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Abstract

Interactions between membrane proteins and their surrounding lipids play an integral
role in coordinating membrane function. However, capturing and differentiating key
lipid binding to membrane proteins within the complex and the dynamic membrane
environment remains challenging for existing methods. Recent developments in
native mass spectrometry have enabled non-covalent interactions of protein
complexes to be maintained in the gas phase allowing critical membrane protein-lipid
interactions in biological systems to be probed. In this thesis, native mass
spectrometry is used throughout, sometimes coupled with liquid
chromatography-mass spectrometry based lipidomics, to interrogate membrane

proteins and their natural lipid environments.

A protocol to control the degree of delipidation from membrane proteins was
developed (Chapter 2). The resulting mass spectra revealed the target membrane
proteins, MsbA and MdtK, in different lipid bound states, enabling the relationship
between membrane proteins and neighbouring lipids to be observed. Next MS was
used to characterise a novel detergent-free particle known as a lipodisq (Chapter 3).
Lipodisgs encapsulate membrane proteins in their original lipid environment. By
optimising lipodisq preparation and MS methodology, well-resolved MS spectra of
rhodopsin and MdtK with bound lipids from their lipodisq preparations were obtained.
Finally, MS was used in conjunction with cryo-EM to investigate a respiratory protein
supercomplex (Chapter 4). MS not only provided mass information which assisted in
the identification of the protein subunits and binding lipids, but also detected the
non-covalent interactions between protein and other ligand molecules in the
supercomplex system. Overall, the research reported in this thesis has contributed to



broadening the applications of mass spectrometry in the emerging field of protein-lipid

interactions.
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1 Introduction

1.1 Membrane proteins, lipids and their interactions

1.1.1 The importance of membrane proteins
Biological membranes separate cell components and control the exchange of
substances into and out of the cell. They are primarily composed of fluid lipid
molecules and embedded proteins which give them their selective permeability. It is
the arrangement of lipid and protein molecules which allows the plasma membrane to

fulfil its normal function®.

There are two main categories of membrane proteins: peripheral and integral
membrane proteins (Figure 1-1 A). Peripheral membrane proteins reside on
membranes transiently and are easily removed from the membrane via changes in
ionic strength or pH. Conversely, integral membrane proteins reside permanently in
membranes with removal requiring a structural disruption of the lipid environment
using chemical reagents for molecule isolation®®. These membrane proteins have
evolved architectures to perform diverse functions essential for life, including
molecular transport, signal transduction, intercellular adhesion, cell-cell
communication, attachment to the cytoskeleton and extracellular matrix, and catalysis
(Figure 1-1 B)Y. Therefore, membrane proteins are an important target for biological
research and therapeutic design, and currently over 50% of modern drugs target

membrane proteins*®.
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Figure 1-1 Proteins in biological membranes. A, representative model for the plasma membrane
structure of a eukaryotic cell. The membrane is formed by two layers of phospholipids with hydrophilic
heads on the exterior and hydrophobic tails on the interior, containing a variety of proteins and lipids.
Peripheral membrane proteins attach to the hydrophilic surface of lipids or other membrane proteins,
while integral membrane proteins span the membrane with their hydrophobic transmembrane domains.
Lipids are dynamic in the membrane, but their diffusion and distribution are influenced by
protein-protein, protein-lipid and lipid-lipid interactions. Figure is from Dawhan et al.”. B, Some
functions of membrane proteins. In many cases, a single protein performs multiple tasks. Figure is

from Campbell Biology".

Although membrane proteins are encoded by approximately 30% of the human
genome and 20% of the Escherichia coli (E. coli) genome®?, in contrast to soluble

proteins, there are relatively few solved structures for membrane proteins®, which
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limits the development of therapeutics. There are many factors which contribute to
the difficulties in elucidating membrane proteins: firstly, the low level of natural
abundance is insufficient for characterisation®*?**; secondly, the inherent plasticity of
membrane proteins may interfere with the structure determination using
high-resolution techniques®?; lastly, the diverse structures and functions of membrane
proteins require a range of proper experimental conditions to maintain their stability
and activity during isolation and analysis®'®*®. To date, there is still no universal

protocol for extracting all types of membrane proteins from the native membrane

whilst preserving their structure and function in their lipid environment.

1.1.2 The key role of lipids in biological membranes
The other major components of membranes are lipids, occupying around 50% of the
bio-mass of the system?. In cells, membrane lipids are categorised into eight main
classes: fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols,
prenols, saccharolipids, and polyketides®®; of these phospholipids, sphingolipids and
sterols are the predominant types™3. With the variation in head groups and acyl
chains (Figure 1-2), more than 30,000 different lipid structures derived from these
basic families above have been reported®®, resulting in the complexity and

heterogeneity of lipid membranes.

Due to this lipid diversity, membranes from different cells, organelles and even from
two leaflets of the same bilayer possess a varied lipid composition and show distinct
physical properties®’. For instance, phosphatidylcholine (PC) constitutes
approximately 40% of phospholipids in mammal membranes and 10% in yeast®, but

does not exist in the majority of bacteria, including E. coli®*. The difference in lipid



composition and distribution in membranes results in variations in membrane

permeability, fluidity, curvature, lateral pressure and transition temperature?.

o) |
I NZ Phosphatidylcholine (PC
-O/P--O/\\/ N phatidyl (PC)
/
0
H
,; (—OH phosphatidic acid (PA)
0
0 o ( o/\\/NH:;+ Phosphatidylethanolamine (PE)
o)
(—0/\[/\OH Phosphatidyiglycerol (PG)
OH
OH OH
HO OH Phosphatidylinositol (PI)
(-0 OH
NH,*
(_0/\< Phosphatidylserine (PS)
coo"
(—0/\[/\0-) Cardiolipin (CL)
OH

Figure 1-2 Chemical structures of glycerophosphate-based lipids. It was observed that the
glycerophospholipids have the greatest diversity of lipid structures™®. The structure of PC (18:0) above
is shown as a representative phospholipid. On the right it shows the substitutions of the head group
choline in box, which forms the other subclasses of phospholipids. The lipid acyl chains in membranes
commonly have 12-24 carbons and 0-2 double bonds®. For illustration, a simple lipid model with two

saturated 18-carbon tails is shown here. Figure is modified from Dowhan et al.”.

Located in the biological bilayer formed by amphiphilic lipids, membrane proteins

affect the lipid distribution in the neighbouring membrane area, and are also mediated

3,23

by their lipid environment (Figure 1-1 A) Researchers have reported that

interactions between membrane proteins and surrounding lipids may affect



membrane proteins in a series of ways: structural stability, conformational dynamics,

oligomerisation, ligand/lipid affinity, functional activity, etc.'®?42°

. These findings
demonstrate that the lipid environment is a critical factor in modulating the structure
and function of membrane proteins, as important as their amino acid sequence and

post-translational modification (PTM)?*82"28,

Depending on their position with membrane proteins, membrane lipids can be
classified into three categories (Figure 1-3): bulk lipids, annular lipids and non-annular
lipids, and each type affects proteins differently. Bulk lipids, the major component in
membranes, have a low residence time at the protein-lipid interface through random
collisions, and diffuse rapidly in the lipid bilayer plane®. These lipids determine the

2330 |n direct contact with membrane

general characteristics of the membrane
proteins, the first shell of surrounding lipids are referred as annular lipids or boundary
lipids®*32. Compared to bulk lipids, the diffusion and exchange rates of annular lipids
are significantly lower. The lipid composition of the annulus is determined by the
hydrophobic architecture of the attached proteins, which results in binding preference
towards selected lipid classes®. Besides, these lipids are reported to affect the
structure and function of the proteins they encapsulate®?**. Non-annular lipids, also
known as lipid cofactors, interact with membrane proteins at specific sites with high
affinity®. These lipids often reside within membrane proteins and are directly involved
in the configuration and function of proteins, for example, gating control in ion

channels and stimulation of ATPase activity>*>°,



Interactions between membrane proteins and lipids, therefore, are critical for the
functioning of an organism. However, due to their diversity and complexity, many
guestions in this area remain unanswered. A better understanding of protein-lipid
interactions will not only provide further valuable insights into this complicated area

but also has the potential to aid in the development of therapeutics.
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Figure 1-3 Membrane protein—lipid interactions within membranes. Transmembrane protein
interacts with bulk lipids (A), annular lipids (B) and non-annular lipids (C). Figure is from Contreras et

al.®.



1.1.3 Methods for membrane proteins solubilisation
One of the greatest challenges in studying membrane proteins is the need to isolate
them from other proteins in the same membrane whilst preserving their structure and
function®®®’. A number of approaches have been developed to stabilise membrane
proteins when extracting them from their native lipid bilayer: the use of detergents,
amphipols, bicelles, for example, allow interactions between lipids and membrane

proteins to be investigated.

Detergents are the most widely used strategy for membrane protein extraction®>38,

The amphiphilic detergent molecule contains a hydrophilic head group and
hydrophobic tail moiety. The head groups tend to occupy more molecular space than
the linear alkyl chains, forming spherical micelles with an apolar interior and polar
exterior®®. At concentrations over critical micelle concentration (CMC), detergents
disrupt the membrane and envelop membrane proteins and remaining lipids into

water soluble micelles***!,

Depending on the properties of hydrophilic head group, detergents can be
categorised as non-ionic, zwitterionic or ionic, from mild to harsh, respectively. To
preserve the inter- and intra-molecular interactions of membrane proteins, nonionic
and zwitterionic detergents are usually used in the purification and structural
determination of membrane proteins****. As no single detergent has been proven to
be suitable for all membrane proteins, to achieve successful extraction of membrane
proteins with different properties, a wide range of detergents needs to be

considered®®**. Detergents utilised in the studies reported in this thesis are listed in



Table 1-1. We tested these detergents and their combinations, at different

concentrations for the solubilisation of distinct target proteins (Section 2.7).
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Table 1-1 Typical detergents for solubilisation of membrane proteins. The CMC values of

different detergents in aqueous solution are from the reagent supplier Anatrace™®.

In contrast to the detergent method, using bicelles, membrane proteins are
reconstituted into synthetic lipid bilayer discs formed by a combination of long-chain
and short-chain phospholipids®®, providing an environment in which the structure and
function of membrane proteins may be kept as in vivo®’. For instance, research has
shown that the effect of lipids on the biophysical properties of membrane proteins can
be preserved in bicelles*®. However, the specific lipid species suitable for bicelle

formation limits its applications®’.

Nanodiscs are a relatively new approach for stabilising membrane proteins. Proteins
are incorporated into a small section of the lipid bilayer and enclosed by membrane
scaffold proteins (MSPs)*®. As opposed to bicelles, various lipid species are
amenable to the formation of nanodiscs*, allowing the study of membrane proteins in
a native-like lipid environment. Furthermore, it was reported that the presence of
MSPs improves the stability of the embedded protein®. MSP nanodiscs are therefore

a promising method for membrane protein research.

Although membrane proteins are incorporated in lipid bilayers in the two systems

described above, both methods require detergents to extract membrane proteins

9



from their native lipid environment prior to particle formation. a new type of nanodiscs,
saposin-lipoprotein particles (Salipro), was reported recently®*. Under acidic condition,
the open state saposin A (SapA) proteins bind to lipids with low specificity and form
disc-shaped complexes for membrane protein incorporation® 3. Different with the
common scaffold proteins, salipro provide a tunable range of size by manipulating the
lipid/SapA ratio, rather than a rigid scaffold system with defined diametre®**. More
importantly, this protein can function on crude membrane to extract membrane
proteins into native Salipro particles directly®>. However, in this method, detergents
are normally added to improve the accessibility towards SapA for better

solubilisation®®.

To mitigate the effect of detergents, a novel detergent-free approach has been

developed in recent years®. Lipodisgs, also known as styrene-maleic acid lipid

particles (SMALPs) and native nanodiscs®®>®

, are small discs of lipid bilayer
encapsulated with a styrene-maleic acid (SMA) co-polymer. In contrast to the
methods mentioned previously, lipodisgs are formed by the direct insertion of SMA
co-polymer into the biological membrane of proteins®®. A wide range of membrane
proteins such as G protein-coupled receptors (GPCRSs), transporters and ion

57,60,61

channels have been successfully studied in lipodisgs utilising common

biophysical techniques: for example, circular dichroism spectroscopy®®, cryo-electron
microscopy (cryo-EM)®?, dynamic light scattering®®, solid and solution state nuclear

64,65

magnetic resonance (NMR) spectroscopy and X-ray crystallography®®.

10



Figure 1-4 Membrane-mimetic systems for membrane protein solubilisation and stabilisation.
The membrane protein (blue cylinders) is isolated in the detergent (red) micelle (A), lipid (green) bicelle

(B), nanodisc stabilised by MSP (purple) (C), and lipodisq stabilised by SMA co-polymer (yellow) (D).

Figure is modified from Dorr et al.*’

1.2 Mass spectrometry: the tool for the study of protein-lipid

interactions

As stated above, there are a number of analytical methods currently used to probe
protein-lipid interactions. These include cryo-EM, differential scanning calorimetry,
electron spin resonance (also known as electron paramagnetic resonance), Fourier
transform-infrared spectroscopy, solid state NMR and X-ray crystallography®. In
addition, chemical biology approaches, based on radioactive labelling of lipids and/or
proteins, have also been developed to assess the interactions of the

intramembranes?%®’.

Cryo-EM, solid state NMR and X-ray crystallography are the most common
techniques used in structural biology, providing high-resolution structural information
for membrane proteins'®?°. However, these methods not only require large quantities
of sample, but more importantly, their application is restricted by the complex nature
of biological membrane systems, for example factors like intrinsic disorder, low

abundance, heterogeneity and transiency®’. Furthermore, treatments involved with

11



these methods, such as freezing or crystallisation, often hinder the detection of ligand

bound states and conformations of membrane proteins®”°8,

The research reported in this thesis employs mass spectrometry (MS) as the major
approach to interrogate protein-lipid complexes. As the conventional technique for
mass determination, MS has already provided much information in the field of
proteomics, lipidomics and metabolomics®®. In recent decades, with the development
of instrumentation and methodology, MS is emerging as a method of choice in the
analysis of intact protein complexes, including soluble and membrane proteins’® .
This technique is often known as 'native MS' or 'non-covalent MS', since intra- and
intermolecular non-covalent interactions from complexes are maintained in the gas
phase (Figure 1-5)"2. This, in turn, allows composition and structural information from
proteins to be obtained’®". In contrast to other methods, native MS reveals subunit
stoichiometry, ligand or lipid binding and thermodynamic information in a rapid
analysis procedure, with limited requirement of protein size and extra preparation

steps®77

. Moreover, the lack of ensemble-averaging enables the detection of
co-populated ligand bound states and conformations’’, which may be important when
studying the mechanism of proteins and relevant dynamics and kinetics with

functional ligands’®®. A brief introduction about native MS approaches used in this

study is provided in the following sections.

12
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Figure 1-5 Components of a representative mass spectrometer for the analysis of non-covalent
protein complexes. In our research, native MS analysis starts from sample ionisation by ESI. With the
application of electrical potential on the tip of the capillary, sample ions are released from the charged
droplets into the gas phase and then guided for mass filtration. Sample ions with specific m/z are
selected through the quadrupole chamber and delivered into the collision cell for activation and
dissociation. The final mass of ions is analysed and detected, and their signals are transformed into

readable data via computational devices. Figure is modified from Calabrese et al.”’.

1.2.1 Electrospray ionisation
Proteins are introduced into the mass spectrometer by electrospray ionisation (ESI) at
atmospheric pressure’. As the most widely-used soft ionisation method, samples are
initiated with low residual energy to maintain the integrity of complexes®>®. This is in
contrast to other common ionisation methods like matrix-assisted laser desorption

ionisation (MALDI)"3.
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In native MS, a miniaturised ESI, a nano-ESI (nESI) is utilised for protein ionisation.
Compared with conventional ESI, nESI requires lower sample flow rates (nL/min) so
less sample is consumed. Moreover, nESI is more tolerant to salt contamination in
buffer solution, which is beneficial for prevention of non-specific oligomers™*®,
Additionally, due to the high desolvation efficiency of the small size droplets
generated by nESI, a gentle condition such as low source temperature and collision
energy could be applied, enabling the labile interactions in protein complexes to be

retained in the gas phase®. These advantages make nESI a more appropriate

method than ESI to interrogate membrane proteins in native MS.

Protein sample in solution is ionised by the application of high electrical potential
(0.5-1.8 kV) between the gold-coated capillary and the sample cone at the entrance
of the instrument. Under the strong electrical field, positive charges are accelerated at

the tip of the capillary, forming a 'Taylor cone'®*

, and then emitted into nebulised
droplets from the cone tip. As the droplets move forward by the electrical potential
and pressure gradient, the solvent of droplets starts evaporate, leading to a reduction
in size and coulombic repulsion between charges increases. The initial droplets
fissure into smaller droplets at the point when the coulombic repulsion is strong
enough to overcome the surface tension of the liquid. The newly formed droplets
carry roughly 2% of the mass and 15% of the charge of their parent droplets®>®. With

further solvent evaporation of offspring droplets, the sample ions are finally generated

in the gas phase (Figure 1-5 red box)">.

14



1.2.2 Collision-induced dissociation
In the presence of neutral gas molecules or atoms such as N, or Argon in the
electrical field, the gas-phase ions made by nESI are focused into an accelerated
beam via a radio frequency (RF) ion guide; they are then selected and transmitted
through the mass filter (a quadrupole with low frequency) to the collision cell (Figure
1-5 orange box)’®. The details of the quadrupole will be introduced as a mass

analyser in the next section (Section 1.2.3).

At the stage of collision-induced dissociation (CID), the collision between the sample
ions and inert buffer gas converts the kinetic energy of ions into their internal energy,
resulting in the dissociation and fragmentation of samples if the energy is too high
(Figure 1-5 green box). In native MS of non-covalent complexes, membrane proteins
are encapsulated with the addition of a solubilisation reagent such as detergents and
polymers (Section 1.1.3), which maintain the complex integrity during sample
ionisation. With the activation from CID, these molecules are stripped from protein
complexes carrying some internal energy to protect their structure from denaturing®’,
and release the protein into the gas phase, producing well resolved mass spectra®.
At the same time, the interactions between the binding lipids and membrane proteins
are relatively strong, allowing them to remain intact during removal by detergents or
polymers. By manipulating the accelerating potentials and gas pressures in the cell,
the intensity of CID can be controlled’®. Therefore, this technique also achieves the
dissociation of lipid/ligand binding to proteins. This has already been applied to good

effect in the interrogation of protein-lipid interactions®*2°.

