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Abstract

Mass spectrometry in combination with ion mobility are utilised to characterise the
stability of membrane proteins in the gas phase and to elucidate protein-lipid
interactions. Detergents are most commonly used to transport membrane proteins from
solution into the gas phase. Using a set of membrane proteins solubilised in several
detergents, an ionisation mechanism of membrane protein-detergent complexes is
proposed. This suggests that detergents serve as charge carriers in both positive and
negative polarity. A better understanding of the underlying mechanism allows the
identification of detergents that are removed at low energies and reduce Coulombic
repulsion. The activation energy and charge density are found to be important
parameters that dictate the stability of membrane proteins in the gas phase, allowing

conditions to be found that preserve native-like conformations.

The stability of membrane proteins in the gas phase is also influenced by bound
lipids. Methods to identify endogenous lipids directly from membrane protein-lipid

complexes were developed. The stability provided by lipid binding is quantified

111



allowing the identification of lipids that enhance the stability of particular membrane
proteins. Ionic protein-lipid interactions are investigated in the context of variability in
pH. Protonation of acidic residues plays an important role in selectivity of lipid binding
and enhances the stability at low pH of active conformations present in physiological

conditions.

The methods developed are used to determine the oligomeric state of cytochrome ¢
oxidase, pushing the boundaries of what is possible with non-denaturing mass
spectrometry to the study of highly complex mammalian membrane proteins. By
preserving non-covalent interactions in the gas phase evidence of equilibrium between
monomeric and dimeric species of cytochrome ¢ oxidase is found. Mass deviations can
be attributed to a large lipid entity suggesting the role of lipids in stabilising the native
oligomeric state. Using conventional mass spectrometry methods new lipids and
phosphorylation sites are identified. Acetylation sites that have not been reported
previously were located in close proximity to the dimeric interface, suggesting a

potential role in stabilising this large dimeric interface.
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Chapter One: Mass spectrometry as a structural biology tool

The very first mass spectrometer, then called a parabola spectrograph, measured the mass
of molecules smaller than five atoms in size!; a hundred years later a mass spectrum of a
piece of complex biological machinery?> was recorded. This progression has made mass
spectrometry (MS) an indispensable tool in structural biology owning to its unparalleled

sensitivity, mass resolution and accuracy.

Initially MS was limited to identification of small molecules in the low thousands of
Daltons (Da) and with a simple fragmentation pattern; however with the invention of soft
ionisation techniques, improved mass analysers and detectors, MS gained a leading role in
identifying the primary structure of proteins and their post-translation modifications.> Later
developments demonstrated that even specific non-covalent interactions can be detected*?
making a small step for MS but a giant leap towards structural elucidation of protein-ligand
complexes and protein-protein interactions. A notable achievement was coupling ion mobility
(IM) with MS,® allowing not only determination of stoichiometry but also their topologies,
providing structural insight into the quaternary structure of protein complexes.” A major
advantage MS has relative to other analytical techniques is its versatility of sample
requirement, allowing interrogation of protein complexes isolated directly from the cell or
direct identification of therapeutics from tissues.® Recently MS has been shown to provide
structural information in the formidable case of membrane proteins,” providing insight to

their stability and interactions of lipids, peptides and drugs.'®

In this introduction, the focus is first placed on the principles of IM-MS and key
instrumental developments such as soft ionisation, collisional cooling, and optimised

quadrupoles for high-mass transmission, while modified Orbitrap technology and time of



flight (TOF) mass analysers are highlighted. These improvements helped guide MS into its

role in structural biology.'!"1?

1.1  Principles of mass spectrometry

At the core of mass spectrometry is the analysis of gas-phase ions and reporting them
based on the ratio of mass-to-charge (m/z). In the most simplistic form mass spectrometers

can be divided in three physical parts: the ion source, analyser and detector.

1.1.1 Ton sources

The sample is ionized and transferred to the gas phase in the ion source. lons are
produced via injection or capture of electrons, protonation or deprotonation, by adduct
formation with other species or gas-phase chemical reactions. A variety of ionisation
techniques, including liquid-phase and solid-phase ion sources, have been developed giving

the opportunity to generate ions from a variety of different sample types.

Typically ion sources are classified based on the energy that is transferred to the analyte
during the ionisation process. Electron, chemical are considered hard ionisation techniques,
usually generating small fragmented ions.'”> To preserve intact species soft ionisation

techniques have been developed which can ionise samples from a moderate mass range (up to

¢14

10,000 Da), such as fast atomic bombardment'* and to high mass range, up to tens of

)15,16

megadaltons as in the case of electrospray ionisation (ESI and matrix-assisted laser

desorption ionisation (MALDI).!”!® Other soft ionisation techniques include laser-induced

liquid beam ion desorption (LILBID)!" and desorption electrospray ionisation (DESI).2%2!

MALDI is performed in two steps, first the sample is dissolved in a matrix, an organic

solvent, typically sinapinic acid serving as a chromophore that adsorbs the laser irradiation.



Subsequently, under vacuum conditions, the dried sample is irradiated by an intense laser
pulse. The mechanism of ion generation via MALDI is yet to be elucidated, however it is
accepted that the energy generated by the laser is adsorbed by the matrix causing local
sublimation and ionisation of the sample. Usually, MALDI generates singly charged ions

allowing for direct mass measurements of complex samples.?

In contrast to MALDI, during ESI the analyte is introduced to the mass spectrometer in
solution. Typically, volatile buffers such as ammonium acetate or ammonium bicarbonate are
employed to increase the ionisation rate and minimise salt adduct formation. The solution is
passed through a capillary with a weak flux and strong electric field generated by a potential
difference between the capillary and cone (Figure 1.1). These are positioned orthogonal to
each other, giving rise to the so-called z-spray source arrangement, which minimises orifice
saturation by the solvent while allowing ions to be directed to the cone. Charges accumulate
in solution on the surface at the tip of the capillary and subsequently highly charged droplets
are formed.?>** As the surface tension of the droplet is broken the droplet shape forms the

2326 allowing the formation of daughter droplets that carry a charge

so-called Taylor cone
dependent on the surface tension of the solvent and droplet diameter, as defined by the
Rayleigh limit equation. This mechanism is cascaded, the smaller droplets form with an
estimated volume of 2% of the parent droplet but with 15% of their charge.?’ In the final
stages, as a consequence of further evaporation and desorption these highly charged droplets

give rise to gas phase ions. The ion formation mechanism is not completely elucidated. The

current proposed models are discussed in detail in the second chapter.
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Figure 1.1: The electrospray ionisation process. The sample is introduced via a conductive capillary
under an applied voltage. Initially a Taylor cone is formed at the tip of the capillary which generates a
charged aerosol plume. Ion formation is facilitated via evaporation and droplet splitting. Figure from

http://www.lamondlab.com.

ESI produces multiply charged ions allowing analysis of large complex species with
utilisation of low nominal mass analysers.?® Typically, Gaussian distributed consecutive ions
are detected and the mass can be deconvolved by considering the m/z values of two adjacent
peaks. In the case ions generated via protonation the mass and charge can be calculated using
equation 1.1,%® where z; is the charge of peak one, m; and m> are the m/z values of the first
and second peaks respectively, mp is the mass of a proton and i is the number of ions

separating the first and the second peaks.

__i(ma+mp)(mi+my)
mass p— (1.1a)
i(my+mp)
=2 P 1.1b
& (mz-my) ( )



1.1.2 Mass analysers

At the heart of MS is separation of ions according to their mass and change. Once the ions
are generated they are directed to mass analysers via voltage controlled ion lenses and
skimmers. Several mass analysers have been developed which separate ions based on their
kinetic energy, momentum, flight time, trajectory stability and resonance frequency. The
performance of mass analysers is measured by their accuracy and resolution. Other desirable
characteristics are high speed of analysis, unlimited mass range and high ion transmission.
Accuracy is the difference between an observed m/z value and the theoretical value. Current
state-of-the-art instruments have high accuracy, in the low parts per million (ppm), typically
1-5 ppm. Resolution is defined as the peak width (Am) at 50 percent of the peak height; the

more narrow the peak width the higher the resolution.

The most widely used mass analysers are quadrupoles (Figure 1.2). They are composed of
four parallel hyperbolic or cylindrical rods and separate ions by the means of ion trajectory
stability in an applied electric field.*>** Two consecutive rods have opposite voltage sign
which then alternates as a function of a direct potential (U) and the amplitude (V) of a radio
frequency (RF) voltage. An ion will be attracted by an oppositely charged rod until the rod
switches polarity, at which point it will move in the opposite direction due to charge
repulsion. If the ion reaches the rod before it switches sign it will be filtered out by the
quadrupole. Hence, an oscillating ion will have a stable trajectory if the amplitude of the
oscillation remains less than the distance between rods (), otherwise the ion will touch the
rod and be discharged. For a given quadrupole with fixed » and constant angular frequency
(w) the stability area will be dependent on U and V as deduced from the Mathieu equation
(Equation 1.2),%® where au and qu are proportionality constants of an ion in either the x or y

direction.’®



U = a, Py (1221)
2.2
V=gq, m:’ezr (1.2b)

Resonant (detected) ion

L U=DCvoltage
veosef) = RF

i W= RF Amplitude
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(filtered out) ion
U+veos(omt)

Figure 1.2: Quadrupole ion paths and rod energies. Adjacent rods are out of phase by 180°. Figure

from: http://chemwiki.ucdavis.edu.

Maintaining a constant U/V ratio allows for scanning of ions with consecutive masses
(Figure 1.3). In addition to this scanning mode quadrupoles can also operate in a static mode
where only a particular ion is selected and allowed to pass through. Operating in this mode is
desirable for interrogation of ions from a complex mixture as the selected ion can be further
fragmented later in its path through the spectrometer and mass identified. The U/V ratio will
define the resolution of the quadrupole, hence maintaining a fixed U/V ratio will result in a
fixed resolution through the spectrum.’! However, this mode of operation will result in peak
width broadening with increased m/z values. As a result, a more desirable mode of operation
is varying the U/V ratio so that the peak width is constant. Establishing a high U/V ratio
correlates with a high resolving power, however when the quadrupole operates in only RF
mode (U=0), the resolution becomes zero. In only-RF mode the quadrupole no longer

functions as a mass filter, nevertheless, this mode is sufficient to focus ions towards the



centre of the quadrupole. For a given RF voltage, ions with masses lower than the stability
area will oscillate with unstable trajectories whereas ions with larger masses will be focused.
However, the focusing property is inversely proportion to m/z and ions with high m/z values
with be poorly focused. The maximum m/z value that will be transmitted by a quadrupole is

given by Equation 1.3, where the operating frequency is denoted by Q.

4eV
0.706 7202

(1.3)

[m/z]max =

To achieve transmission and focusing of ions with large masses, quadrupoles that operate

with a high RF amplitude and low frequency have been developed.*
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Figure 1.3: lon stability diagrams based on the Mathieu equation. (a) The dashed line and straight
lines represent the mass scan line for achieving stable trajectories of ions with m/z of 219 and 28
respectively. (b) An intensity profile of each line is shown, depicting that the dashed line will focus
larger ions; however it will result in weak intensity for the smaller ions. Figure from Henchman and

Still.*!

Several instrumental designs use quadrupoles in tandem by taking advantage of both

modes of operation, as a mass filter with a non-zero DC potential or as an ion guide by



applying a RF voltage only. For instance, in Waters Synapt G2 instruments, ions can be
scanned or mass selected in the first quadrupole then activated in a collision cell, which is a

second quadrupole operating in RF mode only and filled with a noble gas.

Another common analyser is the time of flight (TOF) mass analyser.’> As the name
suggests TOFs record the time it takes each ion to reach the detector (Figure 1.4). They are
composed of two regions, the accelerating region or pusher, and field-free region, which ends
at the detector. A packet of ions is accelerated in the direction of the flight tube by applying a
potential between an electrode and the extraction grid. The accelerated ions are separated in
the field-free region based on their velocities prior to being detected.>* The time that each ion
spends in the field-free region is recorded and converted to an m/z value by calculating its
)

kinetic energy from the electrical potential (Equation 1.4)*® where acceleration potential is

denoted by V and the length of the field-free region by L.

2eVt?
LZ

m/z = (1.4)

Time of Flight
Mass Analyser

Pusher
lon Beam MCP

Drift region

Reflector

Figure 1.4: A schematic of a reflector time of flight mass analyser. lons are accelerated then
separated in the drift region. The reflector generates a unique ion trajectory separating the ions based

on their mass with the low m/z ions arriving earlier than the higher m/z ions.



Since the time of flight is proportional to m/z, that is larger ions arrive at the detector at a
later time than smaller ions, there is no theoretical upper mass limit.* In practice the analysis
of high-mass ions in limited by a decrease in transmission due to dispersion of the ion beam.
The resolution can be improved by increasing the length of the field-free region or lowering
the acceleration voltage. However, lowering the acceleration voltage reduces sensitivity and
linear extension of the flight tube increases ion scattering by gas molecules even though the
TOF operates at 10 Torr. The resolution is also reduced due to the initial kinetic energy of
the ion packet. This makes ions with the same m/z value arrive at the detector at different

times.

To increase the resolution by narrowing the range of the initial kinetic energies of an ion
packet two modifications have been made. First, a pulsed frequency is introduced at the
accelerating region; ions with the same m/z value are brought to the same initial kinetic
energy. In addition a reflectron is introduced at the end of the flight tube.>® Serving as an ion
mirror it redirects ions back through the fight tube, effectively doubling its length. Ions with
high kinetic energy will penetrate the reflectron more before returning in the opposite
direction, effectively cancelling the initial kinetic energy difference and improving the

resolution.

Since the TOF measurement is time dependent and performed by a single packet of ions
at a time, it is ideal to be coupled with pulsed ion sources such as MALDI. In the case of ESI,
which generates ions continuously, an orthogonal position’” of the TOF relative to the ion
beam has been designed allowing for ion mass analysis in a continuous manner. As ions
arrive they are trapped in the pusher region, then ions are orthogonally accelerated reaching

the field-free region and mirrored by the reflectron where ions are separated. This



configuration minimises the initial ion velocities resulting in improved resolution without

compromise in sensitivity.

One of the present challenges in biology is the elucidation of an organism’s full

proteome, for which mass spectrometry is useful.*®

For such an endeavour high accuracy with
isotopic resolution mass analysers are required. Among the highest resolution mass analyses
are the Fourier transform ion cyclotron resonance (FTICR) and the Orbitrap.***! FTICR
measures the frequency at which the ion oscillates in a given magnetic field, yielding high
accuracy sufficient to mass separate large complex mixtures. Orbitraps offer comparable
mass accuracy and resolution with a simpler instrumental architecture and are more user

friendly than FTICR analyses. Hence, today Orbitraps are the analyser of chose in proteomics

and metabolomics.*

The Orbitrap uses a static electric field to trap ions. The trap is constructed by an inner
electrode in a spindle shape with an outer part shaped as a barrel that covers the entire inner
electrode (Figure 1.5). Ions are introduced perpendicular to the z-axis by a C-trap and orbit
around the inner electrode, oscillating in a harmonic motion in the z-direction. The oscillating
ions will induce a current which is then Fourier transformed to individual frequencies. The
frequency of the harmonic oscillation (w) along the z-axis can be related to m/z value of a
given ion and is independent of the kinetic energy, as shown by Equation 1.5,%® where & is

field curvature.

w =./(z/m)k (1.5)

The oscillating frequency of an ion can be measured several times, significantly

increasing its mass accuracy and sensitivity.
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Figure 1.5: A schematic of an Orbitrap mass analyser. The ion packet is focused in the C-trap and
accelerated towards the Orbitrap perpendicular to the z-axis. The oscillation harmonics of each ion is

recorded and amplified prior to detection. Figure from Thermo Fisher Scientific.

1.1.3 Detectors

The generated and mass analysed ions are useful only if they are detected. As in the case
of ion sources and mass analysers several types of detectors have been developed. These can
be ranked based on the collection efficiency, signal-to-noise ratio, signal amplification, the
dynamic range and the frequency of the response. They can be classified based on the mode
of operation where some detectors consider the charge of the ions whereas others are based
on image charge detection or measurement of the kinetic energy that an ion transfers to an
electronic plate. In addition, point ion collectors which count a single mass ion at a time and
array collectors which are capable or measuring multiple masses simultaneously, have been
developed. It is worth mentioning that in Orbitrap and FTICR a non-destructive detector is
positioned within the mass analysers in close proximity to the ion trajectory and detect ions

based on the signal averaging of the oscillating ion packet.

11



Early detectors used a simple photographic plate at the end of the analyser. Ions with the
same m/z value were deposited on the same spot on the plate and the intensity of the spot was
correlated to ion abundance. This original design was important for early MS however it is
now superseded by electron multipliers, which are the most used detectors. Electron
multiplier detectors offer enhanced detection efficiency, with signal amplification benefitting
from the kinetic energy transfer of a colliding ion. They are composed of either a single large
dynode or of a series of smaller discrete dynodes. The dynodes operate at high potential to
accelerate the mass analysed ions, effectively increasing the transfer of kinetic energy from
the ion to the dynode. As an ion hits the detector plate other secondary particles with opposite
charge are emitted. These secondary particles are then converted to electrons which are
amplified exponentially, as each electron generates more electrons as it collide with the next

dynode.

A discrete dynode detector is constructed by approximately twenty individual dynodes,
whereas continuous dynode detectors have curved or cylindrical shapes, as in channeltron
and microchannel plate (MCP) detectors.*> A typical microchannel plate is composed of an
ensemble of parallel cylindrical channels, each amplifying an electronic signal (Figure 1.6).
A plate is capable of amplifying the number of electrons by a factor of 10° and in a typical
detector several plates are positioned together. The yield of secondary electron emission (y) is
dependent on the total number of secondary electrons generated (Ne) and directly correlates

to detector efficiency (g) as given by Equation 1.6.%8

e=1—-e7? (1.6)
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By measuring the performance of an MCP with an inductive detector it has been shown
the yield of secondary electron emission is inversely correlated with the square root of ion

mass, as shown in Equation 1.7.%® U is the acceleration voltage and z is ion charge.

Yy =74 x10718 (Uez)3?m~12 (1.7)

The efficiency of an MCP coupled to a TOF mass analyser decreases by 11 percent for
ions with mass in the low kilodalton range.** Since the efficiency of a detector reduces with
increased ion mass, new detectors such as inductive or cryogenic detectors that have high

efficiency for large ions are under development.*’
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Figure 1.6: A schematic of a microchannel plate (left panel) and an individual channel (right). An

electron cascade effect is illustrated inside the channel that leads to signal amplification. Figure from

Hoffmann et al.?®

1.2 Principles of ion mobility

Ion mobility (IM) separates ions based on their shape and charge, and can provide
complementary information to MS.”#%#” IM-MS performs two dimensional separation of ions
and can report their mass, which leads to elemental composition, and at the same time their

solvent-free size that can be correlated to their structure.*®*

IM separation involves passing
ions through a chamber, called the drift tube, which is filled with a neutral gas. Small ions

have a lower probability to collide with the gas molecules; hence they arrive earlier to the end
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of the chamber than large ions. The latter interact more with the neutral gas molecules, and
therefore take a longer time to traverse the drift tube (Figure 1.7). Only the surface of an ion
interacts with the gas molecules hence ions will be separated based on their rotationally
averaged collisional cross sections (CCS). Stable trajectories are established by applying an
electrical field, as a result ions with a higher charge pass through the drift tube faster than

ions with lower charge.

Three types of drift tubes are commonly employed; RF-confined linear drift tubes,
traveling wave, and field asymmetric drift tubes. The latter has a high resolving power
however the mobility of ions is correlated to their charge and applied field strength and not

directly to their structural features, hence the CCS cannot be determined.

a Traveling wave/voltage potential Inert counter gas flow
; ; -——
Drift region
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lons begin to separate Mobility-separated ions arrive
by shape and charge ready for time-of-flight measurement

b 0 Q oD D
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Intensity

Figure 1.7: RF confined drift tube separation. (a) Separation of the ion packet is shown. lons are
separated under the influence of a counter gas based on their shape and charge. (b) An arrival time
distribution diagram is depicted, showing that small ions arrive earlier than large ions. Figure from

Mehmood, Allison and Robinson*°



1.2.1 RF-confined linear drift tube ion mobility

The RF-confined linear drift tube IM separation is the one of the simplest forms of gas
phase separation. It is composed of a chamber filled with a bath of neutral gas, usually
nitrogen or a noble gas such as helium or argon, and operated under the influence of a static
uniform electric field.>! Ions having the same initial velocities are introduced to a RF-
confined drift tube and the time taken by each ion to transit through the tube is recorded and
reported once the ion reaches the detector. With a given constant electric field intensity (E),
at a certain temperature (7) and pressure, the drift time (¢p) can be used to directly measure
the ion CCS as shown by Mason-Schamp (Equation 1.8),>* where m;and my are the mass of
ions and bath gas respectively, p is gas bath density, L is the length of the tube and 4» is the

Boltzmann constant.

