a mass
spectrometer’>. This enables identification of stoichiometry of protein complexes,
their binding partners, such as ligands or lipids, and also provides information on
topology and dynamics’®. Native MS does not require sample labelling or
homogeneity and can be applied to proteins with a wide range of masses and
structures, making it a valuable addition to a structural biologist’s toolkit. Another
advantage of native MS is its sensitivity, with as little as 2-3 uL of protein at 1-10
uM concentrations required for an experiment’” — this can be especially important

for proteins that are challenging to express in large quantities, such as many MPs.

Native MS experiments can be performed on instruments with various
architectures (see Section 1.7 for the types of spectrometers used in this work),
but all of them share several key features (Figure 1.4a). The first step is ionisation,
where the protein is transferred from solution into the gas phase. For native MS,
the most commonly used ionisation method is a miniaturised version of ESI called
nanoelectrospray ionisation (nESI)’® (see Section 1.8 for a more detailed
description of nESI and alternative ionisation techniques). nESI produces a series
of multiply charged ions, resulting in a characteristic Gaussian-like distribution of
peaks in the spectra (Figure 1.4b). Some of the evidence for proteins maintaining
their native-like structures during native MS comes from the observation that the
average charge state for the protein is significantly lower than for the same protein
sprayed from denaturing conditions’>"°. This implies that the solvent accessible

surface area (SASA) of the protein is smaller, leading to less charging and implying
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Figure 1.4 Native mass spectrometry experiments. a, A schematic
representation of a general mass spectrometer, including essential (black) and
optional (red) elements. b, An example of a native spectrum of a protein
(concanavalin A), highlighting several native mass spectrometry features. Different
oligomeric species can be observed in the same spectrum. For each species, a
series of charge states is formed (indicated for the tetramer), resulting in a roughly
Gaussian distribution — exact mass can be calculated from these patterns. The peaks
have large widths due to incomplete removal of salt adducts.

that the protein remains in the folded state®® (see Section 1.8 for further

discussion).

The most important stage of any mass spectrometer is the actual mass analyser,
where the m/z of the molecule of interest is measured (Figure 1.4a). The two most

commonly used types of analyser for intact protein analysis are time-of-flight (TOF)
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and Orbitrap®! (Sections 1.11 and 1.12 respectively). Ideally, when the protein
reaches the analyser, it has been stripped of any unwanted binders (such as
solvent molecules, salt adducts or remaining detergent) in order to extract the
accurate mass value. Moreover, the signal for a single proteoform is spread out
over species with different number of such adducts, significantly reducing signal-
to-noise ratio (S/N)®2. Salt adducts in particular present a problem for native MS
because they are not readily removed by gas-phase activation — as a result,
proteins have to be buffer exchanged into a volatile salt solution, typically
ammonium acetate (AA) at 0.1-1M concentration’”83 — ammonia and acetic acid
readily evaporate, leaving a ‘naked’ protein to be analysed®. AA has an additional
advantage of having a pH value close to 7, which contributes to keeping most
proteins in their folded state — although AA is technically not a buffer at pH 7, so it
does not necessarily protect the protein throughout nESI process®. There are not
many alternatives to AA for native MS, with examples like ammonium bicarbonate
showing evidence of causing protein unfolding by bubble formation® — this can
sometimes be an issue for proteins unstable in acetate. Moreover, proteins are
typically exposed to high concentrations of various nonvolatile salts in their native
environment, which can often be required for structural or functional reasons; these
interactions are, therefore, lost during a typical native MS experiment®’. Recently,
small diameter nESI emitters have been introduced, that allow performing native

MS experiments from nonvolatile buffers at the expense of resolution8”:88,

Detection of an intact native-like protein complex enables measuring its accurate
mass — this could help with determining the number of post-translational
modifications (PTMs) or bound ligands, but provides little information about internal

composition. The structure and binding of a protein complex can be probed more
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deeply by employing dissociation techniques that selectively disrupt some of the
noncovalent interactions, while keeping covalent bonds intact. The most commonly
used dissociation techniques are collision-induced dissociation (CID), which uses
multiple collisions with small neutral gas molecules to slowly activate the protein
complex of interest, and surface-induced dissociation (SID), where the protein
complex is collided into a solid surface®! (these methods are reviewed in detail in
Sections 1.14 and 1.15 respectively). Breaking non-covalent interactions of an
oligomeric protein complex produces smaller ‘fragment’ subcomplexes; these then
have their masses measured, providing information about the original
stoichiometry®. SID is particularly informative, producing dissociation products that
are representative of the complex assembly and thus providing insight about the
internal architecture®. Alternatively, some information about protein assembly and
topology can be obtained by disrupting non-covalent interactions in solution by

using organic solvents®!92,

As described above, nESI produces multiply charged ions, meaning that several
species are simultaneously present in a spectrum. This can often pose a challenge
for interpretation of dissociation experiments as it is unclear which dissociation
products came from which precursor. Moreover, several oligomeric states can be
present in solution adding to the difficulty — for example, monomers present in
solution and formed as a result of gas-phase activation would be indistinguishable
upon detection (although they might have different charge states in some cases).
This problem can be alleviated by performing a tandem MS (MS/MS) experiment,
where a particular m/z is selected by the quadrupole mass filter (Section 1.10)

before any activation is applied®.
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Native MS by itself is limited to measuring the mass of a molecule, but not its size.
lon mobility (IM) spectrometry (Section 1.13) allows the measurement of the
rotationally-averaged collision cross section (CCS) of a protein® and can be readily
combined with native MS to obtain size and mass information in a single
experiment®. The measured CCS value can be compared to a theoretical value
calculated from a crystal structure® to verify that the protein has maintained a
native-like conformation in the gas phase — in fact, some of the early evidence that
the protein structure can be preserved in the gas phase comes from a similar
experiment®”. A protein can be intentionally unfolded inside a mass spectrometer
by using gas phase activation in a collision-induced unfolding (CIU) experiment.
Specific lipid or ligand binding can stabilise the protein conformation, resulting in
extra energy required to cause an unfolding event — thus CIU can be used to
investigate protein-ligand interactions®9%. Alternatively, various unfolded
intermediates for a protein can be generated in solution and then investigated by
IM without further gas-phase manipulation’®.°", Care has to be taken when
interpreting IM data, as the protein can be collapsed or unfolded if the selected

charge state is too low or too high respectively92103,

While native MS is able to detect protein-protein and protein-ligand binding events
across a wide range of masses, several potential problems have to be kept in mind
when interpreting experimental results. When two species vary significantly in
mass (for example, two different oligomeric states of the same protein) they will
have different probabilities of ionisation, transmission, and detection, so their
intensities cannot be compared directly without taking those factors into account'%4.
This does not generally apply to a small ligand (such as lipid) bound to a much

larger protein measured against the apo protein as their molecular weights are
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similar'®. Equilibrium dissociation constants (Kd) for protein-ligand interactions
measured by native MS were found to be in agreement with values obtained by

isothermal titration calorimetry in solution®’.

Another possible source of error comes from the fact that the binding strengths
vary between solution and the gas phase. In solution, weak hydrophobic
interactions are enhanced by the high cost of mixing non-polar compounds with
water — this is called the hydrophobic effect'®. The hydrophobic effect is a
dominant energy contribution to a variety of important biological processes,
including formation of lipid bilayers'®” (and detergent micelles'®®), protein
folding'%%-1"" and protein-hydrophobic ligand association''?. The hydrophobic effect
predominantly arises due to large entropic factors, as the presence of a
hydrophobic molecule in water results in ordering of water around that molecule in
order to maximise the hydrogen bonding network, and this ordering comes at a
high entropic penalty''® (although enthalpic contributions to the hydrophobic effect
are also important''411% as is evidenced, for example, by denaturing of proteins
not only at high, but also at low temperatures’?®.116). Absence of solvent in vacuum
leads to hydrophobic interactions being weakened, to the extent that some of them
are unable to be observed by MS'"7; electrostatic interactions, conversely, become
stronger in the gas phase''8. However, it should be noted that despite the absence
of the hydrophobic effect in vacuum, protein structures similar to those in solution
are often retained upon the transfer into the gas phase due to kinetic trapping on

the ms timescale of a typical MS experiment'®,

ESI polarity can also lead to observing false negatives, as has recently been shown
for some MP-lipid interactions being detected exclusively in positive or negative

polarity’?. False positives can be observed due to non-specific binding; these
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usually occur at very high concentrations of ligands or proteins, when multiple
molecules end up in the same ESI droplet (see Section 1.8 for more details on ESI
mechanism) — for that reason, protein concentration is usually kept low for native

MS (roughly below 20 uM) to avoid formation of unnatural oligomeric states'.

Compared to many of structural biology methods mentioned in Section 1.4, native
MS is a low structural resolution technique — some prior knowledge of the nature
of the protein as well as any binders is required, as it is impossible to identify them
by mass alone. Native MS can be complemented with other MS methods to obtain
more information about protein and ligand identities and interactions. Gas phase
activation can be used to break covalent bonds and analyse the resulting
fragments to characterise the protein — this process is called top-down
proteomics'?2, Traditionally, top-down proteomics were performed on denatured
proteins, but recent instrumental and methodologic advances have enabled native
top-down MS'23124 High energy CID can be used to fragment the protein
backbone, but other techniques are also employed including electron based
electron capture dissociation (ECD) and electron transfer dissociation (ETD)'?% and
ultra-violet photo-dissociation (UVPD)'?6:27.  To investigate protein-ligand
interactions another MS-based method is used called hydrogen-deuterium
exchange (HDX). In HDX, proteins get labelled with deuterium in solution and then
are digested at low pH to preserve the labelling — this allows identifying solvent
exposed regions of the protein, and any differences observed upon ligand binding
can be used to determine location of binding sites and induced conformational

changes’?.

Native MS can also be combined with other structural biology techniques, such as

X-ray crystallography'?® and MD simulations'3%.13'. These methods benefit from the
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ability of native MS to obtain information on the nature of protein-ligand
interactions, in turn providing a high structural resolution picture unavailable to
native MS. Another interesting avenue is preparative MS, where native MS is used
to select a single protein species and soft land it onto a surface, generating a
homogeneous sample for analysis by high structural resolution methods'32. A
combination of complementary techniques can therefore lead to a better
understanding of a biological system than any of those methods could provide by
themselves; this is the principle behind the integrative structural biology
approach'3. Throughout this thesis | adhere to this approach, with native MS
results being accompanied with data obtained by various other methods, including

MD simulations, cryo EM and solution-phase activity assays.

In summary, native MS can be used to investigate protein-ligand interactions in a
selective, sensitive and label-free manner. The next section will describe the
application of native MS specifically to study MP-lipid interactions, highlighting the

recent breakthroughs and achievements.

1.6 Using Native Mass Spectrometry to Investigate Membrane

Protein-Lipid Interactions

Membrane proteins are not soluble in water, so they have to be solubilised by a
membrane mimetic in order to be amenable to ESI (Figure 1.5). A big
breakthrough in the native MS of MPs came from the use of detergents (Figure
1.5a) at 2x critical micelle concentration (CMC), which were shown to preserve
intact MP complexes in the gas phase'34. Detergent micelles continue being
commonly used for this purpose’’. Detergents are also often employed to extract

MPs from their native bilayer environment'®®, Detergent selection has to be
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Figure 1.5 Membrane mimetics. A protein protected by various membrane
mimetics: a, Detergent micelle (light blue); b, Bicelle, a combination of lipids (grey)
and detergent; ¢, Amphipol; d, Nanodisc, two copies of MSP (green) surrounding
lipids; e, SMALP, styrene maleic acid co-polymer (dark blue) extracts the protein
together with the native lipids (yellow). MSP, membrane scaffold protein; SMALP,
styrene maleic acid-lipid particle

carefully considered as it can have an effect on extraction efficiency and solution-
phase or gas-phase stability. Saccharide-based detergents, such as n-dodecyl-3-
d-maltopyranoside (DDM), are among the least denaturing (‘mild’) detergents and
are extensively used for protein extraction and solubilisation'36. During a native MS
experiment, detergents have to be removed in order to measure the mass of the

‘naked’ protein; as a result, ‘sticky’ detergents like DDM require high amounts of
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energy to be applied, which can in turn cause protein unfolding or even
dissociation*’. It can therefore be beneficial to use ‘harsher’ detergents for native
MS, such as N,N-dimethyldodecylamine-N-oxide (LDAQO), n-octyl-B-d-
glucopyranoside (OG) and especially members of polyethylene glycole (PEG)
family, particularly tetraethylene glycol monooctyl ether (C8E4)*":'37. C8E4 can be
easily removed with mild activation and also has charge reducing properties which
can be beneficial for MP stability in the gas phase'”-138, The large diversity of
available detergents often leads to a time consuming screening step to identify the
best detergent for a particular protein complex'3®. It is also not uncommon to
extract the protein in one detergent (usually DDM) and then perform a detergent
exchange into a ‘native MS friendly’ detergent by size-exclusion chromatography
(SEC) or during a buffer exchange step using a Bio-Spin desalting column’”. In
some cases no single detergent exists that is simultaneously stabilising and native
MS compatible — a mixed micelle approach can be used instead, where several
detergents are combined (for example, a mixture containing DDM, cholesteryl
hemisuccinate (CHS) and FC enabled native MS-based investigation of
GPCRs'%). A different way to address this issue is to design novel detergents with
tailorable characteristics, such as the recently introduced oligoglycerol detergent
(OGD) family''. In Chapter 3 of this thesis, several novel detergents are

investigated, focusing on their compatibility with protein purification and native MS.

One disadvantage of using detergent micelles is that they are very different from
the native bilayer environment for MPs, missing factors such as lateral pressure as
well as losing many important lipid interactions. Several ‘more membrane-like’
mimetics are compatible with native MS, including bicelles, amphipols, nanodiscs

and styrene maleic acid lipid particles (SMALPSs). Bicelles are bilayer discs made

22



1.6 Using Native Mass Spectrometry to Investigate Membrane Protein-Lipid
Interactions

up of lipids, with the hydrophobic edges of the bilayer protected by detergent
molecules (Figure 1.5b)'#2. Bicelles were shown to preserve the protein oligomeric
state in the gas phase'#?, however they have not been extensively used in native

MS since the original report®.

Amphipols are flexible ampipathic polymers with high density of hydrophobic
chains that strongly interact with MPs (Figure 1.5¢)'#4. They require high energy
to be removed in the gas-phase (compared to detergent micelles) which can cause
dissociation of oligomeric complexes'3. However, amphipols were shown to be

useful for native MS of monomeric MPs 45,

Nanodiscs are nanoscale artificial lipid bilayers encircled by two membrane
scaffold protein (MSP) belts (Figure 1.5d)'4¢. This membrane mimetic has recently
become a relatively common alternative to detergent micelles for native MS, with
instrumental and software advances enabling analysis of MPs inside intact
nanodiscs'’. SMALPs form similar encircled bilayers, but they use SMA polymer
particles to extract MPs directly from the membrane surrounded by native lipids
(Figure 1.5e)'8, Laser induced liquid bead ion desorption (LILBID)-MS has been
used to remove nanodiscs and SMALPs in the gas phase while preserving native
oligomeric states of proteins™®. In addition to the methods described above, very
recently ejection of MPs into the gas phase was achieved directly from native

membranes, with no membrane mimetics required’°.

Choosing the appropriate membrane mimetic is not the only challenge for native
MS of MPs. A large number of structurally diverse lipids surrounds MPs in their
native environment (Section 2). Many of these species are extremely close in

mass or completely isobaric, meaning that endogenous lipids observed bound to
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MPs during a native MS experiment cannot be identified simply based on their
masses. This problem is intensified by the fact that native MS has the potential to
preserve even the weakest annular lipid binding events, leading to a large number
of peaks which are extraordinarily challenging to resolve'®'. Therefore, most
strategies involve at least partial delipidation of protein in solution. Delipidation is
performed by using detergent molecules to displace lipids, so one way to achieve
this is to increase the exposure time of proteins to detergent. This delipidation
method was applied to an ABC-transporter protein TmrAB, with individual lipid
binding events resolved in mass spectra after 48-hour delipidation in DDM at
37 °C'%2, Progressive delipidation can be also achieved by using increasing
detergent concentrations or by employing naturally delipidating detergents such as
OG, CB8E4 or n-nonyl-B-d-glucopyranoside (NG)™3. By increasing the
concentration of OG or NG in a stepwise manner weakly-bound lipids can be
removed, while selectively preserving non-annular lipids'®*. Delipidation stages
can be combined with liquid chromatography-MS (LC-MS) based quantitative
lipidomics on the extracted lipids — this allows identifying lipid species co-purified
with the protein and then matching their masses to the binding lipids observed by
native MS'%3. Alternatively, modern high-resolution mass spectrometers allow
identifying lipids in the gas-phase by dissociating them from the protein with CID
activation'®®. Especially impressive is the recently reported method of nativeomics,
where a complete top-down characterisation of endogenously binding lipids and
ligands is performed starting from a native protein complex'®. At other times
complete delipidation can be desirable, with individual lipid species added back to
observe the effect they have on the membrane protein'3®. Overall, delipidation

considerations combined with requirements for protein stability lead to long and
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tedious detergent screening experiments having to be performed for every MP. In
Chapter 3, | investigate a novel group of detergents (designed and synthesised by
Leonhard Urner) with gradually varying delipidation strengths that are compatible
with diverse MPs, so the desired degree of delipidation can be achieved simply by

choosing the appropriate detergent from this group.

One of the ways in which lipids can influence MP structure is by promoting the
formation of the functionally relevant oligomeric state. The ability of native MS to
simultaneously observe different oligomeric states of the protein as well as
individual binding events makes it a great method for investigating this type of MP-
lipid interactions. For example, a bacterial leucine transporter, LeuT, was shown to
be a dimer with an extra mass of about 7.4 kDa attached to it; but when LeuT was
incubated with a delipidating NG detergent, exclusively monomeric species were
observed*?. Using MS/MS, the extra 7.4 kDa mass was assigned to 3 PL molecules
and 1 CDL molecule per monomer, highlighting the role of lipids for maintaining the
dimeric structure of LeuT. Native MS data contributed to the creation of the
interfacial strength oligomerisation model, which proposes that the MPs with weak
(low surface area, few or no salt bridges) subunit interfaces require lipids to form
stable oligomers*’. An example of this behaviour can be observed for the members
of Na*/H* antiporter family, where NapA and NHA2 have strong interfaces and form
stable dimers in the absence of lipids, while NhaA forms a weak interface and
requires lipids for dimerisation*®'3', In Chapter 4 of this thesis | use native MS to
show lipid-induced dimerisation of another Na*/H* exchanger, NHE9. Native MS
has also been used to discover previously unknown oligomeric states of MPs
facilitated by lipid binding. Beta-barrel assembly machinery (BAM) is a

heterooligomer consisting of five subunits (A to E); structural studies performed in
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detergent identified its stoichiometry as 1:1:1:1:1'%7. Native MS experiments
performed in the native membranes revealed a hexamer containing a second
BamE subunit with CDL facilitating its formation'®. The native MS methods
described above provide useful insight into the role of lipids in MP oligomerisation,
but they do so indirectly through observing the changes in ratios of different
oligomeric species upon addition or removal of lipids. In Chapter 2 of this thesis, |
employ SID to probe the effect of lipids on the subunit interface more directly. |
show that this approach is sufficiently sensitive to discern very subtle differences
to the oligomeric stability caused by lipids of the same class but different lengths

of their hydrophobic tails.

Native MS can also be used to identify lipids that stabilise a particular folded state
of a protein. One way to perform this type of study is to subject MP-lipid complexes
to CIU. The lipids that have a strong stabilising effect on the protein unfolding are
likely to be structurally important. One striking example is the interaction between
ammonium transporter AmtB and PG lipid which was identified as specific by CIU
and then lead to the crystal structure of PG-bound AmtB which confirmed a
significant structural difference of this protein with and without the lipid*’. In
Chapter 5 of this thesis, | use CIU to investigate the effect of lipids on a leukotriene
synthase protein LTC4S. AmtB is one of the most studied MPs by native MS, with
allosteric effects of lipid binding on protein-protein’™® and protein-lipid'®®
interactions observed; even binding thermodynamics of lipids to AmtB were
calculated using a specially designed temperature-controlled source'®. Native MS
has also been used to investigate allosteric effects of lipid binding to other MPs,
including important drug targets. For example, a recent study revealed that PIP2

enhances selectivity of G-protein coupling to GPCRs'4.

26



1.7 Native Mass Spectrometry Instrumentation

In summary, in just over a decade native MS has become an indispensable tool for
probing MP-lipid interactions, with a wide range of possible applications. The next
sections will provide a brief technical overview of this method, focusing on

instrumentation and experimental techniques employed in this work.

1.7 Native Mass Spectrometry Instrumentation

Various spectrometer designs have been shown to be compatible with native MS.
Here, | will only outline the instruments that have been extensively used in this
work. These can be separated into two broad categories: TOF-based
spectrometers and Orbitrap-based spectrometers. Synapt instruments (Waters
Corporation) are based on the TOF mass analyser; in this work the Synapt G216
(Figure 1.6a), the prototype high-resolution instrument based upon the Synapt
G2-Si system (referred to as the ‘high-res’ Synapt in this work)'®? (Figure 1.6b)
and the Synapt G1 modified with a linear drift tube'®? (Figure 1.6c) were used. The
Orbitrap system used in this work is the Q Exactive UHMR (Thermo Scentific)'®4
(Figure 1.6d). The Synapt G2 and the ‘high-res’ Synapt were modified with an SID
cell in the trap region as described previously'®®. In the following sections, | will
describe various aspects of native MS and | will highlight the features of those

instruments that make each of them suitable for particular experiments.
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Figure 1.6 Instruments. Schematic representations of the main mass spectrometer
types used in this work. Important features of each are highlighted in red. a, Synapt G2,
modified with an SID cell. b, High resolution Synapt G2, with a longer time-of-flight and
improved ion optics (red). (Note: a version of this instrument with a cyclic ion mobility cell
was also used, see Section 1.13 for more details). ¢, Synapt G1, modified with a linear
drift tube ion mobility cell. d, Q Exactive UHMR, with an Orbitrap mass analyser and in-
source trapping capability. lons in the C-trap can be sent to the HCD cell for activation or
straight to Orbitrap for mass analysis.
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1.8 lonisation

As was mentioned in Section 5, nESI is the ionisation method of choice for most
native MS studies; all of the instruments used in this thesis (Figure 1.6) were
equipped with a nESI source. nESI is a smaller version of ESI so they share the
same general mechanism'®. In order to initiate electrospray, a high (typically 1-
1.5 kV for nESI) potential difference is applied between the spectrometer inlet and
the conductive vessel containing the aqueous solution of the molecule of interest
(Figure 1.7a). nESI typically employs borosilicate glass capillaries for this purpose,
which are pulled into needle-like shapes, clipped to make an orifice of roughly 1-
12 um in diameter and gold-coated to make them conductive®3'67. The imposed
electric field penetrates into the liquid and causes the build-up of positive charges
(in the commonly used positive ionisation mode) at the tip of the needle. The
influence of the like-charge repulsion causes the extension of the meniscus, which
is resisted by the surface tension of the liquid'®®.The two opposing forces result in
formation of the cone with a half-angle of approximately 49.3° called the Taylor
cone'®. If the applied voltage is sufficiently high, a permanent jet emerges from
the tip of the cone that eventually breaks up into small charged droplets due to
charge repulsion'?. The solvent gradually evaporates from these droplets, until the
surface tension becomes equal to the repulsion of positive charges in the droplet

at the Rayleigh limit'”!, given by the equation:

Q = 8m(gyyR3)V?, (1.1)
where Q is the droplet charge, €ois electrical permittivity, y is the surface tension
of the solvent and R is the droplet radius. Beyond this point the droplets are no

longer stable, causing coulomb fission of the droplet via a similar cone-jet
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Figure 1.7 Electrospray fundamentals. a, Droplet formation. The application of
high voltage causes formation of a cone which breaks down into charged droplets.
Droplets decrease in size via evaporation and fission until free gaseous ions are
created. b, Three models for gaseous ion production. lon evaporation model (top): small
charged ions break free from the droplet surface. Charged residue model (middle):
globular proteins remain inside droplets until complete evaporation occurs and retain
any residual charge. Chain injection model (bottom): unfolded proteins leave the droplet
starting at one of the termini, picking up charge in the process.
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mechanism and formation of smaller progeny droplets'’2. Repeated evaporation-
fission cycles occur, until gaseous ions emerge from the final generation of
droplets. Three mechanisms have been proposed for this last step, depending on
the nature of the ion: ion evaporation model (IEM), charged residue model (CRM)
and chain ejection model (CEM) (Figure 1.7b)'%. It should be kept in mind that
although these models are generally accepted, many aspects are still subject of

ongoing research.

IEM proposes that once a droplet radius drops below a certain critical size
(estimated to be around 10nm) ions can be ejected from the droplet surface
(Figure 1.7b, top panel)'’3. This removal of charge replaces a fission event as the
means of repulsion relief; in fact, the ion typically leaves with its own small solvation
sphere and, therefore, resembles a progeny droplet, blurring the distinction
between the two processes’®6:174 |EM is almost exclusively applicable to small
ions, although an example of a small protein ion (ubiquitin) being formed via this
mechanism has been recently reported’”®. In order for this to happen, the protein
has to be supercharged in solution by lowering the pH and is required to maintain
its folded state in the highly acidic environment'’®. Consequently, IEM is expected

to be applicable to a very small number of proteins under specific conditions.

A much more common way to form gaseous protein ions is by CRM'76:177_ A large
and roughly spherical molecule (such as a folded native-like protein) remains
located in the centre of the droplet until all the solvent evaporates, leaving a naked
molecule with any residual charges attached to it (Figure 1.7b, middle panel).
Throughout the droplet evolution excess charge is removed by a combination of
coulomb fission and IEM, meaning that CRM predicts the final charge on the

protein to be consistent with a Rayleigh limit for a droplet with a radius of a protein
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— this observation was experimentally confirmed for both soluble'”8179 and
membrane proteins (solvated by non-charge reducing detergents, such as
DDM)'. Since the process has a degree of randomness associated to it, a
Gaussian distribution of charges is produced around the main ion. The mass of the
species with a particular charge, z, is a sum of the mass of the protein and the
mass of z charge carries, typically H* ions (in negative mode, the mass of z protons
needs to be subtracted instead). It is important to note that the final charge on the
protein is solely determined by the ESI process and has no relation to its charge in

solution66,

CEM describes the formation of ions from proteins that are denatured and unfolded
in solution (Figure 1.7b, bottom panel)'66.180, Unfolding causes the hydrophobic
parts of the protein to be exposed to water, greatly reducing solubility. One of the
termini then gets ejected from the droplet, followed by the rest of the molecule,
which picks up charges from the surface of the droplet as it leaves. The large
surface area of the denatured protein means that both the average charge state
and the width of charge state distribution are larger than they are for a globular

protein produced via CRM.

Since the protein charge is determined during the ESI stage, it is also the stage
where the charge manipulations are usually performed. Charge reduction can be
beneficial for maintaining the native structures of proteins in the gas phase'38. One
way the charge reduction can be achieved is by a combined CRM-IEM
mechanism'®'. Small molecules act as charge carriers and remove excess charge
through multiple IEM events. As a result, fewer than usual charges are left for the
protein ion during the last evaporation stage of CRM. A good charge reducing

agent has to be good at binding charge carriers and at the same time have a
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sufficient hydrophobic character to reside close to the droplet surface. PEG
polymers were shown to exhibit these properties'®; C8E4 detergent, which is
based on PEG, is also assumed to be charge reducing by this mechanism'".
Another way to reduce the charge state is by introducing an organic solvent
(typically acetonitrile) into the source of a mass spectrometer in order to expose
the ESI droplets to the vapour; this mechanism most likely works by affecting the
surface tension and, therefore, the Rayleigh limit of the droplets'3183, For MPs,
charge can also be reduced by switching to negative ion mode, however,
significant reduction is only observed for saccharide-based detergents, which are
not charge reducing in the positive mode'84. Further reduction is generally hard to
achieve for MPs solubilised in charge reducing detergents like C8E4, with the
recently described trimethylamine oxide (TMAO) being a notable exception'®. In
addition to the above methods, charge reduction can be achieved after the ESI
stage of an MS experiment, by introducing custom modifications to the
spectrometer; for example, cation-to-anion proton transfer reactions (CAPTR)
have been recently used to investigate the effects of charge state on the protein

conformation in the gas phase'86-189,

As was mentioned above, nESI is used over standard ESI for native MS. In addition
to the obvious benefit of a roughly ten-fold reduction in the amount of sample
required for one experiment, nESI also produces smaller initial droplets with 100-
1000 times lower volumes'®’”. The smaller droplets require less energy to
desolvate, so the final protein ion is more likely to retain its folding state due to less
internal energy'?'. The fewer desolvation events also mean that the needle can be
placed closer to the mass spectrometer inlet, resulting in fewer ions missing the

target'®®. Finally, the presence of multiple ions in the same ESI droplet can lead to

33



1 Introduction

a non-specific interaction between them, which can be misleading. These include
protein-protein interactions (which means that protein concentrations above
approximately 20 uM should be avoided'?') and protein-ligand interactions, such
as salt adducts. The smaller initial droplet sizes reduce the probability of such non-
specific binding events, meaning that nESI is more tolerant to the presence of salt
than ESI and, together with the use of high concentrations of volatile AA which
outcompetes sodium ions (Section 1.5), produces well-resolved protein peaks'®.
Taking this idea further, needles with sub-micrometer diameters were designed,
which could produce resolved mass spectra starting with high concentrations of

physiological salts®”-88,

Other ionisation methods have also been employed for native MS of membrane
proteins. Desorption electrospray ionisation (DESI) allows to investigate samples
from solid surfaces'. DESI can be used for ligand screening against MP
targets'®'. LILBID uses a laser to generate ions from liquid droplets'®2. LILBID can
produce sufficient energy to remove ‘sticky’ membrane mimetics, such as

nanodiscs'9 or SMALPs'49.