15



1.2.3 Mass analysis
To determine ion mass, a wide range of mass analysers has been developed but few

are able to be utilised for the study of non-covalent complexes.

In the early stage of protein MS, the quadrupole is used as the mass analyser, both

because of the low cost and the tolerance of the ion beam from ESI”

. A single
guandrupole mass analyser comprises four parallel cylindrical electrodes equidistant
to the central axis, with the same voltage but opposite polarity on the neighbouring
rods. The potential on electrodes is composed of a direct current voltage
superimposing an alternating current voltage with RF, generating a periodically
changed electrical field to repel and attract injected ions onto the cross section of this
vacuum chamber. In defined alternating current voltage and RF, only ions with the
selected mass-to-charge ratio (m/z) range can pass through the quadrupole
successfully in an oscillated trajectories, while the rest ions exit through the side of
guadrupole or collide with the poles to be discharged (Figure 1-5 orange box). In the
analysis of large protein complexes, quadrupole frequencies have to be reduced to
allow larger ions through (Mathieu Equation), resulting in poor resolution®. Therefore,

guadrupole analysers are commonly employed as mass filters and ion guides

(Section 1.2.2).

More recently, the time-of-flight (ToF) analyser has been the preferential tool in the
study of non-covalent complexes®’. The ToF contains an accelerator, a field-free drift
region, a reflectron and a detector (normally a microchannel plate) in the flight tube

with a high vacuum (Figure 1-6 A). In contrast to the quadrupole, the ToF is a pulsed

16



technique, in which a constant electrical field between electrodes pushes ions from
the previous chamber into the drift tube, converting electrical potential energy into
kinetic energy of ions. Samples fly through a fixed distance to reach the ion detector
in different times. As the time of flight is proportional to the square root of m/z, the m/z
values of detected ions can be measured, so theoretically there is no limit in the mass
range for detection’®. To eliminate the effect of the initial distribution of kinetic energy
on ions, the drift tube is positioned orthogonally to the incoming direction of samples.
Additionally, a reflectron method is designed to synchronise the ions with the same
m/z, but different kinetic energies arriving at the detector’>, improving the resolution of

the instrument.

In the projects reported in this thesis, a hybrid Quadrupole Time-of-Flight (Q-ToF)
instrument was used. In Q-ToF, a quadrupole, a collision cell and a ToF are arranged
in series. Target ions are filtered in the quadrupole based on their m/z values, then
activated in the collision cell and subsequently their masses are analysed in the ToF.
This hybrid system enables the selective dissociation and mass measurement of
sample ions in the gas phase with high sensitivity and resolution®, as well as high
accuracy quantification analysis of detected species®. Furthermore, Q-ToF MS
provides the full spectrum of ion transmission in a single run of fast detection, aiding
the identification of unknown binding molecules in the investigation of protein-lipid
interactions; such molecules may be essential for the structure and function of the

membrane protein.
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Another analyser applied in our research is the Orbitrap analyser. Orbitraps are
ion-trapping devices which utilise a static electrical field and act as both mass
analyser and detector®. The Orbitrap consists of a spindle-shaped central electrode
and two halves of outer electrodes separated by an insulating ring encapsulating the
central electrode (Figure 1-6 B). In the Orbitrap, ions are injected into the cavity
between the two electrodes, orthogonally to the z-axis of the Orbitrap. The
electrostatic field ensures ions are trapped in the chamber and circulated around the
central electrode in a spiral trajectory, describing an orbit motion and an harmonic
oscillated motion along the z-axis, which is related to the m/z of individual ions only®*.
According to the image current detected, the oscillation frequencies can be calculated
via Fourier transform and the mass of trapped ions can be measured. Compared to
the orthogonal reflectron ToF analyser, the Orbitrap possesses a higher accuracy,
sensitivity and resolution because of the signal superposition of the trapped ions®.
Therefore, Orbitraps have a widespread application in MS methodology including
tandem MS (MS/MS) fragmentation, bottom-up and top-down proteomics®,
contributing to the identification, quantification and characterisation of components in

biological systems®*.

The high m/z values of non-covalent ions require condition modifications to the mass
spectrometer in order to analyse the mass of membrane proteins. High pressure in
the initial chamber and the ion guide, low-frequency in the quadrupoles and low
sampling frequencies in the ToF analysers can contribute to the selection,
transmission and detection of high m/z ions>%°. With the development of native MS,

further methodology are being optimised for the investigation of protein complexes.
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Figure 1-6 Schematic of the typical mass analysers of the mass spectrometer. A, a
cross-sectional view of the ToF mass analyser. lons are accelerated and deflected into the ToF
chamber orthogonally to the original direction, and reach the detector after a period of flight. The arrival
time of ions is used for their m/z calculation. Reflectron is involved for the compensation of the initial
kinetic energy difference between ions. Figure is from Shimadzu Corporation publicationgs. B, a
cross-sectional view of the Orbitrap mass analyser. lons are injected and orbit around the central
electrode in z-direction, generating image current. The m/z of trapped ions can be determined from

their oscillation frequencies by Fourier transform. Figure is from Hu et al.®

Due to its unique capability, native MS is now employed in many studies of
protein-lipid interactions in biophysical complexes, including transporters, ion
channels, receptors and respiratory supercomplexes®°™®° Using native MS, the
selectivity and specificity of various lipid species towards membrane proteins can be
revealed®?%1%°_ Equally, using native MS it is also possible to evaluate the effects of

2698101 a5 well as

lipid binding on the structure and function of membrane proteins
interactions with other lipids on binding sites'®?. Besides, native MS can also be used
in combination with technologies such as X-ray crystallography and cryo-EM to
provide additional information and to assist in the assignment of ambiguous

conformations®%, furthering our understanding of protein-lipid interactions.
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1.2.4 Lipidomic analysis
As well as protein-lipid interactions, MS is also used for the identification and
guantification of the phospholipids co-purified with the membrane proteins. Various
mass spectrometric techniques have been used for the characterisation of
phospholipids, such as fast-atom bombardment and MALDI in combination with

MS]'04’105.

In our study, liquid chromatography/electrospray ionisation with tandem mass
spectrometry using reversed-phase liquid chromatography (RP-LC/ESI-MS/MS) was
utilised for the analysis of phospholipids extracted from membranes. The extracted
phospholipid mixtures were separated through a C18 reversed-phase column in the
LC system, and their species and individual acyl chain substituents were identified by
the fragmentation patterns provided by MS/MS*®. By means of an internal standard,

the relative quantification of phospholipid species present could be determined.

1.3 Objectives

Of the many factors governing the stability and function of biological membranes, the
non-covalent interaction between membrane proteins and surrounding lipids is
emerging as one of the most important. The brief overview above shows that MS is a
powerful technique to investigate intact protein assemblies and co-purified lipid
molecules. With recent developments in instrumentation and methodology, native MS
is capable to preserve the non-covalent interactions in the gas phase, enabling the

direct interrogation of membrane protein-lipid interactions.
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In this thesis, the use of MS is explored in the study of protein-lipid complexes.
Starting from the traditional detergent purification method, we established a protocol
to control the degree of delipidation of membrane proteins, thus capturing the
membrane proteins in various lipid bound states by native MS. This enabled the
investigation of effects from different membrane lipids on bound proteins in the native
environment. As this study required significant time and samples, we introduced, a
novel detergent-free protein extraction method in the following study. As an
alternative membrane mimic, the polymer-based membrane protein complexes were
evaluated in native MS, and compared with the detergent approach, particularly the
preservation of protein-lipid interactions. The third project is a collaborative work. MS
was applied in combination with cryo-EM and other experimental assays, supporting
a comprehensive understanding of the mechanism of a respiratory supercomplex in

mycobacteria.

Finally, we hope this research will aid the elucidation of new protein-lipid interactions
and their modulation on organisms, as well as expanding the use of MS in the study

of biological molecules.
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2 ldentifying key lipids in membrane proteins using
progressive delipidation coupled with native mass

spectrometry and quantitative lipidomics

2.1 Introduction

The local lipid environment is emerging as one of the most important factors
modulating the stability and activity of membrane proteins™2. Not only the strongly
bound specific lipids, but also the weakly bound annular lipids could impact the
character of proteins®. However, the complexity of the lipid environment makes it
difficult to distinguish the different kinds of bound lipids and their corresponding
functions®. Native MS has been successfully applied in a number of membrane
protein studies in which key lipids and their role in protein structure and function have
been identified®”. In the majority of these studies the proteins were almost 'naked’
following a thorough detergent delipidation process. As often only lipids with
extremely high binding preference survived, a full understanding of the influence of

surrounding lipids on the membrane protein was not possible in these cases.

Controlled delipidation of the adenosine triphosphate (ATP)-binding cassette (ABC)
transporter, TmrAB, achieved successive lipid removal using native MS®. Based on
this study, our aim was to develop a universal progressive delipidation protocol to
control the extent of membrane protein delipidation, whilst preserving the important
protein-lipid interactions in their native environment. This would allow further analysis
of their role in protein structure and function. Native MS would then be employed to

examine the results of the progressive delipidation, followed by quantitative lipidomics
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to provide details of bound lipids at different lipidation stages. Whilst, ion
mobility-mass spectrometry (IM-MS), would then be used to evaluate the stability of

diverse lipid bound proteins.

In IM spectroscopy, samples are passed through a chamber filled with an inert neutral
gas under the influence of an electric field and separated according to their
mobility®**. The probability of extended and compact ions colliding with the buffer gas
varies due to the difference in the collisional cross section (CCS), resulting in different
travel speed and then drift times, so that proteins can be separated in this cell*. In
this project, IM-MS was introduced to measure the time taken for different lipid bound
proteins to pass through the IM cell. With increasing activation energy, the CCS of
proteins increased, so a longer drift time was observed for the particles to traverse
the IM cell. A comparison of protein unfolding voltage revealed the stability difference
between these protein-lipid complexes and demonstrated the effect of binding lipids.
This method has been successfully employed previously to achieve measurements

that cannot be accomplished in the solution phase®®.

In this project, membrane proteins from two different families were selected to
examine the feasibility of the protocol. We first tested E. coli MsbA, an analogous
ABC transporter of TmrAB used in the previous study®. MsbA is a homodimeric
exporter located in the inner membrane where it flips lipid A from the cytoplasmic to
the periplasmic leaflet, contributing in the outer membrane construction of bacteria
(Figure 2-1 A)*. Another transporter, MdtK, from the multidrug and toxic compound
extrusion (MATE) family was also used to expand the range of the progressive

delipidation protocol. MdtK functions as multidrug efflux to export xenobiotics and
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endogenous hazardous substances such as fluoroquinolones, trimethoquinolones
and chloramphenicol®, via an electro-chemical gradient of H*/Na* across the inner

membrane (Figure 2-1 B)'®. Therefore, both proteins are attractive targets for

17,18

pharmaceutical development

1 Common detergents:
DDM 42.2-43.8 A
DM 37.6-39.2 A
Fos-Choline-10 46.2-47.8 A
NG 30.0-32.8 A
0G 27.0-29.8 A
Y

Figure 2-1 Overall structures of MsbA from E. coli and MATE from P. furiosus. A, Each subunit of
homodimeric MsbA contains one TMD forming substrate translocation pathway, and one
nucleotide-binding domain for ATP binding and hydrolysis (Protein Data Bank (PDB) ID: 5TV4)19. B,
MATE transporter consists of 12 transmembrane helices forming a pseudo-two-fold symmetric
structure with a V-shaped cavity for cation bindinglG. As an analogue of E. coli MATE transporter MdtK,
PfMATE is presented here in a outward-open conformation.(PDB ID: 3VVN).C, the detergent micelle

shape and size of common detergent species tested in our experiment™.

2.2 Delipidation of an IMAC purified membrane protein

19.21-24  racombinant MsbA was

In line with previous studies on MsbA purification
extracted from E. coli membrane with 1% DDM followed by immobilised metal affinity
chromatography (IMAC) and size-exclusion chromatography (SEC) purifications
(Figure 2-2 A and B). MsbA was enriched after IMAC purification and isolated from

other impurities after SEC purification (Figure 2-2 C). However, the initial native MS
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analysis of purified MsbA showed an unresolved broad peak, indicating overlap of
heterogeneous masses (Figure 2-2 D). Although the highest possible gas-phase
collision voltage of the instrument (240 V) was applied, we could not record a native
mass spectrum with resolved charge states®. This indicates that the unresolved

broad peak in the spectrum was due to multiple lipids attaching to MsbA.
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Figure 2-2 The purification of E. coli MsbA. A and B, The representative chromatograms of IMAC
and SEC purification of MsbA. The fractions containing MsbA are highlighted. C, SDS-PAGE analysis
of MsbA containing fractions in IMAC and SEC. The 50 kDa bands (indicated) were subjected to
LC-MS/MS based proteomics identification. D, Native MS analysis of purified MsbA in MS buffer

containing 0.02% DDM.
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To reduce the number of the bulk lipids surrounding MsbA, we introduced a
delipidation protocol which incubates purified MsbA in an excess of DDM micelles®.
During this procedure, lipomicelles arising from the collision between proteomicelles
and free DDM micelles are removed by microfiltration (Amicon microcentrifugal filter
NMWL 100 kDa)?® with the empty detergent micelles replenished in the solution at
regular intervals. Delipidation of TmrAB was successfully achieved using this
method?. In that study, all but the most tightly bound lipids were removed during a 48

hours delipidation, and the process was recorded using native mass spectrometry.

We performed delipidation on purified MsbA over different durations. Given that MsbA
is less thermostable than TmrAB, the delipidation proceeded at 4°C with rotation.
However, MsbA precipitated after 30 hours of incubation, indicating MsbA was
denatured at this point. Native MS was then used to analyse delipidated MsbA at
shorter incubation times of 1 hour, 4 hours and 14 hours. In line with the control
spectrum, the spectrum of MsbA was still unresolved after 1 hour of delipidation
(Figure 2-3 A, 1h). As the delipidation time increased, the charge states slightly
resolved after 4 hours incubation. Although the peaks were not baseline resolved, two
peak series with masses around 67 kDa and 135 kDa were assigned to the MsbA
monomer and dimer, respectively (Figure 2-3 A, 4h). The MsbA monomer was visible
at 4 hours incubation, and became dominant in the spectra after 14 hours delipidation
(Figure 2-3 A). After 14 hours, however, the spectrum was not fully resolved, implying
that many lipids were still associated with MsbA. As MsbA precipitated after 30 hours
delipidation, this suggests that the MsbA dimer is unstable in solution over a
prolonged period, gradually dissociates into monomeric subunits during incubation

and is finally denatured. This is quite different to our previous delipidation experiment
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using TmrAB, and therefore, this progressive delipidation protocol is not suitable for

removing surrounding lipids from MsbA.
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Figure 2-3 Comparisons of two delipdiation approaches for MsbA by native MS analaysis. A,
spectra of MsbA delipidated by prolonged incubation (following the established protocolg). MsbA
sample was incubated with DDM buffer at 4 °C for 0 hours (control), 1 hours, 4 hours and 14 hours with
rotation. B, spectra of MsbA on-column delipidation in IMAC. The purified MsbA was delipidated on an
IMAC column for 0.5 hours, 1 hour, 2 hours, 4 hours and 8 hours followed by SEC re-purification.

MsbA monomer (orange filled circle) and dimer (orange filled double circles) were assigned in spectra.

To avoid MsbA oligomer dissociation, we tested different delipidation approaches and
recorded the outcomes using native MS. We found that the stoichiometry of dimeric
MsbA was maintained when MsbA was immobilised on an IMAC column and

delipidated by detergent in an IMAC washing buffer for a prolonged period. Figure 2-3

41



B shows MsbA delipidated using IMAC over different times from 0.5 hours to 8 hours.
The spectra show that the prolonged washing time enabled the recording of a
well-resolved dimeric MsbA charge state series. These results indicate that multiple
lipids bound to MsbA form the heterogeneous broad peak in the initial spectrum and
that these bulk lipids can be removed by detergents. In contrast to the prolonged
incubation protocol, the dimeric MsbA was discernible and remained after 8 hours of
incubation with DDM with only a low intensity of dissociated MsbA monomer
appearing in the spectrum (Figure 2-3 B, 8h). Compared with the theoretical
molecular weight of MsbA (67274 Da for the monomer), the masses of MsbA
assigned from the partially resolved spectra were roughly 200 Da less, indicating
truncation at the terminal of the MsbA sequence. Notably, another charge state series
with a larger mass of 3.3 kDa was located between two neighbouring charge states of
dimeric MsbA (Figure 2-3 B, 4h and 8h). This tightly bound lipid species survived
delipidation, implying a higher preference toward MsbA than those already eluted.
This suggests that delipidation by IMAC may be a feasible method of preserving

membrane protein bound lipid species.

As shown in Figure 2-3 B, even with an increased DDM concentration from 0.02% to
0.1% used in IMAC, the spectrum of MsbA was still not fully resolved and it was
difficult to assign the co-purified lipid species. For a better understanding of the
reserved lipids from delipidation, it is crucial to control the extent of delipidation to

isolate and identify only tightly binding lipids.
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2.3 Condition selection to preserve key lipids in delipidation

We performed a screening to select proper conditions to achieve a controlled
delipidation, removing co-purified lipids from the membrane protein successively.
Considering the character difference of the two target membrane proteins, we
optimised the IMAC washing buffer for MsbA and MdtK individually before starting
delipidation condition screening. On-column delipidation for MsbA was performed
with 50 mM imidazole in the washing buffer to reduce weakly bound impurities?*?’,

and imidazole-free washing buffer was used for MdtK delipidation, since the presence

of imidazole led to serious protein loss in IMAC.

A Delipidation by varying detergent B Delipidation by varying concentration C Delipidation by varying time
(4h) (2h) (0.1% DDM)
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Figure 2-4 Delipidation condition screenings for MdtK delipidation. Representative native mass
spectra of MdtK delipidation condition screening by changing detergent type (A), detergent
concentration (B) and delipidation time (C). A, the spectra of MdtK delipidated for 1 hour by 2 x CMC
of LMNG and CYMAL-6. B, the spectra of MdtK delipidated for 2 hours by 0.02% and 0.1% DDM. C,
the spectra of MdtK delipidated by 0.1% DDM for 0.5 hour and 4 hours. The apo formed MdtK (orange
filled circle) were assigned in discernable spectra with the similar masses to the theoretical mass of

MdtK (78511 Da).
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A series of delipidation conditions were screened for the delipidation of MsbA and
MdtK (Section 2.7). To preserve the interactions between endogenous lipids and
membrane proteins, screening usually started with a low concentration of non-ionic
mild detergent such as DDM. Here we used 2 x CMC DDM as the initial detergent

condition tested for delipidation.