_ (18m)Y?%ze -1 1 .1/2 tpE
T 16 (kpT)V2  my T my Lp

CCSpyg (1.8)

This relationship between drift time and CCS is only valid when the ratio of electric field
intensity to neutral gas density is low> (i.e. E/p <2x107'7 V cm?) as the drag provided by the

gas molecules relative to ion velocities is insufficient for ion separation based on their shape.

One of the major advantages of linear field drift tube separation is that the value of the
drift time measured is absolute and no instrumental calibration is required. As a result, drift
tube CCS measurements serve as a reference to calibrate other IM techniques to allow the
calculation of CCS values from their respective arrival times.>* This modality of separation
does however suffer from low resolution and low duty cycle as the number of ions detected is

low compared to the number generated.
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1.2.2 Travelling wave ion mobility

Travelling wave ion mobility separates the ions by using a sequence of waves with
symmetric potential that continuously passes through the tube. The device is made up by a
series of stacked ring ion guides.” It operates under RF voltage where two sequential
electrodes are out of phase by 180°. The RF voltage focuses the ions in the centre of the tube
while a DC potential applied between each electrode sequentially creates a travelling wave
that propagates the ions. The amplitude and frequency of the DC potential dictates the wave
height and velocity respectively. By optimising the wave height and velocity ions are
separated based on their mobility (Figure 1.8). For instance, an ion with a high mobility will
be carried by the travelling wave and arrive at the detector faster than an ion with low
mobility that will roll over the wave. Due to the roll-over effect, the path travelled by
different ions is dependent on their mobility, hence having the same length of the tube and
applying a travelling wave results in different effective ion path lengths, increasing the

separation capabilities.

The mobility of an ion cannot be directly derived from the arrival time however it can be
determined from empirically measured CCS data generated using drift tube ion mobility.>*
Once the wave height and velocity are optimised for separation the arrival time of an ion is
measured. The wave height and velocity are then kept unchanged and a series of proteins
with known CCS are recorded, in the same experimental conditions as the measurement
performed on the sample of interest. The arrival time of the sample is then converted to CCS
by generating a calibration curve using the proteins of known CCS.*® As in the case of drift
tube IM the measured CCS also depends on the choice of the neutral gas, hence the
calibration and measurements are performed using the same gas. The major advantage of the

travelling wave is its improved sensitivity however this mode of separation is hampered by a
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modest resolution, and an increased potential for ion heating which can induce a gas-phase

conformational change.

i

H'P

el
SRIG

,_,-"
SRIG *

TWIMS

Figure 1.8: Traveling wave ion mobility separation. The applied potential at each electrode is
alternated to generate a wave. lons are separated as they propagate through the waves. Small ions will
be carried over by the wave whereas the large ions have a longer mean free path due to roll over effect

and exit the drift tube later. Figure from Lanucara et al. ’.

The coupling of IM to MS has become a powerful tool in structural biology providing
information on complex mixtures, with the benefit of requiring only a very small amount of
sample in the nanogram range. The coupled method provides high selectivity, an important
criterion for characterisation of samples with low purity, helpful for samples that are
challenging for structural interrogation by high-resolution techniques such as nuclear

magnetic resonance (NMR) or X-ray crystallography.
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IM-MS measurements are relatively fast compared to other techniques allowing for high-
throughput screening.’® The measurement is performed on the millisecond time scale and can
be coupled with online chromatographic separation. An impressive application was
performing liquid chromatography coupled with travelling wave IM-MS on a tryptic digest of
Escherichia coli whole cell lysate.’” This study showed an unprecedented increase (up to 60
percent) of peptides and proteins that could be identified. The limit of detection is another
advantage for using IM-MS for sample characterisation. MS can detect at low attomolar
concentrations and coupling to ion mobility improves the separation capabilities and

increases the limit of detection 10-fold.>®

1.2.3 Determination of the rotationally averaged collision cross section

The measured experimental CCS for proteins with known structures can be compared to
theoretical CCS values. This comparison allows a better understanding of the chemistry of
solvent free species and to correlate them to solution measurements. The theoretical CCS
values can be derived from structures elucidated from X-ray, NMR, electron microscopy,
small-angle X-ray scattering or molecular dynamics simulations. To calculate the CCS, from
a known structural shape, several methods have been developed where projection
approximation (PA)>°, exact hard sphere scattering (EHSS)®® and trajectory method (TM)®!
are among the ones most frequently applied. The TM method takes into account collision of
ions with drift gas as well as long range interactions. This method provides accurate CCS
calculations, however performing the calculations is very computationally expensive, limiting
the application of this method to small systems. The EHSS method on the other hand
calculates CCS by considering only the short-range scattering and collision of ions with gas
molecules. This method gives a good approximation for large ions such as proteins and is

significantly faster than the TM. The PA method calculates the CCS by taking into
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consideration an average geometric projection of all possible orientations. This method is fast
and computationally inexpensive however it does not take into account the scattering of ions
and the interactions with gas molecules. This usually results in an underestimation of the
CCS (Q). Modifications of the PA method to correct for the underestimation have been found
empirically>* (Equation 1.9).* M.y, is the experimental mass and M is the mass of the

species with known structure.

2
Dpacorrected = 1-14-QPA(Mexp/Mstr)3 (1.9)

The corrected PA can be applied to large systems with missing residues, as these can be
modelled as perfect spherical entities.®> Another modification to the PA method is to include
the superposition of atomic potentials and shape factors. This so-called projection
superposition®® approximation considers van der Waals interactions between ions and gas

molecules providing accurate calculations with reduced computational time.
1.3 Present instruments

Having introduced the basic principles of MS and IM, the focus is now placed on the
architecture of the instruments used in this study. For direct stoichiometric elucidation of
protein complexes a modified QqTOF instrument was used (Q stands for a quadrupole

operating in normal mode and q for a quadrupole operating in RF mode only) (Figure 1.9).

Electrospray generated ions from a z-spray ion source are introduced into the vacuum of a
mass spectrometer by passing through a set of ion lenses optimised to focus the ion beam. As
the ions pass from atmospheric pressure to vacuum a backing pressure is applied to reduce
their kinetic energy. lons are then either mass selected or scanned by a quadrupole operating

with both DC and AC potentials. Subsequently, ions pass to the next quadrupole that serves
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as a collision cell. It operates in RF-only mode to focus the ion beam and activate the ions.
The collision cell is filled with gas molecules, usually nitrogen or argon, to facilitate ion

activation. Finally the parent ion or ion fragments are mass analysed by a reflector TOF

analyser positioned orthogonal to the ion beam and detected via an MCP-type detector.
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Figure 1.9: A schematic of the ion pathway in a QqTOF instrument. The inset shows the ion mobility
cell, which in a Waters Synapt instrument is located in the position of the collision cell. Figure from

Laganowsky et al.”** and Waters.

For IM separation measurements a similar instrument design was used however instead of
the collision cell an IM cell is utilised (Figure 1.9 inset). The IM cell is composed of three
regions: a trap, the IMS, and transfer. As the name implies ions are initially trapped in the
trap region and are pushed into the IMS region at a specific time interval. To improve the
transmission of ions from the high pressure of the trap to the low pressure IMS region, a
helium cell is introduced.” As ion packets enter the IMS region, ion mobility measurement is
performed by using a travelling wave or drift tube, depending on the instrument. Shape and
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charge separated ions are further focused in the transfer region and then mass analysed by the
TOF. Both trap and transfer regions can serve as a collision cell, hence ions can be made to
undergo conformational change or fragmented prior to or after the IM separation. If
activation is applied in the transfer region the arrival time distribution of parent ion and
fragment ions is the same. This type of activation allows for direct correlation of fragments to

parent ions in a complex mixture.%

High resolution measurements are performed using the Q-Exactive instrument shown in
Figure 1.10. In this instrument ions are initially directly electrosprayed to the cone. They are
efficiently focused by an s-lens made of a series of electrodes and transmitted with increased
sensitivity to a bent flatapole that operates in RF-only mode. Here the ion focus is improved
and the noise is reduced by an active beam guide. Then ions pass through a quadrupole for
mass selection followed by trapping and activation in a higher-energy collision dissociation
(HCD) cell. From the HCD cell ions are further focused in a C-trap to form a highly compact

ion packet and injected to the Orbitrap mass analyser.
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Figure 1.10: A commercially available Q-Exactive Orbitrap mass spectrometer. Figure courtesy of

Thermo Fisher Scientific.
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Another Orbitrap (LTQ) fitted with a linear ion trap is utilised for proteomics, lipidomics
and post-translational modification analysis. The front end of the instrument is similar to the
Q-Exactive with the exception that instead of the bent flatapole it has a linear quadrupole
followed by an octapole for improved ion focusing. lons are trapped in a linear ion trap and
can be directed to HCD or collision-induced dissociation (CID) cell offering tandem MS

capabilities.

1.4 Mass spectrometry of protein complexes

The vast majority of studies using MS as an analytical tool for structural elucidation of
proteins rely on proteomics-based approaches.*? In these experiments the protein is denatured
and either enzymatically digested to small peptide fragments in solution, as in bottom-up
methods, or analysed as one polypeptide chain that is sequentially fragmented inside the mass
spectrometer, known as the top-down approach. The generated fragments are sequenced and
matched with a database known fragments for protein identification. These methods also
allow for identification of post-translational modifications.®® However, as the proteins are
denatured their overall fold and non-covalent interactions are not preserved, preventing the
technique from providing information regarding subunit, protein-protein and non-covalent
ligand-protein interactions as well as the elucidation of complex stoichiometry and

oligomerisation without covalent sample labelling.

In the last two decades non-denaturing MS has evolved as an outstanding technique to
examine intact protein complexes in the gas phase while retaining their non-covalent
interactions. Despite instrumental challenges, the first question to answer was whether
biological complexes will be preserved under vacuum during the course of the experiment, or

the absence of water and the required ionisation energy would be too limiting. Early studies

22



found that salt- or solvent-bound adducts were preserved, hinting that non-covalent
interactions can be maintained under the vacuum in a mass spectrometer.’’” A major
breakthrough was finding that specific ligand interactions can be maintained and observed.®®
In a series of studies it was shown that specific receptor-ligand binding and enzyme substrate
binding can be monitored my MS. For instance, Gamen, Li and Henion found that the
binding of tacrolimus and rapamycin to the FKBP receptor can be detected.® The same group
also observed the first noncovalent binding of lysozyme with hexasaccharide as a substrate.®
Katta and Chait presented haem binding to myoglobin under vacuum condtions,* whereas
Robinson and co-workers showed acyl-CoA binding with a series of substrates.”” These
achievements benefited from early instrumental and methodological developments such as
the invention of soft ionisation techniques and were followed by other applications with

increasing sample complexity and biological relevance’ (Figure 11). In addition they served

as a catalyst for further instrumental optimisation.
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Figure 1.11: A summary of selected protein complexes analysed by mass spectrometry with

increasing mass and complexity. Figure from Sharon and Robinson.”
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1.4.1 Instrumental modification for transmittance of large ions

All early studies of large samples by MS employed soft ionisation techniques, namely
ESI and MALDI, to lower the energy required for sample ionisation. ESI is performed in
solution with minimal sample pre-treatment, however a low percentage of organic solvents or
acids are usually added. In light of the increasing complexity of biological samples further
instrument improvements were necessary. The high degree of solvation and heterogeneity,
low transmittance and detection of large ions and the lack of high-resolution mass
measurements were among the instrumental challenges that mass spectrometrists faced. As is
typical in other scientific endeavours where success is not measured by solving a problem but
by how many other problems the solution generates, ESI created additional challenges. For
instance, relatively large volumes were required and even though the measurements were
performed at low micromolar concentrations, characterisation of proteins with low levels of

expression was difficult.

Originally ionisation was favoured by addition of acids and organic solvent. Elevated
temperatures were applied to facilitate better desolvation. Despite this the ion efficiency is
also relatively low, as only around 10 percent of species of interest are detected. To overcome
some of these challenges a miniature ESI was developed. The so-called nanoelectrospray
(nESI) can utilise a much lower sample flowrate (nanoliter per minute) as a result of a smaller
micrometer range orifice capillary.” This adjustment not only requires less sample, usually 1
to 6 uL, but also reduces the size of the initial droplets leading to better desolvation.”* As a
result higher salt concentrations can be tolerated without the use of organic solvents or acids.
As shown in Figure 1.12, data generated by nESI have fewer salt adducts and are better

charge resolved.
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Figure 1.12: The effect of nESI on spectra quality. Top: spectrum of GroEL introduced by nESI
which shows only the native stoichiometry. Each charge state is fully resolved allowing for a mass
calculation with a high level of confidence. Bottom: spectrum from conventional ESI of the same

sample. Non-specific peaks corresponding to higher oligomeric orders are detected. Peaks are not well

resolved due to salt adducts and poor desolvation. Figure from Benesch et al.*

By spraying the same sample, the GroEL chaperone using both normal ESI and nESI,
another major advantage of nESI is evident (Figure 1.12). In addition to better resolved
spectra, the formation of artificial oligomers is also minimised. Due to a smaller initial
droplet the probability of having two species trapped in the same droplet is lower, compared
to conventional ESI where larger droplets lead to the formation of nonspecific adducts. Even
with nESI at high concentrations the presence of artificial nonspecific oligomers can hinder
analysis (Figure 1.13). As a consequence typically low micro-molar concentrations of sample
are used. Taken together, nESI is less sample demanding, and allows characterisation from
solution without denaturing substances. Based on these advantages all non-denatured spectra

presented in this dissertation were recorded using nESI.
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Figure 1.13: The effect of concentration on oligomeric state. Serum amyloid P component is known
to form a pentamer in physiological conditions. A concentration series shows that predominantly
pentamer is observed at low protein concentration and the amount of non-specific adduct formation
increases with increase in concentration. Measurements were performed in 200mM ammonium

acetate on a QToF instrument.

A major obstacle in MS of large analytes such as proteins is low transmittance and poor
focusing of large ions. lons are generated at atmospheric pressure whereas ion focusing by
the first lens is performed at significantly lower pressure. This immediate change in pressure
leads to ion acceleration, thereby increasing the ion kinetic energy. This increase in kinetic
energy is very advantageous for the analysis of small ions as they are then better desolvated,
however in the case of large ions the increase in kinetic energy makes them difficult to focus

by the initial lenses. To overcome this problem instrumental modifications in the source
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pressure led to improved transmittance of large ions.” Figure 14 shows a simulation of ion
trajectories of a relatively large protein complex alcohol dehydrogenase (ADH, 146.8 kDa) at

different source pressures applied on a quadruple operating in RF-only mode.®’
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Figure 1.14: A simulation of a large ion being focused by a quadrupole as a function of pressure.
Alcohol dehydrogenase ions are poorly focused at low pressures (red line); increasing the pressure

allows for better focusing of ions (green and blue lines). Figure from Benesch et al.*?

At low pressure the ADH ion trajectory has a large oscillation magnitude and ions are
poorly focused within the length of the quadruple. Increasing the backing pressure results in a
significantly narrower ion beam and better focusing of the ion packet. It is rationalised that
higher pressure in the source region increases the number of collisions of large ions with gas
molecules.”® These collisions allow for some of the high mass ion’s kinetic energy to be
passed to the gas molecules, effectively lowering the kinetic energy of the large ion. With a
reduced kinetic energy the large ions can then by better focused, leading to higher
transmittance and a greater detection. The increase in the initial ion guide pressure is
achieved by reducing the pumping efficiency of vacuum lines or adding an alternative gas in
the ion source. Since ion velocity is decreased by collision this method is commonly known
as collisional cooling, other scholars have also proposed collision focusing as a better term

since by collisions the total energy is increased leading to ion heating rather than cooling.®’
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This discovery was instrumental for the ability of MS to be used for the structural elucidation

of large ions over 1 megadalton in size.”

Mass analysers also need to be modified to detect large ions. It derives from Equation 1.3
that lower radio frequency will allow for analysis of larger m/z value ions, as will higher
applied voltage or lower distance between the rods. However, operating at high voltage or
lower distance between the rods leads to quadrupole discharge between rods with opposite
phase. Conventional quadrupoles operating at high radio frequency limit the acquisition range
to 4,000 m/z,”" optimal for analysis of small ions. Lowering the frequency leads to better
focusing of large ions and mass filtering of the small one, extending the acquisition range to
35,000 m/z."* Operating at this low frequency does come with a cost, as the resolving power
of the quadrupole is significantly compromised. Due to this limitation of the quadrupoles,
hybrid mass analyser systems are preferred for analysis of large ions.”® For large mass ion

analysis orthogonal TOF is found to perform better than a linear configurations. 7®

1.4.2 Structure elucidation in the gas phase

To find the identity of a compound, ions can be activated in a collision cell, producing
fragments that can be mass analysed. These fragments can be thought of as being parts of a
puzzle, which once placed in the right position give the whole picture; the identity of the
compound in our case. The same approach is applied to large protein complexes where the
fragments are usually stripped subunits. Maintaining the noncovalent interactions is
important to know the mass of the complex as a whole, while activating the complex supplies
information regarding subunit composition and connectivity, leading to complex

stoichiometry.”
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Several activation methods have been developed by taking advantage of different
methods in which energy can be delivered to gas-phase ions. These include collision
methods either with gas molecules or with a surface as in collision-induced dissociation
(CID)*® or surface-induced dissociation (SID)3! respectively, radical formation via
interactions with electrons as in electron capture dissociation (ECD),% or electron transfer
dissociation (ETD)%, and also by absorption of photons as in blackbody infrared radiative
dissociation (BIRD)** or infrared radiation multiphoton dissociation (IRMPD).®> Here, both

CID and IRMPD are used to activate ions as is explained in more detail in Chapter 3.

The most frequently used method of activation is CID as it can offer sequential activation
and is easy to implement. CID can be performed in the source region of mass spectrometers
where ions are accelerated in the first ion guide, which is usually operating at higher
pressures. A more desirable way, as it offers higher activation control, is performing CID in a
designated collision cell, implemented as a quadrupole operating in RF-only mode filled with

a neutral gas.%

Key mechanistic aspects of CID are well documented.?” As the total ion energy increases,
initially salt adducts are dissociated, then gas-phase rearrangement such as collapse or
unfolding may occur, leading to dissociation by breaking of non-covalent interactions and
ejection of subunits. At even higher energy, backbone fragmentation producing small ion
fragments will occur. Typical of CID is asymmetric charge dissociation®® (Figure 1.15).
During CID a subunit is initially unfolded, and with further activation as it strips from the
parent ion it carries a disproportionate amount of charge relative to its mass, and as a result
highly charged monomers are observed in the low m/z region. This mechanism is dependent
on the energy dissipation pathway. For instance, increasing the total charge density, by

including a supercharging agent in the sample can alter the dissociation pathway resulting in
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dimer or trimer formation (rather than monomer) and therefore a more symmetric charge

distribution.®

This ability to fragment intact protein complexes in the gas-phase has been used to obtain
information for a variety of systems. One of the most complex systems, which is crucial for
understanding the mechanism of protein expression in eukaryotic cells is the translation
initiator factor eIF3.”° This thirteen subunit complex was analysed intact in the mass
spectrometer enabling full characterisation of its architecture and stoichiometry. Since at
present no atomic model for the full complex is known these results, obtained from MS alone
although at low resolution, provide valuable insight into the number of subunits and their
relative position. By activation of the complex it was found that this initiation factor is
formed by three subcomplexes, and all subunit interactions were found. This allowed for a

full map of subunit interactions to be created.
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Figure 1.15: Collison-induced dissociation of the lysenin pore (13uM) solubilised in DDM micelles

using 200 V. An asymmetric charge distribution is observed. Ejected monomers with one ninth the
mass of the intact nonameric protein carry almost half the charge.

af-Crystallin represents another application where activation of an intact complex leads

to a full characterisation of subunit interactions of a large oligomeric protein complex.’! Due
to a large degree of polydispersity the intact protein complex yields very poorly resolved
spectra. Nevertheless the mass spectrum of the complex provided the first hint that even
number oligomers are preferred over odd, and that oligomers range in size from ten to 40
subunits.”? By activating the complex sequentially and performing tandem MS it was found

that the building block is a dimer which interacts at the terminus to form larger oligomeric
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states. These findings and many others have established MS as an analytical tool that
provides insights into subunit organisation of protein complexes that are otherwise difficult to

study.