1.9 Transmission of High Molecular Weight lons

After the gaseous protein ions have been formed, it remains challenging to transfer
them to the analyser and detector stages of a mass spectrometer. ESI occurs at
atmospheric pressures, whereas mass analysers require very high vacuum for
accurate mass measurements. Therefore, transition between the high and low
pressure regions is inevitable for all the ions. The first hurdle occurs when the
freshly generated protein ions go through the inlet of a mass spectrometer. The

sudden pressure drop causes the ion plume to expand rapidly, and the high
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velocity of ions makes refocusing them very challenging. Surprisingly, increasing
the pressure in the source region greatly improves transmission of high molecular
weight species’®. This effect arises from the greater number of collisions between
the ions and the neutral background gas molecules which reduces kinetic energy
of the proteins, making them easier to refocus and transmit to the downstream
sections of a mass spectrometer'®®. This energy dampening is called collisional
focusing or collisional cooling and was traditionally practically achieved by throttling
the pump with a valve'®. For example, Synapts G1 and G2 used in this work have
such a valve that allows increasing the backing pressure in the source. The modern
versions of Synapts, including the ‘high-res’ Synapt used in this work, employ an
off-axis ion guide called a StepWave (Figure 1.6b), which enables sufficient ion
focusing without the need for a backing pressure valve'®. Some degree of
collisional cooling is provided by a larger sample cone used with StepWave
systems, which increases the backing pressure by leaking more atmospheric
gases inside the spectrometer'®”-1%8  Orbitrap-based Q Exactive systems also
require no backing pressure, with a gentle voltage gradient being sufficient for ion
transmission'%%; in the novel UHMR spectrometer in-source trapping (IST) can also
be used to dampen excess energy of ions'%4. For all of these instruments, various
radio frequency (RF) ion guides are employed to transport the ions from the source
region all the way to the mass analyser; these include stacked ring ion guides

(SRIGs) and multipole ion guides'64.199.200,

1.10 Quadrupole Mass Filter and Tandem MS

A quadrupole is usually located immediately after the source ion guides and is an

essential part of MS/MS experiments (Figure 1.4a). The quadrupole consists of
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jons
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Figure 1.8 Quadrupole mass filter. Quadrupole operated in selection mode; only
ions with a certain mass-to-charge ratio (black) have a stable trajectory.

four rod electrodes, often circular or hyperbolic in cross-section (Figure 1.8). A
suitable electric field for ion transmission and selection can be created by applying
the same potential to opposing rods and an opposing potential to adjacent rods.
Both continuous voltage, with value U, and oscillating RF voltage, with amplitude
V and frequency f, are applied. For each combination of U and V, only ions with
particular m/z values have a stable oscillating trajectory and are able to traverse
the quadrupole without colliding into one of the electrodes. This m/z can be
calculated by the second order differential equation called the Mathieu equation,
solutions to which are well known. Thus, the quadrupole can act as a mass filter
during an MS/MS experiment, selecting only a single species for further
interrogation. Alternatively, it is possible to use the quadrupole as an ion guide by

applying only RF voltage'%.

The maximum m/z that can be resolved by a particular quadrupole, Mmax, is given

by the equation:
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7 X 10%ay

Mmax = Sz (1.2)
where Vmax is the RF amplitude, fis the RF frequency and ro is the inner radius
between the rods in meters?°'. In order to achieve high values of m/z required for
native MS, either f can be reduced, ro can be reduced or Vmax can be increased.
The latter two are practically challenging due to a possible voltage breakdown, so
low RF frequency quadrupoles are usually employed for native MS, which function
up to 32000 m/z"9%. Low RF frequencies significantly compromise the resolving

power of quadrupoles, so they are no longer used as mass analysers?%?, despite

being popular during the early native MS history2%3,

It should be noted that for an MS/MS experiment a completely desolvated ion has
to be generated in the source region before reaching the quadrupole since an exact
m/z value needs to be determined. This can pose a challenge for many MPs
protected by membrane mimetics, which often require high amounts of energy to
dissociate. On UHMR instruments the IST capability presents an opportunity for
high energy deposition in the source region without significant transmission
losses'®. For Synapts, the source activation is generally limited to 200V in the
sample cone, although a high energy source modification has been

demonstrated’3,

1.11 TOF Mass Analyser

Unlike the quadrupole, the TOF mass analyser has only small losses of resolution
at high m/z values, with the mass range limited only by detector sensitivity?%4. An
initial packet of ions is given a burst of kinetic energy by an acceleration pulse with

potential, W. The ions then traverse a known distance, L, through a field-free region

37



1 Introduction

with a constant velocity. The time it takes to travel this distance, ¢, can be measured
and then used to calculate m/z by the equation:

m/z = 2eW <%)2, (1.3)

where e is the electron charge.

A continuous ion source, such as ESI, is not naturally compatible with the TOF,
since a packet of ions has to be released at a well-defined time. This problem is
alleviated by using orthogonal acceleration TOF, where the analyser is positioned
perpendicularly to the ion flow (Figure 1.9). This allows collecting a small packet
which is then released by the pusher electrode. To correct for imperfect focusing
of the ions resulting in a distribution of initial orthogonal velocities, a reflectron
device is introduced?®. An electric field opposes the movement of the ions; more
energetic ions penetrate deeper into the field before being turned around, so the

ions with the same mass will arrive at the detector simultaneously?°.

TOF requires very high vacuum (around 10-7-10-% mbar) to minimise the number of
collisions occurring as they reduce both sensitivity and resolution??’. The ‘high-res’
Synapt modifications include a novel pre-TOF transfer optic in the form of an axial
field segmented quadrupole and a longer pathway for the TOF itself (Figure 1.6b),
which in combination significantly improve the mass resolution and sensitivity

compared to the older Synapt models'2.

1.12 Orbitrap Mass Analyser

Orbitrap is a relatively recent addition to the native MS toolbox?®, but it has
continuously grown in popularity during the last decade. In an Orbitrap ions orbit

around the central electrode; while orbiting, they oscillate along the electrode, with
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Pusher Detector

N
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Figure 1.9 Time-of-flight mass analyser. Blue and red ions have
identical masses, but differ in initial velocity (red ions are faster, blue —
slower). The reflectron corrects the difference, resulting in simultaneous
arrival of both ions to the detector.

axial frequencies dependent on their m/z values. Moving ion packets induce an
image charge on pairs of outer electrodes and this time domain waveform is
converted into a frequency (m/z) domain by Fourier transform?%. Orbitrap has
found increasing use in native MS due to its ability to produce very high mass
resolution spectra, even in the high m/z range?%®. One example of the utility of the
Orbitrap is the power to resolve endogenously bound lipids bound to MPs, with
only a few Da difference between the species'®®. The main disadvantage of the
Orbitrap is the fact that it cannot be readily coupled to IM, due to the similar analysis
time of both of these methods — some prototype IM-Orbitrap systems have been
developed, but they lead to much more time consuming experiments than the

existing IM-TOF architectures?'°,

39



1 Introduction

1.13 lon Mobility Spectrometry

IM is a very powerful method that provides the information about the size of an ion
rather than its mass. Inside an IM cell, ions are separated based on their mobility
as they move through inert gas under the influence of a weak electric field?!'. As
was mentioned in Section 1.5, mobility can then be converted into a CCS value,
which is indicative of the protein size. Two main types of IM cells are combined

with native MS: drift tube (DT) and travelling wave (TW).

Inside the DT the ions undergo numerous collisions with neutral gas molecules
(usually helium or nitrogen) driven by a uniform, static electric field, E (Figure
1.10a). The ions move at constant velocity, which is directly related to E by a
constant, K, also called mobility. Mobility can be calculated from the time taken for

ions to traverse the tube, o, by the equation:

K—D+t 1.4
_tDE 0 ()

where D is the distance the ion has to travel through the drift tube and fo is the time

spent between the end of the drift tube and detection. The CCS value, Q can then

be obtained using the Mason-Schamp?'? equation:

0= 3Z€< 2n )0'5 1
16N \ukgT/ K,

where z is the ion charge state, e is the electron charge, N is drift gas number

(1.5)

density, ks is the Boltzmann constant, y is the reduced mass of the ion-drift gas
pair, T is the gas temperature and Ko is the reduced mobility (mobility corrected to
273.2 K and 760 Torr). For the two species with the same mass and charge, the
one with the larger CCS will undergo more collisions and thus will have a longer

drift time.
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TW is an alternative type of an IM cell that has been incorporated into commercially
available Synapt systems due to its high transmission efficiency, sensitivity and
resolving power'9%213214 TWI|M consists of a stacked-ring ion guide?'32'5, with
opposite phases of RF voltage applied to consecutive ring electrodes to provide
radial confinement'®°. A direct current potential is then sequentially applied to each
pair'® (or two pairs?'®) of electrodes downstream, providing a travelling wave that
pushes the ions forward. The IM separation is achieved by using conditions at
which the ions are propelled forward by the waves instead of “surfing” them,
continuously rolling over in the process'®. lons with higher mobility values are
overtaken by the waves fewer times, resulting in a smaller drift time value (Figure
1.10b). Nitrogen gas is preferred over helium for TWIM, because higher mobility of
ions in helium would require using lower travelling wave heights in order to avoid
the surfing scenario, at the cost of resolution?'®. However, filling the cell with
nitrogen at high pressures is problematic, as very high potentials would be required
to allow ions to enter the cell, leading to ion losses through scattering and
fragmentation. As a consequence, starting from Synapt G2 a helium cell precedes
the nitrogen-filled IM cell (Figure 1.6a), as significantly lower fields are required to

introduce ions into a helium-filled chamber due to higher ion mobilities in helium?"5.

One maijor disadvantage of TWIM compared to DTIM is the inability to directly
convert the observed arrival time distributions (ATDs) into CCS values. Instead, a
calibration curve is required, using calibrants with known CCS values (previously
measured on DT instruments)'%326_ Soluble protein calibrants do not work for MPs
of similar mass due to a significant difference in mobility values?'”. A strategy using

soluble calibrants of strictly higher mass than the MP of interest has been
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Figure 1.10 lon mobility spectrometry. Blue and orange represent two species
with identical mass and charge, but different sizes. a, Drift tube ion mobility
spectrometry. Proteins move under the effect of a weak electric field. The larger
protein undergoes more collisions with neutral gas molecules (grey), resulting in a
greater arrival time. b, Travelling wave ion mobility spectrometry. lons are propelled
forward by pulses of potential, the larger protein ‘rolls over’ the wave more times,
also resulting in a greater arriving time.

proposed, however, significant variations in the accuracy were observed
depending on the TW conditions?'”. With these considerations in mind, | have

chosen not to attempt calculating the CCS values of MPs from TW data and report
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them as ATDs instead. Where the CCS values were desired, a DT instrument was

used to calculate those directly using the equation (1.5).

The main utility of experimentally obtained CCS values comes from being able to
compare them against the theoretical ones, calculated from crystal structures — this
allows verifying that the protein maintains its native-like conformation in the gas
phase. Numerous computational methods for estimating a theoretical CCS value
exist, differing in accuracy and computing power required?'®. One relatively simple
method is projection approximation (PA), equating the CCS to the average
projection area over all possible orientations?'®. This method ignores the long-
range interactions and the scattering of protein by the gas molecules, so the
calculated value is underestimated'®®. However, a simple multiplication by an
empirically derived factor of 1.14 corrects the PA CCS value??. In addition, any
differences in the exact sequence composition of the protein between the crystal
structure and the experiment can also be corrected by equation%?:

2

M 3
CCSoqre = 1.14CCSp, (M‘”‘”) , (1.6)
PDB

Where Mexp is the molecular weight of the protein used in the experiment and Mpps

is the molecular weight of the protein in the crystal structure.

The resolving power of either a DT or a TW cell increases proportionally to the
square root of its length??'. While several extremely long IM cells have been
constructed??2223, an elegant practical approach is to build a cyclic TW IM cell,
where the ions can be sent for multiple passes essentially creating an arbitrarily
long path'2. The IM resolution of the new cyclic device developed by Waters

Corporation is higher than the previous generation of the TWIM used in Synapts
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even for a single pass around the ‘track’'%2. The Cyclic IM cell was shown to be
compatible with big macromolecules, such as proteins, with no significant structural

rearrangements observed from prolonged exposure to vacuum??4,

The way IM experiments are practically performed on Synapt instruments is by first
collecting a packet of ions and storing it in the Trap ion guide before the IM cell
(Figure 1.6a-c). The ions are then released at the same time and are separated
according to their mobility in the DT or the TW IM chamber. This separation is
maintained in the Transfer ion optic all the way to the pusher electrode, where the
first ‘bin’ of ions is collected and released into TOF (as was described in Section
1.11). A total of 200 such bins constitute a single IM cycle; incorrectly chosen
settings can result in a ‘roll-over’ effect, if the ions take longer than 200 bins and
appear to be in the first few bins of the next IM cycle instead. This method relies
on the TOF operating at a much faster time scale than IM; so it is not readily

extended to Orbitrap as was mentioned in the previous section.

1.14 Collision Induced Unfolding and Dissociation

A simple way to impart energy into protein ions inside a mass spectrometer is by
repeated collisions with background gas molecules. The energy of such collisions
is controlled by electrode potential, which increases the velocity of ions. This
activation can happen at any stage of a mass spectrometer due to the presence of
some amount of neutral gas all the way until the high vacuum of a mass analyser
stage. Native MS instruments usually also have dedicated collision cells filled with
neutral gas (typically nitrogen or argon) at higher pressures and with ability to apply

high voltages — for example, the Trap and Transfer ion guides on Synapts can act
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as collision cells (Figure 1.6a-c), and so does the HCD-cell (higher-energy C-trap

dissociation, a variant of CID) on UHMR (Figure 1.6d).

The degree of activation controls the effect on the protein ion. At minimal collision
energies collisional cooling helps with focusing and transmission of high molecular
weight species (Section 1.9), while higher energies are required to dissociate
unwanted solvent adducts® (or membrane mimetics in the case of MPs)'®.
Increasing the potential even higher can lead to structural rearrangements, such
as unfolding and even dissociation — this is the basis of CIU and CID. Their

mechanism is discussed below.

Repeated collisions gradually increase the internal energy of a protein, disrupting
some of the interactions that stabilise the folded state and eventually resulting in
the unfolding of one or more subunits??®. The unfolding event is accompanied by
the transfer of protons from the other subunits which move to the newly available
surface area to minimise charge repulsion; this causes further destabilisation of the
unfolding subunit creating a ‘positive-feedback’ loop??6-2%, The unfolding can be
preceded by a compaction for protein complexes containing a large cauvity,
especially if they have a low overall charge'%. In a CIU experiment, this unfolding
is happening in a controlled manner, with gradually increasing collision voltage
starting from the native-like conformation and observing the changes in CCS by
IM. The increase in CCS with voltage is not gradual, but instead happens in one or
more sharp characteristic transitions, which at least partially mimic the unfolding of
individual domains in solution®'232, The change in the transition voltage
(measured at the point where the intensity of the original conformation drops to
50%) upon addition of ligands or lipids corresponds to induced structural

rearrangements (Figure 1.11) (some examples of specific MP-lipid interactions
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Figure 1.11 Collision-induced unfolding. Model data of a protein unfolding,
showing one characteristic unfolding transition. Upon ligand binding, this transition
occurs at a higher collision voltage, reflecting induced stabilisation.

discovered this way were discussed in Section 1.5). This voltage increase can be
converted into the stabilisation value?33. Stabilisation values should be compared
against a standard for every protein, because even non-specific binding events can
cause a small increase in CIU stabilisation values?**. While theoretical models exist
relating the stabilisation value of a protein to actual physical energy values?*’, this
is still the subject of ongoing research; therefore, in his work such values are only
used to observe the differences in stabilisation induced by different binding

partners to the same protein, with no deeper physical meaning attached.

Increasing the energy even further results in complete dissociation of one of the
subunits — CID occurs®. If possible, this happens at the point where both fragments
possess equal amounts of charge (for large complexes) as this is where the energy
barrier for dissociation is minimised due to the maximum charge repulsion??®. This
results in an ‘asymmetric’ charge pattern, where a monomer leaves with half of the

total charge, despite representing a much smaller fraction of the mass of the
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complex??”. After the first subunit has departed, the process can be repeated at
higher energies, with more monomer subunits dissociating sequentially from the

stripped oligomer??’.

The release of a single unfolded subunit is the CID pathway for the vast majority
of protein complexes regardless of internal architecture, meaning that very little
structural information can be extracted®®. A small number of exceptions are known,
however, where CID results in the release of compact, low-charged fragments.
These are thought to occur when dissociation at the subunit interface is more
energetically favourable than unfolding, for example, if the monomer is stabilised
towards unfolding by intramolecular disulphide bonds?3® or if the interface is
particularly weak?3¢ or destabilised by repulsion due to a high amount of charge on
the complex'%2, In addition, unfolding does not occur if there is insufficient charge
in the system??®, as is often the case for small charge-reduced dimers. SID
produces folded dissociation products reflecting internal arrangement of subunits
in a much more predictable and reliable way and will be reviewed in the next

section.

An alternative mechanism has recently been proposed to explain the
experimentally observed charged asymmetry of CID products. Salt bridge
rearrangement (SaBRe) model explains the charge asymmetry by heterolytic
scission of ion pairs in salt bridges, which naturally results in the majority of charges
remaining on the same subunit after dissociation?®”. However, recent data obtained
by gas-phase HDX experiments revealed migration of a large number of deuterium
labels into the dissociated subunit; this would not be expected in SaBRe
mechanism as the interfaces containing the salt bridges are shielded and,

therefore, should be deuterium-free?38, While this observation does not completely
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rule out some contribution of SaBRe to protein complex dissociation, | will be using
a more traditional subunit unfolding interpretation of CIU, CID and SID data in this

thesis based on current evidence.

1.15 Surface Induced Dissociation

In SID, ions acquire energy via a single high-energy collision with a solid surface,
in contrast to the multitude of low-energy collisions with small neutral gas
molecules during CID. SID as an MS method was first introduced in 1975, when
the ion beam was shrouded with a stainless steel tube that was used to dissociate
small organic molecules?®. It was followed up a decade later, with the surface
introduced into a modified magnetic sector-quadrupole spectrometer for a more
routine application of SID?%°. Since then, SID devices have been introduced into
many different instrumental designs, including spectrometers used for native

MSZ41_

One import factor for SID devices is the surface material. A large variety of
materials have been used for SID of gaseous ions, including diamond, graphite,
contaminated and clean metals, Langmuir-Blodgett films and alkanethiolate self-
assembled monolayer (SAM) films242. The latter, especially the fluorinated forms,
have a number of properties that make them particularly useful as SID collision
targets. SAM films spontaneously form by adsorption of the sulphur head group of
alkanethiols to a piece of gold immersed in solution?43, resulting in well-organised
monolayer structures®*. Fluorinated SAMs are relatively easy to prepare®**, give
decreased neutralisation of the ions due to high kinetic energies?*® (neutralisation
is a major source of signal loss for metallic surfaces, as the electrons are easily

ejected from the surface by the energy transferred during collision) and provide
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more efficient kinetic-to-internal energy conversion compared to non-fluorinated
SAMs?%. In addition, they are stable under vacuum, resist contamination due to

their low reactivity and can be very easily regenerated?*6.

For a long time, the application of SID was mostly limited to small molecules?*’. In
the latter half of the last decade SID was extended to native-like protein complexes.
The activation of a non-specific dimer of cytochrome C by the surface resulted in
a symmetric charge partitioning for the two monomers, in contrast to CID?*8. Similar
results were observed for higher order oligomers, with the monomer leaving with
the fraction of charge proportional to its fraction of mass; interestingly, larger
dissociation products, such as dimers, were also produced?*°. The difference in the
charge patterns was hypothesised to be dependent on the different time scales of
the two dissociation processes: while the ‘slow-heating’ of multiple gas collisions
results in subunit unfolding, the fast (picoseconds) nature of surface activation can
provide access to alternative reaction pathways where multiple interfacial bonds
are broken simultaneously, resulting in dissociation without unfolding?42-248,
However, these initial experiments were performed on a Q-TOF (quadrupole-TOF)
instrument without an IM cell?®°, so it was not possible to observe the unfolding
events directly. In order to address this limitation, an SID device was installed into
Synapt G2 to enable CCS measurements: this showed both that the low charge
dissociation products were native-like (SID-IM configuration?®') and that more
compact precursors give more compact SID products (IM-SID configuration69).
The design of this SID cell (Figure 1.12a) is the same as the ones used in this

work and is described below.

The cell consists of 10 stainless steel electrode lenses: two entrance lenses, two

exit lenses, five deflector lenses and the surface lens; the voltage can be applied
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Figure 1.12 Surface induced dissociation. a, SID cell, operated in fly-through
mode (blue) and SID mode (red). Each lens is an individually controlled electrode. b,
SID of homotetramers with D2 (top) and C4 (bottom) symmetry. For a D2 tetramer the
weaker interfaces break first, resulting in formation of dimers; for a C4 tetramer all of

the interfaces are identical, so monomers, dimers and trimers can form.
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independently to each lens. The surface is coated with gold, which is in turn coated
with 2-(perfluorodecyl)-ethanethiol to form a fluorinated SAM?%°. The device can be
operated in two modes: in fly through mode (ions transmitted through the cell
without steering them into the surface) all the lenses have approximately the same
voltages as the instrumental inputs directly before and after the SID cell in order to
transmit ions through; in SID mode the front end deflectors are used to steer the
ions into the surface and the back end deflectors are tuned to draw the products of
the surface and transmit them into the helium cell. The SID acceleration voltage is
determined by the potential difference between the trap exit and the SID surface
and can be manipulated using the trap bias. Another important parameter is the
injection voltage, which is defined by the difference in potentials between the SID
surface and the helium cell entrance. This determines the amount of energy used

to pull the ions from the cell into the next section of the spectrometer after collision.

One of the main advantages of SID is its ability to provide information on the
internal subunit architecture and assembly pathways of oligomeric protein
complexes. One example of this ability comes from investigating tetrameric
proteins with D2 (dimer of dimers) symmetry. It had been previously shown that
the disassembly pathway in solution is the reverse of the assembly pathway and
that the larger (stronger) interfaces are formed earlier during assembly?®2. The
expected assembly pathway for D2 tetramers is monomer-dimer (C2)-tetramer
(D2)?%3, SID dissociation showed clear preference for dimers, with CCS values
consistent with the cleavage of the smallest interface®®*. Importantly, for tetramers
with C4 symmetry (having four identical interfaces) dissociation into monomers,
dimers and trimers was observed as expected (Figure 1.12b). This finding

demonstrates the ability of SID to provide direct information on the strength of
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subunit interfaces?®. This fact makes SID an extremely useful technique for
improving protein modelling?®®, generating novel structural models when high-
resolution structures cannot be obtained?%7:2%, and confirming subunit connectivity
and topology of designed protein complexes?*®. To access the most informative
SID pathways (maintaining the connectivity of fragments and minimal unfolding)

the use of low charge states is recommended?®°.

SID can also be used to investigate the effects of ligand binding on the interfacial
cleavage energy. This is usually achieved by the means of energy-resolved MS
(ERMS) plot, where the amount of the surviving precursor is plotted against the
applied SID energy. Ligands that are expected to stabilise the interface resulted in
higher energies required for dissociation compared to the apo precursor, whereas
non-interfacial ligands had no significant effect?>*. The nature of the dissociation
products (for example, whether monomers or dimers are formed and how many
ligands remain bound) can also provide information about the ligand
localisation?6'.262, SID was also applied to MP-lipid interactions, however no
stabilisation effects have been observed so far?63, In Chapter 2, | detect stabilising
interfacial lipids for the first time and develop a method to observe small differences

in stabilisation induced by different lipid species.

Despite the wealth of structural information that can be obtained using SID, its
application has been limited to a small number of research groups. This can be
partly attributed to the complicated SID device, with 10 manually tuneable voltages
(Figure 1.12a). The use of such devices requires a highly experienced operator
and can result in significant signal losses even after hours of optimisation. In order
to fix this problem, novel SID cells have recently been designed and implemented.

A generation 2 device cuts down the number of individually-tuned voltages from 10
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to 7 264, Intriguingly, a generation 3 device with only three electrodes was
demonstrated earlier this year — it uses a novel split lens geometry that naturally
replaces existing instrumental lenses and significantly improves sensitivity?*!. Both
generation 2 and generation 3 devices work with stainless steel surfaces instead
of the fluorinated SAMs described above; surprisingly, this does not result in major
charge neutralisation by electrons from the low ionisation energy metal?4'.264,
Together with combining SID with high-resolution mass analysers, such as
Orbitrap?%® and Fourier-transform ion cyclotron resonance (FTICR)%S, these
developments are paving the way for a wide-spread application of native SID-MS

in the near future.
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2 Application of Surface-Induced Dissociation to

Detect Interfacial Lipids for Membrane Protein

Complexes by Native Mass Spectrometry

Abstract

Membrane proteins (MPs) are important drug targets that are very challenging to
characterise using standard biophysical techniques. Native mass spectrometry
(MS) has emerged as a complementary method, providing important information
on MP stoichiometry and lipid binding. However, by being an inherently low
structural resolution method, native MS is often unable to provide positional or

functional information about the bound lipids.

In this chapter | develop a novel method which allows distinguishing between the
subunit-stabilising and interface-stabilising lipids. To achieve the former, | employ
collision-induced unfolding (CIU), which is a well-established method of
investigating MP-lipid interactions. To discover the interface-stabilising lipids, | use
surface-induced dissociation (SID), which has been extensively characterised for

soluble proteins but so far only had limited examples of MP-related applications.

Here, | demonstrate for the first time the ability of SID to distinguish between the
lipid classes and successfully identify interfacial species. Moreover, | show that by
combining novel instrumentation, careful selection of conditions and mathematical
and statistical analysis, it is possible to observe very small differences in interfacial
stabilities of MPs induced by closely related lipid species. | describe a protocol for

a combined CIU-SID experiment, which can be used to investigate specific lipids
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and to determine their effect on MP structure. Finally, | outline a few potential
sources of error, which can be extremely challenging to spot but which could

drastically change data interpretation if they are present.

2.1 Introduction

Membrane proteins (MPs) perform many different functions, from transporting
small molecules in and out of cells to being involved in complex signalling
pathways'. They are embedded in lipid bilayers, where the proteins are surrounded
by a variety of different lipid species. MPs interact with lipids selectively, often
requiring phospholipids (PLs) containing specific head groups?# or hydrophobic
tails>19 for correct structure and function (see Sections 1.1-1.3 for further

discussion).

Despite the great progress in studying MP-lipid interactions, there are still many
aspects that elude our understanding. Research is hindered by the difficulty in
expressing and purifying MPs, the need to use membrane mimetics for in vitro
investigations and the great diversity of lipid species, many of which are hard to
differentiate’. Native mass spectrometry (MS) has made significant contributions
to this field, identifying and investigating many MP-lipid interactions® (Section 1.6).
Native MS is an inherently low structural resolution technique, so in order to obtain
information on the nature of the observed binding events it has to be combined
with complementary methods. lon mobility (IM) spectrometry can be naturally
coupled with native MS and allows measuring the physical dimensions, in the form
of collisional cross section (CCS)'?> (Section 1.13). IM can be employed to
investigate the ligand-induced stabilisation in a collision-induced unfolding (CIU)

experiment, which involves gas phase activation of the protein and the analysis of
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the resulting unfolding profiles (Section 1.14). CIU is a well-established method
for investigating specific binding of lipids to MPs, with multiple examples of

structurally important PLs discovered this way*'3 (Section 1.6).

One of the main limits of CIU is that it only probes the MP structure with respect to
unfolding and does not provide information on the oligomeric state stabilisation.
While native MS was used to investigate such cases as well, it was mostly limited
to indirect methods, such as observing the changes in abundances of different
oligomeric species upon lipid addition or removal'#-'7. Although these methods are
informative, various challenges exist for data interpretation, including different
probabilities of ionisation, transmission and detection of species with different
masses, and possible losses of bound lipids in the gas phase'® (Section 1.5).
Some of these factors are incredibly difficult to control, because even minor
variations to the instrumental set-up (such as varying the distance between the
needle and the spectrometer inlet) can dramatically change the energy of the

protein ions™®.

Surface-induced dissociation (SID) is a method that can be used in combination
with quadrupole selection to probe a single protein species, eliminating most of the
complications described above. SID specifically breaks weaker subunit interfaces
and has been successfully employed to identify interface-stabilising ligands for
soluble proteins?® (Section 1.15). Moreover, SID energy was shown to be directly
related to the interfacial cleavage energetics, allowing for semi-quantitative
experiments to be performed?’. Overall, SID clearly has the potential to identify
lipids, which are important for MP oligomerisation; however, only limited success
has been achieved so far when looking at this type of interactions, with no

significant stabilisation observed for a few initial case studies®?. The main aim of
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this project is to develop a method to reliably employ SID for identification of
interfacial lipids that stabilise MP complexes. In this chapter, | demonstrate the
ability of SID to distinguish between interfacial and non-interfacial lipids and even
to differentiate between several structurally related interfacial species based on

small differences in the resulting dissociation energies.