The representative spectra of MdtK delipidated in different conditions are shown in
Figure 2-4. The obvious variation between top and bottom panels shows that
detergent type, concentration and incubation time are three critical factors which
affect the extent of delipidation. Correct detergent type, high concentration and long
delipidation time all enabled lipid removal from MdtK and resolution of the spectra of
MdtK from broad peak to distinct charge states. With the bound adduct reducing, the
remaining lipids became discernible and assignable. Comparing the two bottom
figures in B and C, we found that the intensive lipid bound species changed with time
in the two spectra, indicating the varied lipid preferences of MdtK, which will be

discussed in detail in the following sections.

As shown in Figure 2-4 A, a range of detergents have a different effect on the
solubility of the protein and the disruption of the connection between the membrane
protein and its endogenous lipids. We screened a variety of different detergents
including non-ionic detergents and zwitterionic detergents. From the details listed in
methods in Section 2.7, zwitterionic detergents, Fos-Choline-10 and LDAO, led to a
serious protein precipitation in delipidation, and the same results were observed

using polyoxyethylene glycol detergents CgE, and Triton X-100. The zwitterionic
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detergent tends to act as an ionic detergent because of the charges on head groups,
and polyoxyethylene units tend to decrease the hydrophobicity of the detergent®.
Therefore, these two classes of detergent were considered too harsh for membrane
protein solubilisation and preservation of co-purified lipids. We also observed that
MsbA and MdtK were more stable in a solution of maltoside detergents (DDM,
CYMAL-6) than glucoside detergents (OG, NG); this was due to the higher
hydrophilicity of the two sugar moieties in the head group of the maltoside detergent®.
Additionally, the solubility and stability of target proteins were affected by the
hydrocarbon chain length of the detergent. Comparing the MsbA delipidation results
of DM (C10) and DDM (C12), short chain detergents are typically more deactivating

than longer chain species for membrane proteins®®®.

Delipidation condition
screening was also undertaken with new neopentyl glycol class detergents (LMNG,
OGNG). The central quaternary carbon with two branched hydrophilic heads and two
hydrophobic tails generates subtle constraints on overall conformational flexibility,
causing close packing of molecules in micelles, which supplies excessive thermal
stability and solubility for membrane proteins®*>®. However, in our experiment, the
protein-LMNG interaction was too tight to be disrupted by the activation, so we were
unable to detect the lipid-protein interactions and only obtained unresolved broad
peak spectra (Figure 2-4 A, top). Although the glucosyl head groups of OGNG perturb
its efficiency in delipidation, we were able to obtain a resolved delipidation result for

MsbA from a detergent mixture of DDM and OGNG, which was not achieved using

DDM alone (details discussed in the next section).

Determining the influence of varying detergent concentration and incubation time was

more straightforward. From Figure 2-4 B and C, a high concentration of detergents

45



creates more free detergent micelles, accelerating the process of lipid collisional
transfer from proteolipomicelles to free micelles, and a long delipidation time enables
a better delipidation, demonstrating that lipid transfer from proteolipomicelles to free
micelles is a slow process, particularly at 4 °C. In both approaches, a reduction in m/z
values was observed during delipidation. As the extent of delipidation increased, the
binding adducts were gradually displaced by the detergent DDM and dissociated from
MdtK. The solvent accessible surface of the protein became larger, and thus more
amino acid side chains were exposed in the subsequent activation in the mass

spectrometer®’, giving a higher charge state distribution in the spectra.

By adjusting detergent type, detergent concentration and incubation time, therefore,
we were able to control the extent of delipidation allowing a progressive delipidation
and enabling the capture of membrane proteins in various lipid bound states by native
MS. To investigate the co-purified lipid cohort, lipid extraction was coupled with native
MS to isolate the remained lipids from each stage of delipidation; these species were
identified and quantified in the following lipidomic analysis using

RP-LC/ESI-MS/MS*2,

2.4 lIdentification and quantification of membrane co-purified lipids

using progressive delipidation-mass spectrometry

2.4.1 The progressive delipidation of MsbA by varying detergent conditions

In detergent condition screening, we noticed that incubation using IMAC over long
periods resulted in some sample loss. For MsbA, therefore we performed progressive
delipidation by varying detergent composition in a fixed washing time of 4 hours. The

progressive delipidation of MsbA was recorded using native MS (Figure 2-5 A). When
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MsbA was purified with 0.02% DDM, the weakest concentration, the spectra showed a
broad peak due to multiple lipids binding to the protein. When the concentration of
DDM was increased to 1%, a proportion of lipid was removed, revealing a series of
charge states at the top of the broad peak. The following quantitative lipidomics

(Figure 2-5

Figure 2-5 B), showed that the average number of PE and PG bound only decreased
from 8.4 to 6.7 per MsbA, while the detergent concentration increased 50 times,
indicating that the surrounding phospholipids cannot be removed in a high
concentration of DDM. Consequently, the harsher detergent OGNG was introduced.
With the increase of OGNG concentration, the number of phospholipids reduced
sharply and were almost eluted when OGNG reached 0.5% (Figure 2-5 B), implying
that the bound endogenous phospholipids were removed by OGNG. At the same
stage, we assigned the apo MsbA charge states and two following lipid bound species
with masses of 2.7 and 3.5 kDa, respectively in the resolved spectrum (Figure 2-6 A,
top), which cannot be identified by lipidomics. Those lipid-bound species disappeared
when the concentration of OGNG increased to 1%, and fully resolved MsbA charge
states without lipid binding were recorded in the central panel of Figure 2-6 A. In this

condition, MsbA was considered to be fully delipidated.

From the relatively large masses, we inferred that those lipids could be assigned to
lipopolysaccharide (LPS). Therefore, a silver stain method was applied to identify the
remaining LPS from the sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of MsbA delipidated by 1% DDM + 0.5% OGNG and 1% DDM + 1%

OGNG, respectively®®. Comparing the silver stained gel from different lipidation states,
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there were two intensive bands near the 3 kDa mark in the MsbA sample from
delipidation with 1% DDM + 0.5% OGNG; however this was not observed in the other
band (Figure 2-5 C). The gel result is consistent with the native spectrum, proving that

MsbA has high preference in binding with LPS.

A Delipidation Extent
4h
0.02% DDM -
1% DDM
1%DDM |
0.06% OGNG
1%DDM |
0.5% OGNG © 24+
MsbA dimer © 134328£10Da
1%DDM | N
1% OGNG
5000 6000 7000 8000 m/z
C
B o i ii i ii
kDa
8 -
I 188 — (==
a7
2 98 — W
261 | B
g 62 —  w— B B
EER W e —MsbA
£ —
24 49 - i
T
%‘ 3 e 38— W :
s mpG 28— -
32
£ 17 —
14 14 —
0 -
Q Q R O & 6— .
I S & O K9 R
A P 3— - - s
o ‘QQ \&XQ' @x Ve 3
0@\ ) °\9° Coomassie Blue Silver Stain
E

48



Figure 2-5 The progressive delipidation of MsbA by changing detergent and concentration. A,
the native MS spectra of MsbA after progressive delipidation. The native MS finally yielded
well-resolved spectra with the detection of apo formed MsbA dimer (orange filled circle) after
incubation in 1% DDM + 1% OGNG at 4 °C for 4 hours. Here the obtained mass (134328 Da) was
close to the theoretical value. B, the average number of phospholipids in different conditions of MsbA
progressive delipidation quantified by LC-MS with three replications as standard deviation. C, the
SDS-PAGE 4-12% Bis-Tris protein gel of MsbA delipidated by 1% DDM + 1% OGNG (i) and 1% DDM
+ 0.5% OGNG (ii) stained with Coomassie Blue and silver.The two bound LPS species were identified

in silver stained gel.

The main function of MsbA is to flip’ the LPS from the inner to the outer side of the
inner membrane of bacteria. It has been reported that a hydrophobic pocket and a
hydrophilic cavity forms between the two transmembrane domains (TMDs) to
accommodate the substrate LPS*® (Figure 2-6 C), so LPS binds in MsbA with high
affinity and specificity. Exogenous monophosphoryl Lipid A (MPLA, 1763.47 Da) was
added back into delipidated MsbA (from 1% DDM + 1% OGNG delipidation). In the
bottom spectrum of Figure 2-6 A, we can see that lipid A can bind with MsbA in the
absence of ATP; this accords with the mechanism of MsbA-mediated LPS flipping
proposed in previous research. In a ‘trap and flip’ model, LPS firstly enters and binds
with MsbA, and then the stably bound LPS molecule restricts the conformation for

ATP binding™®.
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Figure 2-6 MsbA binding with LPS monitored by native MS. A, the native MS spectra of lipidated
MsbA (top), delipidated MsbA (central) and MsbA binding with substrate MPLA (bottom). The
exogenous MPLA was added into delipidated MsbA at a ratio of 20:1 and incubated at 37°C for 15 min.
B, The amplified spectra of the highlighted charge states in the three spectra of A. Apo formed MsbA
dimer (orange filled circle), species bound with 1.7 kDa MPLA (magenta filled circle), and species
bound with 2.7 kDa and 3.5 kDa LPS (violet and purple filled circle) were assigned. C, the
cross-sectional view of the MsbA 3D reconstruction from Cryo-EM. LPS (green) was embedded in the
cavity formed by MsbA monomeric subunits (blue and orange). The chemical structure of E. coli rough

LPS was shown on the right. Figure is modified from Gong et al™®.

2.4.2 The progressive delipidation of MdtK by controlling delipidation time

Progressive delipidation was then performed using different delipidation times. From
the results of the condition screening above, 0.1% DDM was used in IMAC washing
buffer. As with the delipidation of MsbA, MditK was gradually resolved from a

multi-lipid bound broad peak to discernible charge states with prolonged incubation
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time (Figure 2-7 A). Consistently, the quantitative lipidomics showed a stepwise
decrease of average bound phospholipid number from 11 to 0.6 per MdtK (Figure 2-7
B). MdtK was observed to simultaneously carry up to two phospholipids (680 Da)
after 2 hours delipidation and two LPS (3.5 kDa) after 4 hours delipidation (Figure 2-7

A). The presence of LPS was also confirmed by the silver stained gel in Figure 2-7 C.

Unlike MsbA, LPS is not a potential substrate of MdtK, and to our knowledge, there
are no studies to show that LPS binds to MdtK with high specificity. On the contrary,
several researchers report a strong interaction between LPS and membrane proteins
overexpressed in E. coli cells***°. In these studies, the outer membrane LPS, ranging
from 3.2 to 3.7 kDa, was co-extracted with the membrane protein and survived after
purification with DDM. It was also reported that OGNG is effective in removing LPS
binding. In the condition screening of MdtK, we had already tested OGNG and mixed
micelles of DDM and OGNG; we found that the presence of OGNG led to the
precipitation of MdtK during IMAC washing, so we did not obtain a clean,
well-resolved apo MdtK spectrum as we did with MsbA. Therefore, LPS was the
membrane adduct co-purified with MdtK, as with other membrane proteins

overexpressed in E. coli.

A comparison of the spectra of progressive delipidation in MsbA and MdtK shows that,
with the same delipidation time of 4 hours, MsbA was slightly resolved at the top of
the multi-lipid bound broad peak in 1% DDM (Figure 2-5 A, 1% DDM); MdtK, however,
was well-resolved and only LPS still bound in 0.1% DDM (Figure 2-7 A, 4h).

Furthermore, MsbA can be delipidated by a high concentration of DDM and OGNG;
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MdtK, however, cannot survive in the buffer containing OGNG for long incubation

periods (Section 2.7). Moreover, the high concentration of DDM (0.5%) resulted in the

auto-cleavage between recombinant MdtK with the green fluorescent protein (GFP)

tag.
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Figure 2-7 The progressive delipidation of MdtK by changing incubation time. A, Native MS
spectra of MdtK after progressive delipidation. The native MS yielded well-resolved spectra with the
detection of apo formed MdtK (orange filled circle) after incubation in 0.1% DDM for 4 hours. Here the
mass obtained (78524 Da) was close to the theorectical value. Lipid bound species were from
incubating for 2 hours (red) and 4 hours (green), the binding of 680 Da (green triangle) and 3.5 kDa
(purple filled circle) lipids should belong to phospholipid and LPS species, respectively. B, the average
number of phospholipids in different conditions of MdtK progressive delipidation quantified by LC-MS
with three replications as standard deviation. C, the SDS-PAGE 4-12% Bis-Tris protein gel of MdtK
delipidated for 4 hours stained with Coomassie Blue and silver. The protein band was identified by

proteomic analysis by LC-MS. The bound LPS species were identified in silver stained gel.

To summarise: we developed a generic progressive delipidation approach to control
the process of membrane protein delipidation. Detergent type, detergent
concentration and delipidation time are three key conditions for removing excessive
lipids from the membrane protein. The optimisation of delipidation conditions for
individual membrane proteins is critical for maintaining solubility, oligomerisation and

stability.

2.5 Lipidomic analysis of lipid cohort from different stages of
delipidation

In the previous section we showed that a number of lipids remain tightly bound to
MsbA and MdtK during the process of progressive delipidation. To ascertain the lipid
distribution in the surrounding membrane, we identified and quantified the component
of co-purified lipids from different lipidated states in progressive delipidation proteins*'.
phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) species with shorter
acyl chain length 12:0/13:0 were introduced as an internal standard to quantify the

co-purified lipids (Figure 2-8 A). In parallel with the lipidomics, the intact protein
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concentration was estimated from absorbance measurements at 280 nm, to calculate

the lipid-protein ratio.
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Figure 2-8 The lipidomic analysis of phospholipids bound to MdtK. A, quantification of
representative phospholipid species (PG 16:0/18:1 and PE 16:0/19:1) as well as internal standards
(PG 12:0/13:0 and PE 12:0/13:0) from progressive delipidation of MdtK. The extracted ion
chromatograms of the representative phospholipid species were observed in the MS spectrum B. C
and D, MS/MS spectra of the precursor ions of PG 16:0/18:1 and PE 16:0/19:1 respectively from MS
spectrum B. snl and sn2 positions and the double bound position were not characterised. The masses
of the resulting fragments were labelled respectively (red, sn RCOQO’; orange, neutral loss of RCOOH,;

green, loss of acyl chains as ketene; blue, loss of glycerol).

MsbA and MdtK from different lipidated stages in progressive delipidation were
subjected to LC-MS/MS analysis in the negative ion mode after independent
digestion. Due to the limit of detection, we only detected the two major components of
phospholipids in E. coli membrane: negatively charged PG and zwitterionic PE. In the

case of MsbA (Figure 2-9 A and B), a total of 9 PG species and 11 PE species were
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identified respectively, with similar acyl chain lengths distributed from 14 to 19 carbon
atoms, with the mono-unsaturated double chain 16:0/17:1, the most enriched species
in all PGs and PEs. Similarly in MdtK, as shown in Figure 2-9 C and D, a total of 10
PG and 12 PE species were identified respectively, with the same acyl chain lengths
ranging from 14 to 19 carbon atoms and the same predominant mono-unsaturated
chain 16:0/17:1. In both MsbA and MdtK, all lipid species were reduced as
delipidation increased, and no species showed highly preferential binding to target

proteins.
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Figure 2-9 Identified phospholipid species bound to membrane protein in the process of
progressive delipidation. A and B, the phospholipids of MsbA progressive delipidation by varying
detergents were listed respectively as PG (A) and PE (B) species. C and D, the phospholipids of MdtK
progressive delipidation by varying incubation time were listed respectively as PG (C) and PE (D)
species. Data shown are the average number of lipid molecules from each species bound to one

protein. Error bars represented the standard deviation from three repeated experiments.

2.5.1 MsbA and MdtK prefer to bind anionic phospholipids

As shown in Figure 2-5 B and Figure 2-7 B, we quantified the phospholipid number
per protein in different lipidated states of progressive delipidation. E. coli membrane
usually has 75-80% PE as the most common lipid, and also contains 15-25% of
negatively charged lipids such as PG and cardiolipin (CL)***°. To compare the
preference between PG and PE toward MsbA, we normalised the ratio of PG to PE in
different conditions during MsbA delipidation. Figure 2-10 A shows that the value of
PG/PE increased from 0.27 (the reference value** of E. coli membrane) to 0.67 after
MsbA was extracted from the membrane and delipidated by 0.02% DDM. In this
condition, MsbA was still lipidated with over 8 phospholipids (Figure 2-5 B). A
comparison with the phospholipid distribution in the membrane indicates there were
more PGs allocated in the lipid belt of MsbA. When DDM concentration was added to
1%, PG/PE increased slightly to 0.74. With the introduction of the harsher delipidation
detergent OGNG, the PG/PE ratio sharply increased to nearly 5, and the majority of
PE species present were removed, leaving only a small number of tightly bound PG
species. This trend of ascending PG/PE ratio during progressive delipidation
demonstrates that MsbA possesses a greater preference for negatively charged PG
than zwitterionic PE. This is consistent with previous studies reporting a general

preference of membrane proteins for anionic lipids*®“2.
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To confirm the preference of MsbA for PG, two typical phospholipids, exogenous
POPG and POPE (PG(18:1/16:0) and PE(18:1/16:0)) were added back into
delipidated MsbA (from 1% DDM + 1% OGNG delipidation) in the same protein/lipid
ratio (1:10) and incubated for lipid binding. From the spectra acquired by native MS
(Figure 2-10 B), dimeric MsbA can bind with multiple PGs and PEs; the binding was
quite strong and could not be disrupted even at a high collision energy of 240 V. To
guantify the binding intensity difference between PG and PE bound species, we
normalised the peak intensity of each lipid bound species, and found that the relative
binding intensity of PG was always higher than that of PE (Figure 2-10 C), and the
relative difference increased from 26% to 57% with the bound lipid number rising from

1 to 4. This result supported our hypothesis that PG binds preferentially to MsbA.

It is well-established that the local lipid environment is an important factor governing
the stability of membrane proteins®®. To assess the effect of lipid binding on
maintaining the folded state of membrane proteins in the gas phase, next, IM-MS was
applied. The following collision-induced unfolding approaches used in previous
studies were employed®*°. We plotted the arrival time against voltage to show that
the protein is possibly unfolding gradually. Unfolding plots of MsbA binding with
POPG were generated from the analysis of the 17+ charge state spectra obtained by
collision voltage from 120V to 240V (Figure 2-10 D). Apo MsbA, 1-POPG and
2-POPG bound MsbA unfolded around 160V, 170V and 180V, respectively. The more
POPG bound, the higher the activation voltage needed for unfolding. Therefore,
POPG binding improved the stability of MsbA in the gas phase. Additionally, when we
prepared the MsbA sample from progressive delipidation for the MS acquisition, we

noticed that the delipidated MsbA precipitated more quickly than the less delipidated
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sample in MS buffer, showing that the lipid bound MsbA was more stable in solution.