1.4.3 Investigation of protein dynamics in the gas-phase

The ability to preserve non-covalent interactions creates a new opportunity to study the
dynamics of protein complexes. Proteins are very responsive in nature; they interact with
other proteins, peptides, drugs and other ligands. Characteristic of these interactions is the
establishment of a binding equilibrium depending on the concentration and the time of
incubation.”® Both these aspects can be monitored by non-denaturing mass spectrometry.”*
For instance, a protein can be incubated with a known amount of a particular ligand and mass

spectrometry performed at several time intervals (Figure 1.16).

During the course of time-resolved experiments the intensity of the ligand bound to the
protein relative to the intensity of the unbound protein can be monitored to yield information
about the kinetics of the interaction. Similarly, a protein can be incubated with different
concentrations of a particular ligand and the intensity of the species present in the spectra can
be examined to gain information regarding binding constants. For proteins with several
subunits the association or dissociation constants can be derived by monitoring the intensity
of peaks with mass corresponding to the sum of individual sub-complexes. In the case of
homomeric systems chemically labelled monomers can be utilised.” Methods routinely

applied for kinetic measurement by MS are summarised in Figure 1.16.

One of the major advantages of using MS to study protein interactions is its high
sensitivity. Coupled with high accuracy this allows for the identification of all major

interactions in a system. Individual binding events at low picomolar concentration can be
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monitored, providing a substantial improvement relative to NMR or isothermal titration
calorimetry (ITC), where for selected systems the concentrations used to perform the
experiments may not be biologically relevant.”® A major limitation however arises from using
ESI. While other techniques are very tolerant towards buffer compositions, in the case of
electrospray only highly volatile buffers, such as ammonium acetate can be used.”® In
addition, harsh gas-phase activation that yields better resolved spectra may not preserve the
binding interactions from solution. Small ligands bound to large protein complexes also
present a challenge. Not only does the resolution decrease with increasing m/z value but large

ions also have higher charge making small ligands difficult to resolve in m/z scale.

To overcome these challenges several approaches have been developed. For example, the
utilisation of a proxy protein with known affinity for the ligand, which appears in the low m/z
region, has been reported.”® The variation of the intensity in the ligand bound to the proxy
protein peak can provide relative information to the binding of a ligand with a large complex.
Alternatively, by performing tandem MS on the poorly resolved ligand bound peak,
individual ligand ions can be released from the complex.”” The intensity of the ligand peak
can then be monitored as a function of time or concentration. If the dissociation of the ligand
from the complex is uncontrolled then the dissociation constant (K4) will be overestimated. It
is worth mentioning that these alternative techniques should be supported by controlled
experiments to insure that solution interactions are well preserved in the gas phase. One of
the most striking examples of monitoring small molecules bound to a large protein complex
is the binding adenosine triphosphate (ATP) with a mass of 507.2 Da to the 800 kDa

molecular chaperone GroEL.”®
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Robinson”’

MS-based methods are particularly useful for measuring kinetics where multiple proteins
and ligands interact. Each complex can be identified and multiple K4 values can be measured
simultaneously. The activity of HSP90, one of the most abundant heat shock proteins, is
highly dependent on binding with other chaperones such as HSP70, Hoo and FKBP52. By
adding each individual chaperone sequentially the full interaction cycle of HSP90 binding to

co-chaperones was elucidated.!”’ Due to the presence of multiple interactions highly complex
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spectra were recorded that could yield adequate information after deconvolution. The Kd
values were measured for all species in equilibrium resulting in 14 different K4 values for the
total complex. Taken together this study demonstrates the power of MS methods to study the
interactions of protein complexes in a more convoluted but realistic scenario where many

Interactions are intertwined.

1.4.4 Using IM-MS to monitor protein structure in the gas-phase

A key criterion of a structural biology tool is the preservation of protein structures and
complexes as they occur in the native environment. A breakthrough in MS was finding that
during a typical experiment the structure of proteins is generally preserved even in the
absence of water.”” This was determined by using IM-MS to measure the CCS of proteins
which were found to be in parity with the values calculated from atomic coordinates.
Furthermore, that protein structure is preserved in the gas phase agrees with other indirect
measurements such as the preservation of activity of enzymes and viruses, or preservation of
global structure visualised by EM, of proteins that have previously been analysed by
MS. 191102 These observations show that within the timescale of a typical IM-MS experiment
the folded protein structure can be preserved, at least to a good approximately and in a

reversible manner, in isolation from an aqueous environment.

IM-MS allows for different conformations to be observed on the timescale of a MS
experiment providing an opportunity to measure conformational dynamics. By activating ions
prior to IM measurement the gas-phase unfolding pathways can be monitored. Since ions are
usually activated by collision with neutral gas molecules, collision-induced unfolding
(CIU)!% can monitor the conformations of proteins in the gas phase, to determine the number

of intermediate states and identify specific ligands that can induce conformational changes or
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exhibit a resistance to unfolding. The ability to monitor the conformational landscape
provides information regarding the intrinsic physiochemical properties of protein complexes.
By being able to isolate a protein from its native environment while maintaining its ‘native’
folded-like state, the effect of hydration, salts and other cofactors present in the environment
on conformational dynamics can be reported. The structural dynamics can be monitored on a
millisecond timescale, providing insights into the conformational heterogeneity of the

sample.'™

Unlike many analytical techniques where only an average of all present states can be
measured, in a typical IM-MS experiment several conformations can be separated and
analysed simultaneously.” This provides a unique opportunity to explore the effect of
temperature, pH and other stress conditions on the stability of structural conformers. In
addition to conformational dynamics, each unfolded intermediate can also be explored. Since
these intermediates are intrinsically transient, they are challenging for other analytical
techniques. Importantly, using IM-MS, information regarding protein folding or even the
number of domains can be derived from recording the number and behaviour of gas-phase

intermediates.'®

1.5 Membrane protein complexes

Proteins that are present within biological membranes are known as membrane proteins.
They regulate the membrane composition and dynamics and at the same time play a crucial
role in traffic of solutes.'” Around 30 percent of the genome encodes for membrane proteins
and they are drug targets of more than 50 percent of present therapeutics.'”” A characteristic
feature of membrane proteins is the transmembrane domain, formed predominately by

outward-facing hydrophobic residues. Unlike soluble proteins where hydrophobic residues
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are located in the centre of the protein and polar residues are in direct contact with the
aqueous environment, in the case of membrane proteins the transmembrane region is in direct
contact with the lipid environment, with polar and charged residues predominantly positioned

in the regions of the protein outside of the membrane.

Membrane proteins are classified as integral or peripheral depending on their interaction
with the membrane. Integral membrane proteins are permanently embedded in the membrane;
hence, once taken out from the hydrophobic environment they are very unstable and prone to
unfolding or aggregation. They can be single hydrophobic peptides embedded in the
membrane up to multiple transmembrane a-helices or B-barrels.!® Peripheral membrane
proteins on the other hand interact with the biological membrane temporally, typically to
enhance their stability or induce a signal. In terms of function, membrane proteins are

classified as transporters, receptors, channels and enzymes.'"’

On the quest to elucidate the chemistry of life a crucially important contribution has been
the structural determination of proteins at atomic resolution. In the last fifty years a rapid
expansion of known structures has been possible due to major advances in crystallographic
techniques, and more recently by advanced microscopy techniques. However not all protein
families have equally progressed towards structure elucidation. From a structural point of
view membrane proteins should be easy targets for structure determination since they have
well-ordered regions with similar chemistry. Nevertheless, the known structures of membrane
proteins are far less than the soluble ones (Figure 1.17). Only 556 structures of unique

membrane proteins have been deposited to date.
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Figure 1.17: A time course of X-ray crystallography structure elucidation of membrane proteins. The
red line shows the number of unique membrane proteins with known structures since the first
membrane protein structure was deposited in the PDB. The blue line shows the equivalent numbers
for soluble proteins. It is evident that the rate of structural characterisation has been faster for soluble
proteins than membrane proteins. Data were taken from the membrane protein databank

(http://blanco.biomol.uci.edu/mpstruc/).

Two reasons why progress towards structure elucidation of membrane proteins has been
slow are low expression yield and the need for complex solubilisation environments. While
overexpression of soluble proteins commonly yields large quantities, in the case of membrane
proteins, protein folding happens in the membrane, hence, the amount of membrane proteins
than can be produced is limited by the membrane itself and also by other pathways that are
initiated for transport to the membrane and facilitation of correct folding, which are limited in

the case of over expression.!®”

As part of a hydrophobic environment, isolation of homogeneous membrane protein
samples is sometimes not feasible. To solubilise the membrane and isolate a particular
membrane protein detergents are commonly used. Detergents have similar chemical
properties to lipids, as they have both a hydrophobic chain and a polar head group. Due to

their conical geometry they form a micelle rather than a bilayer, as in the case of lipids,
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which is highly concentration dependent. The micelle is in equilibrium with individual
detergent molecules, and is usually monodisperse in solution with a fixed aggregation
number. Large quantities of detergent micelles are usually required to compete with bound
lipids. Detergents will surround a membrane protein by placing their hydrophobic chains
towards the transmembrane region hence protecting it from contact with the aqueous

environment.

Although detergent solubilisation will significantly lower the complexity of a system, in
practice the sample is far from being homogeneous. Frequently lipids co-purify with
membrane proteins and increase the degree of heterogeneity, vida infra. In addition, although
detergent can provide a stable environment for membrane proteins they often interfere with
analytical methods therefore making membrane proteins difficult to study. Furthermore, each
observed phenomena represents the kinetic and thermodynamics of detergent-solubilised
membrane protein interactions rather than those that may occur in a more native lipidic

environment.

1.5.1. Preserving intact membrane protein complexes in the gas phase

Initial attempts to preserve the native-like structure of membrane proteins were guided by
predictions that the low dielectric constant of the lipid environment resembles the vacuum;
hence membrane proteins may retain their folded structures once brought into the gas
phase.''® However, the degree of preservation of specific interactions as well as the means of
delivering membrane proteins into the gas phase remained elusive. In addition, the effect of
detergent upon ionisation was found to alter the charge state distribution for soluble proteins,

suggesting membrane proteins solubilised in detergent may be difficult to analyse.'!!
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The first method to deliver membrane proteins into the gas phase was using large
unilamellar vesicles.!'” The results showed selectivity for anionic lipid binding to the
bacterial K+ channel; however the subunit interactions were not preserved.!!® Since vesicles
provided a challenge for ionisation other vehicles such as detergents were tried. The initial
problem was the generation of poorly resolved spectra due to the presence of a high
concentration of detergent. In addition, the ionisation efficiency was relatively low as the
protein complexes had to compete for charging with empty detergent micelles. Lowering the
micelle concentration prior to MS was found to be useful, as well measurement using non-

ionic detergents.'!

The first membrane protein complex sprayed at a detergent concentration lower than the
critical micelle concentration (CMC) was EmrE.!!> Although the protein could be introduced
into the gas phase and the spectra quality was enhanced, the preservation of the
transmembrane domain in solution at low concentration of detergent was feasible. At the time
a major emphasis was placed on spectra quality rather than stabilisation of the membrane

protein complex itself.

A major breakthrough was to spray membrane protein complexes at above the CMC and
to then remove the micelle once the complex is in the gas phase.” Barrera and co-workers
showed that the ABC transporter BtuCz2D2 can be maintained intact as a tetramer, with the
preservation of both transmembrane and soluble domain non-covalent interactions. It was
later rationalised that the micelle itself stabilises and protects a membrane protein complex on

its transition from solution to the gas phase.'!°

Membrane protein samples are ionised as a membrane protein-detergent complex but

without further activation an unresolved peak will normally be observed. Detergent is
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removed from the protein in the gas phase by collisional activation yielding highly resolved
spectra. This method has made MS a suitable technique to study membrane proteins and
means it can provide valuable information regarding their structure and dynamics, as it does

for soluble proteins (Figure 1.18).
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Figure 1.18: Membrane protein mass spectrometry in the last six years. Since the first spectra of

membrane proteins an increasing number of membrane proteins with high complexity have been

studied by mass spectrometry. Figure from Marcoux and Robinson'"’

1.5.2 Expressing membrane proteins and making them MS compatible

The original results from the MS of membrane proteins prompted the need for

establishing expression and purification protocols of membrane proteins tailored for MS
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characterisation. It was evident from very early that MS provided a high resolution view of
sample purity. Samples that were characterised as crystallographically pure, frequently from
inspection of size-exclusion chromatography (SEC) peak shapes, were often found to be
heterogeneous by MS, due to the presence of lipids or other low mass cofactors that cannot

be directly identified by other techniques.

Due to the often low expression yields of membrane proteins many established
overexpression protocols are focusing on producing the highest possible quantities. For
instance, many outer membrane proteins are overexpressed via inclusion bodies which yield
large quantities; however the oligomeric state of refolded proteins were usually lower than
the membrane embedded ones. For mass spectrometry, where the oligomeric state of the
proteins is measured, expression and purification protocols utilising protein isolated from the
membrane is preferred. Drew and co-workers have developed protocols for overexpression of
membrane proteins from bacterial cell lines that can be adequately adjusted for application to
MS.!1819 For better visualisation of expression green florescent protein (GFP) fused
constructs are frequently used to optimise the expression parameters and at the same time

monitor the amount of protein present in the membrane.

The optimisation of membrane protein purification protocols, as well as MS operation
conditions, are usually required to achieve well-resolved spectra of membrane proteins.®*
Detergent screening is performed to choose which detergent to use to solubilise and isolate
membrane proteins from lipid bilayers. Based on the degree of delipidation in resulting mass
spectra detergents are classified as harsh, which usually strip the membrane proteins free of
lipids, or mild where a protein-lipid complex is isolated. Harsh detergents are usually

preferred for MS of membrane proteins because they are associated with fewer lipid bound

species.

42



Depending on the stability of membrane proteins delipidation can lead to disruption of the
native oligomeric state and unfolding. Hence, the strength of detergent as well as the
concentration are two crucial parameters that need to be optimised for each membrane
protein studied. For cases where no detergent can preserve the native fold other vehicles that
better mimic the native environment have recently been shown to be MS compatible. In this
case membrane proteins are solubilised in nanodiscs, native-discs, amphipols and bicelles
(Figure 1.19). As in the case of detergents, the membrane proteins are released via collisional
activation. Although the energy required is usually higher than for detergents, by preserving
the lipid environment the native oligomeric state can be maintained as shown for the case of
DgkA."?® The utilisation of nanodiscs and native-discs provides a better framework for
characterisation of lipid protein interactions especially in the case of native-discs where
endogenous lipids are co-purified. Another factor that plays an important role in spectra

quality is membrane protein compatibility with the volatile buffers necessary for nESI.
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Figure 1.19: Vehicles that can be used to transfer intact membrane proteins from solution to the gas
phase. (a) Mass spectrum of DgkA solubilised in DDM. Due to the activation energy for detergent
removal, monomers are the predominantly observed species. (b) Amphipols are also compatible with
MS characterisation. (¢) More native-like environments such as bicelles can be used, resulting in high
intensity spectra for the physiological oligomeric state of DgkA and pSRII. (d) The longer the length
of the bicelles (g) the better the preservation of the physiological quaternary structure. Figure from
Hopper et al.'*

1.5.3 Using IM-MS to monitor the gas-phase dynamics of membrane proteins

IM-MS of membrane proteins can provide unprecedented information regarding protein
conformational dynamics. Membrane proteins can be highly flexible, and can exhibit several
conformations within the lipid environment. High resolution techniques often provide
information either on the average conformation or only the most stable one, whereas IM-MS
potentially measure all gas-phase conformations and information about the solution phase can

be deducted. Furthermore, these conformations can also be reported upon stimulation, such as
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with the addition of small molecules, or by change in temperature or pH. An early example of
the effects of therapeutics on membrane protein conformation was shown by the binding of
cyclosporine A (CsA), nucleotides and lipids to a multidrug efflux pump P-glycoprotein (P-
gp).'?! Initially it was established that both inward facing and outward facing conformations
can be distinguished by ion mobility. However, in a typical membrane protein MS
experiment the large amount of energy used to remove the micelle can potentially lead to
protein unfolding. Consequently distinguishing between a large conformer and unfolded

species is crucial in interpretation of IM spectra.

Experiments where the equilibrium can be influenced by binding are desirable. For
instance in the case of P-gp it was found that adding ATP or CsA separately has no effect on
the equilibrium between the two conformations, whereas the addition of both CsA and ATP
shifts the equilibrium towards the outward facing conformation. A similar effect is also
achieved by combined addition of cardiolipin and CsA. By monitoring the entire
conformational landscape a possible mechanism of drug efflux was proposed where
nucleotide binding stabilises the outward conformation upon drug binding, leading to drug

release.

Crucial for measurements is the realisation that different conformations can be monitored
by IM-MS if the equilibrium between different conformations is on the millisecond time
scale. Conformational change due to lipid binding happens, usually, on the second time scale
making them possible to be probed my IM even for large complexes such as ATPase. This
large protein complex is composed of a large soluble head group and a membrane rotary ring
where ATP is synthesised by taking advantage of the proton motive force. The membrane-
embedded complex is formed by three sub-complexes I, C and L. Non-denaturing mass

spectrometry reported that subunit I is displaced at low ATP concentrations. By measuring
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the arrival time distributions of the ICL complex and comparing with CL complexes in the
presence of endogenous lipids, it was found that the gaps left by movement of the I subunit
are filled by lipids. Furthermore, the I subunit is connected with the peripheral stack which
controls the assembly/disassembly of the complex. A hybrid methodology using IM-MS and
molecular dynamics (MD) simulations showed that upon ADP binding the I subunit is more
flexible leading to complex disassembly, whereas in the presence of a proton motive force the
flexibility of the I subunit is restricted. As a result the assembly of the ATPase is

modulated.!**

PTMs play an important role in activity and function of membrane proteins. Many
signalling pathways are regulated by phosphorylation or acetylation of specific residues.
Applying a hybrid approach where the modified sites are identified by bottom-up proteomics
and global conformational changes are monitored by non-denaturing mass spectrometry has
yielded astonishing results. Schmidt and co-workers identified phosphorylated residues on
eukaryotic F-type ATPase.'?> Of interest were the modified sites on the subunit interfaces
which potentially can influence the oligomeric state. Dephosphorylation of these residues
revealed that the affinity for nucleotide binding was lower relative to phosphorylated
conditions. In addition, major structural differences between these interfaces were found in
both regimes. In combination with comparative crosslinking it was further shown that the
structure of subunit €, which connects the soluble head region of the ATPase with the rotary
membrane ring, is altered by phosphorylation. Taken together these results demonstrate the
ability of MS to explore the effects of PTMs and lipids on structure changes on membrane
proteins. Here similar approaches are used to probe the effect of PTMs on the oligomeric

state of cytochrome ¢ oxidase.
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1.6 Aims of this dissertation

A breakthrough in gas-phase structural biology was the realisation that protein structure is
preserved in the absence of water during a MS experiment.”’ In light of this finding and
instrumental development the range of proteins studied by MS dramatically increased. The
ability to perform measurements in near physiological conditions and observe the binding of
small molecules to large biological complexes has made MS a desirable method to study
protein complexes. In tandem with IM, structural information such as gas phase
conformation, oligomeric state and subunit connectivity can be determined.!?®> Many of the
developments for soluble proteins have readily translated to the study of membrane proteins
by native MS. However, study of this special class of proteins can be complicated, which is

also the case when they are studied by MS.

Not all membrane proteins can be easily studied by native MS. Whilst detergent
solubilised membrane proteins are most often used, depending on the detergent there is a
large variability in spectral quality and the types of MS experiments that may be able to be
performed. Therefore the initial aim was to determine the effect detergents have on the gas-
phase properties of membrane proteins; specifically the role detergents play in determining
the charge state of membrane proteins and the activation energy required for detergent

removal.

Identifying and quantifying the effects of lipid binding to membrane proteins may
facilitate a better understanding of this tightly-coupled relationship. A powerful method used
in MS for the characterisation of bound ligands is mass selection and activation of the
selected ions, yet commercial instrument designs limit its applicability to soluble proteins.

The second aim was to apply new methods to enable mass selection of membrane proteins for
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identification of bound lipids, as well as to quantify the protein stabilising effects of lipids in

the gas phase.

Cellular membranes, and their membrane protein constituents, regulate many important
biological processes, but can be prone to experiencing environmental stress. Elucidating how
the chemistry behind membrane proteins and their interactions with lipids may be modulated
by changes in environmental conditions was the motivation of the third aim. How lipid-
protein interactions may respond to pH stress and identifying if specific lipids could stabilise

the active conformation of membrane proteins at low pH was investigated.