2.2 Experimental Outline

As was described above, the mechanisms of CIU and SID are the opposites of
each other: ‘idealised’ CIU is unfolding without dissociation, while ‘idealised’ SID is
dissociation without unfolding (Figure 2.1). It should be noted that such an
idealised scenario rarely occurs in practice, with some degree of unfolding
occurring due to the surface collision®*2* and lipids falling off the protein during
CIU"3. However, the former can be minimised by using lower charge states?32°,
while the latter only becomes significant when looking at multiple binding events of
weakly bound lipids'3. This means that with careful selection of experimental
conditions the two techniques can be employed to obtain complementary
information about the lipid binding: CIU can identify the lipids that stabilise
individual monomers, whereas SID can identify the lipids that strengthen the
subunit interface. Here, | demonstrate this behaviour by looking at two different
proteins: ammonium transporter (AmtB) from Escherichia coli (E.coli) and

SemiSWEET (SS) from Vibrio sp. N418.

AmtB is a trimeric bacterial protein that has been extensively studied by native MS
due to high expression yields and good stability in solution and gas-phase*626:27,
One of the key findings was the discovery of a highly stabilising interaction between

AmtB and phosphatidylglycerol (PG) lipid (Figure 2.2a), which resulted in a crystal

71



2 Application of Surface-Induced Dissociation to Detect Interfacial Lipids for
Membrane Protein Complexes by Native Mass Spectrometry

T
RS

Desolvation and Quadrupole
micelle removal selection

\

CIU, one subunit SID, dissociation
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Figure 2.1 Collision-induced unfolding and surface-induced
dissociation. A schematic, representing a dimeric protein (such as
semiSWEET) subjected to either CIU or SID. CIU results in unfolding of a single
subunit, but preserves the dimer interface. SID disrupts the interface, but
subunits remain folded.

structure with a previously unobserved conformation of AmtB in the presence of
this lipid species (Figure 2.2b)*. Importantly, both the CIU result and the location
of the specific binding pocket in the crystal structure reveal that PG primarily

stabilises the individual monomeric subunits of AmtB. Therefore, PG binding would
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Figure 2.2 AmtB. a, Collision-induced unfolding experiments of AmtB bound to
various lipids revealed the extra stabilisation by PG lipids that was abolished upon
mutation. b, Crystal structure of AmtB bound to PG revealed a specific binding
pocket within each of the monomeric subunits (top), resulting in a change of
conformation compared to the apo protein (bottom). Figure adapted from ref(4),
with permission from Springer Nature.

be expected to have no significant oligomeric stabilisation upon the AmtB trimer,
which should be reflected by the results of an SID experiment according to the
mechanism in Figure 2.1. Thus, AmtB was selected as a negative control for the
SID, with expected outcome of no extra stabilisation of PG-bound species
compared to the apo trimer. (Note: the AmtB data were obtained prior to the
publication of similar data by Harvey et al??, with the experiments designed and

performed independently from them).

SemiSWEETs are a family of bacterial dimeric sugar transporters, with each
monomer containing three transmembrane domains (Figure 2.3a)?%2°. Dimer is
functionally important for transport, as is reflected by the SWEET proteins — SS
homologues from plant, in which the two ‘subunits’ are genetically fused together
by an extra transmembrane domain. Interestingly, SS dimers have an

‘intermediate’ subunit interface strength (see Section 1.6), meaning that while they
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Figure 2.3 SemiSWEET. a, A crystal structure of SemiSWEET from Vibrio sp.
(PDB 4QND). b, Oligomeric interface sizes for various proteins — SemiSWEET falls
between weak interface proteins that require lipids for oligomerisation, and strong
interface proteins that oligomerise on their own. ¢, Native mass spectrometry data
revealing increased dimerisation of SemiSWEET in the presence of increasing
concentrations of cardiolipin. d, Chain lengths of cardiolipin species present in the
membrane (white) and those observed bound to SemiSWEET (orange) — a clear
preference for binding of longer lipids is observed. Panels b and ¢ adapted from
ref(17), panel d adapted from ref(30), all with permission from Springer Nature.

do not require lipids for formation, dimerisation was shown to be influenced by
cardiolipin (CDL) (Figure 2.3 b,c)'>. In addition, the distribution of endogenous
lipids was assigned by high resolution native MS and revealed a higher percentage
of CDL molecules with long chain lengths bound to SS compared with all the lipids
in the cell extract (Figure 2.3d)°. Unfortunately, this method does not allow
determination of whether this distributional shift arises from the increased binding
affinity of SS towards longer species or if this represents greater propensity of

larger molecules to remain bound during gas phase activation. Here, | use SS to
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determine whether SID can be employed to reveal stabilisation induced by CDL on
the dimer interface. | then compare the results obtained upon SS binding to lipids
with different hydrophobic tails to see whether SID has sufficient sensitivity and

resolution to observe very subtle differences in induced stabilisation.

2.3 Surface-Induced Dissociation of AmtB

Initial SID experiments were performed on a modified Synapt G2 instrument
(Waters Corporation) which was described in the introductory Chapter 1 (Figure
1.6a). Briefly, the instrument was modified for high mass transmission by using a
low-frequency quadrupole and enabling pressure control in the source region as
previously described®!. Another modification was the replacement of the Trap
travelling wave ion guide (TWIG) with a truncated version, with an SID device
consisting of 10 individually controlled electrodes installed between the Trap exit
and the Helium cell entrance®. | have chosen the SID-IM configuration, rather than
an alternative IM-SID configuration33, in order to monitor the amount of unfolding
of any dissociation products, as such unfolding represents an alternative energy

pathway to the desired interfacial cleavage.

AmtB was selected as the model protein for the initial SID experiments. The first
consideration for any MP is the choice of an appropriate membrane mimetic
(Section 1.6). For AmtB, tetraethylene glycol monooctyl ether (C8E4) detergent
was shown to be compatible with native MS, resulting in protein ions which retain
their native-like fold after the micelle removal step*. C8E4 is also naturally charge
reducing, which is beneficial for SID experiments as the low charge species were
shown to produce more native-like dissociation products?32°. C8E4 was therefore

an appropriate choice of detergent for this study.
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Interpretation of SID data is greatly improved by the tandem mass spectrometry
(MS/MS) approach. If dissociation is performed without prior quadrupole selection,
a variety of different sub-species will be produced arising from all of the different
charge states. This final distribution of products can be extremely difficult to
analyse. Selection of an individual peak with a certain mass-to charge ratio (m/z)
before SID alleviates this problem, as dissociation occurs only for this well-defined
species. In order to perform quadrupole selection, any unwanted adducts, including
detergent molecules, need to be removed from the protein in order to avoid major
signal losses due to the bound protein species being outside of the quadrupole m/z
selection window. Synapt instruments allow for a maximum application of 200 V of
potential on the sample cone in the source region of the spectrometer, which
proved to be insufficient for complete micelle removal from AmtB. | have taken
advantage of the previous ‘high-energy source’ modification of the Synapt G2 that
| was using, which increased the maximum potential that can be applied to the
extraction cone from 10 V to 200 V7. Adding 50V on the extraction cone, together
with 200 V on the sample cone, allowed sufficient micelle removal to perform peak
selection (Figure 2.4a) (an alternative strategy for removing detergent micelle from
AmtB was demonstrated, where instead of increasing the extraction cone potential

a temperature increase was employed for a similar outcome™3).

Three factors were considered to determine which charge state would be used for
the SID experiment. Firstly, the ion should retain a compacted, folded state prior to
activation in order to achieve the most ‘idealised’ SID dissociation (Figure 2.1).
Secondly, the peaks must have sufficient initial intensity in order to obtain high
quality data, as significant intensity drops are expected during both quadrupole

selection and SID steps®*. Thirdly, because the peaks are separated by m/z rather
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Figure 2.4 Mass spectra of AmtB. a, Charge state distribution of AmtB, with
arrival time distribution obtained by ion mobility (top panel). 16+ and 17+ are the two
states which met the selection criteria for dissociation (see text). lon mobility data
shows that 16+ (green circle) has a smaller arrival time distribution than 17+ (red
circle, larger), indicating a more native-like conformation. Quadrupole (Q) selection
of the 16+ charge state greatly reduces initial complexity. b, Mass spectrum of AmtB
upon addition of POPG, with up to three bound lipids visible for every charge state.
The 16+ charge state with a single bound POPG is selected.

than by mass, any charge states divisible by the number of monomeric subunits in
a protein complex are undesirable due to a potential overlap with the resulting

product species. For example, if the 18+ charge state of trimeric AmtB was
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dissociated by SID, monomers with the 6+ charge and dimers with the 12+ charge
would all have the same m/z ratio as the precursor, resulting in an overlap of all of
these species in the mass spectrum. This problem is especially relevant for SID
due to its propensity to create dissociation products with symmetrical charge
distributions; for collision-induced dissociation (CID), formation of such species is
highly unlikely in most cases®®. With these factors in mind, 16+ and 17+ charge
states were selected as the possible candidates, with 16+ chosen due to having a
narrower arrival time distribution (ATD) than the 17+, indicating a more native-like
state (Figure 2.4a, top panel). Unfolded species are associated with broader
ATDs due to a variety of possible conformations that they can occupy. The exact
CCS values were not calculated due to the challenging nature of MP calibration
(discussed further in Section 1.13), however the most compact state of AmtB was
shown to be correlated to the native-like conformation by previous studies

performed on a drift tube instrument®.

For the lipid binding studies, 1-Palmitoyl-2-Oleoyl PG (POPG) was exogenously
added to AmtB until several lipid-bound peaks could be observed in the spectra
(Figure 2.4b). A major advantage of native MS is the ability to see individual
binding events, for example, here up to three molecules of POPG bound to each
of the charge states of AmtB can be clearly resolved. | have selected the same
charge state (16+) as for the apo AmiB protein to enable direct comparison
between the two cases, because different charge states receive different amount
of activation at the same potential and are also likely to have a different initial
protein conformation. For the initial SID experiment, | have chosen to focus on the
protein bound to one lipid molecule due to the highest abundance of such species.

In addition, using a singly-bound protein allows inferring some information on the
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nature of the MP-lipid interaction from the dissociation pattern. If a lipid is stabilising
a subunit interface, it will be stronger than the other two and therefore will not be
cleaved by SID. In this case, only the dimeric fragments will retain the lipid
molecule, while all the monomers can be expected to be apo. Such a pattern would

not be produced if there was more than one lipid present.

Ligand or lipid induced stabilisation is typically assessed by SID in the form of an
energy resolved mass spectrometry (ERMS) plot. In order to perform an ERMS
experiment, the SID energy is increased in a stepwise manner and the intensities
of the precursor and all of the dissociation products are obtained by measuring the
areas under the peaks. The relative amount of the precursor, P, is then calculated

by the equation:

p=22% (2.1)

where I, is the intensity of each precursor peak and Itis the intensity of every peak
in the spectrum. While in an MS/MS experiment only one precursor peak is
selected, sometimes additional peaks arise due to charge stripping — a loss of a
single charge by a protein due to a loss of a proton (or possibly due to a gain of an
electron) after the surface collision (discussed in the later parts of this chapter). As
the energy increases, a greater proportion of the precursor is dissociated (Figure

2.5).

The top panel of Figure 2.6 shows ATDs for the SID products of the apo AmtB. It
can be seen that the vast majority of dissociation products retain a narrow ATD,
indicative of them maintaining the folded state. A few unfolded species are also

present, representing an alternative energy pathway. It should be noted that while
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Figure 2.5 SID of AmtB. The quadrupole selected precursor peak (*) is
subjected to increasing SID energy (bottom to top). The relative amount of the
trimer goes down at the higher dissociation energy, while more monomers and
dimers are produced. The unassigned peaks are due to detector noise.

most of the dissociation products retain their compact conformations, the surviving

precursor clearly undergoes some degree of unfolding. Similar results were
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Figure 2.6 SID of AmtB bound to POPG. SID of AmtB at 80 V with (bottom)
and without (middle) POPG (red). Amount of the surviving precursor is visually
similar for the two cases. Both monomers and dimers retain POPG binding upon
dissociation. Top panel shows arrival time distribution of SID products for apo AmtB
— most species remain folded (blue circles), although a small amount of unfolding
also occurs (red circles). The unassigned peaks in the spectra are due to detector
noise.
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previously observed for SID of other proteins?. This behaviour is discussed further

in the later parts of this chapter in conjunction with SS data.

The middle and the bottom panels of Figure 2.6 show mass spectra for the apo
and the POPG-bound AmtB at the same SID voltage (80 V). The relative amount
of the surviving precursor is similar in both cases, at least visually. In addition, both
POPG-bound dimers and monomers are observed upon dissociation of the
lipidated trimer. By the argument outlined above, this implies that POPG is not
significantly stabilising the subunit interface. While the fraction of dimer retaining
lipids is greater than the fraction of corresponding monomers, this can be expected
purely on statistical grounds as dimers have twice as many subunits. In the case
of oligomer-stabilising lipid, the population of lipid-bound monomers should be

virtually non-existent.

In order to further verify the non-interfacial nature of POPG, the SID-ERMS plot
was produced (Figure 2.7). No significant differences are observed between the
undissociated precursors for apo and the POPG-bound AmtB across the whole
range of voltages. This is in agreement with expected behaviour due to PG being
located away from the subunit interfaces (Figure 2.2). This observation is in stark
contrast with the CIU data, where a large stabilisation of AmtB by PG lipids is
observed. Therefore, the data presented here demonstrates the proposed
orthogonal nature of CIU and SID (Figure 2.1), so the two methods can indeed be
used in combination for localisation of lipid binding. It should be noted that the
independent study by Harvey et al. reached very similar conclusions, while starting

from a 17+ charge state of AmtB, instead of the 16+ investigated here. This
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Figure 2.7 SID-ERMS plot of AmtB. The amount of the surviving precursor does

not differ significantly between the apo and the POPG-bound AmtB (16+), indicating

no stabilising effect of the lipid on the subunit interface. Data plotted as a bar chart

to aid visualisation. Values shown are the average of three repeats performed from

different needles, with error bars representing one standard deviation.

confirms that SID results are not exclusive to one particular charge state and are

representative of the system as a whole.

2.4 Surface-Induced Dissociation of SemiSWEET on Synapt G2

Having obtained the initial results for applicability of SID method to a model
membrane protein, | have moved to a more challenging system, namely SS. As
was mentioned in Section 2.2, stabilisation of SS dimer by CDL is expected from
previous studies (Figure 2.3). Moreover, since SS is capable of forming dimers in
the absence of lipids, a relatively small effect of CDL on the interfacial dissociation
energy of the protein can be expected (although this is not certain, as factors such

as large-scale structural rearrangements induced by lipid binding can play a role).
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This implies that any method for measuring this energy will need to be highly
reproducible, otherwise the effect can be completely obscured by the large error
bars. Unfortunately, performing the SID experiments on the Synapt G2 resulted in
exactly this outcome, where no significant stabilisation could be extracted from the
data due to large variations between repeats. As a consequence, | switched to a
more sensitive, improved version of a Synapt (Figure 1.6b), where | managed to
obtain data of much higher quality, which | present in Section 2.6. For that reason,
in this section | will only show the final results in terms of the ERMS plots and not
any mass spectra or ion mobility measurements. | will show these data in Section
2.6 instead, in order to avoid presenting copies of mostly identical spectra, with the
only major difference being the signal-to-noise ratio (S/N). Also, some of the details

briefly mentioned here will be discussed in more detail in that section as well.

The 7+ charge state was selected for SS by a similar algorithm to the one described
for AmtB. After identifying suitable voltages to maintain the native fold while
stripping off the C8E4 detergent (see Section 2.6 for details), the 7+ charge state
of SS was subjected to SID. For the binding partner, CDL 18:1 was chosen (all four
acyl chains have 18 carbons in them, with 1 double bond on each). Selection of
this particular species of CDL was inspired by Figure 2.3d, which showed
preference of SS for similar endogenous lipids (CDL 18:1 has 72 acyl carbons in

total).

The efforts to observe any interfacial stabilisation were hindered by low S/N of the
data, which resulted in large variations between repeats. Figure 2.8 shows an
example of that, with 3 repeats of SID performed on the apo protein and two
repeats of SID performed on the CDL-bound SS are plotted as individual data

points. Very large differences can be clearly observed between repeats, especially
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Figure 2.8 SID-ERMS of SS on Synapt G2. Three individual repeats
of the apo and two individual repeats of the CDL-bound SS (7+) are shown.
A large variation is observed between repeats, especially for the lipid-
bound species. Data plotted as a bar chart to aid visualisation

the two CDL runs, which have the amount of surviving dimer vary by as much as

20% at the same voltage. Some variation is expected during native MS

experiments, which is partly attributed to the needles used to initiate electrospray

ionisation. In order to check for any needle effects, | repeated the experiment in

Figure 2.8, but with the individual repeats obtained sequentially from the same

needle. A similar spread of values was observed (data not shown).

| have employed multiple strategies in order to attempt increasing S/N, including

increasing protein concentration, testing various settings both in the spectrometer

and in the SID cell and changing the charge state to the 6+. However, obtaining

data of sufficient quality was not possible. The problem was only alleviated by
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switching to a different instrument (see Section 2.6). These results indicate that
the method described in this chapter may not be suitable for the older generations

of instruments, at least in the most challenging cases.

In order to better understand the limits of Synapt G2, | have looked for a system
where a relatively large difference was expected. A mutation of the interfacial
amino acids can have such an effect, significantly disrupting the subunit interface.
Y62W mutant of SS was designed by Daniel Quetschlich using Swissprot, with
expected weakening of the interface. | have obtained SID data on this mutant and
compared the results against the wild type (WT) SS (Figure 2.9). The difference in
interfacial stability was indeed sufficiently large to be clearly observed, despite the
large error bars. Surprisingly, the Y62W mutant dimer was shown to be more stable
than the WT SS. While this effect is very intriguing, understanding its nature is

beyond the scope of current work.

In conclusion, the results discussed in this section indicate that the newest mass
spectrometers are required to discern subtle stabilisation effects; however, when
relatively large differences are expected, the instruments below the current state-

of-the-art might well be sufficient, as was demonstrated by the data in Figure 2.9.

2.5 Collision-Induced Unfolding of SemiSWEET

Unlike AmtB which had been extensively characterised by CIU, SS was not
investigated by this method. Therefore, | have used CIU to investigate the
interaction of SS with lipids. | have chosen CDL 18:1 and CDL 14:0 to determine
whether the preference for the long-chain CDLs (Figure 2.3d) can be observed by
this method. In addition, | have selected POPG and POPE lipids as controls,

because of the presence of those lipids in the native environment of Vibrio
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Figure 2.9 SID-ERMS plot of wild type and mutant SS on Synapt G2.
A clear difference is observed between the wild type (WT) and the Y62W
mutant SS dimers. Surprisingly, the mutant dimer is more stable, despite being
specifically designed to have a weaker subunit interface. The range of voltages
is different to the previous figure due to a change of instrumental parameters.
Values shown are the average of three repeats performed from different
needles, with error bars representing one standard deviation.

bacteria®®. The CIU experiments were performed on the 7+ charge state of SS, due
to its high abundance and the native-like conformation prior to activation, and to
enable direct comparison between the SID and the CIU data. The experiments
were also performed on the Synapt G2; however, due to no quadrupole selection
requirement and no signal losses due to imperfect refocusing of ions after the
surface collision the CIU data was of a considerably higher quality and sufficiently

reproducible for the purposes of this experiment.
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Upon the gas-phase activation, the 7+ charge state of SS shows a single unfolding
event (Figure 2.10a). The voltage at which this unfolding event occurs can
increase upon lipid binding, indicating its stabilising nature. The stabilisation value
can be calculated with special software (such as PULSAR used here), by fitting the
raw data to a mathematical model®” (Figure 2.10a). The stabilisation voltage can
be converted into the laboratory frame collision energy (Eap) by simply multiplying
it by the charge of the ion (in this case, 7). The resulting plot is shown in Figure
2.10b. All of the lipid species result in some induced stability compared to the apo
SS; this is a commonly observed outcome for CIU experiments®*. Because of this
fact, comparing the stabilisation values between the different lipid species is
required. For SS, PE and PG show similar stabilisation values; the two CDL
species are more stabilising with respect to unfolding than the smaller PLs, but are
virtually identical to each other. It should be noted that the data for the two CDLs
was acquired with both lipids in the same spectrum; this method minimises the
‘between-samples’ variations and, therefore, should be more able to detect any
differences. One major distinction between SID and CIU is the fact that CIU
measures the voltage while SID measures the ion intensity. This means that CIU
is inherently unable to detect stability differences below the size of the ‘step’ of the
voltage increase (for example, 2 V increments were used to record the data shown
in Figure 2.10). In practice, this means that in order to increase the resolution, the
number of experiments performed also has to be increased, significantly
lengthening the process. In addition, reducing the voltage steps below a certain
value (roughly 1 V) is impractical due to precision level of various electronics in the
spectrometer. SID, on the other hand, measures ion intensity, so the resolution is

limited only by the sensitivity of the detector and the inherent reproducibility of
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Figure 2.10 CIU of SemiSWEET. a, Activation of the 7+ charge state of SS
results in a single unfolding transition. SS is stabilised by lipid binding, resulting
in increased energy at which the unfolding is observed. Stabilisation can be
calculated by fitting the raw data to a mathematical unfolding model. b,
Stabilisation induced by various lipids. Collision voltage was changed in 2 V
increments. Values shown are the average of three repeats performed from
different needles, with error bars representing one standard deviation.

89



2 Application of Surface-Induced Dissociation to Detect Interfacial Lipids for
Membrane Protein Complexes by Native Mass Spectrometry

native MS experiments. For that reason, SID is more likely to pick up very subtle

differences between the samples.

CDL is expected to stabilise the subunit interface of SS based on our current
understanding (Figure 2.3), so it is a little surprising to see a significant stabilising
effect observed by CIU, especially in light of the ‘orthogonal’ nature of CIU and SID
demonstrated in Section 2.3 for AmtB. There are several interpretations of this
outcome. One possible explanation relies on the fact that CDL is practically a
‘double’ lipid, with twice as many headgroups, acyl chains and roughly twice the
mass of the other PLs. Considering the fact that even non-specific binding usually
results in some degree of unfolding stabilisation®, it is not improbable that doubling
the mass of the lipid can roughly double the CIU effect (which is observed here).
The data | present in Chapter 5 corroborates this explanation, as CDL is not
expected to be present in the native environment of the MP investigated there, but
still has a large stabilisation observed by CIU. However, some counterexamples
also exist: for example, mechanoselective channel protein MscL shows no
particular preference for CDL compared with the other PLs*. An alternative
interpretation is the possibility of CDL to stabilise both the dimer interface and
individual subunits of SS. Considering that SS is a relatively small protein, with
CDL having more than 10% of mass of SS monomer, it is not hard to imagine this
lipid affecting the protein structure in several different ways at once. Regardless of
whether the stabilisation observed by CIU is biologically relevant or a gas-phase
artefact, it clearly does not probe the effect of CDL on the dimer stability and is
unable to distinguish between the different CDL species. These issues can be

addressed by SID, as is demonstrated in the next section.
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2.6 Surface-Induced Dissociation of SemiSWEET on the ‘High

Resolution’ Synapt

As was mentioned in Section 2.4, the sensitivity of Synapt G2 proved insufficient
to perform the desired SID experiments to probe lipid-facilitated dimerisation of SS.
Kevin Giles and Jakub Ujma from Waters Corporation (Wilmslow, UK) have kindly
offered me to use a development version of a modified Synapt with improved
sensitivity and resolution®® (which | refer to as ‘high-res’ Synapt throughout this
thesis). The modifications have been described in Chapter 1 (Figure 1.6b). Briefly,
a Stepwave ion guide in the source region and a novel segmented quadrupole
preceding the extended time-of-flight (TOF) are the main improvements compared
to the Synapt G2. Similarly to the other instrument, an SID cell is installed between

the Trap ion guide and the IM cell.

A spectrum of SS (solubilised in C8E4 detergent) obtained on the ‘high-res’ Synapt
is shown in Figure 2.11. Both monomers and dimers are observed, in agreement
with previous studies'®. Several lower intensity peaks are present around the main
species — these are attributed to incomplete cleavage of the N-terminal methionine,
as well as non-specific cleavage of one or two C-terminal amino acids by the
protease during the His-tag cleavage step (see Materials and Methods for
purification details). These species only differ by a small amount from the desired
protein in m/z space. However, removing them during selection is beneficial for the
later interpretation of the SID spectra. The improved sensitivity of the ‘high res’
Synapt enables using a very tight selection window, while still maintaining a high

intensity of the precursor ion required for the SID experiment. Figure 2.11 shows
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Figure 2.11 Spectra of SemiSWEET obtained on the ‘high-res’ Synapt. The
7+ charge state of SS was quadrupole selected for the apo dimer, as well as for the
CDL-bound complexes. The high sensitivity of the instrument enables the use of a
very tight selection window, which is beneficial for SID experiments.

a highly specific selection of a single species for the apo 7+ SS dimer, as well as

for the two different CDL-bound species.

As was already mentioned above, maintaining the precursor in its folded state prior
to SID activation is highly desirable. In order to select the optimal conditions, a
cone voltage ramp was performed on the 7+ charge state of the dimer (Figure
2.12) (it matches the other two criteria of high abundance and not being divisible
by the number of subunits outlined in Section 2.3). The protein maintains the most
compact state until 130 V, followed by a slight increase in ATD that indicates a
presence of more extended conformations, followed by an unfolding event at 160
V and a different unfolding event at 190 V. This analysis points towards the use of

cone voltages of 130 V or below. However, when working with membrane proteins
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Figure 2.12 In-source unfolding of SemiSWEET. The arrival time of the 7+
charge state of SS was monitored at different cone voltages applied in the source
region of the spectrometer. Changes in arrival time indicate protein unfolding. The
voltage was changed in 10 V increments.
another factor has to be taken into account, namely the removal of the detergent
micelle from the protein before it reaches the quadrupole. Incomplete desolvation
decreases data quality, because a protein bound to even one detergent molecule
differs in mass from the completely naked protein, and, therefore, is not selected
by the mass filter, reducing precursor intensity for the following analysis. In the
case of lipid binding experiments another complication can arise, where different
combinations of protein, lipid and detergent can accidentally overlap in m/z space
within the size of a quadrupole selection window — this can result in co-selection of
unwanted species that produce their own dissociation products and make accurate

data analysis extremely difficult or even impossible. This problem is discussed

further in Section 2.8, with examples being reported for SS.
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Finding the balance between maximising desolvation and minimising unfolding, the
experiments were performed using a cone voltage of 150 V. It should be noted,
that once the initial conditions have been selected, they must be used for all of the
experimental results that will be compared to each other, including those with lipids
bound. SID is extremely sensitive towards the initial conformation of the protein, so
a small change in the initial conformation of precursor results in a noticeable
difference in both the distribution of the dissociation products, and, importantly, the
amount of energy required for dissociation“C. Interestingly, pre-activing the protein
with energetic collisions into gas molecules shifts dissociation energy not to lower,
but to higher values. To our current understanding, this effect is attributed to the
increased number of internal rotational modes upon unfolding, which can be used
to dissipate some of the energy?44%. A similar effect was observed for SS, with up
to 5% more dimer surviving at a given SID energy when the cone voltage of 150 V

was used compared to the cone voltage of 130 V (data not shown).

The first goal of the SID experiment was to determine whether a difference in the
interfacial cleavage energy can be observed upon CDL binding. Figure 2.13a
shows an SID-ERMS plot for the 7+ dimer of apo SS, and SS bound to one CDL
14:0. (Note: while ERMS plots usually have Eap rather than voltage as one of the
axes, in this case the two values can be interconverted by simply multiplying the
voltage by a constant (7) as only a single charge state is investigated, meaning
that no fundamental differences in terms of statistical or other analysis exist
between the two plots). There are two notable regions on that graph where the
lipid-bound dimer percentage is greater than the apo at the same SID voltage: the
first one happens around 20-30 V with a relatively large difference between the two

species; the second one is more subtle and occurs around 50 V. It should be noted
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Figure 2.13 SID of SemiSWEET on the ‘high-res’ Synapt. a, ERMS plot of
the 7+ SS dimer, either apo or bound to CDL 14:0. Values shown are the average of
three repeats performed from different needles, with error bars representing one
standard deviation. b, Unfolding of the 7+ SS dimer due to increased IM Bias voltage
in fly-through mode. A corresponding SID voltage (in SID mode) can be calculated by
subtracting 20 V from the values on the y-axis. The voltage was changed in 10 V
increments.
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that the ‘sigmoidal’ shape of the CDL 14:0 curve is the expected outcome of an
SID experiment, based on previous reports?%222%; the apo SS deviated from it
significantly in the first region, before returning to a more standard path later. This
pattern is very reproducible, both within the three technical repeats used to produce
Figure 2.13a, but also across two different versions of the ‘high-res’ instrument
(with a linear IM cell and a cyclic IM cell), and another set of repeats on the ‘cyclic’
instrument at a different time period (data not shown). One plausible explanation
is that the increase in the IM Bias voltage parameter (which increases the potential
drop before the SID cell and is required to ‘set’ the SID energy) causes some
activation of the apo SS dimer, effectively artificially enhancing the amount of
dissociation observed. While such CIU events are undesirable and are minimised
by reducing the gas pressure in the Trap region of the instrument, some degree of
activation is often inevitable, especially for a protein which is already on the brink
of unfolding due to desolvation requirements. This pre-activation is not observed
for the CDL-bound species at the same energy due to induced stabilisation with
respect to unfolding (Figure 2.10). However, this reasoning is contradicted by the
previous observations, indicating that an unfolded protein would appear more, not
less stable (as was explained in the previous paragraph). To settle this matter, |
have obtained an IM Bias voltage increase unfolding plot on both precursors
without performing the SID activation step (in fly-through mode), to see whether
there would be any unfolding features matching the anomalous behaviour
observed for the SS dimer (Figure 2.13b). While an unfolding event is indeed
observed at a lower voltage for the apo protein than for the CDL-bound species,
the energy at which it occurs does not match the unusual ‘first region ‘on the plot

(note: an IM bias voltage of 60 V corresponds to roughly 40 V in SID energy).
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However, it is not impossible that the opposite is true and the unfolding is instead
responsible for the observed deviation from the ffirst' curve to a seemingly more
stable one. Regardless of whether or not this is actually the case, the fact that even
during its ‘second’ stage the apo protein is observably less stable than the lipid-
bound one clearly indicates that CDL is stabilising the dimer interface of SS and

that SID has sufficient resolution to report this effect.