This confirms the importance of bound lipids for the stability of the MsbA in both gas

and aqueous phases.
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Figure 2-10 MsbA binding with phospholipids. A, the ratio of PG to PE species in different
conditions from progressive delipidation of MsbA. The control ratio of PG to PE amount (Ctrl*) was
20%/75% from the reference®. Error bars represented the standard deviation from three repeated
experiments. B, the spectra of delipidated MsbA (orange filled single circle) bound with exogenous
POPE (brown triangle) and POPG (blue triangle) respectively as the ratio of 1:10. MsbA was mixed
with lipids in SEC buffer and incubated at 4°C for 15 mins and then buffer exchanged into MS buffer for
acquisition. C, the relative intensity ratio of lipid bound species to apo MsbA in B. The ratio was
analysed using in-house software UniDec (Universal Deconvolution)so. Error bars represented the
standard deviation of three repeated experiments. D, Gas-phase unfolding plots of collision voltage
against arrival time for 17+ ions of apo to 2 lipid bound MsbA in the spectra of B. The ion mobility data
were analysed using in-house software PULSAR (Protein Unfolding for Ligand Stability and

Ranking)™.

In the same way that MsbA was used to compare the MdtK preference between PG
and PE, we normalised the ratio of PG to PE with different delipidating times. As
shown in Figure 2-11 C, the value of PG/PE increased from 0.27 to 0.51 after MsbA
was extracted from membrane using 0.1% DDM. With the incubation time extended,
the ratio slowly ascended to 0.74 when MdtK was delipidated for 4 hours. Although
the rising trend of PG/PE in MdtK from delipidation was relatively weak, we propose

that MdtK preferentially attracts PG rather than PE.

To confirm the PG preference of MdtK discovered from lipidomic analysis, as with
MsbA, we added exogenous lipids back to purified MdtK to evaluate the binding
preference. POPE, POPG and 16:0/18:1 CL were selected as representative lipids
from major components of E. coli membrane to mix with MdtK individually at the ratio
of 5:1. Apo MdtK and the three lipid bound species were assigned in the native

spectra shown in Figure 2-11 A. In contrast to the other two lipids, the relative
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intensity of POPG bound species was higher than PE and CL bound species, and the
signal of 2-POPG bound MdtK was detected as well. Comparing 1-lipid bound
species in the most intensive charge state (12+), we found that the relative binding
peak intensities of POPE and CL were close to each other, but that of POPG was
almost twice as high as those of POPE and CL (Figure 2-11 D), indicating, as with

MsbA, a strong binding preference of POPG to MdtK.

It is known that PE is a zwitterionic lipid and PG and CL are negatively charged lipids
(Figure 1-2). CL possesses two negative charge centres but PG has only one, so the
preference of MdtK binding to PG is not due to the negative charge alone. Conversely,
CL is larger than PG and PE, and the low binding peak intensity in Figure 2-11 B
indicates that the larger the lipid the less favourable it is to approach MdtK. Similar
results have been reported in early research, which assumed that the high binding
affinity was not just due to the net charge from positive charged residues on the

interface of protein and lipid, but also dictated by steric effects*®’.

Furthermore, a phospholipid competitive binding test was performed to explore the
relationship of MdtK binding with PG and PE. Purified MdtK was mixed with
POPG/POPE mixture at a ratio of 1:5:5 and incubated in the same way as the single
type lipid binding experiment above. In Figure 2-11 E, it was observed that POPG and
POPE could associate with MdtK simultaneously, but the binding intensities were
varied. We then normalised the peak intensity of POPG and POPE lipid bound
species (Figure 2-11 F). The relative intensities of the two species both reduced

(POPG bound species: 38.03% to 33.77%, POPE bound species: 17.52% to 10%);
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compared to Figure 2-11 D, the intensity of POPG bound species was over three
times higher than that of POPE bound species. This result suggests that PG and PE
share binding sites on MdtK, and PG is more competitive than PE to occupy the

common binding site.
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Figure 2-11 MdtK binding with phospholipids. A, the spectra of delipidated MdtK (orange filled
single circle) bound with POPE (brown triangle), POPG (blue triangle) and CL 18:1 (red triangle)
respectively at the ratio of 1:5. MdtK was mixed with lipids in SEC buffer and incubated at 4°C for 15
mins and then buffer exchanged into MS buffer for acquisition. B, the amplified spectra of 12+ charge
state highlighted in A. C, the ratio of PG to PE in different conditions from progressive delipidation of
MdtK. The control ratio of PG to PE (Ctrl¥) was 20%/75% from the reference®. Error bars represented
the standard deviation from three repeated experiments. D, the relative intensity ratio of lipid bound
species to apo MdtK in A was analysed using UniDec. Error bars represented the standard deviation of
three repeated experiments. E, the spectra of MdtK bound with the mixture of POPE and POPG at the
ratio of 1:5:5 incubated as in A. The inset spectrum showed POPE and POPG bound species and the
masses of assigned lipids. F, the relative intensity ratio of lipid bound species to apo MdtK in E

analysed using UniDec. Error bars represented the standard deviation of three repeated experiments.

2.5.2 The character of acyl chains impact the lipid selectivity of MsbA and
MdtK
Next, we investigated the acyl chain length composition of co-purified lipids in
different states of progressive delipidation. We calculated and normalised the amount
of lipids with each chain length in the corresponding delipidation condition, and
compared them with the lipid chain length composition in E. coli membrane using the
heatmap in Figure 2-12. In general, the phospholipid chain length composition from
delipidation was similar to that in the membrane. The dominant phospholipid chain
length centred from C32 to C35, and no C29 and C31 lipids were detected.
Conversely, a shorter chain length C28 was identified in the membrane implying a

slight binding preference of the two proteins toward longer chain lipid species.

A comparison of the lipid chain length between PG and PE from MsbA (Figure 2-12 A

and B), shows they share a relatively close chain length, indicating that the chain
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lengths of bound lipid were not affected by their different head groups. We also
noticed that the chain lengths of both PG and PE did not change obviously during the
process of delipidation, suggesting that the lipids with different chain length were
allocated randomly around MsbA, and MsbA has no preference towards lipids with
specific chain lengths. Similar results were observed in MdtK: the chain length
composition of PG was consistent with that of PE, and these compositions did not
vary during prolonged delipidation time (Figure 2-12 C and D). However, the
percentage of C33 lipids in MdtK was much higher than in other species, which
revealed the binding preference of MdtK toward those species. This assumption
correlated with the lipidome above (Figure 2-9 C and D), showing that phospholipids

with a chain length of 16:0/17:1 were mostly preferred by MdtK.
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Figure 2-12 The heatmap analysis of the acyl chain length composition of phospholipids from
progressive delipidation. A and B, the acyl chain length compositions of PG (A) and PE (B) species
bound to MsbA from different conditions of delipidation compared with those in E. coli membrane. C
and D, the acyl chain length compositions of PG (C) and PE (D) species bound to MdtK from different
conditions of delipidation compared with those in E. coli membrane. The control value of E. coli
membrane was from the same strain used for membrane protein overexpression. The amount of lipid
with different chain lengths was normalised to the total lipid amount in the corresponding lipidating

state.

We also inspected the unsaturation degree of the co-purified phospholipid from the
progressive delipidation of MsbA and MdtK and compared the differences with E. coli
membrane. From lipidomic analysis (Figure 2-9), we found that the degree of
unsaturation of phospholipids was only 0, 1 or 2, and the two unsaturated bonds were
separated into two acyl chains. After normalisation, in Figure 2-13, the
monounsaturated phospholipids constituted the majority of the lipid cohort; the
amount of saturated species constituted the least and were always less than 10% of
the total, which was identical in membrane and co-purified phospholipids of MsbA
and MdtK. Conversely, both MsbA and MdtK associate preferentially with unsaturated
lipids. Since the co-purified lipids were extracted with MsbA by delipidation, the
percentage of saturated PG and PE both reduced to half of that in the membrane
(Flgure 2-13 A and B), implying that the lipid belt around MsbA is composed primarily
of unsaturated lipids. In MdtK, the ratio of monounsaturated phospholipids is
obviously higher than that in the membrane, and the ratio of diunsaturated species
reduced (Figure 2-13 C and D). The results indicate that MdtK preferentially binds
with monounsaturated phospholipids, and the richest three species of both PG and

PE identified by lipidomics were all monounsaturated lipids (Figure 2-9 C and D).
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Notably, as in chain length composition above, the composition of co-purified lipids
with different unsaturation numbers in MsbA and MdtK was largely invariant in the
most and least lipidated membrane proteins. In addition, we also did not observe a
distinct difference between PG and PE. Therefore, we propose that the binding
preference of MsbA and MdtK toward unsaturated phospholipids was not impacted by

the process of progressive delipidation and head groups of phospholipids.
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Figure 2-13 The unsaturation degree of the acyl chain of phospholipids from progressive
delipidation. A and B, the phospholipid unsaturation composition of PG (A) and PE (B) species bound
to MsbA from representative progressive delipidation conditions compared with those in E. coli
membrane. C and D, the phospholipid unsaturation composition of PG (C) and PE (D) species bound
to MdtK from representative progressive delipidation conditions compared with those in E. coli
membrane. The amount of lipid with different unsaturation numbers was normalised to the total lipid
amount in the corresponding lipidating state. Error bars represented the standard deviation of three

repeated experiments.

2.6 Conclusion

In conclusion, we built up a platform of progressive delipidation coupled with native
MS and LC-MS/MS analysis to identify and quantify the endogenous lipid belt of
membrane proteins. By controlling the detergent concentration and class, or
incubation time, we successfully achieved a stepwise lipid isolation to capture MsbA
and MdtK in different lipid bound states at each stage of delipidation, giving a
complete view of the entire lipidome of phospholipids co-purified with the two proteins.
Using native MS and quantitative lipidomics, we observed the changes of the lipid
environment during the process of delipidation, revealing the selectivity and

specificity of the target protein toward lipids. we then identified these lipids.

Based on this delipidation protocol, we highlight opportunities for further applications
to study the effect of bound lipids on the structure and function of membrane proteins.
Recently, a high-energy source platform combined with native MS was developed
following progressive delipidation, using multistep tandem MS to visualise, select and
identify the lipids directly binding to the protein. This method has already been

successfully used with three proteins: LeuT, SemiSWEET and MdtK*. Additionally,
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IM-MS could be employed after progressive delipidation. By measuring the collision
CCS and plotting unfolding trajectories of lipid membrane proteins from different
stages of delipidation, we are able to evaluate the modulation of lipids on the
conformation and stability of membrane proteins®. Biophysical assays such as
ATPase activity analysis could be applied with progressive delipidation to explore the
impact of binding lipids on the function of membrane proteins. For instance, previous
research has shown that the ATPase activity of TmrAB was reduced by 60-70% as a
result of delipidation®, demonstrating the importance of non-specific bound

phospholipid on membrane protein.
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Figure 2-14 Schematic diagram of progressive delipidation of membrane proteins. A stepwise

procedure of progressive delipidation in solution, monitored by native MS and coupled with LC-MS/MS

to identify co-purified phospholipids®.

Whilst this contributes to a better understanding of the interactions between lipids and

membrane proteins, we should note, however, that the progressive delipidation

67



protocol was not ideal for all membrane proteins. As different membrane proteins are
stable in various detergent conditions, it is imperative to select appropriate detergent
conditions for progressive delipidation. This process may be costly in terms of time
and consumables and it is possible that more than one condition is feasible for

progressive delipidation.

2.7 Methods

Membrane protein expression and purification. Based on established protocols?’,
the recombinant MsbA gene was cloned into pET-19b vector (Ampicillin resistance;
contains an N-terminal decahistidine tag) and the MdtK gene was cloned into
pET-28a vector (Ampicillin resistance; contains a C-terminal GFP tag followed by
decabhistidine tag). Membrane proteins were overexpressed in E. coli strain C43
(DE3). A tip of cell stock was pre-cultured in 500 ml of Terrific Broth (TB)
supplemented with 0.1 mg/ml sodium salt ampicillin at 37 °C with 180 rotations per
minute (RPM) overnight, and 5 ml of precultured cells was transferred into 1 L TB
supplemented with 0.1 mg/ml sodium salt ampicillin at 37 °C until the optical density
(OD) (D600) reached 0.7-0.8. Protein expression was induced by addition of 0.5 mM
isopropyl B-d-1-thiogalacto-pyranoside (IPTG), and continued incubation for 3.5 h at
37 °C. Cells were harvested by centrifugation at 50009 for 10 min at 4 °C, then pellets
were re-suspended in lysis buffer (20 mM Tris-Cl, 150 mM NaCl, pH 7.4, with
protease inhibitor Complete EDTA free) 25 ml. The re-suspension was passed
through a microfluidiser, and centrifuged at 20 kg for 20 min at 4 °C to obtain a
soluble fraction. Next, the cell lysates were ultracentrifuged at 27 kg for 2 h at 4°C.
Final membrane pellets were re-suspended in solubilisation buffer (20 mM Tris-Cl, 50
mM NacCl, pH 8.0). Membranes were stored at -80 °C. All purification steps were
carried out at 4 °C. Membrane proteins were extracted with extraction buffer (20 mM
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Tris-Cl, 300mM NaCl, 1% (w/v) DDM, protease inhibitor, pH 8.0) with rotation
overnight. The mixture was centrifuged at 13.5 kg for 15 min at 4 °C and filtered
through 0.22 pym filter paper to remove unsolubilised residues. Then the membrane
protein was purified by IMAC and SEC chromatography in fast protein liquid
chromatography (FPLC) at 4 °C. The sample was loaded in a pre-equilibrated IMAC
column (HisTrap™ column, 5 ml) and purified with IMAC buffer A (20 mM Tris-Cl, 50
mM NacCl, 50 mM imidazole, 0.02% DDM, pH 8.0), and eluted by IMAC buffer B (20
mM Tris-Cl, 50 mM NaCl, 500 mM imidazole, 0.02% DDM, pH 8.0). The collected
protein sample was concentrated at 50009 in concentrator (MWCO 100 kDa) and
filtered for purification in SEC column (Superdex 200 10/300 gel-filtration column, 24
ml) with SEC buffer (20 mM Tris-Cl, 50 mM NacCl, 0.02% DDM, pH 8.0). Purified

membrane protein was snap frozen by liquid nitrogen and stored at -80 °C.

The progressive delipidation of membrane proteins. The extracted protein
sample was divided into aliquots containing protein harvested from 0.5-1.5 L cell
culture. In the IMAC purification stage, IMAC buffer A was replaced by delipidation
buffers (20 mM Tris-Cl, 300 mM NaCl, 50 mM imidazole, with detergents listed below,
pH 8.0) for delipidation. Progressive delipidation was achieved by changing the

delipidation conditions: detergent species, concentration and delipidation time (see

Table 2-1 and Table 2-2). The IMAC elusion and SEC purification steps followed the

protocols described above.
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Table 2-1 Conditions tested for MsbA progressive delipidation.

CsE4 0.5 0.25 precipitation
DDM 0.02 0.25 unresolved
DDM 0.02 4 unresolved
DDM 0.1 0.25 unresolved
DDM 0.1 0.5 unresolved
DDM 0.1 1 unresolved
DDM 0.1 2 unresolved
DDM 0.1 4 unresolved
partially
DDM 0.1 8 resolved
DDM 1 0.25 unresolved
partially
DDM 1 4 resolved
partially
DDM+OGNG 0.5+1 0.25 resolved
DDM+OGNG 0.5+1 4 denatured
DDM+OGNG 1+0.06 0.25 unresolved
partially
DDM+OGNG 1+0.06 4 resolved
partially
DDM+OGNG 1+0.5 0.25 resolved
DDM+OGNG 1+0.5 4 resolved
DDM+OGNG 1+1 0.25 resolved
DDM+OGNG 1+1 4 resolved
DM 0.174 0.25 precipitation
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LDAO 0.046 0.25 precipitation
LMNG 0.002 0.25 unresolved

NG 0.4 0.25 precipitation

oG 1.06 0.25 precipitation

OGNG 0.116 0.25 precipitation

Triton X-100 0.03 0.25 precipitation

Table 2-2 Conditions tested for MdtK progressive delipidation.

Detergent | Imidazole : Delipidation MS
Detergents Con./% Con./mM Time/h Result Spectra
CsE4 0.5 50 0.5 precipitation
CYMAL-6 0.056 50 0.5 unresolved
CYMAL-6 0.056 50 1 sample loss
partially
CYMAL-6 0.056 0 1 resolved
partially
CYMAL-6 0.056 0 2 resolved
DDM 0.02 50 0.25 unresolved
DDM 0.02 50 0.5 unresolved
DDM 0.02 50 1 sample loss
DDM 0.02 0 1 unresolved
DDM 0.1 0 0.5 unresolved
partially
DDM 0.1 0 1 resolved
partially
DDM 0.1 0 2 resolved
partially
DDM 0.1 0 4 resolved
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DDM 0.5 0 2 denatured
DDM 1 0 2 denatured
Fos-Choline-10 0.7 50 0.5 denatured
LDAO 0.046 50 0.5 precipitation
LMNG 0.002 50 0.5 unresolved
LMNG 0.002 50 1 unresolved
LMNG 0.01 0 1 unresolved
oG 1.06 50 0.5 precipitation
OGNG 0.116 50 0.5 precipitation
DDM+LDAO | 0.015+0.015 50 0.5 precipitation
DDM+LMNG 0.02+0.02 50 0.5 unresolved
DDM+LMNG 0.1+0.01 0 1 unresolved
DDM+0OG 0.015+0.26 50 0.5 precipitation
DDM+OGNG 0.02+0.02 50 0.5 precipitation
DDM+OGNG 0.1+0.1 0 0.5 precipitation
partially
DDM+OGNG 0.1+0.05 0 0.5 resolved
partially
DDM+OGNG 0.1+0.05 0 1 resolved
DDM+OGNG 0.1+0.05 0 2 precipitation

Phospholipid extraction for identification and quantification. Following the

published metho

4,41
d

, the protein sample after progressive delipidation was digested

by a 1:50 molar ratio of trypsin overnight at 37 °C, and then the digest dried down with

a vacuum concentrator (SpeedVac). To extract lipid from whole cells, cells were

washed with solubilisation buffer twice and pelleted by 1000 g centrifugation for 10 min

at 4 °C, and re-suspend to a final volume of 1 ml and transferred to a glass vial. 2 ml
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methanol and 0.8 ml chloroform were added and sonicated for 10 min in a bath at
room temperature (RT). 1 ml chloroform and 1 ml solubilisation buffer were added into
the cell mixture, and chloroform phase was collected and dried under a gentle stream
of nitrogen in fume hood. The dried lipids were re-suspended with 70% LC buffer A
(acenitrile (ACN): H,O as ratio of 6:4, 10 mM ammonium formate, 0.1% (v/v) formic
acid) and 30% LC buffer B (isopropanol (IPA): ACN as ratio of 9:1, 10 mM ammonium
formate, 0.1% formic acid) before LC analysis. The sample was sonicated for at least
10 min in a bath at RT. The sample was centrifuged at 10 kg for 1min at 4 °C and the
supernatant collected for LC-MS. For lipid quantification, internal lipid standards PG
12:0/13:0 and PE 12:0/13:0 (Avanti Polar Lipids) were added to evaluate the
concentration of PG and PE species. The sample was diluted to a final concentration

of 10 pg/pl to 1 ng/ul with 70% LC buffer A and 30% LC buffer B.