Finally, aspects of the methods previously developed were combined to perform non-
denaturing MS on a large complex sample. The aim was to determine conditions that
preserve the non-covalent interactions of the native oligomeric state of the mammalian
membrane protein cytochrome ¢ oxidase, to identify the bound endogenous lipids, and to

quantify the effect of these lipids and post-translational modifications on the protein stability.

In summary, the research presented here aims to elucidate the effect detergents have on
membrane proteins in the gas phase, to identify bound lipids and the PTMs of membrane

proteins, and the effects they have on oligomeric state and structural stability.
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Chapter Two: Probing the mechanism of membrane protein

ionisation and detergent release in the gas phase

The ability to maintain non-covalent interactions in the absence of water has meant mass
spectrometry can be used as a tool in ways that were perhaps unimaginable not so long ago.
Of particular relevance, that the structural integrity of proteins can be preserved is an
important prerequisite when applying mass spectrometry as structural biology tool. To
conserve the native-like folded conformation, in the presence of charged particles, while in a
state with an increased total energy, a better understanding of charge-driven unfolding and
collisional activation unfolding mechanisms is necessary. Although during collision-induced
dissociation (CID) process these two unfolding pathways are intertwined, as ion acceleration
is charge dependent, in the present study the unfolding effects arising from each pathway are

decoupled.

Charge driven unfolding, also known as Coulombic unfolding, is directly affected by the
ionisation mechanism. For membrane proteins, which are introduced to mass spectrometer in
detergent clusters, an additional level of complexity is introduced. The total amount of charge
will not only depend on the characteristics of complex but also on the detergent-protein
interactions. In addition, removal of detergent is performed at elevated energies, relative to
the energy typically used for soluble proteins, hence a balance between detergent removal

and protein unfolding must be established.

In this chapter the focus is placed on the proposed mechanisms of electrospray and their
applicability to membrane protein native mass spectrometry. A series of membrane proteins,
covering a large mass range is used to explore the effect of detergents on charge distributions

and the activation energy required for detergent removal. A potential mechanism of
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membrane protein electrospray ionisation and gas-phase unfolding is proposed. Based on this
mechanism, conditions to maintain membrane proteins in a native-like state were found, and

used to probe the effect of lipid on membrane protein gas-phase stability.

2.1 The mechanisms of electrospray ionisation

The macroscopic features of electrospray are well known,” however, a detailed
electrospray ionisation (ESI) mechanism remains elusive. Currently, a few ionisation
modules exist,%® that mechanistically describe the transition from charged droplets to protein
ions. Two competing mechanisms are generally more accepted, known as the ion evaporation
model (IEM),'** and the charged residue model (CRM).!® A third mechanism, the chain
ejection model (CEM),!? has also been proposed, however, as the general consensus is that
this model applies to denatured proteins, it is not discussed in detail in this dissertation.
Recently, there has been a growing consensus that combining aspects of both mechanisms

could lead to a better description of the electrospray process.!'?°

Characteristic of ESI mass spectra is the presence of multiple charged ions.!® In the early
stages of ESI, droplets with a large diameter can accommodate an excess amount of charge
on their surface. Droplet evaporation and Coulombic fission leads to smaller charged droplets
and eventually charged proteins. IEM proposes that as the droplet evaporates and the charge
density increases, Coulombic repulsion becomes stronger than solvation forces, resulting in
emission of charged particles and eventually ejection of the charged macromolecule from the
droplet (Figure 2.1).'>” While this mechanism can account for the charge state distribution of
low molecular weight ions, it cannot adequately describe ion formation of large

macromolecular assembles.!?
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Progresive droplet evaporaticns and fissions
+ o+

Figure 2.1: Proposed models of electrospray ionisation. The charged residue model proposes that
solvent (blue area) evaporates as neutral and the charge is then passed on to the protein (grey) whereas
following the ion evaporation model charged macromolecular ions are ejected from the droplet.

Positive ions are denoted with +.

On the other hand the CRM proposes that solvent evaporates as neutral until the charge of
the droplet matches the Rayleigh limit, where the Coulombic repulsion overcomes the surface
tension, leading to droplet fission and the generation of smaller droplets.”* When a single
analyte is present in the droplet, complete neutral solvent evaporation will lead to deposition
of the charge from the droplet surface to the protein (Figure 2.1). It is evident that following

t,129

the CRM the maximum change (gmax) Will depend on the Rayleigh limi where D is

droplet diameter, y is surface tension and €o is the electrical permittivity of a vacuum:

1
Qmax = 7-[(8EOVD3)E (2.1)

If ion generation follows the CRM then the charge distribution will be directly correlated
to droplet diameter. Indeed, de la Mora showed that this can be the case, as average charge
states of proteins are consistent with the predicted charge state based on spherical droplets as
a function of protein diameter.'?® Subsequently, this relationship has been found to also be

true regardless of the presence of basic or acidic residues present on the protein.!*® Clearly
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protein surface area dictates the amount of charge on a protein rather than the chemical
characteristics of its primary structure. On the basis of this ionisation mechanism the surface
area of proteins with unknown structure could potentially be derived by MS measurements.'®!

However, this model does not account for cases where charge reducing or increasing agents

are present in the sample.

With the development of non-denaturing mass spectrometry it became apparent that
folded proteins generate ions with less average charge and a narrower charge state
distribution than proteins denatured in solution (Figure 2.2). This difference under non-
denaturing conditions arises because different ionisation mechanisms perhaps operate in each
case. For instance the CEM for denatured proteins and the CRM for folded ones;®’ providing

evidence that possibly both ionisation mechanisms are relevant.

A charged residue-field emission model has been proposed by Hogan and co-workers
which combines aspects of both the CRM and IEM.!'* In this model, excess charge is
extracted from the droplet by solvated ions that serve as charge carriers. Once the ions have
fully evaporated the remaining charge is transferred to the protein, generating multiple
charged ions. In this mechanism, what dictates the charge state of a protein is the extent of
ion emission from the droplet. Ion emission happens only at electric fields above a certain
threshold. Once an ion has been emitted, the electric field decreases. Subsequently, neutral
evaporation will re-establish the high electric field on the droplet surface leading to the next
emission event. This process occurs on a fast time scale and as such the electric field is
effectively maintained at the threshold value. Hence, the final droplet will still have a charge
state that is dependent on the surface area of the analyte. The charged residue-field emission
model provides an adequate prediction of charge state distributions and can be applicable to

all analytes regardless of their mass and folded state as shown by IM measurements.'*> The
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combined charged residue-field emission model is useful in the case of membrane proteins,

where it can be used to explain the effect of detergent on charge state distributions.
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Figure 2.2: A comparison between the charge state distribution under denaturing conditions (top
spectrum) and non-denaturing conditions (bottom spectrum). GInK protein at 10uM was either
denatured under acidic conditions or maintained in the folded state in native-like conditions using

200mM ammonium acetate and applying a low capilary, cone and collisional voltage of 20 V, 0.8kV

and 10V respectively.

Membrane proteins are introduced to the mass spectrometer, typically, in the presence of
detergents, hence, the effect that detergents have on charge states and gas phase stability of
membrane proteins was investigated. Initially the ability of detergent to serve as a charge
carrier was investigated by recording the mass spectra of the membrane protein PIMATE
solubilised in different detergents. Following established protocols for detergent screening,®

optimised conditions, i.e. highly resolved spectra at low activation energy, were found.
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Another factor that influences the charge state distribution of membrane proteins is
solvent accessible area. To investigate the combined effect of detergents and solvent
accessible area a set of membrane proteins, expressed in-house, were solubilised in a series of
detergents from different classes and analysed by mass spectrometry. The activation energy
required to remove detergents was measured for the membrane proteins PAIMATE and AqpZ,
identifying detergents that can be removed at low activation energy and preserve the native-

like conformation of these membrane proteins.

2.2 Detergent screening for optimisation of mass spectral quality

While detergents facilitate generation of gas-phase membrane protein ions’ they severely
reduce the spectral quality.!** A prerequisite to reveal the membrane protein ionisation
mechanism and probe the stability of membrane protein ions in the gas phase is generation of
well-resolved spectra where the effect of each detergent bound can be monitored. To improve
spectra quality, while maintaining the membrane proteins in folded-like conformations, a
detergent screening protocol was developed.®* Application of this protocol for spectra
optimization of PAMATE is shown. PAIMATE was expressed in-house in bacterial cell lines.
After expression and isolation of membranes, detergents were utilised to solubilise the

membrane protein.

The identity and the concentration of the detergent used for solubilisation are two crucial
parameters in addition to time and temperature of extraction.'*> Detergents introduced at high
concentration will compete with bound lipids and liberate the membrane protein from the
lipid bilayer."*® Low amounts of detergent are associated with a smaller extent of delipidation
yielding heterogeneous populations of lipid-bound species that may not be resolved by

MS.!¥7 However, in addition to solvation, lipids have been shown to also have a structural
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role for many membrane proteins.'*® At high detergent concentration removal of structural
lipids may lead to structural changes of membrane proteins and to protein unfolding. Hence,
extraction of membrane proteins from lipid bilayers is done using detergents at a critical

solubilisation concentration.

To maintain the native fold, the chemical properties of detergent and their ability to

139

mimic the lipid bilayer are crucial.””” Detergents that are better at out-competing lipids are

classified as harsh.!*

Usually, these detergents are charged, have small head groups, and are
typically short chain with <8 alkyl repeats. Although they perform better than mild detergent
for sample delipidation, they mimic the native environment to a lesser extent meaning that
many proteins are not stable when solubilised in these detergents. For instance, it has been

estimated that only 20 percent of membrane proteins are stable in LDAO,'* a zwitterionic

harsh detergent.

Detergent with a neutral and large head group and long alkyl chains are known as mild
detergents. They assist membrane proteins by providing more native environments however
lipids are usually co-purified.'* The most used detergent for MS studies is n-dodecyl B-D-
maltoside (DDM). As a mild detergent, typically membrane proteins are solubilised at 20x
the critical micelle concertation (CMC) whereas MS spectra are recorded at 2x CMC.
Usually, although highly sample dependent, adduct peaks, potentially lipid bound species, are
present in the spectra, as shown in Figure 2.3. For example, PAIMATE fused with green
fluorescence protein (GFP) was found to co-purify with adducts with an average mass of
1,390 Da, possibly corresponding to cardiolipin (CDL). In addition, elevated energy in the
collision cell was required to remove the micelle (190 V); hence, the native folded protein in
solution most likely adopted an unfolding conformation during collisional activation. An

impurity with a mass of 36 kDa was also co-purified.

55



100, * - ® 81398.83 +44.79
.' ® 79643.58 + 5.24
= ® 78253.12 £ 9.36
] .
S .. ® 3629621 +9.19
2 o7 )
‘B
c
2
£
2
©
)
o
" DDM
1000 2000 3000 4000 5000 6000 7000

m/z

Figure 2.3: Mass spectrum of PMATE-GFP solubilised in DDM. The presence of lipid bound,
potentially cardiolipin, is observed and impurities are also co-purified. The spectra were recorded at
190 V collision voltage. Prior to MS measurements the protein was buffer exchange to 200 mM

ammonium acetate and 2xCMC of DDM.

To improve sample homogeneity and spectra quality a detergent screen was performed
for PAMATE. There are three steps where detergent can be exchanged: at extraction, during
immobilized-metal affinity chromatography (IMAC) purification or during size-exclusion
chromatography (SEC) purification. To eliminate the effect of detergent on spectra quality
and only monitor the extent of delipidation during extraction, the first detergent screen was
performed at extraction, with samples exchanged to DDM, using a SEC column, before MS

analysis.

Figure 2.4 shows the spectra from a detergent screen at the extraction level. Six
detergents were chosen from different detergent families. In all cases bound lipids are present
and spectra are relatively poorly resolved, with the exception of foscholine-16 where spectral
resolution allows for identification of adducts with a mass of 735 Da and 1,399 Da. These

masses agree with the average mass of a phospholipid and cardiolipin respectively. Hence,
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for PAMATE, foscholine-16 can better preserve the binding of phospholipids, relative to
DDM where only cardiolipin was found to be bound. For other detergents the poorly resolved
spectra suggest that the protein is bound to a large lipid entity due to poor delipidation and
these lipids cannot be unambiguously identified due to the low resolution. In all cases where
the proteins were sprayed in the presence of DDM, a high activation voltage, up to 200 V in

the collision cell, was required for micelle removal.

| 81398.83 +£44.79

2 | 7964358 + 5.24 17+
[ * 78253.12 + 9.36 oo
13+ m ® 36296.21 + 9.19 _J,,
MJUJ \\\ “' FosCholine-16
DDM
S 3500 4500 5500 6500 7500 S 3500 4500 5500 6500 7500
L lo = 17+
2 I 2 13+
= 13+ 4 c e
g TU e o Il
s |l M r J
= I NG > i
© & Tx-100
(] T T T T T 7] T T T T T
= 3500 4500 5500 6500 7500 < 3500 4500 5500 6500 7500
Y
OGNG
T T T T T LDAO
3500 4500 5500 6500 7500 3500 4500 5500 6500 7500
m/z m/z

Figure 2.4: Mass spectra of PAIMATE-GFP demonstrating the detergent screening at extraction level.
After extraction all samples were exchanged, using a SEC column, to DDM and 200mM ammonium
acetate. The best resolved spectra were achieved at a collision energy of 190V and 200V for DDM,
OGNG, LDAO and NG, TX-100,FosCholine-16 respectively.

Taken together these results demonstrate that detergent chemistry plays an important role

in delipidation during extraction. The degree of delipidation can be monitored by non-
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denaturing mass spectrometry, allowing for identification of detergents that can solubilise the

proteins with minimal amount of lipid bound.

To improve spectral resolution and find detergents that can be removed at lower
activation energies another detergent screen was performed. This time the same detergent
was used for extraction and for MS analysis (Figure 2.5). A substantial improvement in the
spectral quality was observed for OG, NG, OGNG and LDAO, and to a lesser extent for

C8EA4, as compared to DDM or Cymal 6.

58



17+ 18+
L]

HJ‘.WMW . .

i

LLLJLJJ | D?M LL&MNjhhh'. OGNG

3500 4500 5500 6500 7500 3500 4500 5500 6500 7500

(1]
18+
ol.lci
.l ﬂ'll L ]
Cymal 6 ¢ | NG
W
3500 4500 5500 6500 7500

3500 4500 5500 6500 7500
M\A 13+ o
* 0
\ . wmmﬁ““mhu
¥ Wiyt
Anzergent 3-14 C8E4

3500 4500 5500 6500 7500 3500 4500 5500 6500 7§00

Relative Intensity (a.u.)
Relative Intensity (a.u.)

o 12+
el |18+
[ ]
[ ]
[ ]
| 0G
%Mﬁi wMJ . LDAO o [u
3500 4500 5500 6500 7500 2000 5000 8000 11000 14000
m/z m/z
® 7806342 +1.52 Da L 79479.41 £ 7.86 Da
ATt LR | 81239.67 £ 9.43 Da

Figure 2.5: Mass spectra of PAIMATE-GFP showing the dependence on spectra quality of detergent
screening by maintaining the same detergent for both extraction and MS experiments. Measurements
in the presence of LDAO resulted in clear and highly resolved spectra. The collision voltage applied
was 200V for DDM, Cymal6, Anzergent3-14, OG, OGNG, NG. In the case of C8E4 and LDAO a
collision voltage of 120V was applied.

The activation energy needed for detergent removal was variable based on the detergent.
For instance, OG, NG, OGNG, DDM and Cymal 6 required high activation energy (=170 V)
for the charge state series to be resolved whereas for LDAO and C8E4 an activation voltage
of 100 V was sufficient for detergent removal. This result provides the first hint that the

activation energy needed for detergent removal is dependent on detergent chemistry.
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The population of adduct bound species is smaller for OGNG relative to DDM, Cymal 6
and C8E4 whereas clear spectra are observed for OG, NG, LDAO. Both OG and NG spectra
show the presence of detergent micelle in the low m/z region, unlike for LDAO and C8EA4. It
is evident that LDAO provided the highest resolution spectrum and no lipid adducts or other

impurities were observed.

Where the protein adopts only one conformation, the charge residue-field emission model

predicts a single Gaussian charge state distribution, '

however in the case of MS analysis of
PMATE solubilised in LDAO detergent a deviation from this is observed suggesting the
possibility that multiple conformations are present: an unfolded one with higher average
charge state and a folded one with a lower average charge state. In the high m/z region a
dimer is observed which can also affect the charge state distribution. As LDAO is considered

to be a harsh detergent,'?

potentially a population of the protein unfolds either during
extraction, due to a high concentration of LDAO, or during collisional activation. However,
as detergent removal in the case of LDAO is performed at significantly lower energy than for
other detergents, it can be hypothesised that PAMATE unfolds during extraction from the
membrane. To test whether PAIMATE unfolds at the extraction step OGNG was used for
extraction, then the sample was exchanged to LDAO at a low concentration of 0.094% (w/v)
corresponding to 2x CMC, using a SEC column. In this case a Gaussian charge state
distribution was observed, confirming the hypothesis that LDAO unfolds the protein only at
high concentration during the extraction stage. The solubilised PAMATE in OGNG was also

exchanged to C8E4 detergent yielding highly resolved spectra with a normal distribution of

charge states (Figure 2.6).

Taken together these results demonstrate the significance of detergent screening during

extraction, purification and spraying as a crucial step for MS analysis of membrane protein.
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As expected, harsh detergents at least for PAMATE generated highly resolved spectra with
less lipids bound than mild ones. However they also potentially lead to protein unfolding
during at high concentration during extraction, hence a combination of several detergents is
preferred, where harsh detergents are only used in low concentration immediately prior to MS

analysis.
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Figure 2.6: A highly resolved mass spectrum of PAMATE solubilised in OGNG and sprayed in C8E4
in 200mM ammonium acetate. The sample was concentrated to 8uM and recoded on a Waters Synapt
G1 instrument. The applied cone, capillary and collsion voltage were 160V, 1.8kV and 140V

respectively. The sample is fully dilipidated and no adduct impurities are bound.

2.3 The effect of detergent on charge state distributions

In addition to a different degree of delipidation, MS analysis of PAMATE in different
detergents provided the first hint that the charge state distribution is detergent dependent.

Previous studies performed on soluble proteins also indicated that detergent may have an
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effect on the overall charge state,!'! however since this study was done under denatured
conditions, directly correlated structural effects on membrane protein-detergent interactions
were not possible. Maintaining a folded conformation and being able to manipulate the
charge state distribution without compromise in spectra quality is crucial for minimising
Coulombic unfolding leading to preservation of native-like conformation in the gas phase.
MS analysis of PAIMATE fused with GFP sprayed in different detergents showed that OG,
NG, OGNG, Cymal 6 and DDM detergents had similar charge state distributions at around
17+. Interestingly, C8E4 and LDAO gave much lower charge state distributions. The same
trend was also observed after GFP cleavage. For instance in the case of OG an average
charge state of 13+ was recorded whereas in C8E4 the charge state distribution was centred at
9+. A closer investigation on the chemistry allowed each detergent to be classified in two
different categories: detergents with a saccharide group, such as OG, NG, DDM, Cymal 6,
OTG and DM, and harsh detergents that have instead a polyethylene glycol head group. The
effect on the charge state distribution of LDAO are similar to the latter group hence for
simplicity LDAO is classified in the same group as polyethylene glycols. To account for
protein specificity, another membrane protein AqpZ was selected and MS measurements in

the presence of detergents from both classes were collected (Figure 2.7).
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Figure 2.7: Mass spectra of AqpZ showing that th charge state distributions is dependent on detergent
class. A higher charge state distribution is observed for OG (purple) detergent as compared to C8E4
(orange). The insets show the chemical structure of both detergents and AqpZ (PDB
2AMB).Measurements were performed in 200mM ammonium acetate and 2xCMC of each detergent
with a protein concertation of 13.5uM. The applied collision voltage for OG was 200V whereas for
C8E4 was 120V.

As in the case of PAMATE a higher charge state distribution was observed for OG,
centred at 17+, compared with C8E4 (13+). To further elucidate the relationship between
detergent class and charge state distribution as a function of protein mass a combination of
ten membrane proteins spanning a mass range of 50 kDa to 426 kDa (Table 2.1) solubilized

in twelve different detergent were analysed (Table 2.2).

63



Table 2.1: Proteins used in this study. The native oligomeric state and its mass are denoted.