In order to show that the observed effect does not occur simply due to a presence
of extra mass (and, consequently, a few extra degrees of freedom available for
energy dissipation) | have selected two control lipids, POPE and POPG. However,
there is a complication with the fact that, while CDL remains bound throughout an
SID experiment, PE and PG start falling off the protein even at relatively low
activation energies, as indicated by a high amount of apo dimer produced (Figure
2.14a). This fact significantly hinders direct comparison between CDL and these
species. If the apo dimer is included in the calculation, PE- and PG-bound SS
appear to be even more stabilised than the CDL-bound protein (Figure 2.14b) —
this is unlikely to be realistic, considering that they do not even stay bound
throughout the experiment. The increased stabilisation probably arises from the
fact that the energy being used to promote the lipid departure does not contribute
towards the SS dimer dissociation — similar effects have been observed by SID%°
and CIU"3 before. Alternatively, if the apo dimer is completely excluded from the
calculation, PE and PG appear to be destabilising with respect to unbound SS —
again, this is unrealistic, given that the produced apo dimer remains intact. One
way around the problem is to consider only the lower-end of the SID energies,
where less than 10% of PE and PG (Figure 2.14d) is dissociated and to include

the apo dimer in the plot (Figure 2.14e). This way, the interface stabilisation
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Figure 2.14 SID of SemiSWEET in the presence of various lipids. a, SID
(43 V) of the highlighted precursor (7+ dimer bound to one lipid molecule). Only
minimal amounts of apo dimer are produced from the CDL-bound dimer, but large
scale falling off is observed for PE and PG. b, ERMS plot, apo dimer contributes
towards dimer intensity. ¢, ERMS plot, apo dimer excluded from the plot. d,
Percentage of apo dimer out of the total (apo and lipid-bound) dimer. e, ERMS plot,
only the first five data points considered. For the panels b, ¢, d and e values shown

are the average of three repeats performed from different needles, with error bars
representing one standard deviation.

98



2.6 Surface-Induced Dissociation of SemiSWEET on the ‘High Resolution’
Synapt

induced by PG and PE is clearly lower than that induced by CDL, despite PG and
PE curves being slightly enhanced by the ‘falling-off effect’. This finding confirms
that the dimer stabilisation by CDL is not an artefact due to a simple increase in
mass. It should also be noted, that previous findings confirm this conclusion, with

no stabilisation observed by SID due to binding of non-interfacial lipids.

Having observed the difference in SS-binding modes between the PL classes, the
next step was to probe whether the effects of CDLs with different hydrophobic tails
on the SS dimerisation can be observed by SID. The tails can vary in two main
ways: the length (the number of carbons in each acyl chain) and the number of
double bonds. In order to investigate these two parameters, | have selected the
following species of CDL: 14:0, 14:1, 16:0 and 18:1. This set of lipids allows to
probe the effect of the double bond for the lipids of the same length (14:0 and 14:1)
as well as length for the lipids with the same number of double bonds (14:0 and
16:0; and 14:1 and 18:1) with a minimal number of experiments required. As
mentioned above, CDL 18:1 is expected to have the most influence on the
dimerisation of SS by previous data® (Figure 2.3d, see the 72C case). It would be
interesting to also have a longer species than CDL 18:1 in the set, but unfortunately
they are not commercially available. Considering the distribution of native lipids in
Figure 2.3d, CDL 18:1 appears to be close to the limit of size for naturally occurring

CDL, which is probably the reason why it is not mass produced.

Figure 2.15a shows the SID-ERMS plot of the 7+ charge state of SS bound to
each of the lipids in ‘the set’, as well as the apo dimer. From this graph, the apo
SS can be seen to be less stable than the lipid-bound species, as was already
described above for the individual case of CDL 14:0 (Figure 2.13a). Also, CDL

18:1-bound dimer visually appears to be slightly more stable than the other
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Figure 2.15 SID of SemiSWEET in the presence of cardiolipin. a, SID-ERMS
plot of SS bound to various CDL species. b, The same plot as above, but fitted with a
sigmoidal curve. Inset: a zoomed in region of the curve around the 50 V mark. Values
shown are the average of three repeats performed from different needles, with error
bars representing one standard deviation.
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lipidated species, especially in the region roughly between 40-60 V. However, it is
extremely difficult to come to any certain conclusions from these data, because
unlike some of the previously reported cases??, these differences are not clear cut.
Currently, there is no great way to extract information from the SID-ERMS plots,
apart from qualitative comparison. When a single energy value is required, an
arbitrary threshold of 10% dissociation has been used as appearance energy?'4!
(alternatively an inflection point of the curve*? or the 50% dissociation point*? can
be used as the energy value). While this method works well for large deviations in
appearance energies between different proteins, it is not applicable to the data
here as the main differences occur during the ‘steep’ part of the sigmoidal curve.
Here, | propose a new way of data analysis, designed specifically to identify very

subtle differences between the species.

The first step towards better data interpretation includes fitting a mathematical
curve to the individual data points. As the plots show roughly sigmoidal behaviour,
| have selected one of sigmoidal functions in the Origin Pro software, choosing the
one that produced the best overall fit (Figure 2.15b) (see Materials and Methods
for more detail). This picture allows for the better identification of the voltage region,
where significant differences can be expected to be observed, namely between 43
V and 55 V (inclusive). This is extremely beneficial for a statistical analysis step,
as | will discuss below. | would like to stress that, while this particular sigmoidal
function is not necessarily the best one to choose and may not be relevant to the
SID process in terms of physics, the only role of this fitting is to identify the area on
the graph where the largest changes can be observed. The following statistical
analysis is performed directly on the data and does not involve the mathematical

fitting in any way, apart from selecting a particular subset of data to focus on.
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Since the data points have overlapping error-bars, a statistical analysis is
necessary to determine whether the observed differences are significant or not.
Since there is a categorical dependent variable (the type of lipid or the SID voltage
used) and a continuous independent variable (the percentage of intact dimer
remaining) analysis of variance (ANOVA) test is a natural choice for these data. As
ANOVA is only used here for practical implementation, the full mathematical
ramifications of this method are beyond the scope of this work. Therefore, | will
only give a brief outline of this method sufficient for practical use (in this section
and in slightly more detail in Materials and Methods); a more comprehensive
description can be found in specialised literature**. ANOVA is a statistical
technique used to test whether the population means for 3 or more categorical
groups are all identical. The null hypothesis is that the means are all identical — the
probability of the null hypothesis below a certain value (usually 0.05) implies that
at least one of the population means is sufficiently different from the others.
ANOVA by itself only shows whether or not all of the means are equal — but it does
not indicate where the differences lie exactly. If the means are shown to be
statistically different by ANOVA, a post hoc test needs to be run to identify which

means in particular are different.

If there is only one type of independent variable (e.g. different lipids interacting with
the same protein), one way ANOVA is used. For the SID curves here, one way
ANOVA can be applied by treating each voltage separately; then the lipid identity
is used as the only dependent variable. One way ANOVA revealed statistically
significant differences at multiple different SID voltages, so a post-hoc Tukey test
was employed to identify the pairwise differences of the means (shown for the 43V-

55V ‘subset’ of voltages in Figure 2.16a). These data are inconsistent from voltage
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Figure 2.16 Statistical analysis of the SID-ERMS data of CDL-bound SS. a,
One-way ANOVA test results. A>B should be read as dimer A is more stable than dimer
B, according to the Tukey post-hoc analysis at 0.05 confidence level. The values in red
represent voltages for which the homogeneity of variances test was not passed. b,
Two-way mixed ANOVA performed on the data in the range from 43 V to 55 V. ¢, Two-
way mixed ANOVA performed on the data in the range from 15 V to 63 V. For panels
b and ¢ double star (**) implies statistical significance (Bonferroni test, 0.05 confidence
level).

103



2 Application of Surface-Induced Dissociation to Detect Interfacial Lipids for
Membrane Protein Complexes by Native Mass Spectrometry

to voltage regarding which differences are statistically significant, and which are
not. In addition, the data points at 49 V and 55 V did not pass the homogeneity of
variances test (see Materials and Methods), so technically the Tukey test is not
appropriate to use there (although there is no reason to assume that the data at
these voltages are fundamentally different to the other ones). The outcome of the
one way ANOVA indicates that the little variations for each data point in either
mean or standard deviation have a major effect on this test. A better statistical

analysis would look at a region of several subsequent voltage values as a whole.

A two-way mixed ANOVA was then applied to the data, with lipids used as non-
repeating variable and voltages as the repeating variable (in practice, it means that
each repeat run for each lipid bound is expected to be completely independent
from the others, whereas the voltages that are part of the same run are treated as
not entirely independent, as they might share some common biases due to a state
of the instrument at a particular time. This setup allows to ignore such systematic
variations in a particular data set, and instead looks at the change from one energy
to another). Also, including the SID voltage as a second independent variable
enables the ANOVA test to directly compare the data for the different lipid species
at the same energy, as desired (for example, comparing the amount of the apo SS
at 47 V, but at 55 V for the CDL 14:0-bound dimer is not informative of any
fundamental differences due to the presence of the lipid). The outcome of this
ANOVA experiment (with a post hoc Bonferoni test) is presented in Figure 2.16b.
It is important to note that the bars do not represent the means of the data, but the
‘ANOVA means’ with a corresponding error. If these means are sufficiently different
(meaning that those error bars are not overlapping), it implies that the data in the

two categories are statistically significantly different (at the 0.05 confidence level).
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This graph shows that in the voltage region between 43 V and 55 V all the CDL
species are significantly stabilising compared to the apo SS dimer and that,
excitingly, CDL 18:1 is significantly more stabilising than the other three lipids. The
means of CDLs 14:0, 14:1 and 16:0 are not significantly different from each other.
This fact further validates the proposed relevance of these results: if the differences
observed were simply an effect of the increased mass (either directly due to SID
or indirectly due to some effect on unfolding observed in Figure 2.13b), the change
between 14:X CDLs to 16:0 compared to that between 16:0 to 18:1 would be
expected to be either the same (as the absolute value of mass increase is the same
in both cases) or lower for the latter (because the relative increase in mass is lower
percentage-wise). Instead, the increase in stability caused by CDL 18:1 is the
greatest, in accordance with prediction outlined above based on previously
reported data. It is also important to note that, while it might be tempting to
speculate that the length of the chain plays an important role for the SS dimer
stability, whereas the double bond is not relevant based on the fact that the ANOVA
mean of CDL 16:0 is slightly larger than the virtually identical means of the two 14-
carbon species, the fact that these differences were not identified as statistically

significant implies that this observation might have simply occurred by chance.

Figure 2.16c provides some evidence on why doing the mathematical fit prior to
the ANOVA step is so important. When the two way mixed ANOVA is run on the
more complete data set instead (15 V to 63 V), its findings are very similar to the
above, with the exception of CDL 16:0, which is now not significantly higher than
the two 14:Xs, nor significantly lower than CDL 18:1. This observation can be
explained by the presence of data points at which the differences between the

lipids are minimal or virtually non-existent; so when such a ‘diluted’ data set is
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analysed with ANOVA, the test can no longer confidently confirm that the overall
means are in fact different. Therefore, limiting the analysis exclusively to a region
of interest is beneficial. In addition, using a high sampling interval during the
experiment (2 V increments of SID voltage) results in more data points being

available for statistical analysis in the region of interest.

As was discussed above, the increase in the number of degrees of freedom (DOF)
upon lipid binding is unlikely to be the main cause of the observed differences in
dimer stabilities between the different CDL species. It is also possible to account
for the different number of DOF between the complexes in a more quantitative way.
A simple linear DOF correction can be applied, that was previously successfully
employed to investigate SID fragmentation efficiencies of peptides with varying
numbers of atoms*?, by using the equation:

DOF,,,

E =——7->Vz, 2.2
DOF DOF,,,., Z (2.2)

where Epor is the DOF corrected dissociation energy, DOFapo is the number of
DOF for the apo protein, DOFcom is the number of DOF for the protein-lipid
complex, V is the SID voltage and z is the protein charge. After applying this
correction on the data, the ANOVA test can be run to investigate whether the
differences observed in Figure 2.16b remain statistically significant when taking
the number of DOF into account. Since the vibrational modes are the most efficient
in distributing energy, only the vibrational DOF are usually taken into account,
which can be calculated from the total number of atoms, n, by the equation
DOF.i»=3n-6 #° (alternatively, the 3 rotational degrees of freedom can also be

included; however, since n is very large for the complexes investigated here,
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increasing or decreasing the values by 3 will have no observable difference on the

outcome of the calculation).

There are two important points that need to be taken into consideration regarding
equation (2.2). Firstly, while the total number of DOF provides a good indication of
the energy distribution during SID fragmentation of small peptides, the situation is
more complicated for a comparatively large protein complex: for example, as was
mentioned earlier in this chapter, the conformation of a protein can have a large
impact on the observed dissociation energy and, therefore, on the internal energy
distribution, despite no change in the total number of DOF?440. Consequently, the
location of the lipid binding site and any allosterically induced structural changes
to the protein complex upon binding would need to be taken into account in order
to completely understand the effect of the additional DOF on the dissociation
energy. However, assuming that all of the CDL species bind roughly in the same
location, the linear DOF correction can be used to compare the dissociation

energies between them.

Secondly, the DOF correction described by equation (2.2) applies to dissociation
energy, while the outcome of the data analysis presented in Figure 2.16b is the
fraction of the undissociated dimer at a given energy. Therefore, the data need to
be processed differently and the dissociation energies need to be extracted before
the DOF correction can be applied. As was discussed earlier, one way to achieve
this is by taking the threshold energy required to dissociate a certain fraction of the
precursor. Given that the two way ANOVA applied to several values produced a
more interpretable outcome than the one way ANOVA applied to individual data
points for the original data analysis (Figure 2.16 a,b), | have decided to also use

several threshold values for this analysis. | have selected the dissociation
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percentages corresponding to the 43V-55V region used previously (Figure 2.15b),
so the voltages required to dissociate 50% of the precursor, 55% of the precursor...
— all the way down to 90% of the precursor in 5V steps were chosen (note that 90%
dissociation of the precursor is equivalent to 10% intact precursor remaining). In
order to extract these values, a similar sigmoidal curve to that shown in Figure
2.15b was fitted to each of the individual (not averaged) data sets; and the
extracted voltage values for each lipid species were analysed by the two way mixed
ANOVA (Figure 2.17a) (similarly to the data in Figure 2.16b). However, by this
method, the only significantly different pairs were CDL 16:0 and apo SS, and CDL
18:1 and apo SS (Figure 2.17b). Unfortunately, no significant differences in
voltages between the CDL species were observed even without the DOF
correction, meaning that the proposed experiment of applying the correction and
re-running the ANOVA test to see if the statistically significant differences remain

cannot be carried out.

While it might initially seem surprising that the same statistically significant
differences are not observed by the ANOVA analysis shown in Figure 2.16b
(comparing the percentage of dissociated precursor at a given voltage between the
different CDL-SS complexes) and Figure 2.17b (comparing the voltages required
to achieve a certain percentage of dissociation of the precursor between the
different CDL-SS complexes) as they are based on the same raw but differently
processed data, this outcome can be explained by the nature of the experimental
data acquisition. The voltage is set experimentally, meaning that the ANOVA
analysis on the intact precursor percentage (Figure 2.16b) can be run on the actual
data; whereas fitting and interpolation is required in order to extract the threshold

dissociation voltages (Figure 2.17a), increasing the uncertainty.
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Figure 2.17 Statistical analysis of the SID threshold energies of CDL-
bound SS. a,. SID-ERMS plot of apo SS (individual run). A sigmoidal curve is used
to extract threshold dissociation voltages, highlighted for 60% precursor dissociation
voltage (V60, blue) and 80% precursor dissociation voltage (V80, red). b, Two-way
mixed ANOVA performed on the threshold voltages between 50% and 90% precursor
dissociation (5V steps). For panel b double star (**) implies statistical significance
(Bonferroni test, 0.05 confidence level).
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Although it is not possible to apply the actual correction described by equation (2.2)
to the SS dissociation voltages, the DOF correction factor relative to the apo protein

(DOF2po/DOFcom) can still be calculated for the SS-CDL complexes (Table 2.1).

SS SS+CDL | SS+CDL | SS+CDL | SS+CDL
DOF 9987 10617 10593 10689 10737
DOFapo/DOF com 1.000 0.941 0.943 0.934 0.930

Table 2.1 Degrees of freedom correction factors.

These correction factors have very close values for the four SS-CDL complexes
and, therefore, are unlikely to account for a particularly large stabilisation of the

dimer by CDL 18:1.

2.7 Molecular Dynamics Simulations of SemiSWEET

Applying several biological methods can provide more insight into a biological
system than any of those methods could do on their own. In accordance with this
principle, | have decided to use the assistance of MD simulations in order to get
more detail about the nature of SS-CDL binding (all of the MD experiments were
performed by, and the data analysed by, Daniel Quetschlich). Before MD
simulations can be performed, a starting structure of SS needs to be selected. In
a native membrane, SS can interconvert between three different conformations:
inward-open, outward-open and occluded (closed on both sides) (Figure
2.18a)?%2°. Importantly, the conformational changes are not induced by the
substrate and can occur freely?®46. Therefore, it is difficult to predict which structure
SS would have in the gas phase, or even in solution. | have recorded IM spectra
on a drift-tube (DT) instrument (described in Chapter 1, Figure 1.6c) in order to
measure the CCS value. The CCS can then be compared to a theoretical value

calculated from the crystal structure of each conformation, providing an estimate
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Figure 2.18 Molecular dynamics simulations of CDL-bound SS. a,
Experimental and theoretical CCS values of SS dimer. Figure adapted from ref(46).
b, MD simulation of lipids in contact with SS (blue) or in bulk (green). DB — double
bonds. Number of beads represents chain length of CDL (3=14C, 4=16C, 5=18C) c,
Interfacial (INT) and non-interfacial (NON-INT) contacts for different lipids. 3 beads
(blue), 4 beads (green) and 5 beads (red) and the number of DBs refer to the CDL
species present in the simulation, and not to PE or PG. Panels b and ¢ adapted from
the figure made by Daniel Quetschlich.
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of the gas-phase conformation of SS. It should be noted, that it is highly possible
that none of the crystal structures actually exist outside the bilayer — so the
conformation observed in the gas phase might represent some combination of the
three arrangements in Figure 2.18a, or even a completely separate conformation.
The CCS analysis is only used to obtain an estimate for a reasonable starting point
— more advanced computational techniques, such as structure relaxation*®, would
be more suitable for advanced and comprehensive MD simulations which are

beyond the scope of current work.

A further complication arises from the fact that, while crystal structures for all of the
three conformations are available, they were not simultaneously shown for a single
SS homologue (for example, for Vs SS used in this work only the structure in the
outward-open conformation has been obtained)?®. However, it has been shown for
SS homologues that the structures they form are very closely aligned, despite
modest sequence homologies?®?%. Therefore, | have used all of the currently
known crystal structures to roughly estimate the expected CCS value for each
conformation of SS (see Materials and Methods for a detailed description). DT IM
data was acquired using gentle activating conditions, designed to preserve the
most-compact conformation of SS. The experimental CCS value was determined

to match the inward-open conformation, so it was selected for the MD simulations.

MD simulations were performed using a coarse-grained approach. This means that
the CDLs with different tails could not be reconstructed exactly, but instead were
represented by a different number of beads: 3 for 14-C chains, 4 — for 16-C and 5
— for 18-C. In total, 6 different CDL species were used, one for each combination
of a particular chain length and either zero or one double bond. Two modes of

analysis were employed.
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First, the number of lipids in the simulated bilayer which were in direct contact with
the protein and in ‘bulk’ was determined (Figure 2.18b). Here, any direct contact
is counted, not just the interfacial region. It can be seen that SS prefers binding to
the negatively charged PG and CDL lipids than to zwitterionic PE, despite the
prevalence of the latter in the simulated bilayer. Interestingly, the native SID data
revealed a greater amount of PE falling off compared to PG, seemingly reflecting

the preference observed by the simulation (Figure 2.14d).

Second, the contacts for the different CDL species were separated into interfacial
and non-interfacial (Figure 2.18c). Unfortunately, no significant differences were
observed as the small variations were well within the experimental error. This could
imply that the resolution of the coarse-grained simulation is insufficient for this
investigation; computationally expensive atomistic simulations might be more

appropriate in this case.

2.8 Potential Issues for SID-ERMS of Membrane Proteins

| would like to conclude this chapter with a brief description of potential pitfalls that
could be encountered while performing the SID-ERMS experiments. Here, | focus
on the subtle effects that are not obvious, but that can significantly affect data

interpretation and potentially lead to erroneous conclusions.

As was mentioned in Section 2.6, the biggest problem of this type is an accidental
quadrupole co-selection of an undesired species together with the peak of interest.

There are three common sources of this error:

1. Incomplete desolvation of the MP prior to selection. The remaining detergent

molecules bound to various protein-lipid complexes present in the spectrum can
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cause an overlap in the m/z space that is extremely difficult to predict. For example,
when CDL 14:0 is selected at 130 V cone energy and then gently activated in the
trap a pattern of several peaks is produced instead of the anticipated single peak
(Figure 2.19a). This arises due to the fact that a part of the intensity does not
belong to the 7+ SS dimer bound to one CDL 14:0 lipid, but instead represents the
7+ SS dimer bound to 4 copies of C8E4 detergent (a difference of 1-2 units in m/z
space, which is too small to practically separate using the quadrupole). If such an
ion was activated by SID, a large amount of apo dimer would be quickly produced
due to the relatively low energies required to strip off the detergent. More
importantly, calculating the amount of the undissociated lipid-bound dimer
becomes impossible, because the peak will contain a varying amount of detergent-
bound dimer at each SID voltage. Considering the fact that the space of potential
protein-lipid-detergent complexes is vast, an overlap between some species is
almost inevitable. As | have mentioned in Section 2.6, a practical solution is to
increase the cone energy to promote complete desolvation, even at the expense

of causing a minor amount of unfolding.

2. Incomplete detergent exchange. The effect is similar to that described above,

with a caveat that it often cannot be resolved by a simple increase of the in-source
activation. This is because the exchange usually occurs from a very ‘sticky’ and
mild detergent, such as n-dodecyl-B-d-maltopyranoside (DDM), into an MS-
compatible harsher detergent, such as C8E4. The implication is that the energy
required to dissociate any remaining DDM molecules from the protein is much
higher than for C8E4, resulting in a large degree of protein unfolding, or even
complex dissociation, occurring before the complete detergent removal. In the case

of 7+ SS dimer bound to CDL 18:1, it happened to overlap with a 4+ SS monomer
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Figure 2.19 Effect of impurities on SS spectra. a, Selection of SS-CDL 14:0 at
130 V cone overlaps with SS+4xC8E4 as revealed by gentle trap activation. b,.
Selection of SS-CDL 18:1 overlaps with SS monomer+CDL+2xDDM, revealed at 17V
SID. ¢, A contaminant present on SS-CDL 18:1 selection as seen on QE (left) and
Synapt (Right). Red lines roughly indicate the region used for the peak area
calculation. Data for the left panel of ¢ provided by Joseph Gault.
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bound to one molecule of CDL 18:1 and two molecules of DDM. Here, it is
important to note that, unlike the case above, where the presence of an unwanted
co-selection was relatively obvious due to the formation of unexpected dissociation
products, in this case a lipid-bound 4+ SS monomer is expected to form from the
7+ dimer. Therefore, the only unusual species is the intermediate 4+ SS monomer
bound to CDL 18:1 and one DDM — however, it only occurs at a few low SID
voltages and could be miscounted as noise unless careful attention is paid (Figure
2.19b). If this co-selection would go unnoticed, the amount of monomer produced
by SID from the dimer would be enhanced by the selected monomer, stripped from
its detergent. As a result, CDL 18:1-bound SS dimer would appear much less
stabilised than it is in reality, potentially completely reversing the final conclusion.
The only way around this problem is by improving purification conditions, to
achieve complete detergent exchange. For example, this can be done by running
two rounds of size-exclusion chromatography (SEC) detergent exchange, instead
of just one; or, as was done in this case, by discarding a part of the protein yield

by not collecting any shoulder peaks on a SEC chromatogram.

3. Presence of impurities. Unlike the two cases above, this is a problem that is

much less likely to occur. It arises when an impurity remains in the sample that
happens to be really close in mass to the species of interest. Due to the extensive
purification protocol used to prepare the protein samples for native MS, a number
and intensity of any impurities in the spectrum is small, making a chance of
observing an overlap very low. Nevertheless, a co-selection of an impurity was
detected for the 7+ SS-CDL 18:1 dimer — this is especially clear on Q-Exactive SID
data (obtained by Joseph Gault) (Figure 2.19c, left). It is possible that more than

one impurity is present, as the ratio of the peaks not assigned to be SS changes
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at different collision energies. Importantly, there is a significant difference in m/z
between the impurities and the sample, so the presence of the contaminants can
be minimised by employing a tight quadrupole selection window, as is shown for
the ‘high-res’ Synapt data (Figure 2.19c¢, right). From these data, it is clear that
the contaminant is only significantly present at very high SID voltages, where the
overall amount of dimer is at or below 1%. For the vast majority of data point, the
impurity is extremely low in intensity and is also not included in the amount of dimer
calculation due to a sufficiently different mass. Therefore, in this particular case the
presence of this contaminant did not affect the overall results or conclusions.
However, if the difference in m/z between the sample and the contaminant was low
enough to prevent base-line resolution, the only way around the problem would be
to completely eliminate the contaminant during purification stage. This can
potentially result in a tedious and time-consuming purification protocol optimisation

being required.

Another potential source of peak overlap arises not from an undesired co-selection,
but as a direct consequence of SID. During a surface collision, some amount of
charge stripping can occur, resulting in a precursor with less charge — in some
cases, it can then overlap with one of the monomeric dissociation products?4°,
This is especially true if the precursor is dimeric (such as SS), as either the selected
or the charge-stripped precursor must be divisible by two and, therefore, occupies
the same m/z space as a monomer with half the charge. Fortunately, the dimers
and the monomers are clearly separated in the IM space (Figure 2.20a). As a side
note, this figure shows that the dimeric SS precursor shows extended conformation
(as was also observed for AmtB in Section 2.3). However, the charge-stripped

dimer is visibly less unfolded, even though it is formed directly from the precursor.

117



2 Application of Surface-Induced Dissociation to Detect Interfacial Lipids for
Membrane Protein Complexes by Native Mass Spectrometry

a No SID Low SID energy (17V)
8 100
w 16
£
19)
£ 14 "
e (]
T 12
< 10
8 0
3280 3300 3320 3280 3300 3320

m/z

39V SID

25
20

2800 3000 3200 3400 3600 3800

Arrival time/ms

b ~Y
D@6 P s+

100~ 100 - ——
~Y
% %
' 3+ '. 3+ '. ’6+
0- l ) |I m/z 0—-—IfWLAlL ll .lL 1 I‘ . : m/z
3800 4000 4200 4400 3800 4000 4200 _4400
) — SS m — CDL 14:0 ~— Charge stripped
c 2
apo
oot
6+
7+ ‘
(O Liteetese vese teso yese feos lpe Ui faos uee U Do D isn [ Ll ||| ||| |Ill|| ‘Il ‘ll ‘ll‘“ h |

15 25 35 45 55 65
SID Voltage/V

Figure 2.20 Charge stripping considerations. a, IM data for SS 7+ dimer.
Lower panel: green — monomer, red — charge stripped dimer. b, The amount of charge
stripped dimer (relative to the 3+ monomer) produced when using an old (left) or a
fresh (right) surface at SID voltage of 31V. ¢, 6+/7+ ratios are similar for lipidated and
non-lipidated (calculated using IM data) SS; the total amount of dimer decreases with
voltage, so the absolute difference remains low, despite the increasing relative
difference. Values shown are the average of three repeats performed from different
needles; standard deviations were low and are not shown.
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This is similar to the formation of folded dissociation products from a seemingly
unfolded precursor, discussed for AmtB earlier. Two potential explanations exist

for this behaviour.

The first explanation is that the extended conformation of the precursor is an
alternative form of energy dissipation to dissociation or neutralisation. This means
that if the precursor dissociates after the surface collision, then that is where its
internal energy goes, so the ‘fragments’ remain folded; while if the dissociation
does not occur, the internal energy has to go into vibrational modes, promoting
unfolding. The data obtained on the charge reduced dimer (Figure 2.20a) supports
this conclusion, because the energy is deposited into the surface to promote
charge reduction — leaving less energy to cause protein unfolding. This reasoning
explains the puzzling formation of folded dissociation products from a seemingly
unfolded precursor?® — as the precursor does not in fact unfold, unless it also does

not dissociate.