LC-MS/MS lipidomic analysis of co-purified phospholipid. The prepared lipids
were loaded into a 5-ul sample loop using an autosampler using a full-loop method
with an overfill factor of 1.4, and then transferred to a 1-ul injection loop using a
loading pump at a flow rate of 5 pl/min with 70% LC buffer A and 30% LC buffer B.
The sample in the injection loop was injected onto a C18 column (Acclaim PepMap
100, C18, 75 um x 15 cm, Thermo Fisher Scientific) using a nanopump at a flow rate
of 300 nl/min. The lipids were separated on the C18 column at 40 °C by a gradient
starting from 70% LC buffer A and 30% LC buffer B. After 10 min, LC buffer B was
ramped to 65% over 1 min, 80% over 6 min, and ramped to 99% over 6 min and held
for 7 min, then held at 80% for 10 min. The column eluent was delivered via a
dynamic nanospray source to a hybrid LTQ Orbitrap mass spectrometer (Thermo

Scientific). The conditions used for acquisition were: spray voltage 1.8 kV and
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capillary temperature 175 °C. The LTQ-Orbitrap XL was operated in negative ion
mode and in data-dependent acquisition with one MS scan followed by five MS/MS
scans. Survey full-scan MS spectra were acquired in the orbitrap (m/z 350 - 2,000)
with a resolution of 60,000. CID fragmentation in the linear ion trap was performed for
the five most intense ions at an automatic gain control target of 30,000 and a

normalised collision energy of 38%*°*.

Native mass spectrometry. For MS analysis, samples fractioned from SEC
purification were buffer exchanged into MS spray buffer using biospin column (Micro
Bio-Spin 6 chromatography columns, MW exclusion limit 6 kDa). Spray buffer was 1
M ammonium acetate (pH 8.0) with 2 x CMC of DDM (0.02%). 1.5 uL of the solution
containing sample was introduced into the ion-source using a gold coated nanoflow
capillary needle into the instrument®?. Spectra were recorded in the positive ion mode
in native MS Q-TOF2 (Quadrupole-lon Mobility-Time-of-Flight) (Waters)®®, and the
conditions used for acquisition were: capillary voltage 1.6 kV, cone voltage 180 V,
extractor 4 V, collision voltage 150 V, ion energy 7 V, backing pressure 5.5 x 1073
mbar, gas cell 8 psi®*. In ion mobility mode of the IM-MS Synapt3 (G1)
(Quadrupole-lon Mobility-Time-of-Flight) HDMS (Waters), N, gas was introduced. IM
parameters were set as: trap 6 ml/min, IMS 22 ml/min, trap DC bias 20, IMS wave
velocity 300 m/s, IMS wave height 15 V°*. For the modified Q-Exactive mass
spectrometer (Thermo) as described previously®®, the sample was introduced into the
instrument and ions were transferred into the higher-energy collisional dissociation
(HCD) cell following a gentle voltage gradient: injection flatapole 7.9 V, interflatapole
lens 6.94 V, bent flatapole 5.9 V, and transfer multipole 4 V, respectively. The spray

voltage was maintained at 1.4 kV at temperature of 200 °C. The optimised
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acceleration voltage was 100 V for in-source trapping and HCD cell, and 50 V for
source fragmentation. The backing pressure was maintained around 1.00 x 107°

mbar. Data were analysed using Xcalibur 2.2 SP1.48.
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3 Lipodisg: a novel detergent-free method to investigate

membrane proteins

3.1 Introduction

As discussed in the previous chapter, it is a lengthy and expensive trial-and-error
process to select an appropriate condition to preserve the lipid-protein interaction in
detergent micelles. Moreover, research has shown that detergent removes lipids from
membrane proteins resulting in loss of its biological activity and stability. As a mimic
of a lipid bilayer, detergent micelles cannot provide lateral pressure as lipids in
membranes, which may lead to the conformational change of membrane proteins or

interfere with the membrane protein activity™?.

To avoid the influence of detergent we used lipodisgs to extract membrane proteins
directly from the original membrane. The amphipathic SMA co-polymer used for
lipodisq formation consists of hydrophobic styrene moieties and hydrophilic maleic
acid, hydrolysed from styrene-maleic anhydride (SMAnh). The anhydride units are
converted into two carboxlyate groups by reaction with the base (NaOH) (Figure 3-1
A)3. Both forms of the co-polymer are widely utilised in the plastics industry. In recent
years, SMA co-polymer has been found to interact with phospholipids, forming a
discoidal polymer-lipid complex®. This structure is stabilised by the intercalation of
hydrophobic SMA styrene moieties between the acyl chains of two neighbouring
lipids in membranes, while the hydrophilic maleic acid faces the aqueous phase
(Figure 3-1 B)°. Research showed that this encapsulated lipid particle can preserve
the biophysical character of the original membrane®®, with little preference in specific

lipid species”®, enabling purification of membrane proteins with their intact native lipid
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environment. Therefore, the lipodisq method is a promising tool to investigate
lipid-protein interactions and better understand the structure and function of

membrane proteins in their native environment.

Hydrolysis

Figure 3-1 SMA co-polymer and interactions with phospholipids in lipodisgs. A, The hydrolysis
reaction of SMAnh co-polymer to the SMA co-polymer. Figure is from Rothnie et al.? B, schematic
illustration of the phenyl groups of SMA inserted between the acyl chains of two lipids. Figure is from

Stroud et al.*°.

In the model proposed by Scheidelaar et al., lipodisgs are formed from a
self-assembly process with three stages®. In the first stage, anionic SMA co-polymers
adsorb to the surface of the membrane. Next, SMA co-polymers penetrate into the
membrane’s hydrophobic core. Finally, the inserted SMA co-polymers lead to the
destabilisation of the membrane and formation of lipodisgs surrounded by SMA
co-polymer belts (Figure 3-2). This process is driven by the hydrophobic interaction
between the lipid acyl chains and the co-polymer styrene moieties®, and influenced by
multiple factors such as SMA concentration, incubation temperature and membrane

lipids properties, particularly®. Considering the complexity of the lipid environment of
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different membrane proteins, the solubilisation conditions of SMA co-polymers need

to be investigated.

1. Membrane binding

3. Lipodisq formation 2. Membrane insertion and destablisation

Figure 3-2 The three-stage procedure of membrane solubilisation by SMA co-polymers.
Hydrolysed SMA co-polymers bind, insert and destabilise the lipid bilayer. The newly formed lipodisqs

are stabilised by the surrounding SMA co-polymer belts. Figure is modified from Dorr et al®

The lipodisg method has been successfully applied in a series of biophysical
techniques for the investigation of membrane proteins (Section 1.1.3). In this chapter,
we attempt to use a native MS approach to investigate the membrane protein
lipodisgs prepared in-house, and compare the results with the sample in detergent
micelles. With the optimisation of the lipodisq preparation and the adjustment of the
MS instrument, we successfully obtained well-resolved spectra of membrane proteins
encapsulated in a polymer-lipid disc, and identified their binding lipids, which may be
critical for the structure and function of proteins. In our experiment, we selected SMA
(2:1) co-polymer to solubilise the parent membrane rather than the other common

variant, SMA (3:1) co-polymer. This was because previous research revealed that

86



SMA (2:1) behaves better in the solubilisation efficiency and in the preservation of

membrane physical properties®*2.

3.2 Membrane protein lipodisq formation and characterisation

3.2.1 Lipodisq solubilisation and purification
An initial test was performed to assess the solubilisation capacity of SMA (2:1)
co-polymer, and then this was compared with that of detergent, by measuring the
fluorescence of the solubilised GFP tagged recombinant MdtK. Aliquots of E. coli
membrane overexpressing MdtK were incubated with 2.5% SMA (2:1) and 1%
detergent DDM individually at room temperature as recommended®*®. The mixtures
were incubated for 1, 2 and 3 hours respectively and subjected to fluorescence
measurement after filtration. The fluorescence intensities of MdtK proteomicelles after
incubation for over 2 hours were higher than MdtK lipodisq, but the differences were
not obvious (Figure 3-3 A). For MdtK lipodisq, fluorescence intensities were similar
over all three time periods. However, an increasing trend of prolonged incubation time
was observed in MdtK proteomicelle. This demonstrates that the solubilisation
capacity of SMA (2:1) and DDM were similar under test conditions, but that lipodisq

formation was much faster than that of proteomicelles.
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Figure 3-3 MdtK solubilised by SMA (2:1) co-polymer from membrane. A, the fluorescence
intensity of crude MdtK incubated with 2.5% SMA (2:1) or 1% DDM at 25°C, after 1, 2 and 3 hours
respectively. The solubilised particles were measured after each incubation following filtration through
0.22 um filter paper after each solubilisation incubation. B, the normalised fluorescence intensity of
MdtK lipodisq solubilised for 0.5, 1, 2 and 3 hours with 2.5% SMA (2:1) at 25°C. C, the normalised
fluorescence intensity of MdtK lipodisq solubilised with 0.625%, 1.25%, 2.5% and 5% SMA (2:1) for 2
hours at 25°C. D, the combined SEC chromatograms of MdtK lipodidsq from different co-polymer
concentrations in C. E, the normalised fluorescence intensity of MdtK lipodisq solubilised at 4°C, 25°C
and 37°C with 2.5% SMA (2:1) for 2 hours. F, the combined SEC chromatograms of MdtK lipodidsq
from different incubation temperatures in E. In B, C and E, the fluorescence intensities were
normalised by negative control, which was the same amount of membrane diluted with IMAC buffer A
and treated together with other mixtures for solubilisation. Error bars represent the standard deviation

of three repeated experiments.

To optimise solubilisation capacity and efficiency of SMA (2:1) co-polymer on native
membrane, we refined the solubilisation condition from three impact factors:
incubation time, SMA concentration and incubation temperature. Firstly, we
investigated the effect of various incubation times from 0.5 to 3 hours. The increase of
fluorescence intensity gradually slowed down with time (Figure 3-3 B). The
fluorescence after 1 hour incubation was more intensive than that after 0.5 hour
incubation, and was relatively stable for the next 2 hours. Consistently, Figure 3-3 A
shows the fluorescence intensities of MdtK lipodisq in 1, 2 and 3 hours were at the
similar level. This suggests that SMA (2:1) is able to solubilise MdtK from membrane
in a short period of time, and 1 to 2 hours could be enough for the formation of
lipodisq. Next we examined different concentration of SMA (2:1), from 0.625% to 5%.
No higher concentration was tested due to the limitation of aqueous solubility of SMA.
The fluorescence intensity increased with increasing co-polymer’s concentration,

indicating more MdtK was solubilised (Figure 3-3 C). From the following SEC

89



chromatography of lipodisq in Figure 3-3 D, increasing SMA concentration led to a
slight right shift of lipodisq elution time, which meant a smaller particle formed in SMA
with higher concentration. This result was in agreement with the previous research,
which reported that the average size of the lipodisq can be adjusted by modifying the
ratio of lipids and co-polymers'*. An unseparated shoulder peak appeared before the
main peak of lipodisq, and reduced stepwise with the increase of SMA (Figure 3-3 D).
The signal might come from partially solubilised MdtK, which converted into lipodisq
particles when more SMA was introduced. Therefore, a high concentration of SMA
was favoured for protein solubilisation. Finally different incubation temperatures were
introduced. With the rise of temperature, the fluorescence intensity increased slightly
(Figure 3-3 E). The partially solubilised signal decreased as the temperature
increased (Figure 3-3 F). The shoulder peak disappeared at 37°C, suggesting that
MdtK was fully solubilised in a uniform particle size. Moreover, the lipodisq elution
time did not change with the temperature, so the temperature had no effect on the
lipodisq size. Therefore, a high incubation temperature was preferred to accelerate
the rate of solubilisation. This result was supported by the research of Scheidelaar et
al., in which the authors proposed that increased SMA concentration and relatively
high temperature can promote the speed and yield of vesicle solubilisation®. In
conclusion, a relatively high SMA concentration (5%) and temperature (37°C) were

used for lipodisq preparation in this project.

With optimised solubilisation conditions, several types of membrane protein were
successfully extracted from E. coli membrane, and the presence of these membrane
proteins in lipodisq was confirmed by proteomics of stained gel band (Figure 3-4 A).

Below the 47 kDa marker, two bands existed in all membrane protein lipodisq after
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IMAC purification; they were identified as CyoA and CyoB by proteomics. Both
proteins are subunits of the four-subunit cytochrome bos ubiquinol oxidase complex,
which is a common but vital proton pump in the inner membrane of E. coli®*®. It is
possible for SMA to form CyoA/B lipodisq during solubilisation, and the contaminated

lipodisq co-purified together with the target lipodisq because of the non-specific

binding of IMAC resin.

Optimisation of lipodisq IMAC purification
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after IMAC Lipodisq concnetration Bead/Lipodisq ratio Metal ion
kDa kDa
188 — = ’ 188 —
98— Wl —NTSR1 —Mdtk 98—
62 — - 62 —  w—
. —MsbA
—MdtK
49 — s {d - . 49 — -— ens s —MsbA
38— . ‘j | == —] 38— e
28— N 28—
17 — 17 —
14— . 14— W
6— N 6— N
3— - 3 — .
NTSR1 MsbA MdtK xI x2 x4  1/40 1/20 1/10 1/5 Ni  Co

Figure 3-4 The IMAC purification of membrane protein lipodisqs. A, SDS-PAGE analysis of

lipodisq of representative self-prepared membrane proteins following the established purification

9,13
d

metho . The indicated bands were subjected to LC-MS/MS based proteomics identification. B, the

IMAC purification optimisation of MsbA lipodisq. Conditions were adjusted by changing the lidodisq
concentration (left panel), the amount of beads (central panel) and the metal ions within beads (right
panel).

To reduce the contamination of other protein species, we optimised imidazole
concentration in IMAC purification. The concentration test showed that MdtK was
being lost from IMAC beads with low imidazole concentration (< 40 mM), while CyoA
and CyoB were not fully removed. Similar results were obtained in previous
research’’, and also in our preparations of neurotensin receptor 1 (NTSR1) and

MsbA. We assumed that the abundant lipid in lipodisq may block the spatial access of
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partial protein and interfere with the interactions between His tags and metal ions on
beads. Therefore, we adjusted the IMAC incubation conditions from sample
concentration, IMAC resin amount and metal species, using MsbA lipodisq as a
control experiment. Lipodisq concentration was altered by diluting with IMAC buffer A
two and four times before IMAC incubation. The gel pattern of the three samples
(Figure 3-4 B, left panel) was identical, revealing that the binding efficiency of IMAC
resin was not affected by the protein concentration. Next, MsbA lipodisq mixed with
IMAC beads was optimised as a volume ratio from 5:1 to 40:1. The band of CyoA/B
faded gradually with reducing of IMAC bead use (Figure 3-4 B, central panel),
implying less non-specific bound impurity. Thus the low bead/lipodisqg ratio was
preferred in impurity removal. We also tested two types of metal ion of IMAC resin,
nickel and cobalt. Comparing the purification results of the two metals, MsbA lipodisq
captured by cobalt was greater than that captured by nickel and less CyoA/B
remained (Figure 3-4 B, right panel). Therefore, cobalt resin was the better option for

lipodisq purification.
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Figure 3-5 The optimised purification of MsbA lipodisq. A, SDS-PAGE analysis of MsbA lipodisq
before and After IMAC purification. B and C, the SEC purification of MsbA lipodisq. The fractions
containing different signal peaks in chromatogram (B) were highlighted and analysed in SDS-PAGE

(©), labelled with the same colour as in B.
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A comparison of the mixture after solubilisation shows that MsbA lipodisq was
enriched and isolated from other impurities in optimised IMAC purification (Figure 3-5
A). However, we still got multiple peaks with different intensities in the chromatograph
of the following SEC purification, similar to that observed in Figure 3-3 D. For
example, 3 different peaks appeared in the SEC chromatograph of MsbA lipodisq in
Figure 3-5 B. Fractions from different peaks were collected and subjected to gel
analysis (Figure 3-5 C), and no protein was detected in the fractions of peak 1. Since
the phenyl moieties of lipodisq scaffold coordinate with the metal ions on the surface
of IMAC resin®*%®, protein-free lipodisq may co-purify together with His tag-based
protein lipodisq through IMAC. These lipodisgqs may be detected in SEC afterwards
due to the ultraviolet (UV) absorption of the aromatic groups™**#*°. The gel of fraction
from peak 2 was the same as peak 3: only target protein MsbA was detected
(confirmed by proteomics). Thus we assumed that both peaks were signals of MsbA

lipodisq, and the different elution time was as a result of the different particle sizes.

We also obtained similar SEC chromatographs of other membrane protein lipodisgs
such as MdtK and P. fluorescens MATE (PfMATE). To understand the effect of
particle size, lipidomics was applied to examine the lipodisgs with different sizes, and
the results revealed the identical lipid composition. Additionally, we captured the
identical spectra of lipodisgs from different peaks in native MS, indicating that the
behaviour of lipodisq protein was not affected by the particle size. Therefore, we
suggested that the character of membrane protein in lipodisq is not dependent on

disc size.
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3.2.2 Evaluation of membrane protein lipodisq
It is known that the quantification of a membrane protein is quite challenging. For the
protein in lipodisq, the concentration measurement was affected by the surrounding
lipid and SMA co-polymers in some methods'®?. To obtain an accurate
concentration of lipodisq membrane protein, three different methods to quantify

membrane protein were addressed here to measure the concentration of native

lipodisq MsbA.
Methods MsbA-1 MsbA-2 MsbA-1c MsbA-2c 2
(mg/ml) (mg/ml) (mg/ml) (mg/ml)
UV280 0.3 0.45 5.91 9.20
absorbance
; ™
Pierce ™ 660nm 0.032 0.066 1.240 2.260 0.999
assay
SDS-PAGE 0.108 0.191 1.259 2.388 0.997
assay

Table 3-1 Comparisons of three approaches for the guantification of membrane protein in
lipodisgs. MsbA-1 and MsbA-2 were two samples from two batch preparations. MsbA-1c and MsbA
-2c were the concentrated samples of MsbA-1 and MsbA-2. The coefficient of deternimation (r2) was

calculated from the standard curve of BSA concentration measurement.