Protein Mass Oligomeric
(kDa) state

P/Mate 50 1
MscL 85 5
AqpZ 99 4
AmtB 127 3
FocA 160 5
ELIC 184 5
AqpZ-GFP 211 4
AmtB-GFP 214 3
MscL-GFP 226 5
GIpF-GFP 235 4
Foca-GFP 298 5
Lysenin 300 9
MdtF 338 3
AcrB 344 3
MscS-GFP 413 7
MdtF-GFP 419 3
AcrB-GFP 426 3

Not all membrane proteins were stable in all detergents; hence charge state distributions
could only be calculated for a subset of 49 detergent-protein combinations (Figure 2.8 and
Table 2.2). Saccharide detergents were consistently associated with higher charge states,
whereas polyethylene glycol detergents resulted in lower average charge state distributions
across the mass range. The results were also plotted against the expected maximum charge
state derived from the Rayleigh limit of soluble proteins, in ammonium acetate, as function of

mass.
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The Rayleigh equality correlates the maximum charge state with the diameter of the
droplet, as shown in Equation 2.1, and can be rearranged in a form of a power law (gmax = a
M ?) to show a relationship between the maximum charge state of a macromolecule with its
mass, shown in Equation 2.2 where, maximum charge is denoted by gmar, mass by M, v is the
surface tension, Na Avogadro’s number and &y electrical permittivity of vacuum:

Ty &g
pe2Ny

(2.2)

<
N—
N |-

Amax = 4(

By making an approximation for the macromolecule density as 1 g cm™ and using the
measured surface tension of ammonium acetate as 70 m Nm'', the constants ¢ and b of the
power law are calculated to be 0.078 and 0.5 respectively. The data for each detergent class
were also fitted to a power law deriving the constant a to be 0.0249 and 0.0036 for
saccharides and polyethylene glycol detergents respectively. A derivation from soluble
proteins was found for the constant b for polyethylene glycols (b = 0.71) whereas in

saccharide detergents the b constant was lower, calculated to be 0.58.

Table 2.2: Properties and structures of detergents used in this study. Molecular weights and critical

micelle concertations were taken from Anatrace. For TX-100 an average value of molecular weight is

shown.
Molecular CI:ltlcal
ioht micelle
Detergent w/e1g | concentration Structure
(g/mol) (M)
DM 5246  0.033
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These calculations support the observation that the presence saccharide detergents gives

slightly lower charge states, due to a lower a constant, than soluble proteins, whereas in the

case of polyethylene glycols a reduction of as much as 20 percent of the charge state

distribution relative to the Rayleigh limit is observed. A larger deviation from the expected

charge state distribution is measured if the mass of the micelle is added to protein complexes

(Figure 2.8 inset). This deviation can be rationalized by considering that the detergent micelle

protects the membrane region from charging and that the water exposed surface area plays a

more dominant role in charging.'!
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Figure 2.8: Maximum ion charge state (zmax) post-detergent release as a function of protein mass (M)

and protein-micelle mass (inset). The theoretical Rayleigh limit (grey line) is for 200 mM ammonium

acetate droplets. Data are fitted to the power-law relationship z = a M °. Proteins were solubilised at

2xCMC of each detergent and sprayed at 10uM. Data were collected in partnership with Eamonn

Reading.
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Table 2.3: Maximum observed charge and average charge state of selected proteins solubilised in

saccharide detergents.

Protein Zave Zmax
0OG
AmtB-GFP 31.2 37
AqpZ 17.0 21
MATE 13.3 16
NG
AmtB-GFP 30.4 35
AmtB 21.1 23
AqpZ 18.0 21
AcrB-GFP 43.5 49
MdtF-GFP 41.8 48
OTG
AmtB-GFP 31.9 37
AqpZ 18.0 24
DM
AmtB-GFP 314 36
AqpZ 16.0 20
DDM
AmtB-GFP 30.4 35
AmtB 24.0 26
AqpZ 20.2 23
MscL 19.4 22
MscL-GFP 31.7 35
AcrB-GFP 42.7 47
MscS-GFP 43.1 47
ELIC 28.8 32
MdtF 39.5 44
GIpF-GFP 343 38
UDM
AmtB-GFP 30.3 36
AqpZ 16.2 21
Cymal-5
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Protein Zave Zmax

AmtB-GFP 31.3 36

AqpZ 19.2 25
Cymal-6

AmtB-GFP 30.5 36

AqpZ 20.0 22

TDM

AmtB-GFP 30.0 36
OGNG

AmtB-GFP 27.9 34

AmtB 19.9 22

AqpZ 16.2 19

in polyethylene glycol detergents, TX-100 and LDAO detergents

Table 2.4: Average charge and maximum charge states observed for the

selected proteins solubilised

Protein Zavg Zmax
TX-100
AmtB-GFP 21.6 28
AqpZ 13.1 16
C8E4
AmtB-GFP 21.3 26
AmtB 16.3 19
AqpZ 13.6 17
MscL 11.8 16
MscL-GFP 24.8 29
FocA 20.3 22
AcrB 32.6 37
MATE 9.3 11
C8ES
AmtB-GFP 22.8 28
AqpZ 11.9 15
AqpZ-GFP 22.8 27
MscL 12.5 17
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Protein Zavg Zmax

MscL-GFP 23.6 28

MscS-GFP 36.9 45
C12ES8

AmtB-GFP 25.8 31

C16E20

AmtB-GFP 25.8 31
LDAO

AqpZ 12.7 15

MATE 7.5 10

To better understand why polyethylene glycol detergents give spectra with lower charge
state distributions two possible scenarios where charge reduction can happened were
considered: whether charge stripping occurs during detergent activation or where ion
formation with less overall charge is the dominant mechanism. First the hypothesis that
detergent leaves as charged species during activation was considered. This hypothesis fits
with the rationale that detergents simply solubilise membrane proteins, hence the protein
detergent complex behaves as a soluble protein. The charge state of the detergent protein
complex will be equal to the sum of charges carried by the protein and the micelle charge.
Since the micelle is removed inside the mass spectrometer the measured charge does not
reflect the charge during ionisation, but rather only part of this charge as detergent leaves
carrying charge. To test this hypothesis mass spectra of the membrane protein PMATE,
solubilised in C8E4 and DDM, were recorded. Instrumental conditions were optimised to
allow for direct visualisation of bound detergent molecules by operating at low activation
energies. Detergent removal was monitored as a function of increasing collision energy and
the average charge state was recorded for each level of energy (Figure 2.9). As the collision
energy increases sequential detergent removal is observed. However, the charge state
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distribution remains the same, demonstrating that detergent leaves as neutral species and as a

result does not account for charge reduction in the case of polyethylene glycol detergents.
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Figure 2.9: Detergent molecules are lost as neutrals upon collisional activation, with the detergent
chemistry influencing both the ionization and release of membrane proteins in the gas phase. Mass
spectra of PAMATE, at a final concertation of 12uM in 200mM ammonium acetate and solubilised in
2xCMC of DDM (right), C8E4 (left), show detergent removal upon collisional activation. Inset is the
crystal structure of P. furiosus MATE (PDB: 3VVN). Arrows show the number of bound detergents at

low activation energy.

The second hypothesis was then considered, where the presence of detergent during ion
formation is responsible for lowering the total charge in the droplet. Charge reduction can
result from either a change in surface tension or in the light of the charge residue-field
emission mechanism, detergent serving as a charge carrier, leaving the final protein ion with
less charge. The fact that surface tension can alter the charge state distribution is stated in the
Rayleigh limit equation (Equations 2.1 and 2.2), hence the presence of detergent may alter
the droplet surface tension and thus shift the charge state distribution. Using drop shape

analysis, the surface tension of each detergent was measured and plotted against the average
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charge state or maximum charge state for AmtB-GFP and AqpZ (Figure 2.10). In both cases
no correlation between surface tension and charge state distribution was observed. Therefore
surface tension variations from the presence of different detergents does not account for the

observed charge state differences based on detergent class.
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Figure 2.10: Plots of micelle mass (a) and surface tension (b) of detergent against zZ,. (red circles)
and zmax (green triangles) for both AqpZ(left) and AmtB (right) membrane proteins. The micelle mass
was calculated from reported aggregation number taken from Affymetrix. The surface measurements
were performed at 2xCMC of each detergent in 200mM ammonium acetate. The error bars for micelle
mass reflect the uncertainty in published micelle sizes. The error bars for surface tension reflect the
standard deviation of repeated independent measurements (n = 5). Micelle mass calculations were

provided by Eamonn Reading.

As surface tension is not responsible for the lower charge states in the presence of
polyethylene glycol detergent, it can be hypothesised that this detergent may serve as a

charge carrier, unlike saccharide detergents which emit as neutral species. This hypothesis
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was tested by considering a soluble protein, transthyretin (TTR), to decouple the effect of
detergent bound to the protein and free detergent in the droplet (Figure 2.11). As TTR is a
soluble protein, the charge state distribution measured in the presence of detergent can be

compared to measurements in ammonium acetate only without detergent present.

15+

No detergent

Intensity/a.u.

Figure 2.11: Mass spectra of TTR showing that charge state dependence on the presence of charge
carrier species. Mass spectra of showed the same charge state distribution in the absence of detergent
(200mM ammonium acetate) and DDM purple and blue spectra respectively, whereas a slight charge
decrease is observed for LDAO (orange) and a significant reduction in the case of C8E4 (red). TTR
was maintained at 8.6uM and detergent concentrations were at 2xCMC. A low collision voltage of

30V was applied for DDM, LDAO and no detergent whereas in C8E4 the applied collision voltage
was 60V.

74



The average charge state in ammonium acetate was found to be 14.7+. There was no
significant difference in average charge state between the measurement in ammonium acetate
and in the presence of DDM (zave= 14.5+). However a large reduction in charge was found in
the case of C8E4 (zave = 9.4+) and a noticeable, but smaller reduction in the case of LDAO
(zave = 13.8+). These results provide evidence in favour of the hypothesis that charge

reduction is a direct consequence of detergent removal as a charge carrier.

To provide insight into if the micelle as an entity provides a role in charge reduction or
only the chemical characteristics of the detergent head group are responsible for the observed
variation of the charge state distribution the head group of C8E4, C4, was added to the TTR
sample. A charge reduction to only an average of 13.2+ was observed demonstrating that
synergetic effects of the detergent clusters are important for the observed charge states in the

presence of detergents.

An interesting effect was observed for membrane proteins sprayed in the presence of
LDAO. Relative to saccharide detergents, the presence of LDAO in the sample yielded
charge reduced states similar to C8E4. However, collisional activation of the protein leads to
a further reduction of the charge state, shown in Figure 2.12 for the case of PAMATE. For
instance at a collision voltage of 100 V the charge state distribution centres at 9+, increasing
the energy to 240 V the charge state distribution shifts to 6+. This observation can be
explained due to proton transfer from the protein to detergent molecules at high collisional

activation.

Molecular dynamics (MD) simulations have shown that as the protein detergent complex
is transferred into the gas phase, the absence of water may allow some of the detergent

molecules to reverse in orientation, with the polar head group in close proximity to the

75



protein.'*> High levels of activation may promote this rearrangement, and as a result the polar
head group could pick up a charge from the protein leaving the detergent-stripped protein
with less charge. Although this cannot be fully explained, it is evident that charge formation

in the case of LDAO follows a mechanism other than exclusively charge carrier emission.
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Figure 2.12: The dependence of charge state distribution of membrane protein PAMATE, solubilised
in LDAO, on collisional voltage. Increase in the collision voltage from 100 V (red) to 240 V (blue)
shows a reduction in the charge state distribution centre from 9+ to 6+. The population of lipid bound

is unaffected. The measurements were performed at a protein concertation of 6.2pM.
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2.4  The effect of polarity on charge state distribution

Previous studies have shown that in negative polarity, soluble proteins are associated with
a lower charge state distribution.!**> By employing nESI to transfer proteins from solution to
the gas phase while preserving their non-covalent interactions and performing IM in both
positive and negative polarity, it was found that the measured collision cross sections were in
parity between polarities. As the surface area of the proteins remained the same regardless of
polarity it was suggested that the CRM cannot explain the observed charge state differences.
Furthermore, by taking into consideration that the proteins were sprayed in identical
conditions in both polarities, the observed differences in the ion charge were attributed to
charge carrier effects in accordance with the charge residue-field emission model. It was then
hypothesised that in negative polarity, anions had lower charge carrier energy than the

corresponding cation in positive polarity.

In the light of these measurements performed in negative polarity it is interesting to
investigate if the same phenomena are manifest in the presence of detergents. This has two
direct implications. First, if charge reduction in negative polarity is independent of detergent
chemistry than at least in negative polarity polyethylene glycol detergents do not serve as
charge carriers, hinting that a mechanism other than the charge residue-field emission model
applies. However, if a charge reduction in negative polarity is observed only for saccharide
detergents, then these experiments provide more evidence that the charge residue-field
emission model applies in the presence of detergents and polyethylene glycol detergents are
ejected from the droplet as charge carriers. Second, combining both charge reducing effects
arising from polyethylene glycol detergents and negative polarity may lead to accessing even
lower charge states, which may better preserve native oligomeric states. However, if these

two effects cannot be combined, accessing lower charge states for saccharide detergents in
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negative polarity can be an alternative way to preserve the oligomeric states of proteins that

are not stable in polyethylene glycol detergents.

To investigate the dependence of charge state distribution on polarity in the presence of
detergents, a set of membrane proteins that were expressed in-house and solubilised in both
detergent classes was used. Noticeably for saccharide surfactants a charge reduction in
negative polarity relative to measurements performed in positive polarity was observed. For
polyethylene glycol detergents there was minimal charge state difference between both
polarities (Figure 2.13). For instance, the measurements performed for AmtB solubilised in
C8E4 detergent show no significant difference in charge state distribution between both
polarities; the centre of the charge state distributions were 18.9+ and 19.6- for positive and
negative polarity respectively. The same measurements performed in OG detergent shows a
reduction in the average charge state from 22.1+ to 18.2- from positive to negative polarity.
In a similar way the ligand-gated ion channel (ELIC) a pentameric membrane protein was
subject to MS measurement in DDM detergent, a saccharide type detergent, in both positive
and negative polarity (Figure 2.14). In positive polarity the pentamer charge state distribution
is centred at 30+. Maintaining the same sample conditions but performing the measurement
in negative polarity the charge state distribution shifted to 23-. Importantly, this reduction in

the charge state stabilises the native pentameric oligomeric state (vida infra).
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Figure 2.13: The effect of polarity in charge state distribution is dependent in detergent class.
(a) Mass spectra of EcAmtB solubilised in OG at 2xCMC showed a charge reduction from positive to
negative polarity (orange and blue spectra respectively). (b) Mass spectra of MtAmtB solubilised in
C8E4 shows no charge dependence on polarity. In both cases the protein concertation was 12uM and
the applied collision energy was 180V for OG and 90V for C8E4. The cone and capillary were 160V
and 1.8kV in positive mode and 100V and 1.1kV in negative mode.

To examine the dependence of polarity on average charge state relative to solvent
accessible surface area, nine membrane proteins in a mass range from 50 kDa to 300 kDa
were considered and measurements were performed in both polyethylene glycol and
saccharide surfactants. An increase in mass results in greater charge state difference between
positive and negative polarity in the presence of saccharides (Figure 2.14). However,
performing the same measurements in polyethylene glycol detergents resulted in no

difference in charge state distributions between both polarities. In the light of the combined
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charged-residue ion-evaporation model this difference in average charge distribution that
depends on both polarity and surfactant class can be attributed to charge carrier effect,
achieved by buffer particles and polyethylene glycol surfactant in negative and positive

polarities respectively.
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Figure 2.14: The effect of negative polarity on charge state in the presence of detergents. Mass
spectra of ELIC pentameric species showed a charge reduction, in the presence of DDM, from
positive (blue) to negative polarity (purple). The native oligomeric state is better preserved in negative
polarity, whereas in positive polarity a large amount of dissociation of the pentamer to tetramer is
observed. The protein contraction was 16uM and the applied voltage was 180V in both polarities. (b)
Average charge state difference between two polarities solubilised in saccharides detergents (purple)
and C8E4 (blue) of 9 membrane proteins (MATE, McsL, AqpZ, AmtB, MtAmtB, OmpF, FocA,
ELIC, AcrB). Proteins were solubilised at 2xCMC each detergents and sprayed at 10uM. The inset

show the mass spectra of AmtB in C8E4 in both polarities, no change is charge state was observed.
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2.5 Preserving the native oligomeric state by reducing Coulombic

repulsion

The detergent is removed inside the mass spectrometer at elevated activation energies via
a CID process during which ions are accelerated in an applied potential. As a result ions with
high charge will experience higher activation leading to better desolvation and removal of
non-specific adducts. In addition, high charge will impose a greater extent of Coulombic
repulsion on the protein, which combined with high applied energy, as in the case of
membrane proteins, results in disruption of non-covalent interactions and loss of native
oligomeric state. On the other hand, having a lower charge state distribution allows for lower
activation energy to be applied to the membrane protein ions, hence better preserving their
native oligomeric state. As a result detergents with charge reducing properties can be
exploited to better preserve the native oligomeric state. Figure 2.15 shows mass spectra of
AmtB in DDM and C8E4. In the case of DDM the native trimer oligomer has a higher charge
state distribution and the energy needed to remove the detergent is also sufficient to strip a
high charge monomer from the trimeric complex leaving a low charge state dimer due to
asymmetric charge dissociation during CID. Hence, the total intensity of the trimer is
diminished. In the presence of C8E4, lower charge states are accessible and the trimer state is

the only present species after detergent removal.

Many proteins are not stable in the presence of harsh charge reducing detergents. In order
to reduce Coulombic repulsion in these cases, as common for soluble proteins, charge
reduction agents are used. For instance by using 10mM of imidazole the average charge state
of AmtB in OG detergent is reduced from 21+ to 18+. The same extent of charge reduction is
also observed in the presence of acetonitrile vapours in the ionisation chamber. Interestingly

these charge reducing effects can be combined, providing insights that charge reduction
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mechanism of imidazole and acetonitrile vapours are a result of complementary mechanisms.
In the case where both charge reducing agents are used the average charge state distribution
is shifted from 21+ to 16+ and only the native trimer oligomeric species is present in the

Spectra.
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Figure 2.15: Polyethylene glycol detergents stabilise the native oligomeric state. Mass spectra of
AmtB in C8E4 (blue) show only the trimeric state whereas the energy needed to liberate the complex
from DDM detergent (purple) is sufficiently high to fragment the complex resulting in monomers and
dimers. The protein was maintain at 9uM in both cases and the applied voltage was 200V for DDM
and 140V for C8E4.

In the case of relatively large proteins (>80 kDa) where only saccharide detergents can
preserve the native stoichiometry and addition of charge reducing agents leads to protein
unfolding or a compromise in spectra quality, negative polarity can be exploited to achieve

lower charge state distributions. Unlike for soluble proteins, where no significant advantage
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of negative polarity in preserving the native-like structures was found,'*® in the case of
membrane proteins, where high activation energies are applied for detergent removal,
accessing a lower charge state distribution is highly desirable to maintain the native
oligomeric state. Figure 2.14 and 2.16 shows the mass spectra of two pentameric membrane
proteins, ELIC in the presence OG detergent and the mechanosensitive channel for large
conductance (MscL), solubilised in NG detergent, respectively. Due to the high activation
required to eject NG and OG detergents from MscL and ELIC respectively, the native
oligomeric state cannot be unambiguously assigned, as both proteins dissociate via CID into
tetramer and monomer. However, using the same sample conditions in negative polarity, the
native oligomeric state at lower charge states was preserved without generating CID
products. For instance, in case of ELIC a charge shift of seven, by simply changing polarity,
was sufficient to completely eliminate CID fragmentation and only the native oligomeric
state was observed. Therefore negative polarity can be used to preserve the native oligomeric

states of membrane proteins that are solubilised in saccharide detergents.

The case of MscL illustrates another advantage of using negative polarity in non-
denaturing conditions for mass measurement of the oligomeric state. In this case the energy
needed to remove the NG micelle is substantially higher than the maximum energy tolerable
to preserve the non-covalent interactions. Consequently due to incomplete micelle removal
the pentameric oligomeric state cannot be resolved. The spectra show the presence of CID
products; the tetramer is well-resolved whereas the monomer intensity cannot be easily
visualised due to the presence of the detergent micelle in the low m/z region. Switching the
polarity to negative resulted in preservation of the pentameric species with the charge state

distribution centred at 14-.
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Figure 2.16: Charge reduction in negative polarity stabilises the native oligomeric state. MscL
solubilised in NG detergent in positive polarity (orange) shows only the dissociated tetramer, whereas
the native oligomeric state pentamer cannot be resolved. The same sample in negative polarity (blue)
resulted in pentameric species only. The applied voltage were 170V and 180V for negative and

positive polarity respectively.