The second explanation relies on the fact that the charge-stripped intact oligomer
and the dissociation products have less charge than the original precursor. The
amount of charge is an important determinant of the protein conformation in the
gas phase, and a significant loss of charge can cause even solution-denatured
proteins to appear indistinguishable from the native ones by CCS*’ (although such
an extreme scenario is not observed during an SID experiment). Therefore, by this
explanation the precursor unfolding happens first, while the lower charge products
have sufficient time to collapse into more folded conformations on a ms time scale
of an IM experiment. Personally, | prefer the first explanation, because the second
explanation fails to account for the SID products looking very different to those

obtained by CID3.
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Returning to the issue of overlap between the charge-stripped precursor and the
associated problems, it could be more pressing when performed on a non-IM
compatible instrument, such as FT-ICR or Orbitrap based mass spectrometers. It
was demonstrated that the high resolution provided by these machines can be
exploited to separate such overlapping species by determining the charge from the
isotopic pattern*®4°. Unfortunately, resolution has both practical and theoretical
limits®°, so such a solution is not always available. An alternative is to only analyse
the ‘distinct’ peaks, for which no overlap is theoretically possible®! (such as the odd
charge states of SS dimer, for example). This method has a disadvantage of
discarding good data, potentially including the most intense peaks in a spectrum.

Here, | present two alternative solutions to this problem.

1. Use freshly prepared surfaces. To investigate whether the ‘age’ of the surface

has any effect on the induced charge-stripping, data was collected on the same
instrument, using a ‘several-months-in-use’ surface (Figure 2.20b, left) or a
‘freshly’ re-coated surface (Figure 2.20b, right). The intensity of the charge-
stripped peak is significantly higher for an old surface than it is for a fresh one.
While data is shown for a single point, the same pattern was observed for all
experiments performed in those two sessions. Therefore, while using a ‘new’
surface does not completely eliminate charge stripping, it can significantly minimise
its effect on data interpretation, especially in the cases where non-resolvable peak
overlaps are likely. After continuous use, a surface can be covered with stuck ions
or potentially even have defects where patches of ‘naked’ metal are exposed
(although the latter is less likely), which can facilitate charge transfer by either
proton or electron transfer (a mass difference of 1 Da for these two cases cannot

be confidently identified for SS even on a ‘high-res’ Synapt, due to a relatively low
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intensity of the charge stripped peak; previous soft landing experiments performed
on peptides identified protons as charge carriers in that case®?). It should be noted
that this method applies to the ‘fluorinated-SAM on gold’ surfaces only; the extent
of charge stripping of native-like proteins for the recently introduced stainless steel

surfaces®3% requires further investigation.

2. Estimate charge stripping by using a singly-bound precursor. As can be clearly

seen in Figure 2.20b, adding a single adduct to the protein removes any possible
overlap (because dividing the mass of the bound dimer by two would overlap with
a monomer with ‘half a lipid’ attached). If charge stripping occurs solely due to the
surface properties, this clearly-resolved case can be used to estimate the
proportion of the apo precursor which is expected to be charge-stripped. This
calculated value can then be subtracted from the overlapping peak, to estimate the
amount of monomer and dimer in it. | have compared the 6+/7+ ratio for the apo
SS calculated directly from the IM data to 6+CDL/7+CDL ratios for the lipid-bound
species calculated from MS data (Figure 2.20c). The values observed are indeed
very similar, especially at lower SID voltages. At high end the variation in fractions
are higher, but the overall abundances of both the 6+ and the 7+ are very low at
this point, so the absolute error remains small. While this method provides only an
estimate, it might well be the best alternative in some challenging cases. One
limitation of this technique is the requirement for a lipid or ligand that can remain

bound throughout the entire experiment, which might not always exist.

2.9 Summary and Conclusions

In this chapter, | demonstrated the utility of a combined CIU-SID experiment to

investigate the role of lipids bound to MP complexes by native MS. Firstly, | showed
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that the binding of a PG lipid does not induce any stabilisation of AmtB trimer as
indicated by SID, despite a large stabilisation observed by CIU — this is attributed
to a non-interfacial nature of the specific lipid-binding pocket*. Secondly, | showed
that SID has sufficient resolution and sensitivity to distinguish between the interface
stabilising (CDL) and non-stabilising (PE, PG) PL classes for SS. Thirdly, |
demonstrated the ability of SID to observe very subtle changes to the surface
cleavage energy and developed a novel method to analyse these small
differences. Finally, | outlined a practical way to perform these experiments,

including potential sources of error. In summary, the following steps are proposed:

1 Sample Preparation. The protein complex of interest has to be extensively
purified, so that no or minimal impurities can be observed in the spectra. A
complete detergent exchange has to be achieved into an MS-compatible
detergent, such as C8E4. All endogenous lipids have to be removed. For the best
results, high concentration of the protein has to be used (10-20 uM). Add synthetic
homogeneous lipid to the sample right before the experiment, one species at the

time.

2 Native MS. Desolvate the protein completely in the source region, so that a clean
peak can be quadrupole selected for MS/MS experiments. If an IM cell is present,
perform an unfolding ramp to find a balance between insufficient desolvation and
induced unfolding. It is important to check the initial conditions for all of the lipid-
bound states which will be investigated by SID, as changing them between species

will compromise comparison.

3 CIU. Perform CIU experiments (if IM is available) on the proteins bound to the

lipids of interest; make sure that at least one control lipid is included.
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4 SID. Select a sampling interval (SID voltage increment); a quick preliminary
experiment can be run to identify the region of interest and increase the sampling
interval accordingly. Aim for a minimum of 5 to 6 data points if possible. Select the
range to start at 100% precursor and finish at 0% precursor (or until a ‘plateau’ is

reached).

If non-resolvable peak overlaps occur due to charge reduction, use a freshly coated

SAM surface.

Create an SID-ERMS plot, with the relative intensity of the undissociated dimer
plotted against the SID voltage. If the lipids are falling off, only go up to the voltage
at which significant falling off (roughly above 10%) is observed. Detect large

differences visually.

5 Statistical analysis. Only perform this step if looking for very subtle differences.

Ideally, a ‘state-of-the-art’ mass spectrometer needs to be used to collect the data.

Using a mathematical fit (for example, a sigmoidal curve), or otherwise, identify the

region of the largest difference.

Perform a two-way mixed ANOVA, with SID energy as the independent repeating
variable, species identity as the independent non-repeating variable, and
percentage of the undissociated precursor as the dependent variable. If ANOVA
test detects a statistically significant difference at 0.05 confidence level, use a post-
hoc Bonferroni test (or another appropriate post-hoc test) to identify pairwise

differences.

By utilising this workflow, important positional information about MP-lipid

interactions can be obtained, with SID identifying specific interfacial lipids and CIU
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identifying specific structural (subunit-stabilising) lipids. Potentially, this approach
can be extended to MP interactions with other ligands, such as the novel
‘matchmaker’ drugs that work by creating a complex between two entities, so that
the ‘effector’ can act on the ‘target’®®. With the recent technological advancements
of both mass spectrometers in general®®%¢ and the SID technology in particular354
it is possible to envision the high-resolution ERMS-SID experiments described here

to be more widely applicable in the near future.

Materials and Methods

Membrane protein expression and purification. Vs SS plasmid was transformed
into BL21 ADE3 E. coli (Novagen) and expressed and purified as reported
previously'S. Briefly, colonies were used to inoculate 4 100ml flasks containing LB
media and kanamycin antibiotic at the concentration of 50mg/ml and grown at 37°C
overnight. 15 ml of this primary culture was used to inoculate each of the 24 flasks
containing 1L of the same media, which were then grown at 37°C until the optical
density reached 0.8. After that, expression was induced with 1ml of 0.2M isopropyl

B- d-1-thiogalactopyranoside (IPTG) and the cells were grown overnight at 22°C.

After centrifugal harvesting at 5000g at 4°C, the cells were supplemented with
protease inhibitor tablets and lysed using M-110 PS Microfluidiser (Microfluidics).
After pelleting the cell debris at 20000g for 20 min, membranes were collected by
ultracentrifugation at 100000g for 2h. After homogenising, powdered DDM was
added at 2% w/v concentration, and the protein was extracted with gentle agitation
at 4°C overnight. His-tagged SS was purified by immobilised metal affinity
chromatography (IMAC), dialysed overnight with HRV 3C Protease to cleave the

His-tag, and then purified with reverse IMAC. The protein was concentrated using
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a 50K molecular weight cut-off (MWCO) concentrator to a final volume of 250 ul,
exchanged into a buffer containing C8E4 detergent (at 2xCMC concentration) over
a 24-ml SEC column and re-concentrated using a 10K MWCO concentrator. Flash-

frozen samples were stored at -80 °C.

Y62W SS mutation was performed with the use of geneBlock (Integrated DNA

Technologies), then expressed and purified in the same manner.

Ec AmtB was expressed and purified as reported previously*.

Sample preparation for native MS. Proteins were exchanged into 200 mM AA
(Sigma Aldrich) solution containing 2xCMC of C8E4 detergent using a Biospin
column (Micro Bio-Spin 6, Bio-Rad), to a final concentration of 10-15 uM
(measured using DS 11+ Spectrophotometer (DeNovix)). Phospholipids were
purchased from Avanti. Aqueous solutions of PLs were prepared in the form of 10
mg/ml stocks as described elsewhere®’. Each PL was diluted by 200 mM
AA/2xCMC C8E4 solution and mixed with the protein at 4:1 Protein-lipid v/v ratio
directly before native MS analysis. PL concentrations were adjusted until high

intensity of the lipid-bound protein was achieved in mass spectra.

Native MS. Nanoelectrospray ionisation was initiated from borosilicate needles,
pulled and gold-coated in house as previously described®®. The mass
spectrometers used and their related modifications are described in Chapter 1
(Figure 1.6). For the SID experiments, 2-(perfluorodecyl)ethanethiol was used to

prepare the SAM surfaces, as reported previously®®.

Synapt G2 data. For SID of AmtB, the following parameters were used: Capillary

voltage: 1.4 kV, Sampling cone: 200 V, Extraction cone: 50 V, LM resolution and
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HM resolution: 10, Aperture 1: 10 (increasing from 0 significantly improved
transmission of high m/z ions), Trap collision energy (CE): 10 V, Transfer CE: 5V,
Trap gas flow (Argon): 6 ml/min, IMS gas flow: 40 ml/min, Helium cell gas flow: 120
ml/min, Trap wave velocity (WV): 800, Trap wave height (WH): 10.0, IM WV: 700,
IM WH: 40.0, Transfer WV: 85, Transfer WH: 3.0, Backing Pressure: 8.5-9.0 mbar.
For 50 V SID, Trap Bias of 120 V was used; to change SID energy, Trap Bias, as
well as Entrance 1 and Front Bottom SID parameters were changed by the same

amount.

For SID of SS, the following parameters were used: Capillary voltage: 1.2 kV,
Sampling cone: 150 V, Extraction cone: 4 V, LM resolution: 10, HM resolution: 12,
Trap CE: 4 V, Transfer CE: 2 V, Trap gas flow (Argon): 2 ml/min, IMS gas flow: 40
ml/min, Helium cell gas flow: 120 ml/min, Trap WV: 250, Trap WH: 3.0, IM WV:
950, IM WH: 40, Transfer WV: 100, Transfer WH: 1.0, Backing Pressure: 5 mbar.
For 50 V SID, Trap Bias of 110 V was used (corresponding to the injection voltage
of 50 V); to change SID energy, Trap Bias, as well as Entrance 1 and Front Bottom

SID parameters were changed by the same amount.

For CIU of SS, the following parameters were used: Capillary voltage: 1.2 kV,
Sampling cone:130 V, Extraction cone:4 V, Transfer CE: 2 V, Trap gas flow
(Argon): 4 ml/min, IMS gas flow: 40 ml/min, Helium cell gas flow: 120 ml/min, Trap
WV: 250, Trap WH: 3.0, IM WV: 950, IM WH: 40, Transfer WV: 100, Transfer WH:

1.0, Backing Pressure: 5 mbar.

Synapt G1 data. To calculate the CCS of SS, drift voltages from 60 V to 95 V were

used. The following parameters were used: Capillary voltage: 1.4 kV, Sampling

cone: 200V, Extraction cone: 1V, Trap CE: 4V, Trap gas flow (Nitrogen): 2 ml/min,
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IMS gas flow (Helium): 60 ml/min, Trap WV: 100, Trap WH: 1.0, Transfer WV: 100,

Transfer WH: 10.0, Backing Pressure: 4 mbar.

Cyclic prototype Synapt data. For SID of SS, the following parameters were used:

Capillary voltage: 1.2 kV, Sampling cone: 150 V, Stepwave 1,2 velocity: 300,
Stepwave 1,2 Height: 5, LM resolution: 5, HM resolution: 5, Trap CE: 5V, Transfer
CE: 0V, Trap gas flow (Argon): 2 ml/min, IMS cell pressure: 2.2 mbar, Trap WV:
650, Trap WH: 0.5, Cyclic WV: 375, Cyclic WH: 40. For 38V SID, IMS Bias
(equivalent to Trap Bias on the older Synapts) of 50 V was used, (injection voltage:
15 V); to change SID energy, IMS Bias, as well as Entrance 1 and Front Bottom
SID parameters were changed by the same amount. SID parameters used were:
Entrance 1: -130 V, Entrance 2: -135 V, Front Top: -209 V, Front Bottom: -136 V,
Surface: -160 V, Middle Bottom: -219 V, Back Top: -291 V, Back Bottom: -151 V,

Exit 1: -180 V, Exit 2: -170 V.

Data analysis. ClU experiments. Data were processed with PULSAR software as
previously described®”. The final conversion of data into a model was performed

using an in-house python script (provided by Tim Allison).

SID experiments. Peak fitting and peak area calculation were performed manually

in UniDEC software®®. Each peak was manually defined as a 1+ charge species
(so that just the peak areas are calculated, not adjusted for charge by the software)
(Figure 2.21a). AmtB: Data were processed in MassLynx software (Waters
Corporation) (Savitzky Golay, smooth window: 80, number of smooths: 3,
background subtraction polynomial order: 2). UniDEC parameters: Gaussian
smoothing: 100, Bin every: 1, Sample mass every: 100, Peak shape function:

Gaussian, Peak FWHM: Automatic (calculated for every spectrum).
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Figure 2.21 Dimer percentage calculations. An example of conversion of MS
data into dimer percentage values for apo SS at 35V SID. a, Smoothed MS data are
fitted in UniDEC software (a zoomed in view of the fitting for the 7+ precursor peak is
shown on the right) and relative peak areas are calculated. b, For the overlapping
monomer/dimer peak, IM data is used to calculate the relative fraction of monomer
and dimer in the peak using PULSAR software. The relative intensities of the 7+
precursor peak and the 6+ striped dimer peak are summed to produce a single dimer
percentage value. An average of 3 such values from separate repeat experiments at
the same SID voltage are then used to produce ERMS plots, such as the one shown

in Figure 2.15a.
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SS: Data were processed in MassLynx Software (Mean, smooth window: 30,
number of smooths: 2, no background subtraction). UniDEC parameters: Gaussian
smoothing: 0, Bin every: 0, Sample mass every: 0.2, Peak shape function:

Gaussian, Peak FWHM: 0.4, Intensity threshold: 0.005.

To calculate the amount of charge reduction, IM data for the 6+ dimer / 3+
monomer peak were extracted from PULSAR software into excel file, with
contribution of each species calculated as the relative intensity of the

corresponding peak (Figure 2.21b).

CCS calculation. SS CCS was calculated from the drift-tube IM data using

PULSAR software. To estimate theoretical CCS values for the different
conformations of SS, the following PDB files were used: Inward-open: 4X5M,;
Occluded: 4QNC, 4RNG; Outward Open: 4QND, 4X5N, 5UHS. (Note: another
structure in the inward-open conformation exists (5UHQ), but the PDB file failed to
produce a reasonably looking dimer). IMPACT software®' was used to calculate
CCS values from crystal structures using projection approximation (PA), which

were then corrected using equation (1.6):

Wl N

exp

M
CCSpge = 1.14CCSp, <m> ,

Where Mexp is the molecular weight of the protein used in the experiment and Meps
is the molecular weight of the protein in the crystal structure. Where more than one
structure was present for a conformation, the values were averaged to produce the

final estimate.

Curve fitting. All of the sigmoidal curve models available in Origin Pro software

were checked, to see which one gives the best initial fit to the data (visually).
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BiDoseRep function was chosen, with 1/s? used for weighting (where s is the
standard deviation). For the data points where the standard deviation was equal to
0 (only occurred when the dimer intensity was equal to O for all three repeats), the
values were changed to 0.1.The prob>|t| test was used to access the relevance of
all function parameters by setting them to 0 and checking if that affects the fit. This
test was passed for all of the parameters at 0.05 level, apart from the A1 parameter

which is supposed to be 0 as it represents the point of complete dimer dissociation.

ANOVA testing. ANOVA tests were performed in Origin Pro software. For the one-
way ANOVA assumption of normality was verified by Shapiro-Wilks test (at 0.05
significance level); assumption for homogeneity of variance was verified by
Levene’s test (at 0.05 significance level). For the data points where Levene’s test
was not passed, Kruskal-Wallis H test was used to verify ANOVA results (at 0.05
significance level; note: for the value at 55V SID in Figure 2.16a the outcome
narrowly missed the target, with a value of 0.051). In the cases where ANOVA
confirmed statistically significant differences between means, post hoc Tukey HSD

test was used (at 0.05 significance level) to identify pairwise differences.

For the two-way mixed ANOVA, normality check is replaced by Maulchy’s
sphericity test (at 0.05 significance level). It is passed for the smaller voltage set
data (Figure 2.16b), but is violated for the larger set (Figure 2.16¢c) — a correction

was applied. Bonferroni post hoc test is used instead of Tukey.

MD simulations. The simulations of SS have been carried out in GROMACS®2
using the Martini force field version 2.2 83 which merges around four heavy atoms

into a bead. The atomistic structures of both Vibrio sp. SS (PDB: 4QND?°) and the
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homology model have been coarse-grained and inserted into lipid bilayers using

the MemProtMD pipeline®.

The lipid bilayers for the simulations were composed of 70 % POPG 20% POPE
and 10% cardiolipin (CDL) of different chainlength. For the unsaturated, the
unsaturated hydrogen bond was kept central. The simulations were carried out for
five microseconds and five replica for each lipid composition. Contacts of residues
was defined by a distance of less than six angstrom between a residue bead and

a lipid headgroup bead. The interfacial residues have been defined visually.
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3 Development of Controlled Delipidation Methods

for Native Mass Spectrometry Characterisation of

Membrane Protein Complexes

Abstract

Membrane proteins are unstable outside their native bilayer environment, so they
must be solubilised in membrane mimetics for in vitro studies. Detergent micelles
are among the most commonly used membrane mimetics, however selection of
the appropriate species for a particular application and membrane protein species
often requires lengthy screening protocols. Displacement of endogenous lipids with
detergent molecules is one of the important considerations for detergent selection,

with varying degrees of delipidation desired for different applications.

In this chapter, | develop a method for a controlled and predictable delipidation of
membrane proteins by detergents, with evidence from native mass spectrometry
characterisation. | introduce a set of detergents, four of which are completely novel,
with gradually changing delipidating properties. | demonstrate a standardised
purification method applicable to membrane proteins with different molecular
weights and oligomeric states, which can be used to predictably preserve the
desired degree of protein-phospholipid interactions. Furthermore, | present a

separate method for controlled delipidation of lipopolysaccharide.

In addition, | investigate underlying principles behind variable delipidating
properties of detergents. Delipidation strengths of detergents are shown to be

related to physical parameters, such as hydrophobicity and packing density of
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micelles. Finally, the currently proposed mechanism for charge reduction of
membrane proteins by detergents during native mass spectrometry experiments is
shown to be in agreement with the data obtained from the detergent set in this
work. Overall, the results presented in this chapter pave the way for a departure
from the current empirical screening of detergents and towards a more ‘rational’

approach.

3.1 Introduction

Membrane proteins (MPs) are surrounded by a vast number of structurally diverse
lipids in their native bilayer environment'*. MP-lipid interactions span a broad
range of specificities, from the weakly interacting annular lipids which are in fast
exchange with the bulk membrane, to highly specific non-annular lipids, often
essential for structure and function of MP complexes®® (see Section 1.3 for more
detail). This diversity presents many challenges for structural biology studies,
because most of the existing biophysical techniques produce the best results when
performed on highly homogeneous samples’®'" (Section 1.4). This leads to desire
for delipidation of endogenous lipids and the use of a more controlled artificial
membrane mimetic environment. However, complete removal of the native lipids
can be detrimental for MPs, either completely destabilising and aggregating them™?
or causing significant deviations from their native conformations or oligomeric

states’314, Therefore, a controlled approach to delipidation can be highly beneficial.

One way to control delipidation is by employing different detergents for MP
purification, because every detergent exhibits unique delipidating properties™®.
Detergents with mild delipidating properties, such as n-dodecyl-B-d-

maltopyranoside (DDM), can co-purify substantial amount of lipids'®. Detergents
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with strong delipidating properties include n-octyl-B-d-glucopyranoside (OG),
tetraethylene glycol monooctyl ether (C8E4) and n-nonyl-B-d-glucopyranoside
(NG) 7. Complete or partial exchange of the detergent environment from a mild to
a strongly delipidating detergent is, therefore, a common way to delipidate MPs
lipids in a controlled manner'”'®, Delipidation strategies including only mild
detergents involve prolonged incubation of MPs over hours or even days with high
detergent concentrations’ (see Section 1.6 for more discussion). Both
delipidation methods require detergent and the desired degree of delipidation

needs to be determined by trial and error for independent sample batches.

Although it is obvious that the delipidating properties of detergents depend on their
molecular structure and working concentration, the properties that make a
detergent more or less delipidating are not entirely understood. Consequently, no
design guidelines have yet been developed that would allow optimising the
structure of detergents for MP delipidation. Recently, a novel family of oligoglycerol
detergents (OGDs) was introduced to MP research. The molecular structure of
OGDs is highly modular and can be tuned for individual applications?°. Synthetic
protocols enable rapid exchange of OGD building blocks, such as the head group,
the linker and the hydrophobic tail. Thus, the architecture of OGD can be
synthetically modified to independently optimise average charge state of MPs or
the degree of delipidation observed by native mass spectrometry (MS)%. However,
OGDs with mild delipidating properties turned out to be less suitable for protein
purification than OGDs with strong delipidating properties. Furthermore, design
guidelines that cover not only OGDs but also other detergent families have not yet
been proposed. In this chapter, a novel set of detergents is presented (Figure 3.1)

(designed and synthesised by Leonhard Urner). They were employed to evaluate
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Figure 3.1 Detergents. Novel detergents (2-5) were designed by altering the head group
of the previously reported detergent 1 (ref 20). This set of detergents was designed to have
a gradual change in both hydrophobic-lipophilic balance (HLB) and packing parameter.
Abbreviations: OG, n-octyl-p-d-glucopyranoside; C8E4, tetraethylene glycol monooctyl
ether; Glu, glucose; E4, tetraethylene; G, glycerol; E1, monoethylene. Figure made by
Leonhard Urner.

whether changing general physical properties of detergents, such as the overall
hydrophobicity and shape, enables fine tuning of delipidating properties of

detergents more broadly.

3.2 Detergent Design

(Note: I did not contribute to the detergent design or synthesis, only to the native
MS characterisation). The detergent design for MP delipidation is based on the
hypothesis that the amount of lipids taken up by detergent micelles depends on the
transport properties of the micelles, and that the transport properties in turn depend
on the overall hydrophobicity and shape?'. To evaluate the applicability of this
hypothesis to MP delipidation, a set of detergents with gradually changing
hydrophobicity (as indicated by hydrophobic-lipophilic balance (HLB) and the

shape (as indicated by the packing parameter) is required.
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The HLB concept describes the overall hydrophobicity of a detergent in relation to
the mass balance between its water-soluble head group and water-insoluble tail?2.
The expression for the HLB value has a well-known form:

MWtail)

HLB = 20 -(1—
Mw

(3.1)

where MW is the molecular weight of the hydrophobic tail and MW is the
molecular weight of the detergent. The packing parameter approximates the
detergent’s molecular shape in relation to the length and volume of the hydrophobic
tail and the area of the head group?3. The expression for the packing parameter

has the form:

Vtail

p (3.2)

=
ltail : Ahead

where p is the packing parameter, Vi the volume of the hydrophobic tail, /i the
length of the hydrophobic tail, and Anead the area of the head group that is occupied
at the interface between the detergent aggregate and solvent. While HLB can be
easily calculated from the knowledge of the chemical structure of a particular
detergent, determining the packing parameter is less straight-forward, with
modelling required to calculate various parameters (see Materials and Methods).
Both concepts have been used to rationalise the packing density?425,
morphology?3-28, and transport behaviour of detergent aggregates?®27. Therefore,
one of the aims of the work presented in this chapter was to evaluate whether these

parameters can be linked to delipidation propensities.

In order to investigate the effect of physical parameters of detergents on MP

delipidation, a set of detergents was designed (Figure 3.1). The previously
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reported OGD [G1]-ether-C12 detergent was used as a starting point (shown as
detergent 1 in Figure 3.1) as it was shown to be compatible with a wide range of
proteins as well as with native MS20-28, Detergent 1 was previously demonstrated
to be relatively strongly delipidating, similarly to C8E4 detergent that is often used
in native MS; however, one of the advantages of detergent 1 is its high extraction
efficiency and MP stability, while C8E4 does not have these particular useful
properties?°. To gradually change HLB and packing parameters of detergent 1, the
head group was exchanged for building blocks of detergents that are also
compatible with membrane proteins, such as mono- and tetraethylene glycols (E1
and E4), glycerol (G), and glucose (Glu) (Figure 3.1). The resulting set of
detergents 1-5 was complemented with C8E4 and OG, both of which were

previously employed for MP purification and native MS experiments3:17.18.29,

Figure 3.2 shows the values for the HLB (a) and the packing parameter (b) for OG,
C8E4 and detergents 1-5 (plotted in order of the increasing molecular weight (MW)
— MWs of detergents are listed in Table 3.1). For the species with the same
hydrophobic tail (which is true for detergents 1-5), it is apparent that the smaller
the size of the polar head group, the lower the HLB value of the detergent.
Therefore, a general decrease in overall hydrophobocity (indicated by the increase
in HLB values) is observed in Figure 3.2a (with a minor deviation due to the
presence of two detergents with shorter tail lengths). An opposite trend is observed
for the packing parameter (Figure 3.2b), which decreases with MW of the
detergent, indicating a shift towards more conical shapes. Overall, the data
presented in Figure 3.2 demonstrate that the overall hydrophobicity and the nature

of the shape of OG, C8E4 and detergents 1-5 gradually change in the opposite
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directions, making this set a good starting point to investigate the mechanism of

MP-delipidation by detergents.

Detergent Molecular weight (g/mol)

oG 2294
C8E4 306.5

1 408.5

2 480.6

3 510.7

4 612.8

5 642.8

Table 3.1 Molecular weights of detergents.

3.3 Phospholipid removal

The designed OGD proteins were applied to several MPs to estimate their ability
to cause delipidation. C8E4 and OG were also used as controls, due to their known
ability to effectively remove phospholipids (PLs)'®'8. Three different MPs were
selected, to test the applicability of the findings to proteins of different oligomeric
states and MWs: trimeric ammonia channel, AmtB, from Escherichia coli (E.coli);
tetrameric water channel Aquaporin Z (AqpZ) also from E.coli and dimeric
translocator protein (18kDa) (TSPO) from Rhodobacter sphaeroides. Despite the
previous report that highlighted the ability of detergent 1 to efficiently extract
proteins from the native membranes?, for the purposes of this work it was decided
to follow a different procedure. The proteins were extracted and purified in DDM,
which is often considered the ‘golden-standard’ detergent for this purpose’®. A
detergent exchange was then performed using a 3-ml size-exclusion
chromatography (SEC) column, from DDM into detergent of interest at 2x critical
micelle concentration (CMC) (see Materials and Methods for a more detailed
protocol). This way, all of the delipidation experiments were performed on the

batches that come from the same purification (and, therefore, the same initial lipid
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and protein concentrations). This enabled direct comparison of delipidation
properties between detergents, without the complications of batch-to-batch
variations in lipid concentration due to variable cell-growth conditions; or having to
take into account the varying extraction efficiencies of different proteins. To further
account for potential variations in the initial lipid concentrations between different

purifications, data for AqpZ and AmtB were collected on three biological repeats.

Native MS experiments were performed on a Q Exactive UHMR instrument (which
was described in the introductory chapter, Figure 1.6d). Removal of detergent
adducts from MPs was achieved by increasing the higher-energy C-trap
dissociation (HCD) voltage. Spectra of AmtB solubilised by OG, C8E4 and
detergents 1-5 are shown in Figure 3.3. There are several important features
which need to be discussed. Firstly, the most abundant charge state is not the
same for the different detergents; the difference between OG and detergent 1 and
the others is especially large. This happens due to variable charge reduction
properties of the detergents used, which are discussed further in the following
sections. Secondly, the HCD voltage required to achieve complete detergent
removal varies with detergent. This is partly a consequence of the charge
differences (as the energy experienced from an electric potential is directly
proportional to charge) and partly a reflection of the different gas-phase stabilities
of the detergent-protein complexes'?%. It should be noted that for all of the
detergents investigated here the native trimeric state is the dominant species in the
spectrum, implying that the energy required to strip off the micelle is sufficiently low
to avoid causing significant structural rearrangement. (Note: UMHR instruments

are currently not compatible with ion mobility (IM). Therefore, the changes in the
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protein folding could not be monitored, so the oligomeric state was used to access

stability instead.)