UV spectrophotometry absorption at 280 nm is a fast and easy method, and
commonly used for protein quantification'?**?%22, However, as mentioned previously,
the aromatic group on the lipodisq scaffold has notable absorbance at 280 nm and
therefore interferes with UV detection of membrane protein. The MsbA
concentrations estimated by UV absorption were always much higher than those
using other methods (Table 3-1), which demonstrates that it is inappropriate to

quantify SMA solubilised membrane protein using UV absorbance’*°.
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Pierce™ 660nm Protein Assay is a commercially available kit which shows rapid
response in the presence of high concentrations of most detergents, reducing agents
and other commonly used reagents®. This colourimetric method quantifies protein by
reference to absorbance of a series of standard protein dilutions assayed alongside
the unknown target, which is similar to the third protein quantification method,
SDS-PAGE assay. In this method, protein concentration is estimated via
densitometric comparison of the protein bands after staining with the concentration
gradient of standard protein’. Bovine serum albumin (BSA) is used as standard

protein to quantify two batches of lipodisq MsbA in the two assays.

We measured the same lipodisq MsbA by 660 nm absorption and SDS-PAGE assays.
In the low concentration sample, the results were quite different in the two different
methods, but the sample concentrations obtained were similar after 10 times
concentration in the original volume. Thus the protein quantification result from the
SDS-PAGE assay was more reliable. Since the structure of lipodisq is destroyed in
the process of electrophoresis, lipids, SMA molecules and other potential impurities in
solution are separated from MsbA in SDS-PAGE gel. Furthermore, protein made
contact with staining reagent more sufficiently in the denaturing environment, which
supplied a more accurate concentration by densitometric measurement. In summary,
SDS-PAGE is a more accurate method of obtaining protein concentration in a

complicated system like lipodisg.
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Figure 3-6 The phospholipid species in native lipodisq, membrane and proteolipomicelles. A,
the LC-MS spectra of phospholipid species in MsbA native lipodisq and membrane of E. coli (C43)
cells overexpressing MsbA. B, the LC-MS spectra of phospholipid species in MdtK native lipodisq and
MdtK in DDM micelle. MdtK in detergent had limited delipidation in a mild conditions (0.1% DDM for 0.5
hours) and was purified following the progressive delipidation protocol in Section 2.7. Lipidomics was

performed following the procedure described in Section 2.7.

Lipidomic analysis was performed to examine the local lipid environment of the
membrane protein in lipodisq (Figure 3-6). The MsbA lipodisq spectrum was identical
with that of the membrane from the expressing cell, indicating that lipid compositions
in the two systems were similar (Figure 3-6 A). This is in agreement with previous
studies revealing that the SMA co-polymer does not preferentially solubilise specific

lipid species®’.

We also investigated the composition of lipids from native lipodisq and lipidated
membrane protein in detergent. MdtK in micelles was from a mild condition of
progressive delipdiation, in which multiple lipids including PGs and PEs were
preserved after delipidation and purification (Figure 2-4 C, top). The similar spectra

revealed that MdtK native lipodisq and proteolipomicelle possessed the same lipid

96



composition (Figure 3-6 B), implying that both of the two methods solubilise
membrane protein from original membrane directly and maintain a near-physiologic
environment for embedded membrane protein, critical for structural and functional

characterisation.

A SEC of DMPC exchange in MsbaA lipodisq

70 1 B MsbA v PG species
Native lipodisq v PE species
60 1 004 v M v DMPC
=) v
< 50 v
£ = Control o M
o = v
g 40 1 —— 50xDMPC Y v v
: 11O |
5301 100 OMPC o I LI .
-g 20 | === 200x DMPC 100 1 +50x DMPC v
>
> v V
10 | /
= v
: ol o
' . " v vV v | v
050 100 150 200 2350 ] | ||l I L | Ll Lol |
ml 0
100 - +100x DMPC v
C Lipidomics of DMPC exchange in MsbA lipodisq
114 v
ES
v v Y
08 - r | v M
8 0 1 " | ll Il J.vl I L J.. ‘lvl Y
]
i 100 4 +200x DMPC v
2 06 1 m PG species
° X v
.“_h,-; mPE species =<
5 041 DMPC
£
)
2024 1
680 690 700 710 720 730 740 750 760
m/z
0 d

Control ~ 50x DMPC 100x DMPC 200x DMPC

Figure 3-7 Exogenous DMPC exchanged with the phospholipid in the lipodisq of MsbA. A, the
combined SEC chromatograms of DMPC exchanging with the lipids in MsbA lipodisq. MsbA lipodisq
was added into different concentrations of DMPC (50, 100 and 200 times the concentration of MsbA
lipodisq) individually and incubated at RT with 500 RPM for 2 hours. The control was the same batch of
MsbA lipodisq diluted with SEC buffer and treated together with the samples of DMPC exchange. After
SEC, the lipodisq samples subjected to LC-MS/MS based lipidomic identification and quantification
following Section 2.7. B, the LC-MS spectra of identified phospholipid species in a series of DMPC
exchanged MsbA lipodisq and compared with that in MsbA native lipodisgs. Lipidomics was performed
following the procedure described in Section 2.7. C, the normalised ratios of PGs, PEs and DMPC in a

series of DMPC exchanged MsbA lipodisgs and compared with that in MsbA native lipodisgs.
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Lipidomic analysis also revealed the lipid transfer crossing the SMA co-polymer
scaffold of lipodisq, reported previously by researchers'*?*%. MsbA native lipodisq
was mixed with exogenous phospholipid DMPC (PC(14:0/14:0)) in three different
ratios (1:50, 1:100 and 1:200) respectively and incubated for a further 2 hours. The
signal of DMPC in lipidomic spectra appeared in the MsbA lipodisq after lipid
exchange and the intensity of DMPC became dominant stepwise with the increase of
DMPC concentration for lipid exchange (Figure 3-7 B). The normalised lipidomic
guantification confirmed that the percentage of DMPC in lipodisqg increased with the
addition of DMPC for exchange, and no preferential replacement of DMPC on specific
lipid species was observed (Figure 3-7 C). With more DMPC transferred into lipodisq,
the chromatograph of the SEC purification after lipid exchange showed an elution
time right shift, implying a smaller size of lipdisq formed in the presence of DMPC. It
indicated that the structural characterisation of lipodisq could be affected by the

composition of packed lipids.

Furthermore, several researches demonstrate that membrane proteins and SMA
co-polymer form lipodisqgs that can be used for crystallography and other biophysical

methods?’?®

. These methods have shown that lipodisqs are highly dynamic
assemblies that exchange the components with other particles even phases, rather

than being static complexes.
3.3 Use of native MS to study membrane proteins in lipodisq

3.3.1 Rhodopsin in DMPC lipodisq
To understand the lipid-protein interaction in lipodisgs, we applied native MS to study

membrane protein rhodopsin in DMPC lipodisq. The three types of rhodopsin,
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bacteriorhodopsin, archaerhodopsin-3 and archaerhodopsin-4, expressed in
Halobacterium salinarum, were purified using detergent methods and reconstituted in
DMPC liposome®**°. All three rhodopsins were well-resolved in the native MS spectra,

and the apo proteins and lipid bound species were clearly assigned (Figure 3-8).
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Figure 3-8 The native MS spectra of microbial rhodopsins in lipodisgs. A, B and C, the native MS
spectra of bacteriorhodopsin (A), archaerhodopsin-3 (B) and archaerhodopsin-4 (C) in DMPC lipodisq.
Typical lipid bound species highlighted in B were dissociated by extended voltage as described in the
Methods, and the MS/MS spectra were recorded in D, E and F, respectively. The apo form of
rhodopsin and the binding adducts were assigned and labelled (orange filled circle, rhodopsin; green
triangle, DMPC; pink triangle, 2DP; blue square, S-DGD).

As the majority component of lipodisq, more than one DMPC molecules were to bind
with rhodopsins (Figure 3-8 A, B and C). Additionally, two other types of lipids, 2DP
and S-DGD, were found to interact with rhodopsin, identified by the collisional
dissociation in the MS/MS spectra in Figure 3-8 E and F. The reported 2D crystal
structure of bacteriorhodopsin confirmed that 2DP located close to its
membrane-spanning helices®, and the glycolipid S-DGD was observed in the lipid
annulus of bacteriorhodopsin®.. However, currently no research has demonstrated
the specific interaction between these two lipids and rhodopsin. We assumed that

2DP and S-DGD were non-specific bound lipids remaining from purification.

The native MS spectra of lipodisgs were quite different to those of detergent micelles.
Comparing the spectra of bacteriorhodopsin in lipodisgs and proteomicelles, several
forms of bacteriorhodopsin were observed in the detergent environment, but not
detected in the lipodisq sample (Figure 3-9 A and B). As illustrated in Figure 3-9, most
of these forms were immature precursors and may not be present in the membrane.
For archaerhodopsin-3, despite exogenous DMPC, both 2DP and S-DGD binding
were identified in the spectrum of lipodisq in Figure 3-9 C, but only S-DGD binding
was found in rhodopsin in detergent (Figure 3-9 D). Since the lipodisq was from the

direct insertion of SMA co-polymer into the membrane, a comparison with the mimic
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detergent micelle shows the lipodisq is a more reliable method to reveal the actual

state of embedded membrane protein as well as interactions between lipid and

protein.
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Figure 3-9 The native MS spectra of rhodopsins in DMPC lipodisq and OG micelle. A and B, the
comparison of native MS spectra of bacteriorhodopsin in lipodisq and micelle. Different forms of apo
bacteriorhodopsin detected in spectra were identified and shown in the schematic below the spectra. C
and D, the comparison of native MS spectra of archaerhodopsin-3 in lipodisgs and micelles. The apo
form of rhodopsin and the binding adducts were assigned and labelled (orange filled circle, rhodopsin;

green triangle, DMPC; pink triangle, 2DP; blue square, S-DGD).
3.3.2 MdtK in native lipodisq

In contrast to rhodopsin above, native MS was for the in-house native lipodisq of
MdtK and a well resolved spectrum was obtained (Figure 3-10 A). The assigned mass
of MdtK lipodisq was 102.68 kDa, more than two times greater than that of delipidated
MdtK in the DDM micelle (Figure 3-10 B, 50.55 kDa). The most intense charge state
was isolated to identify the species observed in the spectrum of lipodisq (Figure 3-10
C) and dissociated by high collisional energy. The species observed in Figure 3-10 A
was composed of two monomers with a mass consistent with that of MdtK, and two
bound small molecules with a mass around 787 Da (Figure 3-10 D). According to the
analysis of MdtK in progressive delipidation in the previous chapter, this bonding

molecule could be a PG lipid.

Therefore, similar to the lipid regulating the stoichiometry of LeuT and NhaA®3, we
presumed that MdtK exists as a PG mediated dimer in the native environment, which
has not yet been reported. In native lipodisq, this character was preserved by the
direct solubilisation of SMA co-polymer. In contrast, in the protocol we used for
membrane solubilisation in the previous chapter, the introduction of detergent may
interrupt the interaction between MdtK and PG, leading to the dissociation of dimeric

MdtK. Since no dimer signal was detected from the native MS spectra of exogenous
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PG binding with MdtK as shown in Figure 2-11, we proposed that the PG binding with

monomeric MdtK cannot induce MdtK dimerisation in a DDM detergent environment.
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Figure 3-10 The native MS spectra of MdtK in native lipodisq and DDM micelle. A and B,
comparison of native MS spectra of MdtK in lipodisgqs and micelles. The apo form of monomeric MdtK
(orange filled circle) in 0.02% DDM was assigned in B. The signal of lipid bound species highlighted in
A was isolated and dissociated by extended voltage as described in the Methods, and the spectra
were recorded in C and D respectively. The two lipid bound dimeric MdtK was identified by the MS/MS

spectra in D.

To confirm the role of PG in the oligomerisation of MdtK, we investigated the
stoichiometry of MdtK in a PG-deficient environment. We produced a mutant E. coli
UES54 strain lacking genes for PG synthesis®*, which also affects the downstream
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formation of CL**®. As the T7 driven plasmid pET-28a cannot work in the K-12 strain
UES54, the protein gene was transferred into a pBAD vector for expression. We
successfully harvested MdtK from UE54. The lipidomic analysis confirmed that no PG
was present in the cell membrane (Figure 3-11 C, top panel), and the minor
component PA enriched to maintain polar localisation of anionic lipids in the cell

membrane instead of PG and CL.%’
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Figure 3-11 The purification of MdtK PG-deficient lipodisq. A and B, the SEC purification of MdtK
lipodisqg prepared from UE54 strain. The fractions containing different signal peaks in chromatogram (A)
were highlighted and analysed in SDS-PAGE (B), labelled with the same colour as in A. The indicated
bands in B were subjected to LC-MS/MS based proteomic identification. C, the LC-MS spectra of
phospholipid species in MdtK PG-deficient lipodisq and membrane of E. coli (UE54) cells

overexpressing MdtK. Lipidomics was performed following the procedure described in Section 2.7.
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Compared with the native membrane, the PG-deficient membrane was far more
difficult to solubilise by the SMA co-polymer. In the C43 strain, the membrane
became clear just several minutes after the start of incubation. However, the
PG-deficient membrane remained cloudy until the incubation ended, and more
insoluble residues remained through the subsequent centrifugal filtration. However,
we still obtained lipodisq containing MdtK from the UE54 strain (confirmed by
SDS-PAGE in Figure 3-11 C), with divergent particle sizes similar to that in the C43
strain (Figure 3-11 A). The formed PG-deficient lipodisq displayed an identical lipid

composition as the original membrane in Figure 3-11 C.

As with the solubilisation process, the disruption and removal of the bulk lipids in
lipodisgs using native MS were hard to achieve. Currently, we have not obtained a
well-resolved native MS spectrum, and we are therefore adjusting conditions and
parameters. When we are able to confirm that MdtK exists in a PG-deficient
environment as a monomer using native MS, it will be possible to examine the

selectivity and specificity of PG species in mediation of the oligomerisation of MdtK.

3.4 Conclusion

We developed a method of using SMA co-polymer to solubilise membrane proteins
directly from the expressing cell membrane in this project, achieving native lipodisq
formation and purification on a range of important membrane proteins, including
transporters and GPCRs. Importantly, we also proved that this novel detergent-free
particle is a potential candidate for native MS study. As displayed in the native MS
spectra above, in some cases, rhodopsin and MdtK for instance, membrane proteins

behave differently in lipodisqs and micelles. Compared with a mimic environment in
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detergent micelles, native lipodisqs preserve the original state of the membrane
protein and recent lipid cohort®”*8, By using native MS and relevant biophysical
techniques, we are able to gain a better understanding of the lipid effect on the
conformation and function of the membrane protein in vivo from inspecting native

lipodisgs.

However, the properties of SMA co-polymer limit the application of lipodisq for
membrane protein study'**®. Currently, a series of SMA derivatives have been
developed and subjected to protein solubilisation'®. In contrast to conventional SMA,
these functional group modifications provide a wider pH range and polyvalent cation

18,19,38

tolerance , which expands the use of the lipodisq method in membrane protein.

The possibility of studying these new lipodisgs via native MS is also being assessed.

3.5 Methods

Native lipodisqg of membrane protein preparation and purification. SMA (2:1)
co-polymer was hydrolysed from styrene/maleic anhydride polymer (67:33, SMA2000,

913 For membrane

Polysciences) and stored according to published protocols
solubilisation, SMA (2:1) co-polymer was dissolved in SMA buffer (50 mM Tris, pH8.0)
to make 10% solution. The membrane fraction was diluted to roughly 8.5 mg/ul with
solubilisation buffer (50 mM Tris, 500 mM NaCl and 10% glycerol, pH 8.0). The two
solutions were mixed in a volume ratio of 1:1 and incubated at 37 °C with rotation.
The mixture was filtered through 0.22 pym filter paper to remove unsolubilised
residues. Lipodisqs of membrane protein were purified by IMAC and SEC

chromatography in FPLC at 4 °C. 0.05 times of total volume (V) cobalt agarose beads

were prewashed with IMAC buffer A (50 mM Tris, 250 mM NaCl and 5% glycerol, pH
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8.0) and added into the mixed solution, incubating overnight with rotation. Then the
mixture was loaded into an empty gravity flow column, washing with 3V of IMAC
buffer A, and eluted with 0.2V IMAC buffer B (50 mM Tris, 500 mM NaCl, 500 mM
imidazole and 10% glycerol, pH 8.0). The collected sample was concentrated at 5000
g in a concentrator (100 kDa) and filtered for purification in an SEC column (Superdex
200 increase gel-filtration column) with SEC buffer (50 mM Tris and 150 mM NacCl,

pH 8.0). Purified lipodisqs of membrane protein were stored at 4 °C.