When Coulombic repulsion plays a crucial role in destabilising the non-covalent
interactions, as is typical for large multi-subunit protein complexes, charge reduction in
negative polarity can be combined with addition of charge stripping to access even lower
charges. For example lysenin forms a large pore with a mass of 301 kDa and the average
charge state distribution in positive mode with the protein solubilised in DDM is 37.2+. As in
the case of AmtB, ELIC and MscL the protein dissociates by expelling an unfolded monomer
with high charge state to lower the total Coulombic repulsion. Performing these
measurements in negative polarity, as expected, the average charge state distribution drops to
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28.8-, approximately eight charges lower. Adding imidazole means in negative polarity an
additional reduction by six charges on average is achieved, bringing the average charge state
to 23.4-. Interestingly, imidazole addition resulted in charge reduction in both positive and
negative polarity. It has previously been hypothesised that charge altering species will have
the opposite effect in different polarities,'* however as shown in Figure 2.17, this claim is
not supported by the data present here. Hence, the charging mechanism in the presence of

charge reducing agents remains elusive.
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Figure 2.17: The charge reduction effect of negative polarity and charge reduction agents can be
combined to access lower charge states. (Top) Mass spectrum of the lysenin pore in DDM.
(Middle) Negative polarity (blue) of the same sample shows a reduction in charge state.
(Bottom) Addition of 5 mM imidazole further reduces the charge state (purple).The protein was
maintained at 16uM and buffer exchange to 200mM ammonium acetate and 2xCMC DDM prior to

measurements.
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These results demonstrate that charge reduction by minimising Coulombic repulsion may
lead to preservation of the native oligomeric state. Polyethylene glycol detergents or negative

polarity of saccharide detergents are two useful methods for accessing lower charge states.

2.6 Probing the activation energy required to release membrane proteins

from detergent micelles

The activation needed to eject the membrane protein ELIC from the OG detergent micelle
in negative polarity was higher than the supplied voltage on positive polarity, 160 V and 145
V, respectively, yet more dissociation was observed in positive polarity due to higher charge.
The total energy experienced by each ion, commonly expressed as the laboratory frame
energy (ELaB) can be calculated by multiplying the charge state with activation energy, as
shown in Equation 2.4, where z is the ion charge and V is the voltage applied in the collision

cell:

ELAB =z XV (24)

In the case of ELIC in positive mode the 30+ charge state experiences an Eras of 4.35
keV, in contrast to only 3.68 keV in the case of negative polarity for the 23- charge state.
This difference in the total energy of the ions was crucial for preservation of the native

oligomeric state.

The activation energy required to remove detergent is one of the components of Eras,
hence, to better characterize the effect of detergent on preservation of native folded structures
the energy required to remove all detergent was measured. Here, as in the case of charge state
distribution calculations, mass spectra of AqpZ and PAMATE were collected in the presence

of seven different detergents from both saccharide and polyethylene glycol detergent classes
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and the detergent removal was reported as a function of collision energy. As energy increases
fewer detergent clusters are present bound to the proteins. Since PMATE is a small
membrane protein, in both detergent classes observation of the number of detergent bound is
possible, however for larger membrane proteins it is common to only observe an unresolved
‘hump’ at low collision energies in the mass spectrum due to a large number of polydisperse
detergent clusters bound (Figure 2.18). As the energy increases the hump shifts to lower m/z
values since detergents leaves as neutral and the total mass of the detergent protein complex
decreases. Eventually charge states corresponding to the expected m/z values of the
membrane protein appear in the spectra. Further increase in the collision energy may result in
removal of remaining detergent molecules but also in subunit dissociation due to loss of non-

covalent interactions.

Relatively well-resolved charge states are observed for C8E4 and to a lesser extent for
C8ES at activation energy of 60 V, however, the same activation voltage in the case of OG
resulted in an unresolved hump in the mass spectrum. When the activation voltage supplied is
the same between OG and C8E4, and since OG spectra are associated with higher charge
states the Eras is higher for OG, however fewer detergents are removed. These findings
provide the first hint that saccharide detergents require a greater total energy to be removed

from the protein-detergent complex.

To better characterise this effect a large set of saccharide detergents including OG, DM,
UDM and OTG was considered and the energy required to remove their micelles from
membrane proteins was compared with the energy required for removal of C8ES5, C8ES5 and
LDAO (Figure 2.19). In the case of AqpZ the activation energy was increased until full
dissociation of the native tetrameric state was observed whereas for PAIMATE the entire

possible range of collision voltage values was used up to the maximum of 240 V.
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Figure 2.18: The effect of activation energy for detergent removal. Mass spectra of AqpZ acquired at
low (purple), medium (blue) and high (green) collisional voltage in three different detergents, C8E4
(top) C8ES5 (middle), and OG (bottom). The spectra shows that less energy is needed to remove C8E4
and C8ES5 in comparison to OG.

To monitor the energy required for detergent release ELap was plotted against resolving
power and average number of detergent bound. To calculate the ELas the average charge state
distribution was used and the resolution calculated from the full-width at half-maximum. The

number of detergent bound was either calculated directly where spectra were sufficient to
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resolve each detergent bound or by deconvolution of the added mass and dividing it by the

mass of detergent.
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Figure 2.19: Detergent class dictates the release energy. The m/z resolving power at Epag for AqpZ
(top) and PAMATE (bottom) is shown. The number of bound detergent molecules is proportional to
the m/z peak width. Detergents are coloured by class (saccharide, purple; PEG, orange; LDAO, red).

Data are fitted with a sigmoidal distribution, and error bars represent the standard deviation from three

replicates.
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The rationale to account for resolving power as a degree of detergent release will only

hold if detergent binding is nonspecific!**

and similar to salt adducts where the energy needed
for their removal is linearly correlated with the amount of salt molecules being dissociated.
As shown in Figure 2.20 there is a linear relationship between peak width and added mass for
both AqpZ and P/MATE. The same relationship was also observed in the case of the average
number of detergent bound and resolution (Figure 2.21). By combining these two linear
relationships the heterogeneity of detergent bound was calculated as peak width in mass
divided by the mass of detergent, and was linearly correlated with average number of
detergent bound providing evidence that collisional activation of protein-detergent complexes

is consistent with Poissonian statistics of adduct removal. Hence, detergent binding in the gas

phase is non-specific, behaving similarly to salts for soluble proteins.
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Figure 2.20: Detergent is removed from membrane proteins in a concerted manner upon collisional
activation. The average number of detergents bound to AqpZ (a) and PAMATE (b) ions, upper panels.
The number of bound detergent molecules is proportional to the inverse of m/z resolving power
(AM/M), lower panels. Detergents are coloured by class: saccharide purple, polyethylene glycol
orange, and amine oxide red. Data were collected up to 200 V accelerating potential voltage due to
instrumental limitations. Data are fitted with a sigmoidal distribution. Error bars represent one

standard deviation from repeated measurements (n = 3).

Noticeably, better resolved peaks are achieved with increase in energy due to detergent
removal. By comparing different detergent classes it is evident that C8E4 and LDAO yielded
highly resolved spectra at relatively low activation energy as compared to saccharide
detergents. In the case of AqpZ, for both detergents total activation energy, an Eras of 800
eV, was sufficient to completely remove the detergent micelle from the protein complex.
Higher ELas, up to 2,500 eV, were needed to remove the detergent micelle for OG and OTG.
Although the charge state distributions for OG and OTG are similar to DM and UDM; highly

resolved spectra for DM and UDM were only possible at the maximum collisional voltage
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provided by the instrument (Figure 2.21). Even with high activation detergent molecules were
still bound as energy was dissipated via subunit dissociation prior to detergent release. For
instance, at ELa of 4,800 eV one detergent was found to be bound compared to complete

detergent removal at 1,200 eV for C8E4 and LDAO.

Interestingly, the number of bound detergent, even at low energies does not correspond
with the aggregation number of the micelle found in solution. It was estimated that the ratio
of detergent micelle to membrane protein complex is 1:1, hence 78 OG detergent molecules
are expected to be bound in solution.'*> The measurements presented here show that at mild
activation of 10 V an average of seven OG detergent molecules can be estimated to be bound
in the unresolved peak. For C8E4 and LDAO form an aggregation number in solution of 82
and 76 respectively, only 13 detergent molecules were found to be present in the spectra at an
Eras of 100 eV. This behaviour can in explained by considering that prior to activation in the
collision cell the complex is also activated in the source, hence the majority of the micelle is
removed during the initial desolvation stage. In addition, detergent micelles in the gas phase
are found to be highly polydisperse.'*® Possibly, protein-detergent complexes with low
aggregation number can be better focused and filtered by the front optics, as a result they are

detected with a higher signal intensity.
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Figure 2.21: Detergent is removed from membrane proteins in a concerted manner upon collisional
activation. The average number of detergents bound to AqpZ (a) and PAMATE (b) ions, upper panels.
The number of bound detergent molecules is proportional to the inverse of m/z resolving power
(AM/M), lower panels. Detergents are coloured by class (saccharide purple, polyethylene glycol
orange, and amine oxide red). Data were only collected up to 200 V accelerating potential voltage due
to instrumental limitations. Data are fitted with a sigmoidal distribution. Error bars represent one

standard deviation from repeated measurements (n = 3).

As expected, the spectra recorded in the presence of C8ES shared many of the
characteristics of C8E4 spectra, such as detergent removal at low activation energies and
yield highly resolved spectra at low ELas, however bound detergents were found to be more
resistant than C8E4, providing evidence that increasing polar content in the detergent head
group may increase the affinity for detergents to membrane proteins. This would be in

agreement with the binding of ligands to soluble proteins where increased electrostatic
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interactions enhance binding.'*”'*® Furthermore, it can be speculated that the different energy
regimes needed to remove OG relative to UDM could be attributed to differences in the
number of hydrogen bonds formed between these detergents and the membrane proteins.
Relatively insignificant differences were found in the release energy between UDM and DM,

hence increase in chain length does not significantly stabilise binding.

By comparing both detergent classes, it is clear that mild detergents require higher
activation energy to be removed. In the light of the fact that lipids remain bound even at the
elevated energies needed to remove detergent it can be derived that detergent that mimic
lipids more closely are associated with higher activation energy for removal. These findings
can be used to explain why mild detergents perform better in solubilizing folded membrane
proteins in solution, hinting that maximizing the interactions between membrane proteins and
detergent leads to better preservation of the native-like folded structure. Nevertheless, in the
gas phase, the high activation energies needed for detergent removal make the use of
saccharide detergents undesirable to preserve the native-like folded states. As a consequence
polyethylene glycol detergents are preferred to interrogate the native-like folded structure and

monitor the change in gas-phase structures by IM.

2.7 Monitoring the stability of membrane proteins by collision-induced

unfolding

Collisional activation can induce conformational changes by partial unfolding with
retention of the oligomeric state.'*!° In a Synapt instrument, ions are activated in the trap
region, prior to IM measurement; hence the effect this activation has on the size of ions and
whether they are folded or collision-induced unfolded can be measured. IM can be used to

monitor the effect of charge and activation energy on each gas-phase structure by reporting
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the arrival time distribution for each species. Folded species will interact less with gas
particles hence arrive faster than unfolding or unfolded species which will have a larger CCS
to interact with gas particles. For proteins that have cavities in the native structure, in the
absence of water and at low activation energies, the collapsed state may also be observed by
IM as their arrival time distributions are lower than expected. In addition, when using a RF
confining drift cell the acceleration experienced by each ion is charge dependent. As a result,
ions with high charge spend less time in the drift cell, hence for ions with the same shape the

arrival time distribution linearly correlates with m/z values at different charge states.

The effect of activation energy on protein conformation is shown in Figure 2.22. Mass
spectra of PAMATE at 20 V and 200 V in the trap, show virtually the same charge state
distributions, whereas IM provides evidence of the presence of different gas-phase
conformations, obviously deriving the gas-phase structure of a protein by simple
investigation of the charge state distribution is potentially misleading. A narrow charge state
distribution may suggest the folded conformation is preserved!®' in solution but this

information cannot be directly correlated to the behaviour of ions in the gas phase.
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Figure 2.22: The effect of activation voltage on protein conformation. Mass spectra and ion mobility
recording top and bottom respectively, for PAMATE at 20 V (blue) and 200 V (red). The data suggest
that at low activation energy all charge states are folded and native-like in structure. Increase in
collision energy leads to protein unfolding. The protein was solubilised in 2xCMC C8E4 in 20mM
ammonium acetate and sprayed at a concertation of 8.5uM. In both cases the cone of capillary
vulgates were 160V and 1.8kV respectively. Measurements were done on a RF-confined linear drift

tube instrument modified for large mass measurements.

The arrival time distribution of PAMATE at 20 V shows the characteristics of a folded
conformation (Figure 2.22). Since in RF-confined drift tubes the charge effect in arrival time
distributing is linear, the charge state distribution of ions with the same shape in mobility
space should be linear. Furthermore at this low activation the measured arrival time
distributions are in parity with the expected arrival time distributions back-calculated from
the computed CCS of the atomic coordinates. Therefore at 20 V, all ions, regardless of their
charge state, are in the native-like folded state. At 200 V a deviation from the folded pattern

in IM space is observed. It is obvious that higher charge states, for example 11+ and 10+,
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have greater arrival times compared to the same charge states at 20 V but this is also the case
for lower charge states in the same spectrum. Since these ions have higher than expected
arrival time their solution shape is not preserved. Interestingly, in the case of charge state 9+,
the arrival time distribution is composed of two well-separated peaks, providing evidence that
both folded and unfolded conformations are present. In other words, the total activation
energy (ELas) is not high enough to fully unfold the entire ion population hence ions are

observed in two states.

To monitor the effect of activation energy on protein gas-phase conformation the CCS of
for each charge state was plotted as function of collision voltage from 10 V to 240 V (Figure

2.23).
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Figure 2.23: Monitoring the effect of collusion induced dissociation on proteins gas-phase shape.
Unfolding plots of PAMATE as a function of collision voltage for each charge state are shown. The
arrival time distribution is converted to CCS to monitor the unfolding from the native conformation to

an unfolded state. The protein was solublised in 2xCMC C8E4 in 200mM ammonium acetate.
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For the lower charge state, 8+, the native-like conformation of PAMATE was preserved at
all accessible levels of collisional activation. Having an additional charge makes the complex
unstable at collisional voltages >160 V and the presence of unfolded species with increased
CCS is observed. Further increase in charge to 10+ and 11+ lowers the required energy, from
80 V and 50 V respectively, that the native-like conformation is observed to unfold. C8E4
detergent was crucial to access the lower the charge states, otherwise a higher charge state, as
in the case of saccharide detergents, at the energy needed for detergent removal, would lead

to protein unfolding.

The effect of charge and activation energy should be considered simultaneously to
identify conditions where the native-like conformation is preserved.!®> Figure 2.24 shows a
plot of charge, activation energy and CCS for PAMATE. At low charge states and low
energies the native-like folded conformation is maintained. Increasing the charge state or the
activation energy leads to protein unfolding. Hence to preserve the native-like structure
detergents that can be removed at low activation energies and which possess charge reducing
properties are highly desirable. Both of these properties are provided by C8E4 and LDAO

making these detergents highly compatible for preservation of native-like structure.

In the case of PAMATE charge state 8+ remains folded even at maximum energy provided
by the instrument indicating that accessing low charge states leads to preservation of native-
like conformation. This is highly protein specific and access of stable charge states where a
native-like conformation can be maintained at all voltages is typically not attainable. For
instance, the outer membrane protein F (OmpF) is composed of three B-barrel channels all of
which have a cavity in the middle. Performing measurements in C8E4 allows access to low
charge states and detergent can be removed at low activation energies, however the native

conformation is not maintained. Rather the structure collapses by 18 percent as indicated by
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the experimental CCS compared to theoretical CCS (Figure 2.25). When the energy in the
trap is increased to 140 V the unfolded intermediates, which have CCS values closer to the
native-like conformation are observed. Notably, these species do not resemble the same
conformation as OmpF in solution but rather represent an unfolded species relative to the
collapsed state. Since collision-induced unfolding usually is initiated by unfolding of one
subunit,'% in case of OmpF the species with a coincidence CCS to the native conformation
may have two subunits collapsed and an unfolded one. The collapse of proteins with cavities

at low collision voltage has also been reported for soluble proteins.*

Figure 2.24: The effect of activation voltage and charge states on protein structural state. The data
show that at low activation energy all charge states are native-like and folded. Similar to low charge
states, 8+ or 7+ in this case. Increase in collision energy leads to protein unfolding and charge state

induces protein unfolding, monitored here by recording the CCS for PAMATE solubilised in C8E4.
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Figure 2.25 The collision cross section (CCS) of OmpF in OG, charge state 16-, as a function of
activation voltage. CCS is shown as percent change from the native CCS. At low activation energy a

collapse state is observed further increasing the energy lead to two unfolding states.

Having identified that polyethylene glycol detergent are highly desirable for preservation
of the native conformation of membrane proteins in the gas phase, this detergent class was
then selected to investigate the effect of activation energy and charge state on membrane
proteins with variable mass and area of transmembrane and soluble domains. Four membrane
proteins, AmtB, MscL, FocA and AcrB were selected due to their surface variability in
membrane and soluble domains. Gas-phase unfolding trajectories as a function of activation
energy were assembled for each charge state. The minimum Eras needed to maintain 50
percent of the native-like population was calculated and plotted as a function of charge.
EraBsow can be used as an indicator to report on protein stability upon charging and

activation.'3?

For each membrane protein, a linear relationship between Erasso% and charge was
observed (Figure 2.26). An increase in total charge lowers the minimum energy needed to

unfold the protein, hence the slope of this relationship, the ‘Coulombic unfolding potential’,
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is negative for each membrane protein. Since during ESI the amount of charge is proportional
to surface available for charging,'>® the solvent accessible surface area was calculated from
previously reported atomic coordinates. Interestingly, the Coulombic unfolding potential was
found to correlate with SASA (R?> = 0.85). This empirical correlation can be explained by
shielding of the membrane domain by detergent molecules from charge carriers present in the
droplet, hence making the membrane protein less accessible for ionisation. The larger the
lipophilic area, as a percentage of the total surface of the protein, the lower the Coulombic
unfolding potential. Membrane proteins with large soluble domains appear to be more prone
to unfolding in the gas phase whereas proteins with a large percentage embedded in the

membrane are more resistant in response to addition of charge.

Knowing the charge and solvent accessible surface area for each protein is sufficient to

calculate the surface charge density (o) as given by Equation 2.5:

o =2z XSASA™! (2.5)

For proteins with similar charge density, as in the case of AmtB and FocA, different
numbers of unfolding intermediates were observed. Consequently, gas-phase unfolding
trajectories do not only depend on charge and activation but the unfolding states are a
characteristic of protein’s inherent structural features. Taken together these results
demonstrate that in the gas phase membrane proteins are inherently more stable than soluble
proteins. In addition surface charge density can be correlated to protein stability upon gas-
phase collision unfolding whereas the number of intermediates resembles the structural
characteristic of the proteins. Similar measurements for soluble proteins have found that the
number of unfolding intermediates, at least for monomeric soluble proteins, can be correlated

to the number of domains.'® In the case of membrane proteins studied here a direct
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correlation between unfolding intermediates and number of domains was not observed, but is

equally difficult to un-tease due to the frequently oligomeric nature of the proteins.
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Figure 2.26: Coulombic repulsion affects the stability of membrane proteins in the gas phase.
(a) Linear fits of Erass09 versus charge state (z). The error bars represent the standard deviation from
triplicate measurements. Data analysis was performed by Eamonn Reading. As the size of the
membrane protein increases the energy required to unfold the structure increases due to the ergodic
collisional activation process (grey dashed line). The extent of unfolding as a function of charge (m,
gradient from linear fits) is m = —229 + 17, —236 + 16, —259 £ 15, and —865 = 78 for MscL, AmtB,
FocA, and AcrB, respectively. The errors are the standard error of the linear fits. (b) Crystal structures
of M. tuberculosis MscL (PDB 20AR), E. coli AmtB (PDB 1U7QG), E. coli FocA (PDB 3 KCU), and
E. coli AcrB (PDB 2GIF). The oligomer subunits are uniquely coloured, with the residues at the

subunit interfaces coloured light grey. Transmembrane regions were calculated by Matteo Degiacomi.
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2.8 Probing the stabilising effect of lipids on membrane proteins

In solution several biophysical techniques have been developed where a particular ligand
is allowed to bind with a protein and the change in spectroscopic properties or the change in
enthalpy of the system are measured. The two most common techniques that can characterize
the effect of ligand binding in solution are isothermal titration calorimetry (ITC) and surface
plasmon resonance (SPR). ITC simultaneously measures the binding affinity (Ka),
stoichiometry, enthalpy and entropy changes of ligand binding to a protein. Although all
thermodynamic properties of binding are determined in a single experiment, without
fluorescence labelling or immobilisation, ITC requires relatively large sample amounts. SPR
on the other hand uses minute amounts of sample however the protein or ligand is
immobilized on a surface.'®* An advantage of SPR is that the same sample can be used for
screening several ligands. However both ITC and SPR measure average binding events where

individual contributions from free and bound states are not decoupled.