The considerations described above make direct comparison between the
delipidating properties more challenging — if some MPs experience more energy in
the gas phase than the others, they could lose more lipid as a consequence of that
extra energy and not due to the delipidating properties of detergent in solution. The
counterargument to that is the fact that no correlation between the average charge
state and the degree of delipidation was observed (see Section 3.5), in line with
previous results obtained for OGDs?°. The results obtained for C8E4 support this
counterargument: C8E4 exhibits strong charge reducing properties and is readily
removable at gentle activating conditions, yet no lipid-binding was observed. It
should be noted, that for every detergent-protein combination | have tested a range
of collision energies, aiming for the value just sufficient to remove the micelle. While
this minimal energy is not the same for different detergents, it is possible that the
lipid binding is preserved until this stage, with most of the energy being dissipated
by the departing detergent molecules — such collisional cooling effects were
previously observed for other detergent-MP complexes®. Considering the
evidence, | conclude that the amount of lipid binding observed is not a gas-phase

artefact, and is instead reflective of the delipidating properties of detergents.

It can be seen from the data in Figure 3.3, that larger proportions of lipid-bound
states of AmtB are detected for detergents with higher MWs. In order to observe
this pattern more clearly, the relative amount of apo and bound species (calculated
as a fraction of all the peaks present in the spectra) was plotted for each detergent
(Figure 3.4a). Similar plots were also produced for AgpZ and TSPO (Figures 3.4b

and c respectively). All of the ligands present were counted towards the ‘bound’
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protein intensity (apart from a small peak at a significantly higher mass, which is
tentatively assigned to a minor amount of lipopolysaccharide (LPS) binding to the
protein based on mass difference, with a very minor contribution of dimeric AmtB;
see the next section for more information on LPS). Based on the masses, the
ligands were assigned to various PL classes present in E.coli cells® (which were
used for protein expression): namely, phosphatidylethanolamine (PE),
phosphatidylglycerol (PG) and cardiolipin (CDL) or the mixtures of those. It is
important to note, that the adduct masses observed were significantly higher (700
Da or larger) than the masses of detergents used. A detailed characterisation of

the bound lipids is challenging'®173' and was beyond the scope of this work.

Similar delipidation patterns were observed for all of the proteins used in this study
(Figure 3.4). This indicates that the delipidation properties of detergents are likely
to be transferrable to a wide range of PL-binding MPs. The fact that the intensity
of the lipid-bound states changes gradually and predictably between OG, C8E4
and detergents 1-5 presents a new opportunity for MP-lipid investigations. Instead
of relying on a lengthy ‘trial-and-error’ screening of detergents and conditions in
order to achieve the desired level of delipidation, the amount of co-purified
endogenous lipids can be controlled simply by choosing an appropriate detergent
from the set shown in Figure 3.1 during the final stage of the standardised
purification protocol (described in Materials and Methods). Previously reported
mass spectra of MPs obtained upon purification with mildly delipidating OGDs led
to noisy spectra??. Therefore, the development of mildly delipidating detergents 3—
5, which also enable the acquisition of well-resolved and clean MP mass spectra,

represents a significant improvement.
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Interestingly, no clear correlation is observed between delipidating abilities of OG,
C8E4 and detergents 1-5, and the chemical natures of their polar head groups.
The most striking example of this observation is detergent 5, which has a head
group that contains E4 and Glu — which are the head groups of C8E4 and OG
respectively (Figure 3.1). Unlike these two strongly delipidating detergents, the
hybrid detergent 5 was able to preserve many MP-lipid contacts under comparable
conditions (Figures 3.3 and 3.4). Similar observations were made for detergents 3
and 4, which were also significantly less delipidating than structurally related C8E4
and detergent 1. Instead of the exact chemical nature of the head group, MP
delipidation efficiency appears to correlate with more general structural
parameters, such as the HLB and packing parameters (compare Figures 3.2 and
3.4). It is possible that both of these parameters contribute to the lipid-displacing
ability of a particular detergent. Detergents with lower HLB values are more
hydrophobic, and, therefore, are more likely to outcompete lipids bound to MPs.
Detergents with lower packing parameters have less conical shapes and form
micelles with lower packing densities?®* — meaning that more free space is available
inside the micelle to be occupied by lipids. Therefore, the results obtained from
delipidation experiments provided a more fundamental understanding of MP
delipidation by detergents. The HLB and packing parameter concepts are
applicable to a broad range of detergents and may enable the development of

general detergent design guidelines in the future.

3.4 Lipopolysaccharide removal

(Note: some data are shown without repeats, as the experiments were disrupted

by the pandemic) LPS is a glycolipid which makes up the outer leaflet of the outer
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membrane of many Gram-negative bacteria, including E.coli*?. Structure of LPS
was described in Chapter 1 (Section 1.2, Figure 1.2d). Briefly, the essential core
LPS consists of Lipid A attached to two 3-deoxy-D-manno-oct-2-ulosonic acid
(KDO) units — with optional modification by multiple diverse sugars333+. This results
in heterogeneity that can produce complicated native mass spectra of LPS-MP
complexes, with broad peaks which can obscure other binding events3°. Moreover,
LPS is notoriously difficult to remove either in the gas phase or in solution, with
delipidation previously achieved by changing detergent during the extraction
step®®. This strategy is not always applicable, because many MPs have instability
issues and can require following highly specific expression and purification
protocols®”-38. For that reason, the ability of detergents presented here to remove

LPS was tested.

Mechanosensitive channel of large conductance (MscL) from E.coli was used as a
model protein for the LPS-removal experiments, as previous native MS
experiments revealed that MscL binds LPS when overexpressed in E.coli cells®.
While LPS is located in the outer membrane of bacteria, it is synthesised in the
inner membrane and then transported across with assistance of various
proteins3%-42; therefore, interactions of LPS with the inner membrane MscL are not
completely surprising. To attempt LPS removal, the same delipidation strategy that
was used for PLs in the previous section (2xCMC of detergent introduced during a
SEC stage) was also employed here. However, relatively intense LPS-bound
peaks were detected, even for a very PL-delipidating detergent 1 (Figure 3.5a).
Importantly, no clear delipidation pattern was produced this time for the detergents,
unlike the PL case (Figure 3.5b). This observation implies that no significant LPS

removal occurs during the detergent exchange step. The reduced ability of the
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Figure 3.5 Lipopolysaccharide removal by detergents. a, Representative
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PL-delipidation method to remove LPS is likely to be due to the large hydrophobic
surface of this glycolipid, as well as its potential to form multiple electrostatic

interactions with the protein, resulting in a very high dissociation energy.

An alternative strategy was devised, involving longer exposure of LPS-bound
proteins to higher detergent concentrations. A natural way to practically implement
this strategy is to introduce detergent at 1% w/v during immobilised metal affinity
chromatography (IMAC) purification stage (see Materials and Methods). While
the protein remains bound to the column, several washing steps with detergent-
containing solution can be performed. The number of these washings can be
changed to vary the extent of exposure of the protein to high concentrations of

detergent.

Detergent 1 was selected for the LPS-delipidation experiments because of its high
propensity for delipidation of PL-MP complexes (Figure 3.4). Two different model
proteins that were known to bind LPS in the gas phase were chosen: the multidrug
efflux pump subunit AcrB from E.coli, which is the inner-membrane part of the TolC
multidrug efflux pump*3; and the ATP-binding cassette (ABC)-transporter BtuCD
from E.coli, which is a vitamin B12 importer3®. First, the LPS-delipidation procedure
was applied to AcrB, with between 0 and 40 column volumes (CVs) of detergent 1
at 1% w/v (50xCMC) applied during the IMAC stage as was described above (Note:
the 0 CVs sample also has detergent 1, which is present in the MS buffer at 2xCMC
for all samples; see Materials and Methods for a detailed protocol). Spectra
obtained are shown in Figure 3.6, for 0 CVs (a) and 40 CVs (b) of washing with
detergent 1. No resolved peaks were observed when no washing was applied
(Figure 3.6a), indicating a large number of adducts. Similar unresolved spectra

were obtained when the PL-delipidation protocol described in Section 3.3 was
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employed with detergent 1 (data not shown). However, performing an extensive 40
CVs wash with 50xCMC of detergent 1 resulted in well-resolved spectra of trimeric
AcrB, with only nominal amount of LPS-bound states present (Figure 3.6b). In
order to optimise conditions for LPS delipidation, the experiment was repeated at
several intermediate CV values (Figure 3.6c). A gradual removal of LPS was
observed, with the maximum delipidation achieved at around 20 CVs. Importantly,
some LPS-MP interactions can be preserved and resolved by native MS by

choosing an intermediate number of washes.

Next, the LPS delipidation procedure used for AcrB was tested for BtuCD (Figure
3.7). A problem was encountered, as BtuCD complex was found to be dissociating
at conditions required to remove the detergent micelle, making the spectra more
challenging to analyse (Figure 3.7a). This instability was hypothesised to be a
result of a relatively high charge of the protein complex, which arises as a
consequence of the non-charge reducing nature of detergent 1 (see the next
section for further discussion of charge reduction). High charge can cause
significant protein instability due to electrostatic repulsion, so low charge states of
proteins are generally preferred for native MS*. One way to cause charge
reduction without introducing any chemical additives to the sample is by switching
the nanoelectrospray ionisation (nESI) polarity from positive to negative — this
effect was demonstrated to be significant for MPs solubilised in saccharide
detergents which are not charge reducing in positive mode, such as DDM and
OG?*. A similar charge reducing effect upon switching the polarity was, therefore,

anticipated to be observed for detergent 1.
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Figure 3.6 Removal of LPS from AcrB by detergent 1. a, Spectrum of AcrB
delipidated with 0 CVs of detergent 1. b, Spectrum of AcrB delipidated with 40 CVs of
detergent 1. Spectra in panels a and b were acquired using the same conditions (300
V HCD energy). ¢, The relative intensities of apo and lipid bound states for AcrB.
Intensities are calculated relative to the total intensity of all of the peaks in the
spectrum. Values shown are the average of two biological repeats, with error bars
representing one standard error of the mean. At 0 CVs and 1 CVs no resolved peaks
were observed. Abbreviations: CV, column volume; LPS, lipopolysaccharide.
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Charge reduction occurs as expected for BtuCD in negative mode with exclusively
intact complexes observed for 0 CVs (Figure 3.7b) and 40 CVs (Figure 3.7c)
washed samples. Two major differences are apparent between the BtuCD data
and the AcrB data presented earlier in this section. Firstly, even at 0 CVs BtuCD
resolved peaks are observed in the mass spectrum (Figure 3.7b) (although heavily
LPS-bound), while for AcrB only an unresolved ‘hump’ was visible (Figure 3.6a).
Secondly, at the highest number of washings (40 CVs) AcrB was almost completely
delipidated (Figure 3.6b), whereas for BtuCD a small, but significant amount of
LPS-bound complex is visible (Figure 3.7c). The incomplete delipidation of BtuCD
is even more evident in the data shown in Figure 3.7d, with a ‘plateau’ seemingly
being reached at around 15% lipidated protein remaining. Taken together, these
two observations could be interpreted as the LPS binding being non-specific for
AcrB (because practically complete delipidation is achieved, despite a high pre-
delipidation amount of LPS) and specific for BtuCD (by the opposite reasoning). In
order to test this interpretation, BtuCD was investigated further by complementary

methods.

So far, the LPS identity was assumed from the previously reported results of LPS
binding being observed for the proteins studied here3>3¢, as well as from the mass
of the adducts matching the expected mass for bacterial LPS (roughly 3.6-3.7
kDa)%. The presence of LPS in solution can be verified by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by silver
staining*®. This method was applied to both AcrB and BtuCD at different stages of
LPS-delipidation protocol (Figure 3.8). The presence of LPS is indeed detected for
both proteins at low delipidation. Interestingly, no LPS is detected by the silver

staining above 10 CVs for AcrB and above 0 CVs for BtuCD, despite LPS binding
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Figure 3.7 Removal of LPS from BtuCD by detergent 1. a, Spectrum of BtuCD
in positive (+ve) mode delipidated with 40 CVs of detergent 1. Significant amount of
dissociation occurs, resulting in the presence of various complexes and LPS-bound
states (not labelled). Spectrum acquired using 100 V in-source trapping (IST) and 100
V HCD. b, Spectrum of BtuCD in negative (-ve) mode delipidated with 0 CVs of
detergent 1. Spectrum acquired using 300 V IST, 300 V HCD. ¢, Spectrum of BtuCD

in negative (-ve) mode delipidated with

40 CVs of detergent 1. Spectrum acquired using

300 V IST, 300 V HCD. d, The relative intensities of apo and lipid bound states for
BtuCD. Intensities are calculated relative to the total intensity of all of the peaks in the

spectrum. Abbreviations: CV, column
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being clearly observed by native MS (Figures 3.6¢c and 3.7d). This result highlights
the utility of native MS for detection of MP-lipid binding interactions, even at

relatively low concentrations of lipids.

After confirming the presence of LPS in BtuCD sample, the role of LPS binding on
BtuCD function was investigated. In order to achieve this goal, BtuCD was
expressed from the ClearColi - a strain of E.coli which produces no LPS. (Note:
BtuCD expression from E.coli and the activity assay were performed by Leonhard
Urner and Francesco Fiorentino). This way, a completely delipidated state of
BtuCD was observed by native MS (Figure 3.9a). To investigate whether LPS is
essential for maintaining the secondary structure of BtuCD in solution, circular
dichroism (CD) spectroscopy*’ experiments were conducted — no difference in
secondary structure between the ClearColi BtuCD and the standard LPS-bound
BtuCD was observed (Figure 3.9b). Finally, ATPase activity assay was conducted
on the apo BtuCD solubilised in detergent 1, and then repeated upon addition of
various lipids (Figure 3.9c¢). No statistically significant change in activity (compared
to the apo BtuCD) was observed upon binding of PE, CDL or lipid A (which is a
component of LPS, see Figure 1.2d). However, when KDOz2-lipid A (KLA) was
introduced into the sample, a small but significant increase in BtuCD activity of
around 8% was detected. Interestingly, a similar increase in activity was caused by
PG PL. A common feature of these two lipids, which is not present for the other
species in Figure 3.9c, is the simultaneous presence of negative charges in the
lipid backbone and terminal 1,2-diols in the head group (see Figure 1.2 in Chapter
1 for the lipid structures). The effect of specific lipids on BtuCD activity is extremely

intriguing and is being investigated further by molecular dynamics (MD) simulations
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Figure 3.8 SDS-PAGE of AcrB and BtuCD. Coomassie stain (left) sensitive to
proteins and silver stain (right) sensitive to LPS of SDS-PAGE of AcrB (top) and BtuCD
(bottom). Figure made by Leonhard Urner. Abbreviations: SDS-PAGE, sodium dodecyl
sulphate-polyacrylamide gel electrophoresis; LPS, lipopolysaccharide.

(subject of ongoing research). For the purposes of current study on delipidating
properties of detergents, the activity increase upon KLA binding to BtuCD implies
the presence of specific interactions between LPS and this MP. Therefore, it
appears that the LPS-delipidation protocol with detergent 1 can be employed to
distinguish between non-specific LPS binding, where complete delipidation occurs
as was observed for AcrB (Figure 3.6c); and specific LPS binding which is

preserved even after extensive washing procedure at 40 CVs, as was observed for
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Figure 3.9 Effect of LPS binding on BtuCD. a, BtuCD expressed from ClearColi
cells and delipidated with 40CVs of detergent 1. b, Circular dichroism experiments
performed on the LPS-bound and apo BtuCD revealed no structural differences in
solution. ¢, ATPase activity performed on BtuCD expressed from ClearColi, with lipids
added exogenously. Values shown are the average of three repeats, with error bars
representing one standard error of the mean. Data collected and figure made by
Leonhard Urner. LPS, lipopolysaccharide.
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BtuCD (Figure 3.7d). While drawing definite conclusions from the individual proof-
of-principle examples described here is premature, these initial observations are

promising.

3.5 Charge Reducing Properties of Detergents

To finalise the characterisation of detergents for native MS, their charge reducing
properties were investigated. As was mentioned above, charge reduction is
beneficial to MP stability because coulombic repulsion promotes unfolding and
even dissociation of protein complexes'344 (as was demonstrated here for BtuCD,
see Figures 3.7a and 3.7c). In addition, the increased spacing between two
adjacent protein peaks in mass spectra of charge reduced MPs facilitates

resolution of individual lipid binding events*8.

Detergents dissociate in gas phase as neutral species, so the charge reduction
occurs during the nESI process. The proposed mechanism involves detergent
molecules sequestering charge from solution and thus reducing available charge
for the eventually formed desolvated protein ions?® (see Section 1.8 for further
discussion). Consequently, a potent charge reducing detergent should have two
properties: the ability to carry charge and high hydrophobicity (to be located closer
to the surface of a nESI droplet for a higher probability of escape). This can be
exemplified by C8E4, which is very charge reducing and has a head group based
on polyethylene glycole (PEG) polymer that is known to solvate charges*®; however

without the hydrophobic tail the charge reduction efficiency is significantly lower?.

Previous studies demonstrated the tunability of charge reducing properties of
OGDS by changing the linker between the hydrophobic tail and the polar head

group — linkers with higher gas phase basicities were better charge carries (in
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positive ionisation mode) and, therefore, resulted in more charge-reduced
proteins?%-28, However, detergents 1-5, OG and C8E4 used in this work all have the
same ether linker (Figure 3.1). Therefore, the effects of the different head groups

of detergents on charge reduction of MPs were investigated here.

As was mentioned above, C8E4 detergent is known to cause charge reduction of
MPs; conversely, saccharide detergents, such as OG, are considered to be non-
reducing®®. To investigate whether the presence of E4 head group is determining
the amount of charge reduction of MPs by detergents, relative weight percentages

of E4 in detergent structure were calculated (Table 3.2).

Detergent Relative % E4

oG 0%
C8E4 62%

1 0%

2 38%

3 40%

4 63%

5 30%

Table 3.2 Relative weight percentages of E4 in detergent structures.
The detergents can be roughly assigned into three categories: 1 - 0% E4 (OG,
detergent 1); 2 — 30-40% E4 (detergents 2, 3 and 5); 3 — 60+% E4 (C8E4 and

detergent 4).

The average charge states were calculated at conditions where complete removal
of detergent molecules was achieved. While detergents dissociate from MPs as
neutral species?® and thus do not affect the observed charge states directly, a
larger number of bound detergent molecules typically remain for the lower charge
state of the protein (because activation energy at a given voltage is proportional to
charge), meaning that they can be unresolved in the spectra, thus skewing the

observed distribution.
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The average charge states for AmtB, AqpZ, TSPO and MscL in the presence of
detergents from those three groups are shown in Figure 3.10. Higher charge states
for detergents with 0% E4 (OG and detergent 1) compared to the other detergents
are apparent, while the differences between the intermediate and the high C8E4
percentages are less obvious. Interestingly, within each group more hydrophobic
(lower HLB) detergents are consistently more charge reducing than the less
hydrophobic ones (a single exception is the order for C8E4 and detergent 4 in the
60+ group of TSPO, but the values only differ by 0.2 of a charge). Together, these
observations corroborate the previously proposed charge reduction mechanism?°
described above, where detergents sequester the charge inside nESI droplet and

escape them assisted by hydrophobicity.

From a practical point of view, the detergents in Figure 3.1 can be separated into
three broad groups in terms of their charge reducing abilities: no/low charge
reduction: OG and detergent 1; high charge reduction: C8E4 and detergents 2, 3
and 4; and intermediate charge reduction for detergent 5 (the dark-grey data point
for the 30-40% groups in Figure 3.10). Importantly, as | have already mentioned
in Section 3.3, no obvious correlation exists between charge reduction and the
degree of PL delipidation (illustrated for AmtB in Figure 3.11); therefore, charge
reduction only needs to be considered in terms of MP complex stability when

selecting the detergent for a delipidation experiment.

3.6 Summary and Conclusions

In this chapter | have developed and demonstrated a novel method for achieving
controlled delipidation of MPs for a subsequent characterisation by native MS. The

method includes a set of detergents (Figure 3.1), four of which (detergents 2-5)
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Figure 3.10 Average charge state of proteins in different detergents.
Proteins are grouped by the relative weight percentage of tetraethylene glycol (%E4).
Average charge states are calculated relative to the total intensity of all of the protein
peaks. Hydrophobicity is indicated by HLB (lower HLB value means higher
hydrophobicity), the colours should only be compared within one group. HLB,
hydrophobic-lipophilic balance.

have not been presented before, as well a standardised purification protocol. The

protocol is summarised below (see Materials and Methods for more details):
For PL delipidation:
1. Extract and purify the MP in DDM detergent.

2. Perform a detergent exchange over a 3-ml SEC column into MS-compatible
buffer containing 2xCMC of one of the detergents shown in Figure 3.1 (OG, C8E4

or detergents 1-5). If the maximum delipidation is desired, select the leftmost
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Figure 3.11 Average charge state and delipidation of AmtB in different
detergents. No obvious correlation is observed between the average charge state
(Zave) of MP and the degree of delipidation caused by the detergent. Figure made by
Leonhard Urner.

detergent (OG); each subsequent detergent in the set is gradually less delipidating

(but still produces well-resolved native mass spectra).

3. Perform native MS experiments using activation energies which are just

sufficient to completely remove any bound detergent molecules.
For LPS delipidation:
1. Extract the MP in DDM detergent.

2. During the IMAC purification stage, use a washing buffer containing detergent 1
at 1% w/v (50xCMC). Use 20 CVs of this buffer for the maximum®* removal of LPS,

or 5-10 CVs to retain more LPS-bound states.
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3. Exchange the protein into MS-compatible buffer (see Materials and Methods)

containing detergent 1 at 2xCMC.

4. If the protein is unstable during native MS, switching into negative polarity can

alleviate the problem.

*complete removal may not be possible for some MPs, potentially indicating

specific MP-LPS interactions.

These protocols were demonstrated to produce predictable delipidation for MPs
with a range of MWs and oligomeric states, indicating their potential wide-spread
applicability. Importantly, the expected oligomeric states of MPs have been
preserved by all of the detergents in Figure 3.1, reflecting stabilities of MP

complexes when solubilised by these detergents.

In addition to the practical applications for a particular set of detergents, | have
investigated detergent parameters responsible for MP delipidation more generally.
The increase in the degree of PL delipidation was closely matched by a decrease
in HLB value of a detergent (reflecting an increase in hydrophobicity) and an
increase in packing parameter (corresponding to greater packing density of the
micelle). The degree of delipidation was also found to be unrelated to chemical
structures of detergent head groups, implying potential general applicability to
detergent design. Lastly, charge reducing properties of detergents were shown to

be consistent with the currently accepted model of charge reduction.
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Taken together, the results presented in this chapter enable the beginning of a
transition from the current ‘trial-and-error’ use of detergents for MP solubilisation

and towards a more rational and controlled approach.

Materials and Methods

Packing parameter calculations. In order to calculate the packing parameter of
C8E4, OG, 1 — 5 according to equation (2), one needs to calculate the volume of
the hydrophobic tail (Vzai), the length of the hydrophobic tail (/i), and the area of
the head group that is occupied at the interface between the detergent aggregate
and solvent (Anead) (equation 3.2). To determine Aread, the three-dimensional
structure of detergent head groups (without tail) was modelled using a MM2 force
field as implemented in the software ChemBio3D v14.0 (PerkinElmer) and
calculated their collision cross sections (CCSs) using a projection approximation
algorithm®°. The CCS of a detergent head group was taken as Aneaq. Viair Was
calculated by using the van der Waals volume calculation method®' and /i with

ChemBio3D v14.0 (PerkinElmer).

Protein expression and membrane preparation. Membrane protein expression
was performed as previously described’®2°. Plasmids were transformed into C43
(DE3) cells by mixing 1 pL of plasmid solution (plasmid concentration = 100 ng/uL)
with a 50 pL aliquot of C43 cells (purchased from Cambridge Bioscience). The cells
were incubated on ice for 30 min, heat shocked at 42 °C for 45 s, and cooled on
ice for 2 min. LB Broth (450 uL of a 25 g/L aqueous solution) was added. The
mixture was shaken at 37 °C (180 rpm) for 1 h. One 50 pL aliquot of this mixture
was plated on an agar plate (agar medium composition: 25 g/L LB Broth and 15 g/L

agar in water, supplemented with 100 pg/mL ampicillin). The plate was stored
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overnight at 37 °C. Up to five colonies were picked and transferred into starter
culture medium (5 mL of 25 g/L LB Broth, supplemented with 100 pg/mL of
ampicillin). The mixture was shaken with 180 rpm at 37 °C for 8 h. The starter
culture was transferred into overnight culture medium (400 mL of 25 g/L LB Broth,
supplemented with 100 ug/mL of ampicillin). The mixture was shaken at 37 °C (180
rpom) for 15 hours. The overnight culture was transferred into in 12 L expression
medium (12 x 1 L of 25 g/L LB Broth, supplemented with 100 pg/mL of ampicillin).
Cells were shaken with 180 rpm at 37 °C until an optical density value at 600 nm
between 0.7 and 1.0 was reached. Protein expression was induced by adding
isopropyl-3-D-thiogalactopyranoside (IPTG) (12 x 1 mL of a 0.5 M aqueous
solution) and the cells were shaken at 37 °C (180 rpm) for another 4 hours. Cells
from a 12 L expression batch were harvested by centrifugation (5,000 x g, 10 min),
suspended in 100 mL buffer (20 mM Tris, 300 mM NacCl, 20% v/v glycerol, pH=7.4,
supplemented with two protease inhibitor tablets), and lysed using a M-110 PS
Microfluidiser (Microfluidics). After supernatant clarification (20,000 x g, 20 min, 4
°C), the membranes were pelleted down (100,000 x g, 2 h, 4 °C) and homogenised
in 6 mL buffer B (20 mM Tris, 100 mM NaCl, 20% v/v glycerol, pH=7.4,
supplemented with one protease inhibitor per 50 mL). The membrane suspension
was separated into 2 mL aliquots, which were frozen in liquid nitrogen and could

be stored at - 80 °C for up to two years.

Membrane protein purification. A membrane aliquot (2 mL) was added to a
mixture of 9 mL buffer B and 1 mL DDM stock solution (10w% DDM in MilliQ water).
The suspension was agitated for one hour at a temperature of 4 °C before the
supernatant was clarified by centrifugation (4,000 x g, 30 min, 4 °C). The

supernatant was purified by IMAC as described below.
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First, the protein-containing supernatant was mixed with the IMAC resin as follows:
7 mL of nickel-nitrilotriacetic acid (Ni-NTA) agarose suspension (50%, Quiagen)
were mixed with 23 mL of MilliQ. The supernatant was clarified by centrifugation
(4,000 x g, 2 min, 4 °C), discarded, and the procedure was repeated. The ethanol-
free resin was suspended in 5 mL IMAC wash buffer (50 mM Tris, 200 mM NaCl,
20 mM imidazole, 10% v/v glycerol, 2xCMC of DDM, pH = 8) and the protein-
containing supernatant was added. The mixture was agitated at 4 °C for 15 minutes
and then loaded into an empty gravity flow column (14 cm high, 1.5 x 1.2 cm
polypropylene columns from Bio-Rad). Once the liquid passed though the column,
the IMAC resin was washed with 45 mL IMAC wash buffer, 45 mL of a IMAC
wash/elute buffer mixture (9/1 v/v, 2xCMC of DDM, pH = 8), and the protein was
eluted with 10 mL IMAC elute buffer (50 mM Tris, 200 mM NaCl, 250 mM imidazole,
10% v/v glycerol, 2xCMC of DDM, pH = 8). The eluted membrane protein was
concentrated with centrifugal filters (Amicon®). The molecular weight cut-off
(MWCO) of the centrifugal filters was adjusted to the molecular weight of the
proteomicelle formed with the expected membrane protein oligomer (MWCO = 50
kDa for TSPO, MsCI-GFP; MWCO = 100 kDa for AgpZ-GFP, AmtB-MBP, AcrB
and BtuC2D2). The volume was reduced to 5 mL and His-tagged Tobacco Etch
Virus (TEV) protease was added to GFP- or MBP-tagged membrane proteins .The
mixture was transferred into dialysis cassettes (MWCO = 3.5 kDa) and dialysed for
16 hours at 4 °C against dialysis buffer (50 mM Tris, 200 mM NaCl, 20 mM
imidazole, 10% v/v glycerol, 2xCMC of DDM, 5 mM 2-mercaptoethanol, pH = 8).
His-tagged membrane proteins were dialysed under similar conditions but without
the use of TEV. The dialysed protein mixture was then purified by reverse IMAC.

For this purpose, the IMAC column was washed with 20 mL dialysis buffer. The
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dialysed protein mixture was passed over the column and the flow-through was
collected. The column was washed with another 5 mL of dialysis buffer and the
flow-through was collected. The combined flow-throughs were concentrated in
centrifugal filters until a protein concentration between 30 yM and 50 uM was
reached. The protein solutions were separated into 45 yL aliquots, frozen in liquid

nitrogen, and could be stored at — 80 °C for up to one year.