MdtK-GFP expression in PG-deficient E. coli strain UE54. The cells of UE54 strain
(Host: E. coli K-12 MG 1655, Genotype: Ipo-5508 Aara-714 rcsF:: miniTnlOcat
ApgsA:: kan, supplied by Matsuoka lab, Saitama University) was made into calcium
competent cells according to the established manual from the Krantz lab®.
MdtK-GFP gene was inserted into a pBAD22 vector from a pET-28a vector following
the protocol of the commercial polymerase chain reaction (PCR) kit (Phusion® Hot
Start Flex DNA Polymerase)*, and transferred in UE54 competent cells for
expression. A tip of UE54 cell colonies was mini-cultured in 5 mL of (LB)
supplemented with 0.05 mg/ml kanamycin sulphate at 37 °C with 180 RPM for 12 h,
and 0.5 ml of cells was added into 100 ml LB supplemented with 0.05 mg/ml
kanamycin sulfate to preculture overnight at 37°C with 180 RPM. Then 5 ml of
precultured cells grew in 1 L LB supplemented with 0.05 mg/ml kanamycin sulfate at
37 °C with 180 RPM for 4 h (OD (D600) around 0.3 finally). Protein expression was
induced by addition of 0.2% L-arabinose, and incubation continued for another 3 h at
37 °C. The cell membrane was harvested and stored following methods in Section

2.7.
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Native mass spectrometry. For MS analysis, lipodisqs of membrane proteins after
SEC purification were buffer exchanged into MS spray buffer using the biospin
column (Zeba™ Spin Desalting Columns, molecular weight exclusion limit 40 kDa).
Spray buffer was 200 mM ammonium acetate (pH 8.0). The sample was introduced
into a modified Q-Exactive mass spectrometer (Thermo) and ions were transferred
into the HCD cell following a gentle voltage gradient as detailed in the description
Section 2.7. The spray voltage was maintained at 1.4 kV at a temperature of 200 °C,
and the optimised acceleration voltage was 100 V for HCD cell*:. The collisional
dissociation was performed with the voltage ramp from 0-150 V in HCD cells with 100
V for in-source trapping and 50 V for source fragmentation*®. Backing pressure was

maintained around 1.00 x 10™° mbar. Data were analysed using Xcalibur 2.2 SP1.48.
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4 Using mass spectrometry study a mycobacterial

respiratory supercomplex

4.1 Introduction

Respiration is one of the most vital biological processes in almost all life forms. During
respiration, electrons are transferred from electron donors to acceptors via an
electron transport chain. ATP is synthesised by the proton gradient and provides
energy for most cellular reactions®. In the respiratory chain, multiple membrane

oxidoreductases are assembled into supercomplexes to regulate the process.

The target prokaryotic respiratory supercomplex from mycobacterium smegmatis (M.
smegmatis) comprises two oxidoreductases: bcc-type complex Il (cytochrome c
domain fused bcs-type ubiquinol: cytochrome c oxidoreductase) and aas-type
complex IV (cytochrome c oxidase). The Cryo-EM study reported in H. Gong et al.
revealed that the supercomplex CIII-CIV is in a linear dimeric arrangement of
CIV1-CllI,-CIV4, where the central Clll homodimer is flanked by a CIV monomer at
each side (Figure 4-1 A)%. As shown in Figure 4-1 B, Clll complex is composed of
QcrA, QcrB and QcrC three subunits with 3, 8 and 1 transmembrane helices,
respectively. CIV complex consists of six subunits, CtaC, CtaD, CtaE, CtaF, Ctal and
CtaJ, and the last two are new components identified in M. smegmatis. There are 2
transmembrane helices from CtaC, 12 from CtaD, 5 from CtaE, 4 from CtaF and 1
from CtaJ. Besides, two novel subunits LpgE and PRSAF1 are assigned within the
interface between Clll and CIV (Figure 4-1 A), together with numerous phospholipids
to mediate their interactions (Figure 4-1 B). Additionally, a superoxide dismutase

subunit SodC is observed at the top of the Clll complex dimer, at the periplasmic face
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(Figure 4-1 A), protecting the respiratory system against reactive oxygen species

formed by ClIl complex (Figure 4-2)2,

Periplasm

Inner membrane

Cytoplasm
90° = ey
Cin & E cIv '
—% jo-ca o Jocc I 'rmm.

\,',' . o e

0.01 .‘ 2. L 7 !,
:2..5 ‘g.. 1. Q.‘I’g_ e ‘2.3‘9 4
h.?g,! o % eg0 it mel, '“
; 111’ 2.:8 e o8 _% I". ‘...( :

h i @

Figure 4-1 The overall structure of the bcc-aas type respiratory CIII-CIV supercomplex from
Mycobacterium smegmatis (PDB ID: 6ADQ). A, the cryo-EM map of the supercomplex shows a
linear twofold dimerised form of CIV,—CIII,—CIV; from the side view (top) and the top view (bottom).The
complex CIII, CIV and protein LpgE, PRSAF1, SOD are coloured respectively (orange, CIlI; purple,
CIV; blue, LpqE; green, PRSAF1; gray, SOD). B, Representation of the supercomplex from the side
view (top) and the cross-section view (bottom). The subunits are labelled with the colour displayed
(middle). The binding MKs and phospholipids in the side view are presented as bright green coloured
solid spheres and yellow sticks. The boundary of the supercomplex is depicted with dashed lines in the

corresponding colour used in A. Figures are from H. Gong et al. .

The cryo-EM study also demonstrated the full electron transfer pathway within the
respiratory supercomplex (Figure 4-2). Starting from the electron donor menaquinol
(MKH>) binding in CIII, one electron is transferred via the [2Fe-2S] cluster, heme cpp,

heme cp;, Cua, heme a in turn and arrives at the terminal heme as:Cug reaction
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centre in CIV for oxygen reduction into water. The other electron from the same donor
is passed to heme b, then heme by and finally to the menaquinone (MK) for
hydrogenation to complete the Q-cycle in the same subunit. The whole process of
electron translocation between prosthetic groups is buried inside the integral complex

without cytochrome c shuttle and conformational transition?.
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Figure 4-2 Schematic diagram of the electron transfer pathway in the bcc-aas type respiratory
CIII/CIV supercomplex from Mycobacterium smegmatis. The electrons donated from MKH, are
transferred from Clll to CIV for oxygen reduction and MK via heme b groups to accomplish Q cycle in
Clll complex. The entire respiratory reaction is attached. The diagram also displays the scavenging

mechanism of superoxide dismutase complex on reactive oxygen species. Figure is from H. Gong et

al?.

However, some details of the supercomplex components cannot be observed directly
using the cryo-EM method. For instance, the types of bioactive lipids inside the
supercomplex are deduced from the density map of Cryo-EM, since their length and

the degree of unsaturation are still unknown. For a better understanding of the
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electron translocation in the bcc-aas type respiratory supercomplex of mycobacteria,
this chapter looks at the application of MS in the investigation of the supercomplex.
To verify the identity of each component, we firstly use MS to determine the exact
molecular weight of the protein subunits and the bound lipid molecules in the
supercomplex. Secondly, native MS is also used to inspect the protein-protein and
protein-lipid interactions, and these are then compared with those observed within
cryo-EM. The analysis of component identity and complex structure using MS is
expected to assist in the further study of the respiratory supercomplex of

mycobacteria.

4.2 The identification of supercomplex CIllI-CIV subunits

By optimising parameters in the native mass spectrometer, we successfully obtained
the fully-resolved spectrum (Figure 4-3 A) of the complex with a determined mass of
873.44 kDa, which is much larger than the value of structural model (c.a. 720 kDa)?.
According to the SDS-PAGE hydrolysis and in-gel proteomics in Figure 4-3 B, the
identification of the known subunits confirmed the high purity of the supercomplex in
the sample for native MS, proving that the assigned species with the very large mass
is the intact supercomplex CIII-CIV. It is worth noting that there are additional protein
bands in gel absent in the current model. Therefore we proposed that besides the
contributions of the co-purified lipid species and detergents surrounding the
supercomplex, it is possible that there are unidentified subunits presenting in the

supercomplex system.
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Figure 4-3 The identification of the supercomplex CIII/CIV by mass spectrometry. A, the full
native MS spectrum of the intact CIII,CIV,SOD, supercomplex in MS buffer containing 0.02% DDM.
The intact supercomplex was assigned in the amplified inset spectra. B, SDS-PAGE analysis of
purified supercomplex from SEC. The bands of labelled subunits were subjected for LC-MS/MS based
proteomics identification. C and D, the representative spectra of the subunits identification via two
different approaches: denaturing LC-MS (C) and native MS (D). Signals of identified subunits were

labelled and assigned in the spectra.

To interrogate the supercomplex components, their stoichiometry and interactions,
we attempted to isolate and dissociate the charge state of the intact supercomplex.
However, the dissociation was so difficult that we did not record the species with
smaller mass in the MS/MS spectrum even with the application of the highest

possible voltage of the HCD cell. Therefore, we introduced a novel denaturing LC-MS
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method for the determination of subunit molecular weight. Without preinjection
acidification or resuspension, the native-state supercomplex was subjected to the
LC-MS, and the integration was denatured into smaller subunits and peptide
fragments. Different components were separated using a chromatographic column
and analysed by the subsequent MS, similar to the reported rapid LC-MS method for
membrane protein accurate molecular weight determination®. As shown in the
representative spectrum of Figure 4-3 C, only QcrA and SodC were well-resolved in
this spectrum due to the different retention time of subunits in the column. In the
region of 800—1000 m/z, QcrA was observed to possess adductive peaks of
additional 510 Da, which was confirmed as DDM detergent. In the region of over 1200
m/z, we detected the presence of SodC with multiple levels of glycosylation, which
will be discussed in the next section. Using the denaturing LC-MS method, we
successfully identified ten of the twelve subunits of the supercomplex with an error

margin of less than 5 Da (Table 4-1).

In the meantime, the native MS condition was adjusted for the acquisition of the
signal from subunits. A relatively low sample concentration was used as the
assembled subunits tended to disperse in low concentration. For complex
dissociation, higher acceleration voltages were applied in the instrument. Like the
procedure in progressive delipidation, a detergent screening by buffer exchange was
performed to select an appropriate detergent. We obtained native MS spectra from
several detergents, and identified eight subunits of the supercomplex in spectra from
five different detergents (Table 4-1). For instance, in the spectrum recorded from the
supercomplex in 2XCMC OG (Figure 4-3 D), CtaF, Ctal and QcrA were clearly

resolved and assigned, and Ctal was also observed in the spectra of CgE4 and LDAO.
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Molecular weight (kDa)
Theoretical Denaturing
Protein Name Value Built in Model LC-MS Native MS
QcrA 46.33 42.16 44.01 44.11
QcrB 60.21 59.05 59.25
QcrC 30.82 23.16 24.59 24.72
PRSAF1 11.32 10.45 11.04
CtaC 38.04 35.17 36.24
CtaD 64.11 61.69
CtaE 22.18 22.18 22.09 22.09
CtaF 15.17 15.17 15.19 15.20
Ctal 15.90 14.80 15.77 15.78
Ctad 8.35 7.18 8.38
SodC 23.21 21.20 23.00 23.00
LpqE 19.11 15.25 16.60 16.61
9.39
p
24.17

Table 4-1 Identification of the supercomplex CII/CIV subunits by mass spectrometry. The
theoretical and modelling molecular weights of subunits were calculated based on the published
sequence and structure of the supercomplex (PDB ID: 6ADQ)?. The masses of subunits were acquired
in denaturing LC-MS and native MS following the protocols described in Section 4.6. The mass of
SodC determined by MS was the lowest mass of glycosylated SodC assigned in the denaturing and

native MS spectra respectively.

The molecular weights of the supercomplex subunits determined by denaturing

LC-MS and native MS are listed in Table 4-1. QcrB and CtaD were not observed in
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the LC-MS spectra. These two subunits have the largest masses and number of
transmembrane helices (12 for QcrB, 8 for CtaD) among the twelve identified
subunits. Therefore, we supposed that the current protocol was not ideal for the
elution of these proteins with high hydrophobicity. Some chromatography conditions
could be optimised for hydrophobic proteins, such as extending the gradient elution
time, switching to the column with higher resolution, and increasing the eluent
strength. Relatively high column temperature and low buffer pH could be examined
for the improvement of complex dissociation. It should be noted that these condition
adjustments may affect the separation and identification of other more hydrophilic
proteins. Additionally, unlike the signal of plastic contamination, the subunits of the
supercomplex eluted with limited efficiency. Obvious carryover was observed in the
subsequent runs after protein injection, which was reported previously*>. Compared
to denaturing LC-MS, more subunits were not detected in native MS spectra
(PRSAF1, CtaC, CtaD and CtaJ). With the exception of QcrB and LpgE, each of the
remaining six subunits was confirmed in the spectra from at least two types of
detergent. Meanwhile, ligand bound species, subunit associations and
stoichiometries were also recorded through native MS, which will be discussed in the

later sections.

As shown in Table 4-1, there were seven subunits (QcrA, QcrC, Ctak, CtaF, Ctal,
SodC and LpgE) identified by both denaturing and native MS, and the mass
differences between the two methods were quite small. Considering the presence of
non-covalent adducts in the sample, in QcrA and QcrC, the mass obtained in native
MS was marginally greater than that from denaturing LC-MS. In addition to the known

subunits of the supercomplex, we also identified several species with unmatched
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mass by the two methods. We cannot confirm that these species were subunits of the

supercomplex as this is not supported by other methods or structural information.

Next, the molecular weights of the supercomplex subunits determined by MS were
compared with the corresponding values in the theoretical and structural model. In
the case of Ctak, CtaF and SodC, the masses from the sequence, modelling and the
two MS methods were almost identical, demonstrating the feasibility and accuracy of
molecular weight identification by denaturing LC-MS and native MS. For Ctal, CtaJ
and PRSAF1, the result using MS was similar to the theoretical value, indicating that
the flexible residues were overlapped by the moieties of vicinal subunits in modelling.
Conversely, the experimental mass of QcrB is closer to the modelling value, showing
that the invisible sequences in the crystal structure might be truncated in PTM.
However, in QcrA, QcrC, CtaC and LpgE, their experimental molecular weights were
between the theoretical values and those of models. Our calculation revealed that the
experimental masses of these subunits were consistent with the theoretical molecular
weight of unmodelled, truncated residues at the sequence terminus of each subunits:
QcrA, 20 residues off at N-terminal; QcrC, 57 residues off at N-terminal; CtaC, 14
residues off at N-terminal and 3 residues off at C-terminal; LpgE, 23 residues off at

N-terminal and 2 residues off at C-terminal.

In summary, despite the effect from the unidentified subunit CtaD, the actual
molecular weight of the supercomplex was still much smaller than the detected mass

of the whole complex using native MS. Further optimisation of denaturing LC-MS and

123



native MS could be used, potentially together with other biochemical assays to

investigate the potential additional subunits.

4.3 Lipidomic analysis of supercomplex CllI-CIV

4.3.1 The lipid composition of the supercomplex
Lipidomic analysis was performed to examine the co-purified lipids of the
supercomplex. 8 PE species, 4 phosphatidylinositol (PI) species and 26 CL species
were extracted from the respiratory supercomplex CIII-CIV, with no other class of
phospholipids detected by LC-MS (Figure 4-4). Independent lipidomic analysis
confirmed that the majority of lipids in the purified supercomplex were PE, Pl and CL?;
the dominant species in each type of lipid corresponds to the intensive peaks in the

spectra we obtained in Figure 4-4.

As mentioned above, phospholipids, especially CL are known to play an important
role in the assembling and stabilisation of supercomplexes®. According to the
structure built in H. Gong et al., 4 PE, 8 Pl and 18 CL are identified to attach the
transmembrane space of the dimeric supercomplex®. Among these lipids, two PE
molecules are located in the cavity formed by two monomeric Clll complexes, and
four CL molecules are observed to fill the large space between CIIl and CIV, which

may contribute to the stability and assembly of the supercomplex (Figure 4-1 B).

Additionally, some PE species were detected in the denaturing LC-MS spectra of the
supercomplex with a low resolution and intensity, which was also reported in the rapid

LC-MS method®. As the denaturing method was developed for molecular weight
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determination of the membrane protein, the lipid information from the denaturing

method was not utilised for the lipidomic analysis of the supercomplex.

Lipid Identification in LC-MS (negative mode)
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Figure 4-4 The lipidomic analysis of the supercomplex CII/CIV. The LC-MS spectra of
phospholipid and CL species extracted from the supercomplex. PE, Pl and CL species are labelled
with brown, green and red triangles respectively. The lipid species extracted from the supercomplex
present in the spectra are listed on the right hand side. Lipidomics was performed following the

procedure described in Section 2.7.

4.3.2 Menaquinone identification
As the key electron carrier in respiratory electron transport systems, menaquinone
(MK) and its derivatives from the respiratory supercomplex were identified in LC-MS
in positive ion mode. Five variants of MK were detected in the MS spectra, and four of

them were partially saturated species (Figure 4-5 A, C and D). MK-9(H,) was the
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predominant molecule, and only traces of the unhydrogenated species MK-9 was

observed in the supercomplex (aligned with pure MK-9 in Figure 4-5 B). This result is

supported by previous research, demonstrating that MK is the only electron carrier in

the electron transport system of mycobacteria, and the majority species in

mycobacteria is MK-9(lI-H,)"®. The MK-9(lI-H,) molecule possesses a side chain of

nine isoprene units with one double bond hydrogenated at the B-position unit®.

Menaquinone Identification in LC-MS (positive mode)
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Figure 4-5 The identification of variants of MKs in supercomplex CIII/CIV. A, C and D, the LC-MS

spectra of various MK species extracted from the supercomplex. B, the LC-MS spectrum of

commercial pure MK-9 supplied by collaborators. The MK's identification was performed in positive ion

mode following the lipidomic analysis protocol in Section 2.7.
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The discussion in the previous section revealed that the binding MK molecules are
involved in the electron translocation in the respiratory supercomplex. In the structure
of dimeric CIIl complex displayed in Figure 4-8 D, the reductive menaquinol (MKH>)
bound site on QcrB, supplies electrons for oxygen reduction in CIV and MK reduction
at Qy in ClII>. Based on the research from our collaborator, the edge-to-edge
distances from MKH, to downstream heme b_ and [2Fe-2S] cluster, and MK to
upstream heme b, are 16, 13 and 5 A respectively, which are short enough for the

electron passing.

It was worth noting that the amount of partially saturated MK variants was much more
than that of unsaturated ones in the supercomplex. Previous research has reported
that the efficiency of electron transport in mycobacteria is increased by the reduction
reaction in the biosynthesis process via reductase MenJ, converting MK to MKH,,
which provides the endogenous electron donor for the respiratory supercomplex™®. In
summary, this mechanism regulates the composition of the MK pool in mycobacteria,

maintains the respiratory state, and additionally, affects the bacterial survival'®**,

4.4 Use of native MS to investigate the components of

supercomplex CIII-CIV

4.4.1 The periplasmic superoxide dismutase SodC in the supercomplex
Despite the molecular weight of subunits from the supercomplex, native MS was able
to provide information on the subunits and their interactions in the system. In Figure
4-6 A, native MS identified a glycosylated dimeric protein component SodC, which
was also observed on the periplasmic side of the CllIl complex dimer in the EM map

(Figure 4-1). Collisional dissociation was performed on the most intense peak in

127



Figure 4-6 A for the stoichiometry of SodC, and the dissociated signal in the MS/MS
spectrum under high energy confirmed the presence of dimeric SodC in the
supercomplex (Figure 4-6 B, bottom). Moreover, the native MS spectrum of dimeric
SodC clearly displayed the extensive glycosylation and the copper-binding of SodC in
the supercomplex. In the inset spectrum in Figure 4-6 A, the neighbouring major
peaks of charge state 13+ differed by 162 Da, which corresponded to a hexose unit.
Variable levels of glycosylation were observed, with the protein cofactor copper ion
attached to SodC in each glycosylated state. The pattern of monomeric SodC (5+
charge state) revealed three major and two minor SodC glycoforms existed in the
supercomplex, which was also identified in the SodC spectrum from the denaturing
LC-MS (Figure 4-3 C). According to the previous research on SodC using
Mycobacteria tuberculsis (M. tuberculsis), SodC was O-glycosylated with mannose
on Thr and Ser residues in the region near the N-terminal*®>. Therefore, considering
the sequence similarity of SodC in the two mycobacteria in Figure 4-6 C, it is
proposed that the SodC of the supercomplex from M. smegmatis is modified with
mannose at the N-terminal portion, and the four potential specific glycosylation sites

were highlighted in the 3D density map?.