Recently by combining IM and MS, methods that can quantify the effect of ligand
binding have been developed. Hyung and co-workers have established a method where the
resistance to unfolding of different binding states was tracked as a function of collisional
activation.!>> Other methods have also used collision-induced unfolding to report on the
effect of ligand binding by monitoring the mid-point between smallest and largest species on

the spectrum or quantifying different patterns in the unfolding trajectory.!6:157

In the method applied here the unfolding pathways of the unbound form and each bound
state are followed simultaneously. To quantify the ligand stabilisation effect the unfolding
pathway should be similar between the unbound and bound states, which should have the

same number of intermediates. Fortuitously, this has always been the case for lipid binding to
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membrane proteins.'>? In addition the protein should initially be in its native conformation,
this is a demanding but crucial criteria, to fully capture the stabilisation effect from native
conformation to unfolded state. Hence, optimisation of mass spectra is an important
prerequisite. A balance between the activation energy applied for adduct removal and
minimising what is applied to preserve native-like conformations is necessary. In addition,
detergents not only compromise the spectra quality, but when the difference in the ligand
mass relative to mass of detergent is small (<50 Da) it is difficult to mass separate ligand
bound and detergent bound species. Furthermore, detergent removal is an energetically
expensive process. To maintain the native-like conformation the total ion activation should be
maintained at a minimum across all instrumental regions. For instance, low activation in the
source by applying a high backing pressure and minimum voltage on both cone and capillary
are necessary. The transfer region of the IM cell is also maintained at low voltages typically

50 V to ensure that no further structural changes are imposed after drift time measurements.

Unfolding plots are then generated by varying the activation energy in the collision cell.
Recording the arrival time distribution of each bound species at several levels of activation
and converting it to CCS requires manipulation of a large data set. A novel software was
developed by Allison and co-workers'>? that not only can rigorously analyse a large volume
of IM-MS data in a short amount of time but also fits the collision-induced unfolded data to a
model that accurately defines the change in energy needed to unfold ligand-bound states

relative the unbound.

A description of data analysis by this software is given in Figure 2.27. Initially the MS
conditions necessary to achieve a native-like conformation is empirically optimised, then a
set of unfolding data are generated by increasing the voltage in the collision cell while

recording the arrival time of each ion. For each ion the arrival time distribution is extracted
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and stacked to create a gas-phase unfolding plot. Folded, intermediate and unfolded states are
defined and a model is fitted at each state to effectively derive ELas,s50% for both bound and
unbound states. An increase in the ELaB,s0% of the ligand bound states relative to the unbound
is attributed to stabilisation effects provided by the binding event. The model uses a multiple
state system where the folded, partially unfolded intermediates and the most unfolded form
are assumed to be in equilibrium at ELas s0% as described by the equilibrium constant Keq for
each transition. The stability of each species, folded (F), intermediate (I) and unfolded (U)
can be derived by the change in free energy by correlating the equilibrium constant for
species i and j (Keq'J), to stability for each state (Gij) where T stands for temperature in

Kelvin and R is the ideal gas constant, as given by Equation 2.6:
AGgp_; = —RT InK,," '
AG,_y = —RT InK,,'~Y (2.6)

The change in free energy is assumed to linearly correlate with the collisional voltage (V)
and the fraction of each species can be quantified by introducing proportionality coefficient

(m), as shown in Equation 2.7, where AGo stands for free energy at zero collision voltage:
AG = AG, —m(V) (2.7)

By obtaining the proportionality coefficient and free energy at zero accelerating voltage

the ELaB.s0% can be then derived by Equation 2.8:

Epapsow = AGy x m™* (2.8)
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Figure 2.27: A schematic of the workflow performed by PULSAR software. Mass spectra are
optimised for separation in both ion mobility and mass dimensions. Subsequently, measurements at
increasing activation energy are recorded. The data are mass assigned and the position of each peak in
the arrival time distribution is correlated to the m/z spectrum. The arrival time distribution is
converted to CCS and the data are stacked to form an unfolding plot. Each unfolding state is defined,

including the native conformation and the data are fitted to a model. The minimum energy needed to

unfold half of the population of each species is reported. Figure taken from Allison et al.'>

Having a method to measure the effect of ligand binding in the gas-phase the attention
was then placed on the stabilisation effect of lipids upon binding to membrane proteins. Two
membrane proteins, MATE composed of 12 transmembrane a-helices, and OmpF composed
of three subunits each composed by 16-strand B-barrel, both solubilised in C8E4 were used.
The MATE construct used here was from P. furiosus an archaea that has a different lipid
composition in the membrane than the host expression cell, E. coli. Hence, PIMATE was
initially fully stripped from the native E. coli. lipids and synthetic lipids were added. Whereas

in the case of OmpF endogenous lipid bound were preserved. Since OmpF is an outer
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membrane protein the bound lipids can potentially be rough lipopolysaccharide (LPS), as
suggested by mass measurement. Due to the presence of large cavities in each B-barrel,
OmpF collapses even under charge reduced conditions at low activation energy, nevertheless
the stability of lipid binding can still be measured since in both unbound and lipid bound
form the protein starts from the same collapsed state, albeit this measurement has low
biological relevance. A stabilisation of the protein complex upon LPS binding was observed
(Figure 2.28). This increase in stabilisation upon lipid binding may be due to the lipid head
group that stabilises the charge interactions whereas the lipid chain, composed of six

individual carbon chains, shields the transmembrane region and protects from unfolding.
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Figure 2.28: The effect of lipopolysaccharide lipid (LPS) on OmpF stability. OmpF (shown in the
inset) was co-purified with LPS. The sample was subtilized in C8E4 detergent and mesuments were

done at a protein concertation of 2.9uM.

The fully delipidated PAIMATE was incubated with CDL and phosphatidyglycerol (PG).
The binding of two CDL molecules was observed giving rise to three populations in the
spectra (Figure 2.29). Performing unfolding experiments and comparing the energy needed to
unfold the lipid bound states relative to the unbound shows that lipid binding stabilises the
protein complex in the gas phase, in addition these effects are additive. Hence two CDL
bound increases the resistance to unfolding relative to one lipid bound only. Interestingly, in
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the case of PG a slight destabilisation effect was observed in the case of one PG binding no

significant stabilisation for two phospholipids bound.

These observations provide insights to structural stability upon lipid binding, while lipids
that enhance gas-phase stabilisation, CDL in this case, may be structurally significant, other

lipids like PG had no structural stability role but simply solvate the membrane protein.
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Figure 2.29: The effect of lipid stabilisation on PMATE solubilised in C8E4. Membrane protein
PMATE (inset) was incubated with cardiolipin (CDL) at 7.5uM and phosphatidylglycerol (PG)
14uM. The protein concertation was 3.8 uM. The resistance to unfolding for up to two lipid

molecules in each case was recorded. One lipid bound is denoted as yellow, and two as green.

2.9 Conclusion

In this chapter the fundamentals of electrospray ionisation in the presence of detergents
are described in detail. The major focus was not only placed in finding conditions to maintain
the native conformation but also to reveal crucial factors that dictate the membrane protein
conformational landscape in the gas phase. Interestingly, in the case of membrane proteins
detergent class has a significant role in the dependence of charge state distribution on

polarity. For instance saccharide detergents are associated with a lower average charge state
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distribution in negative polarity compared to positive, and this is positively correlated with
increase in mass. However, in the presence of polyethylene glycol surfactants there is no
significant change in the average charge state distribution between the two polarities along a
broad mass range. Furthermore, achieving a lower charge state in negative polarity in the
presence of soft surfactants is highly advantageous for preserving the native oligomeric state,
while maintaining mild buffer conditions without the presence of charge reducing agents.
These results are also important to reveal the mechanism of electrospray ionisation when

surfactants are present in solution.

To minimize the high collision energy on membrane protein ions detergents with charge
reducing properties or charge reducing organic solvent are utilized. However it has also been
shown that the choice of surfactant perturbs the oligomeric state whereas organic charge
reducing agents may lead to membrane protein unfolding. Harsh detergents such as C8E4 and
LDAO are found to be highly MS compatible yielding highly resolved peaks with fewer
adducts. They are associated with lower charge states, hence minimise Coulombic unfolding
and at the same time less activation energy is required for their removal, significantly

diminishing collisional unfolding (Figure 2.30).

Lowering the charge state is correlated with accessing energy levels which permit
detergent removal while maintaining a native conformation. Saccharide detergents give lower
charge state distributions in negative polarity, making this mode of operation preferable in
assessing the native conformation and oligomeric states where saccharide detergents are

necessary.
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Figure 2.30: Charge reduction plays an important role in preservation of native folded state. Collision
cross section of PAIMATE in C8E4, as a function of charge and energy showed that a low charge state
and low activation energy are needed to preserve the native folded state. The CCS of the native

structure is show in grey.

The surface charge density and ELas were found to dictate fundamental properties of the
state of proteins in the gas phase (Figure 2.31). Higher charge state density is less compatible
in preserving the native oligomer state, whereas when having a low surface charge density a
high activation energy can be applied while preserving the native oligomeric state. This
criterion is crucial for understanding that large proteins have low charge density which is why
they can sustain the high activation needed for saccharide detergent removal. For instance
ATPase is shown to be preserved in the native-like folded state even after high activation for
DDM removal.!® However, for small proteins charge reduction is necessary to access low
charge state density and at the same time the ELaB needed to remove the detergent needs to be

sufficiently low to maintain their native-like state.
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Figure 2.31: Protein stability diagram in the gas-phase as a function of Erag and surface charge
density. Low Epap and charge density allows for preservation of folded state (blue). Increasing charge
density and Epap leads to a mixture of folded and unfolded states (rose). Further increase in both
parameters results in protein unfolding (purple). In the left a depiction of collision cross section for

each regime is shown. The native-like CCS is indicated by the dashed line.

Finally by constructing an unfolding plot as a function of activation energy and
comparing the energy required to unfold the bound relative to unbound species and ranking
bound ligands based on their change in stabilisation, ligands that stabilise membrane proteins
in the gas phase can be identified and their stabilizing effect can be quantified. This method is
sensitive to low levels of stabilisation between bound and unbound states, identifying ligands

that are structurally important.
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Chapter Three: Tandem mass spectrometry of membrane protein

complexes

The ability to fragment and precisely measure the mass of each component has been a
useful feature of mass spectrometry as a tool for structure determination and identification of
compounds.'*® By taking advantage of the current instrumental architecture ions are
desolvated in the source region, mass selected in the quadrupole then activated and
fragmented in the collision cell. This method of operation, often denoted as tandem MS or
MS/MS, has been fully optimised for soluble protein complexes. Instruments are designed to
handle soluble samples ionised in denaturing conditions, as is typical for proteomics

experiments or the identification of small organic compounds.*?

Three methods are usually used to derive ion genealogy. The most used method is
precursor ion fragmentation. A particular ion is mass filtered in the first mass analyser. Then
it is fragmented in a collision cell and all fragments are measured by the second mass
analyser. In the second method all parent ions are screened in the first mass analyser and only
those which generate a particular fragment ion are reported. The third method involves
screening all parent ions and their fragments and reporting only particular parent-fragment

ion pairs that have a neutral loss.'>’

To perform ion fragmentation elevated energies are needed. Typically ions can be
activated in two instrumental regions; in the source region or in a designated collision cell.
The energy in the source region is optimised for salt adduct or water removal, whereas the
activating voltage applied in the collision cell allows for backbone fragmentation of
denatured proteins. The quadrupole is positioned before the collision cell in the ion path,

which allows mass selection to be the first step, followed by activation.
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Although this instrumental configuration is suitable for soluble proteins, in the case of
membrane proteins due to the increased complexity provided by the presence of detergents,
the ability to perform tandem MS is hampered. As detergent is stripped in the collision cell
the mass-to-charge ratio of the protein-detergent complex is unknown earlier in the ion path,
as a result mass selection prior to activation is challenging. Furthermore, the total energy
provided by the instrument is often not sufficient even for complete detergent removal, less
so for subunit dissociation and/or fragmentation. To perform tandem MS on membrane
proteins, the bound detergent must be removed before the quadrupole, allowing for mass

selection of each species present.

To overcome these problems, two instrumental modifications were designed. First, the
ability to remove bound detergent in the source region was developed. Applying elevated
voltages in the source region or controlling the inlet pressure to reduce collisional cooling
could be a sufficient method of detergent removal, giving access to the ability to mass isolate
in the quadrupole. An orthogonal activation in addition to collision-induced dissociation
(CID) is also developed. By taking advantage of elevated energies provided by infra-red
radiation a laser beam was delivered to the collision cell and as a result it allowed even higher
activation energies to be reached. The ability to use the quadrupole for mass isolation of
membrane proteins is highly desirable, as it will make it possible to identify co-purifying
lipids that are bound to these proteins. In addition, combining different activation methods
allows different dissociation pathways of the same protein complex to be explored, providing,

potentially, a complete map of subunit interactions.

In this chapter the focus is placed on activation methods, highlighting what governs the

ability to reach different fragmentation pathways. Both CID in the source region and infra-red
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multiphoton dissociation (IRMPD) in the collision cell are investigated with application to

membrane proteins and lipid binding.

3.1 Factors affecting gas-phase dissociation

Several activation methods have been developed that are usually tailored to providing a
specific dissociation pathway. Although the underlining atomistic mechanism that dictates
the dissociation of multiply charged particles remains elusive, crucial feature that govern
which pathway is followed have been identified.!** Two of the most important criteria are the
amount of energy that can be deposited and the trapping time during the activation. Other
factors include the distribution of deposited energy and the energy dissipation, the form of the
deposited energy and the kinetics of the dissociation reaction. Figure 3.1 shows the time scale
of the most common forms of activation. The current methods cover a large time scale
ranging from minutes to femtoseconds and as a result a variety of dissociation pathways can
be observed. Three time regimes are distinguished, fast, slow and very slow; the latter is also
known as slow heating.'®' Typically methods where activation happens in a long time scale
are associated with higher overall activation energy relative to fast activation methods. For
instance the total collision energy delivered to a protein is higher in the case of multiple
collisions that happen in a microsecond time scale, whereas a single collision activation
provides less overall activation energy however at a faster time in a range of picoseconds.
These differences in the amount of energy and time of activation dictate the formation of
different fragments, for example CID usually follows an asymmetric charge dissociation

pathway whereas SID results in a symmetric one.'%*16°
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Figure 3.1: The time scale of the most common activation techniques. The methods used here are
presented in colour, for comparison, other techniques are shown (black). Data were taken from

McLuckey and Goeringer'®

Other than the energy supplied, a crucial factor for ion activation is the rate of energy
dissipation from the protein.'®® Typically, slow activation techniques suffer from a greater
extent of energy dissipation, typically in a form of vibrational redistributions, or if trapped in
the presence of bath gas, via collisional cooling. As a result in the case of slow activation
methods the fragments usually derive from the paths requiring the lowest activation
energy.'” However if the energy is supplied faster than intramolecular vibrational
redistributions an energetically higher dissociation pathway may be triggered. Here two slow
heating methods CID and IRMPD are employed. In addition the time of activation of the

IRMPD is varied by applying a pulsed and a continuous laser irradiation regime.
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3.1.1 Collision-induced dissociation

Collisional activation is one the first dissociation techniques developed for ion
dissociation or fragmentation due to its ability to be implemented in different instrumental
designs and its simplicity of operation.®*®’ Tons are typically activated in a quadrupole or
hexapole that is filled with a bath gas, usually nitrogen or argon. As ions are accelerated in
the quadrupole they collide with the gas molecules leading to an increase in their total energy,
and eventually dissociation.!**!"The amount of energy that can be deposited to
macromolecular ions depends on the relative kinetic energy, the number of collisions and the
colliding protein-gas pair. The relative kinetic energy can be derived from first principles by
considering the centre of mass collision energy (K.).!%!® This method takes into
consideration the relative mass differences between the macromolecular ion and the gas
particle and expresses K, as a fraction of total kinetic energy (ELaB) by assuming that neutral
gas particles are statics. This is expressed in Equation 3.1, where m is the mass of an

individual gas molecule and M is the mass of the protein ion:

K, = (l)ELAB 3.1)

m+M

Since the ratio of m/(m+M) for a large ion colliding with a small gas particle will be
small, this suggests CID will be a very inefficient process. However, carefully designed
experiments have showed that the process can be highly efficient, reaching up to 90 percent
of the total available energy to be transferred to the protein.!” This discrepancy in theoretical
derivation and experimental data is resolved by considering a direct momentum transfer
between the complex and neutral gas particles, effectively removing the assumption that the

velocity of small gas particles is zero.
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Another factor that affects the efficiency of energy transfer is the number of collisions
(n).1®2 For a collision cell with a given length (/) operating at a certain pressure (p) and

temperature (7)), the number of collisions can be derived as:

n = c(lpQT™1) 3.2

Equation 3.2 shows that the number of collisions is dependent on collision cross section
(). The collision cross section can be approximated from the radius of protein ions and gas
particles and as a consequence the number of collisions is directly dependent on ion and
neutral particle mass. It can be derived that for large ions with a mass greater than 100 kDa
the number of collisions reaches tens of thousands, whereas for small proteins is typically in
the range of hundred to a thousand collisions. Since the length of the collision cell is fixed, at
a given acceleration voltage and pressure, the time it takes large ions to pass through the
collision cell was found to be in the range of hundreds of microseconds and increases as the
mass of the protein is reduced. For low mass proteins the time spent in the collision cell can
reach the low millisecond time scale. Hence, for large ions the high efficiency of energy
transfer to macromolecular complexes from small gas particles can be attributed to the large
number of collisions, whereas in the case of small ions the increase in time dominates. For a
known number of collisions at a particular accelerating voltage the increase in internal energy

can be calculated as:

AE = zv(1 — (M yny (3.3)

(m+M)2

Equation 3.3 shows that the amount of increase in internal energy is directly correlated to
charge (z), making highly charged proteins more prone to dissociation. Calculation of the
total internal energy is crucial for activation and ion transition efficiency, especially for large
ions. Due to the increase in internal energy, large ions reach significantly higher velocities
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that can then be difficult to focus. On the other hand, Equation 3.3 does not take into
consideration energy dissipation which lowers the internal kinetic energy and improves

transmission.

Notable the change in internal energy of a given ion is directly proportional to the
dissociating pathway. In the case of native MS the dissociation of non-covalent bonds is
statistically more favourable than covalent bond cleavage. In addition, charge separation
follows an asymmetric pathway where monomers are stripped with a high charge, as
expected from their mass. For instance an octamer will not dissociate into two tetramers with
equal charge or any other combination other than a monomer with significantly more charge
than 1/8 of the charge of the complex, and the remaining heptamer with significantly lower
charge. Upon further increase in accelerating voltage the same dissociation pathway will be
reinitiated in which case the stripped heptamer serves as a precursor ion dissociating into a

monomer and hexamer.

Since the ejected high order oligomers have a significant reduction in the charge state the
dissociation steps are usually limited to a small number, typically one or two. This
dissociation pathway requires the lowest amount of increase in internal energy. Further, if the
charge state of the complex is increased by addition of charge increasing agents, such as
sulfoxane, a more symmetric dissociation pathway is observed as the increase in Coulombic
repulsion allows for higher energy dissociation pathways to be accessed.® The asymmetric
dissociation pathway can be explained by considering that the ejected monomer initially
unfolds to accommodate more charge before dissociating from the complex. This observation
is supported by ion mobility where larger than expected rotational averaged collision cross

sections are measured for monomers, and also by chemical cross-linking experiments where
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monomers dissociate symmetrical due to their inability to unfold in the presence of other

subunits that are chemically linked.

Taken together the general consensus is that the CID mechanism is initiated by
acceleration of ions based on charge and applied voltage. Thousands of protein ion collisions
with gas particles will increase the total internal energy of the protein. Subsequently, internal
vibrational forces will induce local unfolding within the monomer. Both the secondary
structure and inter subunit interactions are maintained by the same type of bonding. Although
in secondary structure multiple bonds are formed they are in close proximity to each other
and bond formation is highly cooperative, unlike subunit-subunit interactions that are less in
total number but a further distance apart. As a result breaking one interaction has an
insignificant effect on other interactions. Hence, once a subunit starts to unravel less energy is
needed to completely unfold it compared with the energy needed to break every non-covalent
interaction between subunits. Subunit unfolding increases the surface area making it possible
to accommodate an increased amount of change. The Coulombic repulsion also contributes to
a larger extent of unfolding which leads to a reduction of non-covalent interactions between

subunits and eventually complete separation of the unfolded monomer from the protein.