Gradual phospholipid delipidation. Gradual PL delipidation was achieved with a
detergent exchange from DDM to OG, C8E4, or 1 — 5 over a 3 mL SEC column
(Superdex 200 10/300GL column). The column was equilibrated with 1.2 CVs of
ammonium acetate solution (200 mM, pH = 6.8, 2xCMC of either OG, C8E4 or
detergents 1- 5). A 45 L aliquot of purified protein was used for each detergent
exchange. The protein was eluted over 1.5 CVs of detergent-containing ammonium
acetate solution at a flow rate of 0.2 mL/min. The main protein fractions were
combined and concentrated using Amicon® Ultra 0.5 mL centrifugal filters to a final

volume of about 20 to 30 pL.

Lipopolysaccharide delipidation. To achieve LPS delipidation, IMAC resin was
prepared as follows: an empty bio-spin column (Bio-Rad) was loaded with 500 pL
of Ni-NTA agarose suspension (50%, Quiagen). The resin was washed with 500
pL MilliQ water, 500 pyL IMAC elute buffer (50 mM Tris, 200 mM NaCl, 250 mM
imidazole, 10% v/v glycerol, 1w% of detergent 1, pH = 8), and 500 pL IMAC wash
buffer (50 mM Tris, 200 mM NaCl, 20 mM imidazole, 10% v/v glycerol, 1Tw% of
detergent 1, pH = 8). The column was loaded with two 45 pL aliquots of His-tagged
membrane protein. To identify how many CVs of IMAC wash buffer are needed to
delipidate LPS, six columns were prepared in parallel. The columns were washed

with different CVs of IMAC wash buffer: 0, 1, 5, 10, 20, or 40. Subsequently, the
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columns were washed with 1 mL of an IMAC wash/elute buffer mixture (9/1 vlv,
2xCMC of detergent 1, pH = 8). The proteins were eluted with 650 pL IMAC elute
buffer (50 mM Tris, 200 mM NaCl, 20 mM imidazole, 10% v/v glycerol, 2xCMC of
detergent 1, pH = 8). The relative LPS concentration was monitored by SDS PAGE
silver stain analysis and the samples were concentrated to a final volume of 20 to
30 pL using Amicon® Ultra 0.5 mL centrifugal filters. The sample buffer was
exchanged to ammonium acetate solution (200 mM, pH = 6.8, 2xCMC of detergent
1) using 75 yL Zeba™ Spin Desalting columns (MWCO = 7 kDa, Thermo Fisher

Scientific). The buffer exchange was done twice.

Native mass spectrometry. The samples were analysed using a modified
Q-Exactive mass spectrometer using the following instrumental parameters:
injection flatapole: 7.9 V, inter flatapole lens: 6.9 V, bent flatapole: 5.9 V, transfer
multipole: 4 V, capillary voltage: 1.2 kV, source temperature: 100 °C, IST: 100 V,
HCD cell pressure: 9 x 107 mBar, noise level parameter: 3, microscans: 10, and
resolution: 17,500 (unless stated otherwise in the text). HCD voltage was adjusted
for each MP-lipid combination as specified in the text. Intensities of the apo states
and protein-lipid complexes were extracted from Xcalibur V2.2. Molecular masses
of membrane protein ions and bound ligands were calculated using Navia Beta
v0.5 (https://d-que.github.io/navia/) and Origin V9.1. Relative intensities of apo
states and protein-lipid complexes as well as average charge state values of

membrane protein ions were calculated with Origin V9.1.
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Abstract

Na*/H* exchangers (NHEs) are important ion transporters, found in all kingdoms
of life. In humans, dysfunctions of NHEs are linked to many diseases, including
cancers. Despite their physiological importance, structural information on
mammalian NHEs was lacking due to their poor stabilities in detergents. Here, a
first high-resolution structure of horse NHE9 obtained by cryogenic electron

microscopy (cryo-EM) is presented.

In this work, | employ native mass spectrometry (MS) to probe the effect of lipids
on dimerisation of NHE9. | show that dimers are exclusively observed in the
presence of brain lipids, while a monomer/dimer equilibrium exists in their absence.
Based on that information, a thermal shift assay revealed the enhanced stability of
NHED9 in the presence of negatively charged phosphoinositide lipids (PIPs). Further
native MS analysis, performed on the mutant of NHE9 with proposed PIP binding
site disrupted, confirmed the importance of these lipids for NHE9 dimerisation. This
finding led to a hypothetical mechanism, stating that the role of PIPs is to regulate

NHE9 function by controlling dimerisation.

Overall, the combined results obtained by me and collaborators contribute towards

significant advancement of our understanding of NHE9 and NHEs in general.
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4.1 Introduction

(Note: this chapter was of a highly collaborative nature. | have performed native
mass spectrometry (MS) experiments only; please see the acknowledgments
section at the end of this chapter for a detailed list of contributions. A large part of

the data presented here can be found in a recent publication’.)

Na*/H* exchangers (NHEs) are ion transporters found in all kingdoms of life??, and
are probably some of the oldest protein transport forms®’. NHEs function by
coupling transport of H* ions to counter transport of ions such as Na* and Li*8°. In
mammals, there are 13 distinct NHE orthologues, differing in tissue localisation and
substrate preferences?® (Figure 4.1). Dysfunction of NHEs has been linked to many
diseases, including cancer, heart failure and diabetes*'°. However, NHE6 and
NHE9 are the only two isoforms with known disease-causing mutations*. Despite
their obvious importance, structures and molecular details of NHEs are poorly

understood, largely due to their instabilities in detergent environments.

Structurally, all NHEs are expected to form functional homodimers''. Each
monomer consists of a long cytosolic C-terminal domain that regulates ion
exchange activity, and a transporter module domain that performs ion exchange*®.
The transporter module is believed to contain a dimerisation domain and an ion-
transport domain (based on the structures of bacterial homologues'?) — the ion
transport domain functions by performing large ‘elevator-like movements’, while

the dimerisation domain remains stationary'>13.

The instability in detergent is likely to arise from the large unstructured C-terminal
cytosolic domain. Therefore, this study was focused on NHE9, which has one of

the shortest such domains compared to the other NHEs'; in addition, a potential
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Figure 4.1 NHE orthologues. Most NHEs are present either in plasma membranes
or in endosome membranes. Figure adapted from ref (1)

interpretation of the disease-causing mutation could arise from the high resolution
structure. Horse NHE9, which has 95% sequence identity to human NHE9 was
shown to be the most stable of the available options and, therefore, chosen for the
cryogenic electron microscopy (cryo-EM) studies' (see Section 1.4 for a brief

description of cryo-EM).

4.2 Obtaining High Resolution Cryo-EM Structure of NHE9

(Note: details of cryo-EM experimentation can be obtained from the publication?).
Construct with a partially truncated C-terminal tail was used for the initial structure
determination experiment (NHE9*, residues 8-574) to improve protein yield and
stability. However, even this truncated version of the C-terminal domain caused

complications during cryo-EM structural determination, with no density at all being
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observed for that 93-residue long domain for either of the monomeric subunits
(Figure 4.2a). A mutant with the C-terminal domain (CTD) completely removed
(NHE9 ACTD) was created. Importantly, this mutant maintained the same activity
as NHE9* (at the same time, activity was abolished for a control mutant, with a
conservative ‘ND’ motif substituted to alanine residues) (Figure 4.2b). For NHE9
ACTD mutant a cryo-EM structure at resolution of 3.2A was obtained (Figure 4.2c).
The NHE9 monomer consists of 13 transmembrane (TM) segments, making it
more similar to bacterial homologues like NapA'?, rather than the typically used
NHE models that only have 12 TM segments, more resembling bacterial NhaA>®.
Since the ion-binding site is heavily conserved across NHEs, this finding can

improve the modelling for the other NHEs as well®.

The dimeric region of NHE9 is highlighted in orange in Figure 4.2c. The total buried
interfacial area for the dimer was estimated to be between 1700 and 2000 A.
Previous studies using native mass spectrometry (MS) linked the dimeric surface
area of Na*/H* antiporters to their ability to form dimers without assistance from
lipids: NhaA that has a small (around 700 A) interface required negatively charged
cardiolipin (CDL) in order to form the dimer, while NapA with a larger (around 1800
A) subunit interface could form successfully dimerise without any lipids being
required'#15. By that reasoning, NHE9 could be expected to form apo dimer without
the need for stabilising lipids. However, an interesting observation was made
regarding positioning of TM3. Looking at the bottom panel of Figure 4.2c, the end
of TM3 on each subunit can be observed to move away from the interface,
exposing a hydrophobic surface. Interestingly, a similar arrangement creating a
lipid binding site exists for a structurally related protein PaNhaP'é, as well as for a

distantly related citrate transporter CitS'”. Coarse-grained molecular
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Figure 4.2 Cryo-EM structure of NHE9. a, Cryogenic electron microscopy (cryo-
EM) structure of NHE9* - C-terminal domain (CTD) and the loop between
transmembrane segments TM2-TM3 are missing for each monomer. b, Michaelis-
Menten kinetics as detected by ACMA dequenching following substrate addition;
values shown are the average of three technical repeats, with error bars representing
one standard error of the mean. ¢, Cryo-EM density map (top) and cartoon
representation (bottom) of the NHE9 ACTD homodimer; the dimer domain is shown in
orange. Figure adapted from ref (1)
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dynamics (CG-MD) simulations were employed to obtain more insight into the
nature of the potential lipid binding event, however lipids were unable to diffuse to
the interface’. In order to investigate the plausible lipid-induced dimerisation of

NHE9, native MS experiments were performed.

4.3 Native Mass Spectrometry Reveals the Role of Lipids for NHE9

Dimerisation

Native MS is a method that can observe different oligomeric states of proteins and
their individual interactions with lipids or ligands in a single experiment'8. This
technique is, therefore, well-suited for characterisation of lipid-induced
oligomerisation'15. Here, native MS experiments were performed on the NHE9*
construct. While the TM3 movement was observed for the NHE9 ACTD mutant,
the main difference between the two structures was the higher resolution for the
latter, with no significant differences in segment positioning. NHE9* was expressed
in Saccharomyces cerevisiae, which does not have the same lipid composition as
the mammalian origin. Since NHE9 is known to be highly expressed in the pre-
frontal cortex of the brain'®, brain lipids were added back to NHE9* during
purification. The resulting mass spectrum (obtained on Q Exactive UHMR, see
Figure 1.6d for description) is shown in Figure 4.3. A large ‘hump’ is observed,
however some individual peaks are clearly resolved, with a calculated mass of
roughly 3.5 kDa larger than would be expected for the NHE9* dimer. These
observations indicate that large amounts of lipids are present in solution, many of
which are seen bound to the protein. It should be noted that the highest activation
energy available for the instrument (300 V in both in-source trapping (IST) and

higher-energy C-trap dissociation (HCD), as well as elevated source temperatures
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Figure 4.3 Native MS of NHE9 in the presence of brain lipids.
Figure adapted from ref (1)

of 200-300 C) had to be used just to achieve the minimal level of peak resolution
observed in Figure 4.3; therefore, no further activation is possible to remove some

of the lipid adducts.

In order to obtain more interpretable spectra, NHE9* sample with no added lipids
was used (Figure 4.4a). As expected, the peaks are more resolved than they were
for the lipidated sample (Figure 4.3). Importantly, this time both monomers and
dimers were observed in the same spectrum, whereas only dimers were present
for NHE9* in the presence of brain lipids. Additionally, dimers with two different
masses were observed, with a mass difference of around 650 Da. The lower-mass
dimer is roughly 3.5 kDa larger than would be expected for the apo dimer, similarly

to the ‘brain lipid’ NHE9*.

Although the peaks in Figure 4.4a are clearly more resolved than those in Figure
4.3, signal-to-noise ratio (S/N) is still not very high, hindering data analysis. The
observed ‘hump’ can be partly attributed to the presence of co-expressed lipids,
but contribution from detergent is also likely. NHE9 was solubilised in a mixture of

n-dodecyl-B-d-maltopyranoside (DDM) and cholesteryl hemisuccinate (CHS)
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Figure 4.4 Native MS of NHE9 in the absence of brain lipids. a, Before and
b, after the ‘wash’ step, consisting of dilution and reconcentration of the sample with
ammonium acetate/2xCMC DDM solution prior to the buffer exchange stage. CMC,
critical micelle concentration; DDM, n-dodecyl-3-d-maltopyranoside.

detergents, and then buffer exchanged into ammonium acetate (AA) buffer
containing DDM at 2x critical micelle concentration (CMC) (see Materials and
Methods). While these detergents are known to be stabilising in solution and are
commonly used to study unstable MPs, such as G protein coupled receptors

(GPCRs)?°, DDM is not an ideal choice for native MS due to high energies required
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to dissociate it from MPs in the gas-phase?'; in addition, DDM has a strong
propensity to form charged clusters with a wide range of masses that can overlap
with other peaks in a spectrum and obscure important information?2. This effect is
especially strong when the concentration of DDM is inadvertently increased during
a sample concentration stage. Consequently, reducing the concentration of DDM

in the sample can be beneficial.

My initial strategy was to replace DDM with a more native MS-compatible detergent
(namely tetraethylene glycol monooctyl ether, C8E4, at 2xCMC) during the buffer
exchange step. This method results in an incomplete detergent exchange, forming
mixed DDM-C8E4 micelles, which are both sufficiently stabilising for the protein
and easily removable during native MS experiments (see Chapter 5 for an
example of this effect). Unfortunately, addition of C8E4 resulted in spectra mostly
dominated by DDM peaks, with no NHE9* visible (data not shown). This
observation implies that even partial exchange into a harsh detergent is sufficient

to destabilise this protein.

| then decided to perform a ‘wash’ step; to attempt decreasing the concentrations
of DDM, CHS and any non-specific endogenous lipids present in solution. This
‘wash’ step consisted of diluting the sample with AA/DDM (2xCMC) buffer and then
reconcentrating it with a 100k molecular weight cut-off (MWCO) concentrator (see
Materials and Methods for more details). Inclusion of this step resulted in
significant improvement of mass spectral quality (Figure 4.4b). This enabled the
observation of another species of NHE9* dimer, with a mass roughly 1.5 kDa below
the previously observed variants (Figure 4.4a). The absence of this species in the
‘unwashed’ spectrum can be explained by its relatively low intensity, probably

resulting in it being ‘buried’ in the noise. Another notable feature is the apparent
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shift towards lower charge states (higher mass-to-charge ratio (m/z) values) after
the ‘wash’ step. Considering that no new chemicals were added to the sample, the
shift is unlikely to arise from charge reduction, but instead from the lower charge
states not being resolved in the ‘unwashed’ spectra (Figure 4.4a). The energy that
the ion experiences at a given voltage is directly proportional to its charge;
therefore, lower-charge MPs preserve a larger number of adducts, which can result
in an overlap and lead to those species being unresolved. The observation of a
previously undetected NHE9 species, as well as the appearance of more charge
states, highlights the utility of the ‘wash’ step, so it was performed for all
subsequent native MS experiments on NHE9. It is important to note, that the
outcome of the ‘wash’ step proved to be highly unreliable, often resulting in no
improvement, or even reduction in spectral quality compared to the ‘unwashed’
sample. This caused significant sample losses, and was extremely time-
consuming. Therefore, | would only recommend this method when no alternative
way of improving the sample quality (such as an extra size-exclusion

chromatography (SEC) step, for example) can be employed.

The unpredictable nature of the ‘wash’ step also resulted in variations between the
spectra obtained from the different batches of the sample, which were often difficult
or impossible to reproduce. This issue was exacerbated by the expected variations
in native mass spectra between the different nanoelectrospray emitters (needles),
which are prepared in-house and have unique shapes and sizes?3. This effect
proved to be very significant for NHE9, with spectral quality often changing
drastically when two different needles were used, even for the samples coming
from the same batch. One example of sample-to-sample variation can be observed

in the spectrum shown in Figure 4.5a, which was obtained by following exactly the
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same procedure that was used to produce the spectrum shown in Figure 4.4b, but
applied to a different ‘washed’ batch of the sample. While the dimer is similar in
appearance (apart from the charge state distribution, which could be a ‘needle
effect’), a second form of monomer can be clearly observed only in the spectrum
shown in Figure 4.5a. This monomer species is of a higher mass than the one
discussed earlier, representing either a ligand or lipid-bound state or some covalent
modification of the protein. Interestingly, the mass of the monomer matched the
half-mass of one of the dimer species (132.9 kDa) quite well. The peaks
representing the ‘new’ monomer are broad in appearance (Figure 4.5b); these
features often arise because of the binding of endogenous lipids?*, which have
inherently heterogeneous masses due to a large chemical diversity of their
hydrophobic tails?® (see Section 1.2 for further discussion). However, for NHE9*
even the lower-mass monomer peaks are also broad, so it is difficult to determine

the nature of the mass difference with confidence.

In summary, no apo dimers of NHE9* were observed in any spectra (Figures 4.3-
4.5), with all of the observed dimers having more mass than would be expected
from a sum of two monomeric masses. This could indicate the requirement for
ligand or lipid binding for NHE9 dimer formation; however, further investigation of
the nature of this possible binder by native MS in combination with various
activation methods (such as HCD) was not possible, because the highest
instrumental potentials had to be used just to produce the spectra. Therefore,

complementary methods were employed to identify potential binding partners.
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Figure 4.5 Native MS of NHE9 with two monomeric species. a, Spectrum of
NHE9* after the ‘wash’ step. A second monomeric species is observed. b, Zoomed-in
view of the two monomers. Unlabelled peaks were assigned to impurities.

A green fluorescent protein (GFP)-based thermal shift assay was previously able
to correctly identify the specific nature of CDL-binding to NhaA2®, with CDL known
to be required for dimerisation of that protein'®. This assay works by gradually
increasing the temperature of a protein-containing solution and observing the
changes in fluorescence by SEC; a characteristic transition occurs at a particular

melting temperature, T, that indicates protein denaturing and forming aggregates,
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with oligomeric structures dissociating as a result of this denaturation at the same
time?6. Among several endogenously added lipids, only phosphoinositides, PIP2
and PIP3 (described in Section 1.2), were discovered to be significantly stabilising
by this assay (Figure 4.6 a and b). Interestingly, PIP2 was previously shown to be
essential for NHE1 function®2728, and NHE3 can be directly and reversibly
activated by PIP3?7. For NHE1, this occurs partly due to the interaction of the lipid
with CTD?®; however in this study NHE9 ACTD mutant was shown to have the same
thermal stabilisation by PIP2 as the NHE9* construct, meaning that CTD is not
responsible for the specific binding observed (data not shown). By taking into
account native MS data that suggested a possible role of lipids for NHE9
dimerisation, a potential lipid-binding site in the dimer interface region was
considered. However, no positively charged residues were observed there in the
cryo-EM structure, which would be expected for a specific interaction with
negatively charged PIPs?°. The attention was drawn towards TM2-TM3 loop, which
is not observed in the cryo-EM structure due to its dynamic nature (Figure 4.2a).
Intriguingly, TM2-TM3 loop contains three positively charged lysine residues.
Moreover, it is predicted to form B-strands (Figure 4.6¢), in a similar fashion to the
B-hairpins in NhaA that mediate dimerisation by binding to the negatively charged
CDL'1526:30 |n order to test whether or not PIPs actually bind at the TM2-TM3
loop, a triple mutant was constructed, with all of the lysine residues substituted for
glutamine. The triple mutant of NHE9* was significantly less stabilised by PIP2
compared to NHE9* (Figure 4.6d), confirming the role of the TM2-TM3 loop in PIP

binding.

Native MS was again employed to further validate the observed results. First, |

focused on the NHE9* construct, to investigate whether adding PIP2 to the sample
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Figure 4.6 Thermal shift assay of NHE9. a, Thermal shift stabilisation of purified
dimeric NHE9*-GFP in the presence of PIP, (red) compared to PIP.-free (black). Data
presented are normalised mean FSEC peak fluorescence as mean values * data range
of n = 2 technical repeats; the average AT, presented is calculated from n = 2
independent titrations. b, Thermal stabilisation of purified dimeric NHE9*-GFP by lipids.
Normalised mean FSEC peak fluorescence before heating (open bars), and after
heating and centrifugation (grey bars) in the presence of different lipids. Data presented
are mean values  data range of n = 4 experiments. ¢, Cartoon representation of NHE9,
including the model of the loop TM2-TM3. d, Same as a, but for the dimeric NHE9*
triple mutant. Figure adapted from ref (1).

would result in an observable shift in oligomeric state distribution. Starting from a
completely delipidated monomeric NHE9* and exogenously adding PIP2 at various
concentrations would produce a clearly interpretable outcome. Therefore, a
method to delipidate NHE9* was desired. While | described a novel delipidation

method in Chapter 3 (which works by exchanging the samples into specific
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detergents) that could be potentially applicable to this problem, that method was
not attempted on NHE9*. There are two main reason for that: firstly, these projects
were performed in parallel, so the delipidation method had not yet been completely
established at the time; secondly, the delipidation protocol described in Chapter 3
needs to be applied during purification stages, so relatively large sample volumes
(around 50 ul) are required — since | did not perform protein expression and
purification myself, such a large volume constituted the majority of sample | had
available. Considering the poor stability of NHE9* when solubilised in detergents,
exchanging the entire sample into a previously untested detergent would be
unwise. Instead, a delipidation method that could be applicable to small volumes
(roughly below 5 ul) was required. One method that fulfils this criterion involves
addition of a strongly delipidating detergent, such as n-nonyl--d-glucopyranoside
(NG) or n-octyl-B-d-glucopyranoside (OG) to the sample directly before native MS
characterisation®'. Therefore, | have added NG at 0.5% concentration to NHE9*
and monitored the results by native MS. Remarkably, the addition of NG
consistently resulted in complete disappearance of all NHE9* peaks from the
spectra (data not shown). Since | have added NG from a concentrated stock and
the protein was only diluted by 5% in volume, the disappearance of NHE9* can be
attributed to the instability of this protein in the presence of NG. This outcome is
consistent with the results of C8E4 addition described above and further highlights

the instability of NHE9 in any but the mildest detergents.

Another way to monitor the effect of PIP2 on NHE9 dimerisation is to add this lipid
at a range of concentrations directly to the sample and monitor the shift in the
monomer/dimer ratio'. Following this approach, | have added PIP2(4,5) to NHE9*

(Figure 4.7a). It should be noted that the addition of extra lipids to the already
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Figure 4.7 Native MS of NHE9 with the addition of PIP2. a, Spectrum of NHE9*
with PIP.(4,5) added, dimeric species are labelled in the zoomed-in spectrum. b,
Zoomed-in view of NHE9* dimers bound to PIP,. While signal-to-noise ratio is low, the
peaks corresponding to PIP binding are consistently present for three consecutive
charge states of the dimer.

complicated and noisy spectra resulted in a further quality deterioration.
Nevertheless, the binding of PIP2 to the NHE9* dimer could be observed (Figure
4.7b), although it is not possible to establish whether there are any changes in

dimer/monomer ratio of the protein. While some of the peaks are barely
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distinguishable from background noise, their consistent presence for three
consecutive charge states enables assignment with a certain degree of confidence;
however, the low S/N of the spectra in the presence of PIP2is evident. This fact,
together with reproducibility difficulties discussed above, prevented further
investigation of PIP2-bound NHE9* beyond the confirmation of PIP2 binding to the
dimer. It should be noted that no corresponding binding of the lipid to monomer
was observed, although it is challenging to determine if this is the consequence of
a lower spectral intensity of monomers compared to dimers (leading to the bound
peaks being buried in the noise) or the indication of preferential binding of PIP2 to

the dimer.

Next, | investigated the triple mutant of NHE9*. Using the same sample preparation
as the one performed on NHE9* (a ‘wash’ step followed by buffer exchange
procedure, both into AA/DDM at 2xCMC) native mass spectra of this mutant could
be acquired (Figure 4.8a). Only monomers and no dimers could be observed,
corroborating the solution-phase stability assay and confirming the proposed role
of TM2-TM3 in dimerisation. It should be noted, that no dimers were observed
when repeating the experiment from different needles and sample batches; this
included starting from the samples with PIP2 added to the protein solution prior to
the ‘wash’ step. In some of the spectra a species at 130.0 kDa was appearing,
which would be close to a dimeric species with some adducts. However, | have
also observed contaminants at 43.3 kDa and 86.6 kDa, which together with the
130.0 kDa matched very well to be a monomer, dimer and trimer of some impurity.
| was able to verify this while attempting to achieve further S/N improvement by
performing a ‘wash’ step with AA only (no DDM) followed by a standard AA/DDM

buffer exchange, in hope that sufficient concentration of DDM would be left in the
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sample to preserve NHE9 stability. Unfortunately, this was not the case and neither
monomers nor dimers of NHE9*-triple mutant could be observed after such
treatment (Figure 4.8b). However, the species at 130.0 kDa and at 86.6 kDa were
still present (as well as another contaminant), indicating that the observed peaks
most likely belong to a soluble protein. Although this result was achieved
inadvertently, the potential utility of this method to assist with identification of
species in complex spectra of membrane proteins is evident. For the purposes of
this study, confirmation of the assignment of the species with the mass of 130.0
kDa to an impurity strengthened the conclusion that no dimers could be observed

for the triple mutant of NHE9*.

4.4 Summary and Conclusions

In this chapter, the first ever high resolution structure of a mammalian NHE, namely
horse NHE9, was demonstrated. The structure revealed the 13 TM topology similar
to NapA, which also allowed to improve modelling of the other members of NHE
family. The dimer interface was observed, with the end of TM3 pointing away from

the interface and exposing a potential lipid binding site.

Native MS was employed to investigate the role of lipids in NHE9 dimerisation.
When brain lipids were present in the sample only NHE9 dimers were observed
with bound adducts. In the absence of brain lipids, both monomers and dimers
were produced; the dimers also had higher masses than would be expected for the
apo species. Taken together, these observations suggested the importance of a
binding partner for NHE9 dimerisation. A combination of in-solution GFP-based
thermal shift assay, structure analysis and mutation determined specific binding of

negatively charged phophoinositides, PIP2 and PIPs to an interfacial TM2-TM3
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Figure 4.8 Native MS of NHE9 triple mutant. a, Spectrum of the triple mutant of
NHE9*, no dimers are observed. The peak labelled with * was assigned to a
contaminant. Panel a adapted from ref (1). b, Spectra produced after the ‘no DDM
wash’, where no NHE9 monomers are observed. The species with a 130 kDa mass is
therefore assigned as a contaminant rather than the NHE9* triple mutant dimer.

loop. The observed binding of NHE9* dimers to PIP2, and the absence of dimers

formed by the loop mutant were confirmed by native MS analysis.
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A schematic of a proposed mechanism of NHE9 function is shown in Figure 4.9.
PIP binding facilitates formation of a stable NHE9 dimer (Figure 4.9, left). The
dimerisation domain then acts as an anchor, while the transporter domain performs
the ion transport by large, elevator-like movements (Figure 4.9, right). Given this
proposed mechanism and the fact that the dimer is the functional unit of NHE9, it
is tempting to speculate that PIPs allosterically modulate NHE9 activity by
controlling dimerisation. This hypothesis is supported by the known ability of PIPs
to activate NHE1 and NHE3?®, as well as a similar role of negatively charged CDL
for activity of NhaA32. Moreover, the ‘NhaA fold’ shared by NHE9 is responsible for
the formation of a unique dimer interface’® — implying that this fold could have been
‘designed’ by evolution specifically to control transporter function by modulation of
dimerisation. This hypothesis provides an explanation for NHE9 not forming stable
dimers without assistance from the lipids despite a large interfacial area, in
contradiction to the current model'®. It might be possible that in some special cases
the overall structure of the oligomeric interface has to be considered when
predicting stability of oligomeric states of MPs, rather than just the interfacial area

and the number of salt bridges’®.

Overall, the findings presented in this chapter significantly advance the mechanistic
understanding of mammalian NHESs. It should be noted that in this chapter | mostly
focused on the results related to dimerisation, as this was the area to which |
contributed by performing native MS experiments. As a consequence, | have left
out many of the impressive insights into NHE9 structure obtained by collaborators,
such as the nature of the ion binding site and characterisation of the disease-
causing mutation of NHE9 — this information can be obtained from the recent

publication’.
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Figure 4.9 NHE9 elevator access mechanism. Schematic representation of
the NHE9 transport mechanism, highlighting the role of negatively charged
phosphoinositide lipids (PIP2 or PIP3) to stabilise homodimerisation. Figure
adapted from ref (1).

Materials and Methods

Non-native MS methods, including protein expression and purification details, can

be obtained from the recent publication.

Sample preparation for native MS. The ‘wash’ step was applied to some of the
samples prior to buffer exchange, as specified in the text. 10 ul of protein was
diluted with 90 pl of 200mM AA solution (Sigma Aldrich), containing 2CMC of DDM
(Generon). This solution was reconcentrated using a 100K MWCO concentrator.

This step was repeated two times, before performing the buffer exchange step.

194



Acknowledgements

The buffer exchange was performed using Zeba Spin desalting columns (Thermo

Scientific), equilibrated with 200mM AA solution, containing 2xCMC of DDM.

For the lipid binding experiments, aqueous solution of PIP2(4,5) at 320 uM
concentration was diluted 60 times with AA/2xCMC DDM buffer and then added to

protein at 1L:4 P volume ratio immediately before native MS analysis.