The Cu/Zn containing superoxide dismutase is a key enzyme for the survival of
bacteria, providing local protection against oxy-radical damage by endogenous
and/or exogenous reactive oxygen species'?**. As an integral part of this respiratory
supercomplex, the assembled SodC was reported to preserve superoxide dismutase
activity?, similar to the other mycobacterial superoxide dismutases associated with
the membrane and respiratory supercomplex***°. According to the previous study on

M. tuberculsis SodC, its enzymatic activity is not affected by the N-terminal
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O-glycosylation*?. Therefore, we assumed that the catalytic activity of SodC may not

be directly influenced by the state of glycosylation.
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Figure 4-6 The glycosylation and dimerisation of superoxide dismutase SodC in the
supercomplex. A, the native MS spectrum of SodC in MS buffer containing 0.02% DDM. The
glycosylation and copper-binding were identified in the amplified insect spectrum. The signal of dimeric
SodC labelled in the insect spectrum in A was isolated and dissociated by extended voltage as
described in the methods, and the spectra were recorded in B. C, the cryo-EM density of monomeric
SodC from published research’. A sequence alignment of the N-Terminal clustering of the
O-glycosylation sites in the SodC from M. smegmatis and M. tuberculsis. Based on the previous
research on SodC™, the specific glycosylation sites were identified and amplified in violet circles.
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4.4.2 The supercomplex subunits association
As discussed in the previous section, using the native MS, we observed that the
functional subunit SodC was present in the supercomplex as an assembled dimer
(Figure 4-7 A). Meanwhile, other associated subunits were also identified in the native
MS spectra. In Figure 4-7 B and C, we obtained the spectra of the intact CIV complex
and dimeric Clll complex. The mass of Clll dimer identified by native MS matches the
sum of the molecular weight of QcrA, QcrB and QcrC subunits. For CIV, although the
molecular weight of CtaD subunit was not confirmed by MS, we estimated the mass
of the CIV complex with the theoretical value of CtaD and obtained the molecular
weight of other subunits, which is consistent with the mass captured as integral in
native MS. In contrast to SodC, the signal of the two assembled complexes was

relatively weak, and no dissociated subunit was recorded in the spectrum.

With reference to the revealed structure of the supercomplex (Figure 4-7 D), the CIV
complexes were located on each side of the central Clll dimer in a symmetrised linear
arrangement. In the supercomplex, the assembly and stability of the associated
architecture were contributed from phospholipids located around the TMD of Clll and
CIV and the interface between ClIl and CIV®. As revealed in the cryo-EM study, few
lipids were found to fill the space between the intrinsic subunits of Clll and CIV,
indicating a compact integration inside the two complexes®. In contrast, SodC linked
to the TMD of CIIl complex via its lipid modified N-terminal fragment, allowing a
flexible orientation for the subunit in the periplasm (Figure 4-7 D). Therefore,
compared with the associated Clll and CIV complexes, the soluble SodC assembly is

much easier to be identified and dissociated with native MS.

130



A Subunits Dimerisation B Subunits Association

1007 o 6 1001 . © 164.97 kD
Q0 12+ © Monomeric SodC o v (-CtaCDE?FIJ)
©O Dimeric SodC
26+
o 24
= = 23+
o
0 T T T T T T 0 T T T T T
3250 3500 3750 4000 4250 4500 miz 6000 6200 6400 6600 6800 m/z

C Complex Dimerisation 33+
1007 ® ®

256.93 kDa
Dimeric CllI
34+ (QcrABQ)
[ J
32+
35+ o
3 [ J

0 T T T T T T T
7000 7200 7400 7600 7800 8000 8200m/z

Figure 4-7 The association of supercomplex subunits. A, the native MS spectrum of monomeric
and dimeric SodC in MS buffer containing 0.02% DDM. B, the native MS spectrum of CIV complex in
MS buffer containing 0.007% DMNG. C, the native MS spectrum of dimeric Clll complex in MS buffer
containing 0.02% DDM. D, the arrangement of CIll, CIV complex and associated SodC in

supercomplex. Protein LpgE and PRSAF1 were not shown.

4.4.3 The prosthetic groups in supercomplex
Native MS also provided information of the bound prosthetic groups. In Figure 4-8 A,
CIV complex was identified with an adduct with a mass over 1.65 kDa. Considering
the mass of the bound prosthetic groups and phospholipids of CIV (Figure 4-8 C), the
adduct binding species should be a di-heme a CIV complex. Similarly, CllII subunit
QcrB bound with two heme b was also identified in the native MS spectrum in Figure

4-8 B.
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Figure 4-8 The prosthetic groups binding in the supercomplex CII/CIV. A, the native MS spectrum
of CIV complex binding with two heme a in MS buffer containing 0.007% DMNG. B, the native MS
spectrum of subunit QcrB binding with two heme b in MS buffer containing 0.02% DDM. C and D, the
spatial location of relevant prosthetic groups in CIV and CIIl complex respectively. Figure is from H.

Gong et al.”.

Our results were supported by observations in cryo-EM. As shown in Figure 4-8 C
and D, the prosthetic groups heme a/az and heme by/b. were identified in CIV and
Clll complex respectively, playing important roles in the electron transfer in the
supercomplex. The complete electron transfer pathway in this respiratory CIlI/CIV
supercomplex was illustrated in the published paper of H. Gong et al. In the
mechanism they proposed (Figure 4-2), heme b, receives one electron from donor

MKp and delivers it to receiver MKy via heme by. The edge-to-edge distance between

132



the two heme b groups is 12 A, which ensures the electron translocation in QcrB
subunit. Within CIV, the electron from Cuain QcrC is transferred through heme a to
the coordinated group heme az-Cug, the oxygen reduction centre. The short distance

between the two heme a groups (13 A) allows the rapid inter-heme electron transfer.

45 Conclusion

The accurate masses of supercomplex components were obtained by MS
approaches. We confirmed the molecular weights of protein subunits in both native
and denaturing methods, and the results are identical. However, some values are
quite distinct from the structural model based on cryo-EM density map, indicating that
residues that superimpose in complex structures interfere with the cryo-EM
observation, which may affect the identification of critical structures or adducts.
Lipidomics identified the lipid composition of the transmembrane complex. Combining
this information with their location illustrated in cryo-EM, we are able to figure out the

function of binding lipids in the mechanism of the respiratory supercomplex.

As a powerful technique to investigate intact membrane protein assemblies, native
MS revealed the interactions of the components inside the respiratory supercomplex,
including interactions between protein and protein, and protein and small molecule. In
contrast to the spatial location directly observed by cryo-EM, the interactions
maintained in native MS are important in the structure and function of the

supercomplex.
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In summary, the study of the mycobacterial respiratory supercomplex showed that the
comprehensive understanding of protein assemblies can be achieved by the
application of cryo-EM coupled with MS methods. Cryo-EM directly profiles the
macromolecule and MS provides the intracomplex information of individual
components and their interactions. These findings provide a foundation for drug

design for disease caused by analogous bacteria.

4.6 Methods

Denaturing LC-MS analysis. The supercomplex fractioned from SEC purification
was loaded into a 5-pl sample loop using an autosampler by a full-loop method with
an overfill factor of 1.4, and then transferred to a 1-ul injection loop using a loading
pump at a flow rate of 5 pl/min with 99% LC buffer A (0.1% (v/v) formic acid) and 1%
LC buffer B (IPA: ACN: H,0 as ratio of 10: 9: 1, 0.1% (v/v) formic acid). The sample in
the injection loop was injected onto a monolithic column (ProSwift™ RP-4H,
Analytical, 100 ym x 25 cm, Thermo Fisher Scientific) using a nanopump at a flow
rate of 300 nl/min. The supercomplex was denatured and dissociated through the
monolithic column at 40 °C by a gradient starting from 99% LC buffer A and 1% LC
buffer B. After 3 min, LC buffer B was ramped to 99% over 32 min, and held for 10
min, then reduced to 1% again for 2 min. The column eluent was delivered via a
dynamic nanospray source to a hybrid LTQ Orbitrap mass spectrometer (Thermo
Scientific). The conditions used for acquisition were: spray voltage 1.8 kV and
capillary temperature 175 °C. The LTQ-Orbitrap XL was operated in positive ion
mode. Survey full-scan MS spectra were acquired in the orbitrap (m/z 350 - 2,000)

with a resolution of 60,000.
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Native mass spectrometry. The supercomplex fractioned from SEC purification was
buffer exchanged into MS spray buffer using biospin column (Zeba™ Spin Desalting
Columns, molecular weight exclusion limit 40 kDa). Spray buffer was 200 mM
ammonium acetate (pH 8.0) containing 2XCMC of relevant detergents. The sample
was introduced into a modified Q-Exactive mass spectrometer (Thermo) and ions
were transferred into the HCD cell following a gentle voltage gradient as the
description in Section 2.7. The capillary voltage was maintained at 1.2 to 1.4 eV at
temperature of 200 °C. The optimised acceleration voltage for intact supercomplex is
150 V and 100-120 V in the source and HCD cell, respectively. The collisional
dissociation of dimeric SodC was performed with the voltage ramp from 0-150 V in
HCD cells. Backing pressure was maintained around 1.20 x 10™° mbar. Data was

analysed using Xcalibur 2.2 SP1.48,
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5 Conclusion

Because of their dynamic and transient interactions, it is a challenging task to
describe a comprehensive profile of membrane proteins and their lipid environments.
However, recent developments in native MS have enabled the preservation of the
non-covalent interactions in integral membrane complexes, including protein-protein
and protein-lipid interactions, in the gas phase. This successful technique provides
high resolution and sensitivity in the mass analysis of macromolecules, allowing

interrogation of structure and function of membrane proteins.

As the most compatible membrane mimetics for native MS, detergents are utilised to
replace the lipids surrounding membrane proteins. Particles with fewer lipids are
usually preferred for MS, since they enable a better recognition of the target protein
and interrelated ligands. However, this method may lead to the stripping of critical
lipids from the protein and, as a result, alteration of its stability and activity. To sustain
and detect these non-specific protein-lipid interactions and understand membrane
proteins correctly, a progressive lipid removal process was proposed to control the
lipidation level of membrane proteins. The lipid shells of membrane proteins are
peeled off layer by layer by changing detergent conditions or prolonging the
incubation time. The stepwise stages of lipidation were captured by native MS. In
contrast to other reconstituted systems such as liposomes, bicelles and nanodiscs,
the lipoproteins obtained from progressive delipidation preserve their original
neighbouring lipid inside the detergent micelles, creating a more native-like mimetic

system. A full understanding of lipid identification, quantification and distribution can
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be obtained via LC-MS based quantitative lipidomics on the lipoproteins from different
stages of the delipidation. Moreover, with the introduction of other biophysical assays,
as delipidation proceeds, it is possible to observe the change in protein properties
and thus determine the impact of individual lipid components on the structure,

function and oligomerisation of the membrane protein.

Adjacent membrane lipids can also be stabilised using lipodisgs, an alternative
mimetic system. From an empty PC lipid disc to a native membrane protein lipodisq,
this recently developed method has proven promising in the interrogation of
protein-lipid interactions. The attractive advantages of novel lipodisqs method are as
follows: firstly, in contrast to other disc-based mimetics, lipodisgs are a detergent-free
system avoiding the detergent effect during extraction and purification. Furthermore,
although optimal lipodisq preparation varies slightly with different target membrane
proteins, compared to the time and cost involved using detergents, lipodisqgs offer a
relatively standard protocol for membrane protein isolation, which simplifies sample
preparation. However, despite successful application of lipodisgs in many biophysical
techniques, it is still a relatively new technique in native MS which may require
instrument modification for particle ionisation and liberation in the gas phase.
Additionally, the heterogeneous composition of the lipodisq leads to a more complex
spectra outcome, and therefore, better resolution and deconvolution are required for

spectra interpretation.

MS can, however, be combined with other techniqgues and methodologies. Such a

mass-based method can provide additional information where visual resolution is

139



limited, for example in techniques like cryo-EM and X-ray crystallisation. In the
elucidation of the respiratory supercomplex, for example, MS can provide
confirmation of protein subunits and endogenous lipids as well as protein-protein and
protein-ligand interactions in the supercomplex. This kind of combination of

multi-technology gives a full-scale insight of complex biophysical systems.

In summary, MS is a powerful technique in the investigation of membrane
protein-lipid interactions. In our study, native MS coupled with LC-MS based
guantitative lipidomics is used to explore new analytical methods, examine novel
protein-lipid particles and profile a complex membrane protein system. Although there
is currently no one MS technology that allows investigation of all interactions between
membrane proteins and lipids, with the further development of instrument and
methodology, more and more applications of MS will expand into a wider research

field, informing drug discovery and human health.
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Abbreviation

2DP

ABC
ACN
ATP
BSA
CsE4
CCS
CID

CL
CMC
cryo-EM
CYMAL-6
DDM
DM
DMNG
E. coli
ESI
Fos-Choline-10
FPLC
GFP
GPCR
HCD

IM
IMAC

IPA

3-[(3-methylphosphono-glycerolyl)phosphonyl]-[1,2-di(2,6,10,14-
tetramethyl-hexadecan-16-yl]glycerol

ATP-binding cassette

Acetonitrile

Adenosine triphosphate

Bovine serum albumin

Tetraethylene glycol monooctyl ether
Collisional cross section
Collision-induced dissociation
Cardiolipin

Critical micelle concentration
Cryo-electron microscopy
6-cyclohexyl-1-hexyl-B-D-maltoside
n-dodecyl-B-D-maltopyranoside
n-decyl-a-D-maltopyranoside

Decyl maltose neopentyl glycol
Escherichia coli

Electrospray ionisation
n-Decylphosphocholine

Fast protein liquid chromatography
Green fluorescent protein

G protein-coupled receptor
Higher-energy collisional dissociation
lon mobility

Immobilised metal affinity chromatography

Isopropanol
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IPTG

LB

LC

LDAO

LMNG

LPS

M. smegmatis
M. tuberculsis
m/z

MALDI

MATE

MK

MKH,

MPLA

MS

MS/MS

MSP

nESI

NG

NMR

NTSR

oD

oG

OGNG

P. fluorescens

PC

Isopropyl B-d-1-thiogalacto-pyranoside
Luria Broth

Liquid chromatography
Lauryldimethylamine-N-oxide

Lauryl maltose neopentyl glycol
Lipopolysaccharide

Mycobacterium smegmatis
Mycobacterium tuberculsis
Mass-to-charge ratio

Matrix-assisted laser desorption ionisation
Multidrug and toxic compound extrusion
Menaquinone

Menaquinol

Monophosphoryl Lipid A (Synthetic) (PHAD®)
Mass spectrometry

Tandem mass spectrometry

Membrane scaffold protein
Nano-electrospray ionisation
n-nonyl-B-D-glucopyranoside

Nuclear magnetic resonance
Neurotensin receptor

Optical density

n-octyl-B-D-glucoside

Octyl glucose neopentyl glycol
Pseudomonas fluorescens

Phosphatidylcholine
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PDB
PE

PG

Pl

PTM
Q-ToF
RF

RP
RPM
RT
Salipro
SapA
S-DGD
SDS-PAGE
SEC
SMA
SMALP
SMAnNh
B
TMD
ToF

Triton X-100

uv

Protein Data Bank
Phosphatidylethanolamine
Phosphatidylglycerol
Phosphatidylinositol
Post-translational modification
Quadrupole Time-of-Flight
Radio frequency
Reversed-phase

Rotations per minute

Room temperature
Saposin-lipoprotein particles
Saposin A

Sulfated diglycosyl diether
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Size-exclusion chromatography
Styrene-maleic acid
Styrene-maleic acid lipid particle
Styrene-maleic anhydride
Terrific Broth

Transmembrane domain
Time-of-flight

a-[4-(1,1,3,3-Tetramethylbutyl)phenyl]-w-hydroxy-poly(oxy-1,2-e
thanediyl)

Ultraviolet

143



Acknowledgements

First and foremost, | very much appreciate my supervisor, Prof. Carol Robinson, for
providing me such an invaluable opportunity to know the extraordinary world of native
mass spectrometry. It has been a real honour to study under her support and

encouragement in my DPhil years.

| acknowledge with thanks to the mentorship from Dr. Cherine Bechara and Dr.
Hsin-Yung Yen in my research. Their patience and advice enlightened and

encouraged me to explore the unknown.

My thanks also go to all members from Robinson, Benesch and Baldwin groups.
Particularly, I am grateful to Dr. Tim Allison, Dr. Idlir Liko, Dr. Di Wu and Dr. Shahid
Mehmood for their guidance in experiments; Dr. Helena Hernandez, Dr. Todd Mize,
Ms. Lauren Crawley, Dr. Victoria Cullen and Dr. Andrew Dolan for the lab
management and maintenance; Dr. Victoria Beilstein-Edmands, Dr. Heidi Gastall, Dr.
Iva Pritisanac and Dr. Kin Kuan Hoi for their suggestions in DPhil life and study. | also
want to thank Joe, Mike, Jani, Mark, Miranda, Anna, Josh, Xingyu, Zihao and Siyun

for inspirations and discussions. It has been a pleasure to work with them.

| want to give my huge gratitude to the contributions of my collaborators: Professor
Anthony Watts from the University of Oxford provided lipodisq samples of rhodopsin;

Dr. Hiroshi Hara from Saitama University provided E. coli strain UE54; Prof. Zihe Rao

144



from Tsinghua University provided protein samples of respiratory complex. Many

thanks for their help and generosity.

Thanks to Xiao and Zheyu who took care of me in my illness, and my friends in the
online chatting group who cheered me up through the tough times. And finally, the
special appreciation is for my family and friends, especially my parents and cousin

sister Xue, for their unlimited support and love all the time.

From bottom of my heart, | thank them all profusely.

Thanks to Zhu Yilong & Bai Yu

In memory of the unreproductive summer in 2018

For Guardian

145