Native mass spectrometry. Nanoelectrospray ionisation was initiated from
borosilicate needles, pulled and gold-coated in house as previously described?:.
All experiments were performed on Q Exactive UHMR (Figure 1.6d). The following
parameters were used: capillary voltage, 1.4 kV; S-lens RF, 100%; source
temperature, 200°C; in-source trapping (IST), 300V; HCD collision energy, 300 V;
HCD cell pressure, 1 x 10° mbar; collision gas, argon. Data were analysed using

the Thermo Excalibur software package.
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Abstract

5 Identifying Specific Protein-Lipid Interactions for

Human Leukotriene Biosynthetic Enzymes by

Native Mass Spectrometry

Abstract

Cysteinyl leukotrienes (LTs) are established modulators of asthma in humans.
They are synthesised by the members of membrane-associated proteins in
eicosanoid and glutathione metabolism (MAPEG) superfamily, namely LTCa4
synthase (LTC4S) and microsomal glutathione S-transferase 2 (MGST2), making
these proteins attractive drug targets. However, their interactions with
phospholipids (PLs) have not been characterised, missing potentially essential
information about structurally and functionally important lipids. Here, | apply native

mass spectrometry (MS) to alleviate this problem.

For LTCA4S, | confirm that the expected oligomeric state and the native fold of this
protein are preserved in the gas phase with the assistance of ion mobility (IM)
spectrometry. | then apply collision-induced unfolding (CIU) to distinguish between
specific and non-specific interactions between LTC4S and PLs. The data obtained
was in agreement with a solution-phase assay, providing further confidence in the

biological relevance of these findings.

For MGST2, | demonstrate that this protein is unstable in the absence of particular
endogenous lipids. | employ a mixed detergent micelle to create conditions that are
simultaneously compatible with native MS and do not cause MGST2 aggregation.

Finally, | identify the presence of certain post-translational modifications (PTMs)
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that could shed the light on the nature of the unusual reactivity of one-third of the

ligand-binding sites for MGST2.

5.1 Introduction

Leukotrienes (LTs) are inflammation modulators, predominantly found in various
types of leukocytes'. LTs are synthesised from a common precursor, LTA4 (which
is in turn synthesised from arachidonic acid)®> (Figure 5.1a). LTs can be
categorised into two major classes based on the synthetic pathway from LTA4: one
class consists of LTB4 which is synthesised from LTA4 by LTA4 hydrolase (LTA4H);
the other class involves three cysteinyl LTs: LTC4, LTD4 and LTE4 - with LTCa4
synthesised by conjugation of LTA4 and glutathione (GSH) by a membrane protein
(MP) called LTC4 synthase (LTC4S) (Figure 5.1b) and then converted into the
other cysteinyl-LTs?3 (Figure 5.1a). Cysteinyl-LTs are associated with several
diseases in humans; in particular, they were known for several decades to be
established asthma mediators?#. Their role in asthma lead to the development of
drugs, often referred to as ‘lukasts™, that inhibit one of the G protein-coupled
receptors (GPCRs) involved in the cysteinyl-LT signalling pathway, namely CysLT+
— however, these drugs are not effective for approximately 40% of the patients?,
most likely because four other GPCRs can also interact with cysteinyl-LTs in
complex ways (Figure 5.1c)®. Therefore, an alternative treatment would be to
inhibit the synthesis of LTs, instead of the downstream signalling — LTC4S is a
natural target for that approach, as it is responsible for the formation of LTC4, which

is the precursor to all of the cysteinyl-LTs®87 (Figure 5.1a).

LTC4S is a part of membrane-associated proteins in eicosanoid and glutathione

metabolism (MAPEG) superfamily and particularly of the subfamily including three
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Figure 5.1 Cysteinyl Leukotrienes. a, Synthetic pathway for the formation of
leukotrienes (LTs). b, The reaction performed by LTC4 synthase (LTC4S): glutathione
(GSH) and LTA4 are joined to form LTC4, the precursor of all cysteinyl LTs (cys-LTs).
¢, Five G protein coupled receptors (GPCRs), involved in LTCA4S signalling. Panel a
adapted from ref (3); panel ¢ adapted from ref (6).
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trimeric proteins: LTC4S, microsomal glutathione S-transferase 2 (MGST2) and
five-lipoxygenase-activating protein (FLAP). As was described above (Figure
5.1a), LTCA4S is responsible for production of LTC4 from LTA4 and GSH; within a
cell, it is located in the endoplasmic reticulum and in the outer leaflet of the nuclear
envelope®. MGST2 is also able to synthesise LTCa in a similar way to LTC4S; the
main difference being that while LTC4S shows activity for all of its three active
sites, MGST2 only shows 1/3 of activity, despite actually having all three of the
sites occupied®. Finally, FLAP’s main role is to activate 5-lipoxygenase (5-LOX) for
the synthesis of LTA4’, however, evidence of FLAP interacting directly with LTC4S
also exists'®. In this study, | have employed native mass spectrometry (MS) to
investigate any effect phospholipids (PLs) might have on the structure or function

of LTC4S and MGST2.

5.2 Characterisation of LTC4S by Native MS

(Note: protein expression and purification were performed by Madhuranayaki
Thulasingam, unless stated otherwise in the text. Some of the experiments were

disrupted by global pandemic, as specified in the text.)

| have chosen to use two different mass spectrometers to acquire the data
presented here: modified Synapt G1, with a drift tube (DT) ion mobility (IM)-cell
(see Figure 1.6¢) and Q Exactive UHMR (see Figure 1.6d). UHMR can be used
to acquire mass spectra at high resolution, however, it has no IM compatibility (see
Sections 1.12 and 1.13 for further discussion). The main advantage of the DT is
the ability to calculate collisional cross section (CCS) values for proteins without

the need for calibration — these values can then be compared to a theoretical CCS
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calculated from the crystal structure to determine whether the protein has retained

its native-like conformation in the gas phase (Section 1.13).

In order to perform native MS experiments, | have exchanged LTC4S from n-
dodecyl-B-d-maltopyranoside (DDM) detergent into tetraethylene glycol monooctyl
ether (C8E4) detergent (see Materials and Methods). While DDM is a stabilising
detergent in solution, the high energy required to remove it in the gas-phase makes
it less suitable for native MS purposes; C8E4, conversely, is a relatively harsh
detergent, but is easily removed by relatively gentle gas-phase activation''-13. The
‘harsh’ nature of C8E4 may result in structural rearrangements for some proteins;
therefore, the initial experiments were performed with the aim to verify LTC4S
stability. A spectrum of LTC4S solubilised in C8E4 is shown in Figure 5.2.
Importantly, the expected trimeric state of the protein is observed’¢, meaning that
LTC4S can maintain its native oligomeric state in C8E4 detergent. Monomeric
species are also observed at high intensity. Considering the absence of a
corresponding dimer, which would be expected for a typical collision-induced
dissociation (CID) pattern®, this was assigned to the presence of some monomeric

LTC4S in solution.

Having established the presence of the native oligomeric state of LTC4S, the ability
of the protein to maintain a native-like fold was tested next. The crystal structure'
(PDB: 2UUI) was used to estimate a theoretical CCS value by corrected projected
approximation (PA) model (see Section 1.13; also Materials and Methods). It

should be noted that the crystal structure has two extended helical ‘arms’ (Figure
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Figure 5.2 Mass spectrum of LTC4S in C8E4 obtained on UHMR. Expected
oligomeric state of the trimer is observed, as well as some monomer. The ‘hump’ at
high m/z is unassigned.

5.3, left) which are extremely unlikely to remain in that position in the absence of
a bilayer. CCS calculations are performed on the structure as it is, without prior
relaxation’®, so the CCS value produced from this structure can be expected to be
slightly too large (was calculated to be 3913 A2). In order to also obtain a lower
bound for the CCS value, | have generated a structure with the extended ‘arms’
helices removed (Figure 5.3, right) using PyMOL software: the CCS value
obtained from this structure was calculated to be 3332 A2). A reasonable native-
like structure of LTC4S would be expected to have CCS somewhere in between
these two extreme cases. The experimental value calculated for the 11+ charge
state of LTC4S in C8E4 was roughly in the middle of the expected range (3655 A2?),

leading to a conclusion that the protein was likely to maintain a native-like fold.

After confirming the presence of a native-like LTC4S in the gas phase, collision-

induced unfolding (CIU) experiments were performed. The theory behind CIU was
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Figure 5.3 Crystal structure of LTC4S. Left, full-length crystal structure (PDB:
2UUlI); right, truncated structure, with the two extended helices removed.

discussed in Section 1.14, and some practical applications of this method were
demonstrated in Chapter 2. Briefly, a protein is gradually unfolded in the gas-
phase by increasing collision voltage; after a certain threshold in internal energy is
reached an unfolding event is observed; the presence of a bound ligand or lipid
can induce stabilisation to the protein; stabilisation values can be compared to

identify structurally important binding partners'"'7.

Considering the location of LTC4S in the endoplasmic reticulum, | have selected
PL classes that would be expected to be naturally interacting with LTC4S in its
native environment, namely phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI) and phosphatidylserine (PS)'®. Some degree of
protein stabilisation usually occurs for any species bound, even non-specific'®,
therefore, | have also selected two control lipids, which would not normally be
encountered by LTC4S in the native membrane: phosphatidylglycerol (PG) and
cardiolipin (CDL)'8. The lipids can be grouped in terms of their charge: PG, PI, PS

and CDL are negatively charged, while PC and PE are neutral. | have also selected
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one of the substrates of LTC4S, GSH (the other substrate, LTA4 is highly unstable
(with a half-life of around 10s)?° and cannot survive on the time scale of a CIU

experiment (around 30 minutes for a complete energy ramp).

The unfolding pattern for the 12+ charge state of LTC4S trimer is shown in Figure
5.4a. Two distinct unfolding events are clearly visible (black ellipses). Also, a
greater stability of PC-bound-LTC4S compared to the apo trimer is highlighted for
the first transition (red). It should be noted, that the data for the lipid bound and the
apo unfolding were obtained from the same spectrum (without quadrupole
selection) — while performing the experiment this way has a potential drawback of
lipids falling off and interfering with the results, the effect was judged to be small
for single binding events?'; whereas the benefits of having both species in the same
spectrum include greater intensity, as no ion loss occurs during a quadrupole
selection step, and, more importantly, reducing the error due to the variations

between runs due to fluctuations of temperature and pressure.

The calculated stabilisation values (see Materials and Methods) are shown in
Figure 5.4b for 1 and 2 lipids bound to the 12+ charge state of LTC4S trimer.

Several notable features need to be mentioned:

Firstly, the stabilisation with respect to unfolding induced by the substrate (GSH) is
small compared to the PLs. This can be attributed to the nature of a substrate
binding pocket that is located at the subunit interface, rather than within individual
subunits, and thus providing limited stabilisation with respect to unfolding (see

Chapter 2, and in particular Figure 2.1 for further discussion of this phenomenon).
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Figure 5.4 Collision-induced unfolding of LTC4S. a, The unfolding profile for
apo and POPC-bound 12+ LTC4S trimer, with unfolding events highlighted in black
and stabilisation difference between apo and lipid-bound trimer highlighted in red. Data
were acquired at 2V increments. b, The average stabilisation for 1 or 2 bound events
to LTCA4S trimer (12+). ¢, Same as in b, with a one-way ANOVA test result shown. *
indicates significance at 0.10 confidence level; ** indicated significance at 0.05
confidence level; both compared to the control lipid (POPG) for both 1 and 2 lipids
bound (as indicated by the Tukey post hoc test). For panels b and ¢, values shown are
the average of three repeats performed from different needles, with error bars
representing one standard deviation.
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Secondly, the two species with the visually largest stabilisation values are Pl and
CDL, which are both negatively charged (Figure 1.2a). The third-highest
stabilisation, however, comes from PC, which is zwitterionic (Figure 1.2a). A large
stabilisation induced by CDL is surprising as it is not expected to be present in the
native membrane environment of LTC4S'8. This could potentially be attributed to
the ‘double’ nature of CDL, which has close to double the mass, the charge and
the number of head groups and acyl tails compared to the other PLs (Figure 1.2a).
In fact, when comparing 1 bound CDL against 2 bound PLs, the values appear
more similar, in agreement with this explanation. However, it should be noted that
at least one counterexample exists, with data for MscL not showing this effect'".
Regardless of the exact nature of the observed phenomenon, a very large
stabilisation induced by CDL makes it unsuitable for control purposes, so it was not

included in further analysis.

Thirdly, Pl species had a slightly different hydrophobic tail composition to the other
PLs: while all other species have 1-palmitoyl-2-oleoyl (PO, 16:0-18:1) composition,
Pl has 1,2-dioleoyl (DO, 18:1-18:1) acyl chains. This was only done for practicality,
as POPI lipid was not available at the time. While such a small difference in the
acyl chain composition is unlikely to account for the large stability of LTC4S trimer
in the presence of Pl, a control experiment was planned, with POPI and DOPI
compared against each other — this experiment had to be postponed due to the

global pandemic.

While differences in stabilities between species are visually apparent, the error
bars are also relatively large. In order to verify statistical significance of the results
discussed in this section, a one-way analysis of variance (ANOVA) test was

performed on the lipids shown in Figure 5.4b, excluding CDL (Figure 5.4c). By
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ANOVA (and the Tukey post hoc test) only Pl was significantly more stabilising
than the control lipid (PG) at 0.05 confidence level; although PC was also found to

be significantly more stabilising than PG, but at 0.10 confidence level instead.

To verify the results observed by CIU in the gas phase, a solution-based activity
assay was performed (Figure 5.5) (Note: these data were acquired by
Madhuranayaki (Madhu) Thulasingam). Interestingly, the observed activities for
the lipid increased in the same order as gas-phase stabilities (the apparent higher
activity of the apo trimer could be an artefact, with lipids obscuring some of the
fluorescence signal just by being in solution). It should be noted that performing
the in-solution activity assay proved to be very challenging, with lengthy condition
screening required in order to obtain reproducible results (data not shown);
whereas CIU experiments can be performed in a reliable way in a matter of days,
with a similar outcome. This highlights the power of the native MS-based CIU

method when applied to the task of investigating MP-lipid interactions.

Another experiment was planned, investigating simultaneous binding of GSH and
PLs to LTC4S by CIU to see whether any allosteric effects could be observed;

these studies could not performed because of the lockdown.

5.3 Characterisation of MGST2 by Native MS

Having shown utility of native MS to probe LTCA4S-PL interactions, | have

attempted performing similar experiments on MGST2. A spectrum of MGST2 after
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Figure 5.5 Solution-based activity assay of LTC4S. Values shown are the
average of three repeats, with error bars representing one standard deviation. Data
acquired and figure made by Madhuranayaki Thulasingam.

detergent exchange from DDM into C8E4 is shown in Figure 5.6a. While MGST2
also maintains the expected trimeric state, the spectrum is a lot more challenging
to interpret due to the presence of a broad adduct. While the mass of the adduct is
approximately what would be expected for bound PL species, the exact mass is
difficult to quantify due to heterogeneity. Importantly, addition of endogenous lipids
to this sample in order to perform CIU experiments would not be possible, as the
lipids would simply overlap with the broad endogenous adduct peak. If the energy
is increased to attempt removal of the bound species, the dissociation of the trimer
is observed (Figure 5.6b). An interesting feature of this dissociation is that the
dimer mass differs from the two monomer masses by an extra 58 Da. This

observation is discussed in more detail later in this section.
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Figure 5.6 Mass spectra of MGST2 in C8E4 obtained on UHMR. a, Expected
trimeric state of MGST2 is observed, with a heterogeneous adduct bound. b, Applying
activation energy results in trimer dissociation, no apo trimer is observed. The peaks
highlighted in green are further analysed in Figure 5.7.

It was determined that the difficulty in calculating exact mass of the adduct peak

was not only hindered by a potential heterogeneity of the binding partners, but in
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part by MGST?2 itself. Some degradation can be observed for a monomer, with
either one or two C-terminal amino acids being lost (as well as a few other smaller
mass variations) (Figure 5.7a). While the amount of degraded protein is relatively
small and does not significantly affect the spectral quality for the monomer,
different combination of the proteoforms results in a much more convoluted
spectrum for the dimer (Figure 5.7b) and this problem is exacerbated for the trimer.
In order to obtain more interpretable spectra, | have attempted to perform MGST2
purification myself (from the Pichia Pastoris cells, containing overexpressed
MGST2 and grown by Madhu) using a modified protocol (see Materials and
Methods). Perhaps the most notable modification to the purification protocol was
an introduction of an ultracentrifugation step — this way, all of the soluble proteases
are removed from the MP sample, so less degradation can be expected to occur.
No cleavage forms were visible in a spectrum of a freshly purified MGST2

monomer (obtained in DDM), confirming this prediction (Figure 5.7c).

Remarkably, this new sample was not stable in C8E4, with no MGST2 surviving
the detergent exchange. To alleviate this problem, | have replaced C8E4 with a
structurally related detergent hexaethylene glycol monooctyl ether (C8EG). This
time, well-resolved MGST2 trimer peaks were observed (Figure 5.8a).
Interestingly, only very minor presence of any adducts was detected for the trimer
(Figure 5.8b), indicating suitability of this sample for addition of exogenous lipids
and CIU experiments. However, MGST2 turned out to be unstable in C8EG6 in the
long term and a significant drop is spectral quality was observed after a single
freeze-thaw cycle (Figure 5.8c). Surprisingly, several other attempts of performing
detergent exchange from DDM into C8E6 did not work and resulted in the protein

crashing out (similarly to the C8E4 case described above). | then decided to test
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Figure 5.7 Heterogeneity of MGST2. a, Different proteoforms present for the
MGST2 monomer. b, Different proteoforms present for the MGST2 dimer. ¢, Different
proteoforms present for the MGST2 monomer (new purification).
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the utility of one of oligoglycerol detergents (OGDs), namely [G1]-mix ([G1]-ether-
C12 with regioisomers in the headgroup??). Interestingly, MGST2 was stable in this
detergent, however only monomers and dimers were observed in the spectra
(Figure 5.9). The masses of these species were again very interesting. There are
two dimer masses, one with one extra 57-58 Da in mass (as was observed earlier,
Figure 5.6b) and one with two extra such units. No dimer with no extra mass exists.
At the same time, the vast majority of monomer is at a single mass value, with a
very minor population of the extra 57-58 Da. Considering the fact that a similar
pattern was produced from two separate samples solubilised in different
detergents, this appears to be the common pattern for MGST2. From the data, it is
tempting to speculate that each trimer contains two ‘heavy’ units (probably modified
with some post-translational modification (PTM)) and one ‘light’” unit; also the light
unit appears to be detaching in preference to one of the heavy ones, possibly
indicating the interfacial nature of such modification. While this is only a
speculation, it would be interesting to characterise the nature of those PTMs (if
they are actually PTMs) by proteomics. If this finding will be confirmed by a direct
observation, it could potentially shed more light on how the activity of MGST2 is

controlled to only involve one out of the three active sites®.

Finally, 1 have addressed the puzzling nature of MGST2 exchange into C8E6,
which worked well once but never again. | hypothesised that this might imply that
incomplete detergent exchange happened to occur during the first purification,

allowing MGST?2 to retain some stability. This would also be in agreement with the
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Figure 5.8 Mass spectra of MGST2 in C8E6 obtained on UHMR. a, A
spectrum observed before freeze-thaw. b, Zoomed-in view on the trimer, only minor
amounts of adducts are visible. ¢, A spectrum observed after freeze-thaw, spectral
quality deteriorated significantly.
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observation that MGST2 was stable in C8E4 before my purification and not after,
as | have lowered the DDM concentration in the sample in order to improve spectral
quality. By this reasoning, performing incomplete detergent exchange over a buffer
exchange column (biospin, BS), instead of by using size-exclusion
chromatography (SEC) could lead to the formation of a stable MGST2 trimer. To
test this hypothesis, | performed a partial detergent exchange from DDM into C8E4
(Figure 5.10a). After 1 BS, MGST2 trimer was resolvable, but the spectrum was
dominated by a large number of DDM clusters. After 2 BSs (Figure 5.10b), a
clearly resolved MGST2 trimer was visible. It should be noted that a broad binding
peak was still observed. In fact, resolved trimers were not obtainable on a Synapt
instrument by this technique, resulting in wide, unresolved humps instead (data not
shown). Overall, the results of this section suggest that a specific bound partner,
most likely lipid, is required for MGST2 stability, as some amount of bound species
is observed for the trimer in all spectra, and where the peak intensity is low MGST2

is unstable, as was the case for C8EG6 (Figure 5.8c) .

Unfortunately, | was unable to characterise MGST2 further because of the
lockdown. Even if Synapt resolution will turn out not to be high enough to resolve
the trimeric peaks, meaning that CIU is impossible, some further experiments can
be performed on UHMR. A more detailed characterisation of the bound species
can be achieved. One interesting experiment would be to add exogenous lipids to

the sample one by one, to see if the trimer intensity would increase significantly for
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Figure 5.9 Mass spectra of MGST2 in [G1]-mix obtained on UHMR.
Monomers and dimers of MGST2 are clearly visible, but no trimers can be observed.
Unlabelled peaks were assigned to a contaminant.

any of them — this could allow indirect identification of the proposed specific lipid

required for MGST2 stability.

Summary and Conclusions

In this chapter, | employed native MS to investigate two members of the MAPEG
superfamily: LTC4S and MGST2. For LTC4S, | showed that the protein maintained
both the expected oligomeric state and a native-like fold after being solubilised in
C8E4 detergent and transferred to the vacuum of a mass spectrometer. | then
exogenously added PL species that are expected to be present in the native
membrane of LTC4S and monitored unfolding stabilisation by CIU. Pl lipid resulted
in the largest stabilisation, followed by PC — this order was then also observed by

an activity assay in solution.
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Figure 5.10 Mass spectra of MGST2 in DDM-C8E4 mixed micelle. a,
Spectrum of MGST2 after 1 biospin into C8E4 buffer, unlabelled peaks were assigned
to DDM clusters. b, Spectrum of MGST2 after 2 biospins into C8E4 buffer.

MGST2 was a lot more challenging to work with than LTC4S. After trying several

detergent exchange strategies, | identified mixed micelles as a compromise
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method, both protecting MGST2 in solution and enabling native MS. Every time
MGST2 trimer was observed in a spectrum, a bound-state was also present
(although sometimes at low intensity). Finally, mass analysis revealed that the
trimeric subunits of MGST2 are not all identical, but differ by the presence or an
absence of a certain modification. This discovery could potentially be linked to the

1/3 active site reactivity of MGST2.

Materials and Methods

Membrane protein expression and purification. LTC4S and MGST2 were
expressed in Pichia Pastoris cells and purified as previously described?*?* (by
Madhu). The purification protocol used to create a more homogenous MGST2

sample was performed as follows:

The cell pellets corresponding to 2L of expression were resuspended in lysis buffer
(100mM Tris pH7.8, 100mM KCI, 10% glycerol, supplemented with two protease
inhibitor cocktail tablets (Roche)) and lysed by 10-11 passes at 30k pressure using
M-110 PS Microfluidiser (Microfluidics). After pelleting the cell debris at 20000g for
20 min, membranes were collected by ultracentrifugation at 100000g for 2h,
resuspended in membrane resuspension buffer (25 mM Tris, 100mM NaCl, 20%
Glycerol, pH 7.8, supplemented with 1 protease inhibitor cocktail table) and frozen

and stored at -80°C.

On the next day, the membranes were thawed out and the proteins were extracted
in 0.5% w/v deoxycholine and 1% w/v Triton X-100 for 3 hours with gentle agitation
at 4°C. Centrifuged at 20000g for 45 min. This was followed by purification by
immobilised metal affinity chromatography (IMAC) on Akta Start, using a 5-ml His-

Trap column. Proteins were washed with 20 column volumes (CVs) of buffer A (25

219



5 Identifying Specific Protein-Lipid Interactions for Human Leukotriene
Biosynthetic Enzymes by Native Mass Spectrometry

mM Tris (pH 7.8), 0.5M NaCl, 10% glycerol, 0.02% w/v DDM, 5 mM -
mercaptoethanol (BME), 20 mM imidazole), then by 20 CVs of 7% buffer B (same
as Buffer A, but with 300 mM imidazole), then eluted with 100% buffer B. Washed
three times with SEC buffer (25mM Tris (pH 8.0), 100mM NaCl, 10% glycerol and
0.02% DDM) on 50k MWCO concentrator, then did a SEC on 24-ml column into

SEC buffer.

Sample preparation for native MS. Complete detergent exchange was
performed on a 24-ml SEC column equilibrated with 200 mM ammonium acetate
(AA)2xCMC detergent of interest. Partial exchange was performed using Zeba
Spin desalting columns (Thermo Scientific), equilibrated with 200mM AA/2xCMC

C8E4 solution once or twice as indicated in the text.

Native MS. Nanoelectrospray ionisation was initiated from borosilicate needles,

pulled and gold-coated in house as previously described?.

Synapt G1 data. The following parameters were used: Capillary voltage: 1.4 kV,

Sampling cone: 200 V, Extraction cone: 1 V, Trap CE: 20-90 V (for CIU
experiments), Trap gas flow (Argon): 10 ml/min, IMS gas flow (Helium): 60 ml/min,
Trap WV: 100, Trap WH: 1.0, Transfer WV: 100, Transfer WH: 10.0, Backing
Pressure: 5 mbar. To calculate the CCS of LTC4S, drift voltages from 40 Vto 75 V

were used.

UHMR data. The following parameters were used: Capillary voltage: 1.2 kV,
Capillary temperature: 30 °C, S-lens RF level: 200, in-source trapping (IST): 50 V,

HCD: 70-120 V.
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Data analysis. ClIU experiments. Data were processed with PULSAR software as

previously described'. The final conversion of data into a model was performed

using an in-house python script (provided by Tim Allison).

CCS calculation. LTC4S CCS was calculated from the drift-tube IM data using

PULSAR software'”. IMPACT software'® was used to calculate CCS values from
crystal structures using projection approximation (PA), which were then corrected

using equation (1.6):

wlN

M
CCS,qc = 1.14CCSp, (M‘”"’) ,
PDB

Where Mexp is the molecular weight of the protein used in the experiment and Mpps

is the molecular weight of the protein in the crystal structure.

ANOVA testing. One-way ANOVA tests were performed in Origin Pro software.
Assumption of normality was verified by Shapiro-Wilks test (at 0.05 significance
level); assumption for homogeneity of variance was verified by Levene’s test (at
0.05 significance level). Post hoc Tukey HSD test was used (at 0.05 significance

level or 0.10 significance level) to identify differences compared to the control lipid.

Activity assay. Detailed protocol for activity assay can be obtained from

Madhuranayaki Thulasingam.
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Concluding Remarks

Concluding Remarks

In this thesis, | have applied native mass spectrometry (MS) to obtain information
about membrane protein (MP)-lipid interactions. | have started with describing
method developments to improve the current toolkit of this gas-phase technique
(Chapters 2 and 3). | have then moved on to apply more traditional native MS
techniques to characterise biologically relevant protein systems (Chapters 4 and

5).

In Chapter 2, | have presented for the first time the ability of native MS combined
with surface-induced dissociation (SID) to identify interfacial lipids that stabilise MP
oligomers. For the example of SemiSWEET (SS), | was able to show the difference
between cardiolipin (CDL), which significantly stabilises the dimeric form of the
protein, and other phospholipids (PLs). Moreover, | demonstrated the sensitivity of
this method to observe very minor differences in interfacial stabilisation energies
of SS dimers when bound to CDLs containing different chain lengths. The data that
| have acquired are in agreement with previous observations, indicating biological
relevancy of the obtained results. In addition, | introduce a new way to use
statistical analysis, specifically for the experiments where subtle differences are
expected to occur. Finally, | describe several potential practical problems that can
arise during the native SID experiments, as well as a troubleshooting guide on how

to fix them.

In Chapter 3, | develop a novel procedure for a controllable delipidation of MPs for
subsequent native MS characterisation. | demonstrate a set of seven detergents,
four of which are introduced for the first time in this work, which have gradual

changes in the delipidation propensities. | describe a standardised method,
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applicable to example MPs of various molecular weights and oligomeric states,
where one of the detergents from the set is used during the last purification stage
to predictably control the amount of remaining MP-PL interactions. | also show that
a different procedure can be used to remove lipopolysaccharide (LPS) from MPs,

in order to produce well-resolved and easily interpretable mass spectra.

| also investigated more generally the properties of detergents that control their
delipidation abilities. | discovered that the delipidation strengths of detergents are
not dependent on the exact chemical structure, but rather on physical parameters,
such as hydrophobicity and shape. The charge reducing properties of detergents,
were, however, dependent on the chemical identity of the polar head group. These
results can be used as guidelines for rational design of novel detergents in the

future.

In Chapter 4, | investigated a member of Na*/H* exchangers (NHE) family, NHEO.
NHEs are important ion transporters, with dysfunctions associated with numerous
diseases in humans. | have employed native MS to complement the high resolution
structure obtained by cryogenic electron microscopy (cryo-EM), acquiring
information about the effect of lipid binding on the NHE9 dimerisation. No apo
dimers were observed in the mass spectra, implying that lipids are essential for
formation of the functionally relevant oligomeric state of NHES. By combining
native MS data with mutations and thermal stabilisation in solution, both the nature
of the specific lipids (PIP2 and PIP3) and the location of the binding site at the dimer

interface were identified.

Finally, in Chapter 5, | apply native MS analysis to investigate lipid interaction for

the members of membrane-associated proteins in eicosanoid and glutathione
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metabolism (MAPEG) superfamily, namely leukotriene C4 synthase (LTC4S) and
microsomal glutathione S-transferase 2 (MGST2). MAPEG proteins are potential
drug targets, due to their role in synthesis of cysteinyl-LTs that are known
inflammation mediators in asthma. | have applied collision-induced unfolding (CIU)
activation to LTCA4S in the presence of lipid to identify specific stabilisation of that
protein by specific PLs. The results obtained by this gas-phase method were in
excellent agreement with a follow-up in-solution assay. | also demonstrate the
instability of MGST2 when solubilised in detergent micelles in the absence of

endogenous lipids.
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