3.1.2 Infrared multiphoton dissociation

IRMPD takes advantage of infra-red laser irradiation to activate ions which leads to their
dissociation. The most commonly used modality of the technique is continuous wave (CW)
CO2 lasers with a 10.6 um wavelength of radiation. Similar to CID this method is known to
be a slow heating method. It requires hundreds to thousands of absorbed IR photons for the
dissociation to take place. However, unlike CID where the change in internal energy is

directly dependent on the charge state of the ion, during IRMPD activation the amount of
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energy delivered to an ion does not depend on the charge state and can be increased by
increasing the intensity of the IR radiation without compromising ion trap performance or
inducing ion losses. IRMPD has been successfully employed in mass spectrometry for
sequencing of peptide and protein backbones.!”!"'7® Usually long (>10 ms) periods of
irradiation are necessary to provide sufficient numbers of absorbed photons in IRMPD. This
requires confining the ions in an ion trap for the period of irradiation. Elevated gas pressures

32177 and therefore the energy-

are essential for trapping ions of intact protein assemblies,
dissipating effect of collisional cooling is unavoidable during their activation by continuous

IR radiation. Collisional cooling, however, leads to a significant reduction of IRMPD

efficiency for trapped ions.

Pulsed IR lasers can provide high intensity output in the MW range versus 10-100 W
power range of continuous IR lasers, accompanied by equally significant reduction in
activation time (from >10 ms to <100 ns). Figure 3.1 shows a comparison of activation time
of CID, CW IRMPD and the pulsed IRMPD that are employed in the investigations of this
chapter. While both CID and IRMPD are in the millisecond to microsecond time scale
respectively, pulsed IRMPD is in the nanosecond time scale where 50 ns and 100 ns pulsed
lasers are used. In the pulsed laser regime the energy can be delivered to the gas-phase ions
faster than the rate of radiative cooling, typically in 1-30 s!, thus the interference from these

two energy dissipating mechanisms can be avoided.!”%!7

3.2 Tandem MS of membrane proteins

Collisional activation is typically applied in a designated collision cell. In a Synapt
instrument this is performed in the trap cell which is positioned after the quadrupole. Since

this configuration does not allow for mass selection prior to detergent removal, in this chapter
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the possibility to remove the detergent in the source region was investigated. Previous
studies'®® have shown that ion activation by increasing the acceleration voltage in the cone
provides similar fragments to those observed by CID in a collision cell. However, the front
optics, originally designed for salt adduct removal and desolvation cannot supply a high
enough energy suitable for saccharide detergent stripping. In the case of polyethylene glycol
detergents where a low energy is needed for detergent removal the energy supplied by the
front end optics is sufficient for their release from the detergent micelle, however often

spectra quality is compromised by poor desolvation and the presence of adducts.

Rather than increasing the acceleration voltage an increase ion activation can also be
provided by lowering the source pressure.'®! As ions enter from atmospheric pressure to the
mass spectrometer, they experience a pressure difference sufficient to accelerated them and
increasing their total kinetic energy, and as a result large ions are difficult to focus by the
initial ion guides. For better transmittance of large ions applying a backing pressure lowers
the total ion kinetic energy via collisional cooling, which makes the ions easier to focus.
Many membrane proteins are relatively small and still relatively easy to focus even at high

kinetic energies.

To perform MS/MS the aim is to activate the ion prior to quadrupole selection, hence a
fine balance between transmission and activation has to be established. Here differences in
source pressure were applied and the efficiency of detergent removal is compared with its
reciprocal activation in the collision cell. To minimize low transmission at low pressures a
relatively low mass protein was selected. Measurements were performed using NapA, a

dimer in its native oligomeric state, in the presence of bound exogenous PG lipids (Figure

3.2).
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The activation energy in the collision cell was maintained at 50 V and the pressure was
sequentially lowered from 7.5 mbar to 3.0 mbar resulted in consecutive removal of detergent
and eventually a release of the intact dimeric species. Comparing these results with similar
activation in the collision cell showed that pressure activation is almost identical to CID in
the trap and the lowest pressure is sufficient to provide energy as high as 110 V in the
collision cell. In addition to monitor the conformational change at different pressure regimes,
the 12+ ion was selected and a “pressure-induced” unfolding plot was generated by recording
the ions arrival time distributions at different pressures. Comparing this plot with collision-
induced unfolding performed in the ion trap shows similar unfolding features. Initially a
reduction in arrival time is observed in both cases followed by the first unfolding step at 3.0

mbar or 110 V.
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Figure 3.2: Lowering the source pressure is sufficient for detergent removal. (a) Instrumental
configuration depicting both activation regions, the source (green) and ion trap (magenta). (b) Mass
spectra of NapA showing a comparison of detergent removal between activation by trap voltage or
source pressure. (c) Arrival time distribution comparison between the two activation methods of
charge state 12+ highlighted in grey in (b). The protein was solubilised in C8E4 detergent using a

SEC column. Measurements were obtained by Michael Landreh.

These results demonstrate that pressure reduction in the source region is not only

effective for complete detergent removal but it can be tightly controlled and the gain in
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energy activation is comparable with voltage activation in the collision cell. Furthermore, as
activation at low pressure is similar to CID the two effects can be combined allowing for an
even greater increase in the ion’s total internal energy. A benefit of this combination is direct
observation of additional unfolding steps that are not attainable by one activation method
(Figure 3.3). For instance, activation of the NapA dimer, by applying 200 V in the collision
cell, led to observing species with arrival time distributions of 16.3 ms. Pressure reduction in
the source region was sufficient to unfold the species further and species with an arrival time
distribution of 18.1 ms were observed. In addition the combination of both activation
methods led to dissociation of monomers from the complex. This example serves as a proof
of principle, suggesting that by combining the activation energy in both regions sufficiently
high energy is generated leading to subunit dissociation that can be used to construct an

interaction map of subunits in a protein complex.
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Figure 3.3: Combination of both activation in source at low pressure and CID in the trap is sufficient
to dissociate the NapA dimer to monomer (a) Mass spectra recorded at 200V and 2.0ubar show both
intact dimer and ejected monomer. (b) A high activation regime allows for direct visualisation of
additional unfolding states. The protein was solubilised in C8E4 detergent. Measurements were

performed by Michael Landreh.

The removal of bound detergents in the source region allows mass selection in the

quadrupole. By applying 40 V in the trap and a pressure of 2.3 mbar in the source, ions with a
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particular m/z value can be mass selected and the bound lipid species can be observed bound
to the proteins or in the low m/z region after activation of the selected ion (Figure 3.4). As
high kinetic energy leads to poor ion focusing and the kinetic energy is mass dependent, a
larger complex, AmtB with a mass of 138 kDa was also used to investigate if the method can
be applied to larger ions. The increase in total kinetic energy would lead to a more efficient
detergent removal. Figure 3.5 shows a spectrum of AmtB at 5.5 mbar activated at 100 V in
comparison to a pressure of 2.0 mbar and applying only 30 V in the collision cell. Using a
high pressure of 5.5 mbar in the source region and an activation of 100 V in the trap was
sufficient to resolve charge sates, however, detergent is still bound to the protein. In the case
of low pressure and relatively low collision voltage, as expected, complete detergent removal

was observed.

100 6855.51

MS/MS of m/z 6913 2+
2.3 mbar Apo
100+ 6855.51 T2+

40V ] 1PE

1 6912.80

0= m/z
6800 6850 6900 6950
0= miz
2000 4000 6000 8000 10000 12000 14000

Figure 3.4: Tandem mass spectra of NapA in C8E4 show that low source pressure activation allows
for MS/MS selection. Inset shows a zoomed region of slected 12+ charge state of NapA both apo and
one PE bound.
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Although activation at low pressure was sufficient to remove the bound detergent and
preserve lipid binding the total ion intensity was low. MS measurements on AmtB at a
pressure of 2.0 mbar gave poorly resolved spectra due to insufficient ion focusing.
Surprisingly, further increase in the collisional voltage while keeping a low pressure regime
in the source region resulted in complete lipid removal that was not previously feasible by
using one method of activation. The improvement in intensity can be attributed to increased
homogeneity of ions where after lipid removal the total amount of the unbound form was
increased. Lipid removal was not observed in the case of high pressure even at the maximum
energy provided by the instrument, demonstrating that measurements in the low pressure
regime can be used for generating homogeneous spectra while preserving non covalent-

interactions between protein subunits.

Taken together these measurements demonstrate that additional activation can be
accessed by using a low pressure regime in the source region. The increased internal energy
is sufficient to remove bound detergents from a membrane protein complex in the source and
allows for tandem MS of membrane proteins. Further, lipids and subunits can be dissociated
by combining activation provided by both high voltage in the collision cell and low pressure

in the source.
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Figure 3.5: In-source activation of AmtB bound to PG lipids. (a) Detergent is removed by applying
collisional activation in the trap. Only partial detergent removal was observed. (b) At minimum trap
activation complete detergent removal is performed by activation due to low pressure in the source.
The spectra quality is severely compromise due to poor focusing of the large ions. (c) Activation in
both the trap and source region results in removal of lipid bound species and only the unbound form is

resolved.
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Although these low pressure measurements enable tandem MS of membrane proteins,
they were performed using membrane proteins solubilised in polyethylene glycol detergents
that can be easily removed in the gas phase. In addition, the large proteins gave low intensity
spectra, hence an alternative approach was also investigated. Rather than lowering the
pressure in the source, the total internal energy was increased by applying a higher voltage in
the cone. At increased cone voltage and high pressure total ion energy is increased whereas
the kinetic energy is maintained at low levels. As a result large ions can be better focused and
at the same time ions are excited to a higher energy regime. The maximum cone voltage
provided by commercial instruments is not sufficient for removal of saccharide detergents.
Therefore the instrument was modified to increase the cone voltage from 200 V to 400 V.
Modifications included adjustments in the electronic board and introduction of a tuneable
power supply to control the extended voltages in the sample and extraction cones, as well as
customisation of the control software. These modifications were designed by Jonathon

Hopper and were made on a Synapt platform for enhanced selectivity and sensitivity.

To investigate if the increased energy is sufficient for detergent removal OmpF
solubilised in OG detergent was used. Mass spectra collected at 300 V on the sample cone,
which is twice the voltage typically used in conventional instruments, showed complete
detergent removal and release of the intact trimeric oligomer. Although OmpF is a relatively
large protein (111 kDa), a high signal intensity was achieved. Hence, these modifications
allow for detergent removal from membrane proteins with high mass and solubilised in both
detergent classes, making this method less sample demanding than application of low

pressure.

The same measurements were also performed using both AqpZ and AmtB solubilised in

C8E4 detergent. In both cases detergent removal was achieved without compromise in
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spectra quality. Similar to applying low pressure in the source, removal of detergent in the
front optics enables mass selection in the quadrupole, and in this case saccharide detergents
can be used as well. Figure 3.6 shows the mass selection 24+ ion from OmpF solubilised in
OG after removal of bound OG detergent. This method is used in section 3.2 to identify lipids

bound to membrane proteins.
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Figure 3.6: Mass spectrum of OmpF solubilised in OG after detergent removal in the source by

applying 300 V on the sample cone. Inset shows the mass section of 24+ ion.

The results presented here show that MS/MS selection can be performed on membrane
proteins by removing the bound detergents in the front end of the mass spectrometer. Without
instrument modification but by simply lowering the pressure in the source detergents can be
dissociated from small membrane proteins solubilised in C8E4. Instrument modifications to
apply a higher voltage on the sample cone allows for tandem MS on larger membrane
proteins solubilised in both polyethylene glycol and saccharide detergents.
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3.3 Infrared multiphoton dissociation of membrane proteins

Here pulsed and continuous IR radiation as a means of releasing membrane protein
complexes from gas-phase micelles for MS analysis has been explored. Several instrumental
modifications were introduced in order to apply pulsed and CW IRMPD as shown in Figure
3.7. The Ultima MS instrument was modified for high-mass measurements. A long
wavelength IR laser was introduced to the collision cell via gold-coated copper mirrors
positioned in the TOF region and an IR window. The collision cell was converted to a linear
ion trap by controlling the entrance and exit electrodes. The laser pulsing and trapping of ions
were synchronised by a waveform generator. These instrumental modifications were

designed by Victor Mikhailov.

MW-IR radiation from either pulsed or continuous lasers can effectively eject detergent
molecules from a membrane protein detergent complex, and its charge states can then be
resolved. Furthermore, releasing membrane protein complexes from detergent clusters by 100
ns radiation is possible for a range of detergents. Pulsed 50 ns activation was also able to
release membrane proteins from gas-phase detergent clusters, but the efficiency was
somehow lower, and a part of the broad ion signal from the protein in micelles was still
observed. This could be due to the much lower pulse energy of 50 ns as compared with 100

ns of radiation, 40 mJ versus 550 mJ respectively.
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Figure 3.7: Schematic of the IRMPD setup and activation regimes. (a) A depiction of the
modifications made to introduce a laser in the trap. (b) Intensity profile of the pulsed regions,

continuous IRMPD and CID used in this chapter.

Mass selection of proteins in detergents with a large selection window was found to
improve the mass spectra quality by reducing the amount of chemical noise from the
detergent cluster and provide additional ion activation. Under IR activation partial

dissociation of the membrane protein complex liberated from the detergents was observed,
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but this effect depended on the protein, detergent, laser power and the region of the ion signal
selected for activation (Figure 3.8). For instance, when the ions from the descending slope of
a broad signal from V-type ATPase solubilised in DDM micelles was selected for IR
activation, this polyprotein complex was liberated intact in relatively low charge states
centred around z = 37+, and no noticeable dissociation was recorded. Mass selection of the
ions from the ascending slope of the signal followed by IR activation resulted in higher

charge states of the intact ATPase, around z = 45+ and stripped subunits were observed.
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Figure 3.8: Mass selection results in different charge state distributions. ATPase spectra recorded
using CW IRMPD and CID activation. By selecting a lower m/z value (yellow) high charge states are
observed and whereas a high m/z mass provided low charge state species. CID measurements showed
that conventional instruments are not able to resolve the complex. Only after modification to high
activation the complex can be resolved. IRMPD data were obtained in partnership with Victor

Mikhailov.

It was not possible to release the intact ATPase, a 26-subunit membrane protein complex,
from DDM micelles using maximum collision voltage of 200 V, which is a standard upper
limit in many instruments (Figure 3.8). In contrast, all IR activation mass spectra of ATPase

were obtained using a standard continuous IR laser commonly used for IRMPD applications.
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Mass spectra of detergent-free ATPase could only be produced by CID using collision
voltages in the range of 300400 V on a specially modified Q-TOF2 instrument, additional
evidence of the efficiency of IR activation in liberating membrane protein complexes from

gas-phase detergent clusters.

The ability of IR activation to remove the bound detergents but retain lipid bound species
was investigated. As shown in chapter two, using controllable collisional activation, it is
possible to liberate an intact membrane protein complex from gas-phase detergent clusters
and retain the bound lipids at the same time. However, since IR radiation is absorbed by
detergent molecules as well as by lipids it can be expected that in the case of IR activation the
lipids could be lost when the protein is released from bound detergents. To test the ability of
IR activation to preserve bound lipid species the membrane proteins AqpZ was incubated
with exogenous PG lipids and activated by IR radiation. The result showed that IR activation
is sufficiently gentle, and the lipid-bound protein complexes can be observed in the mass

spectrum (Figure 3.9).

In all cases of both 100 ns and 50 ns pulsed regimes, after IR activation the membrane
protein complexes underwent some degree of dissociation after micelle ejection. Asymmetric
fragments were formed similar to CID of protein complexes and therefore determined by the
internal vibrational redistribution mechanism. Taken together the present results demonstrate
the ability to release proteins from detergent clusters in the gas-phase by IRMPD while

preserving lipid-protein non-covalent interactions.
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Figure 3.9: Mass spectra of Aqpz bound to POPG lipids and activation by IRMPD. IR-Laser
activation was found to preserve lipid binding. The protein to lipid ratio was maintained 1:5 and the

protein concertation was 7uM.

3.4 Direct lipid identification

Lipid-protein interactions are important for modulating the structure and function of
proteins associated with cellular membranes. Prerequisite in probing theses interactions is
identification of the lipids that are bound membrane proteins. The most widely used method
for lipid identification is lipidomics.'®? In this method the purified protein-lipid complex is
denatured in acidic solution, and the lipids are extracted using organic solvent. They are then
separated and identified using liquid chromatography (LC) coupled to MS. The method
performs well in identifying a large variety of lipids however it has two major drawbacks.
First sample pre-treatments are sometimes associated with lipid loss since extraction of the
entire lipid envelope is case dependent. Second, the lipid identified could not be in directly

bound to the protein but simply co-purified with the detergent micelle.
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To overcome these problems a non-denatured platform for identification of lipid-bound
species was developed. By applying high a voltage on the sample cone, each peak bound to a
membrane protein can be mass selected and fragmented to allow direct identification of the
bound species. The process involves the following steps. First a membrane protein complex
is sprayed in non-denaturing conditions and the presence of additional bound peaks is
observed. Subsequently, detergent is then removed in the source by applying elevated
voltages on the cone. The adduct peak is mass selected in the quadrupole and fragmented in
the trap cell releasing the lipid from the protein. Finally, high energy is applied in the transfer
region to fragment the lipid further, for full identification. The ability to fragment in the
transfer allows the parent ion to be matched with its fragments as both parent and fragment

1ons will have the same arrival time distributions.

To test the feasibility of this method a small membrane protein, PAIMATE, was selected.
The protein was extracted from E. coli membranes in which it had been over-expressed with
excess amount of detergent for complete delipidation. The sample was then incubated with 13
uM of POPC and electrosprayed in the presence of C8E4. The detergent was completely
removed in the source and the resulting mass spectrum is shown in Figure 3.10. Up to two
lipid bound peaks could be observed in the high m/z region whereas is the low m/z region the

spectrum is highly populated and POPC bound to a sodium ion is the most dominate peak.

Mass selection of the charge 10+ adduct peak with a small selection window shows that
this peak could be mass filtered and separated from the unbound peak. Without trap
activation no peak was observed in the low m/z region. Increasing the voltage to 70 V, the
unbound form at charge 10+ and 9+ are observed but the intensities of the unbound and the
adduct peaks for charge 10+ are almost the same. Further increase in the collision voltage to

110 V significantly dissociates the adduct peak giving rise to increased intensity of both the
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unbound 10+ ion and the charge stripped 9+. These measurements show that at low activation
energy lipids leave predominately as neutral species, and as the energy increases they are
more likely to become charged. As expected in the low m/z region a singly charged peak with
a mass of 761 Da corresponding to POPC is observed, showing that the method is feasible for

lipid identification by dissociating the lipid-protein complex.
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Figure 3.10: Identification of exogeneity bound lipids (POPC) to membrane protein PAMATE by
tandem MS. (a) The protein was solubilised in C8E4 and the detergent was removed by activation in
source. After detergent removal lipids adduct peaks are observed, and mass selected (b). Increasing
the energy from 20V (bottom spectra in (b)) to 80V (middle spectra) results in neutral loss of lipids
highlighted in red and charge stripped species (purple). The bound lipid species (blue) are further
activated (top spectra) with 120V for an addition removal of lipid bound speies. The mass filtered ions
are activated in the trap and charged lipids are observed(bottm) in the low mass region (c) with

isotopic resolution. The protein to lipid ratio was 1:2 and protein concertation was 2.8uM

Notably the mass addition to the unbound protein in the high m/z region cannot be
measured precisely, for instance in this case the mass measured was 760 + 20 Da, hence it is
difficult to identify the lipid, whereas the measurement in the low m/z region is isotopically

resolved and can be assigned to POPC with a high level of confidence.

In cellular membranes, membrane proteins are solvated by several lipids, and the ones
that are tightly bound or structurally important are usually co-purified. Therefore it was of
interest to see if it was possible to simultaneously identify different lipids present in a
mixture. To show that the method is applicable to different samples and capable of
identifying each bound-lipid in a mixture, AqpZ was used and incubated with POPC and
DPPC (Figure 3.11). The mass difference between these two lipids is 26 Da resulting in only
1.5 Th at charge state 17+. Although the two lipids are bound to the protein in the high m/z
region they cannot be resolved: four adduct peak are detected with a mass of 752 + 35 Da,

corresponding to approximately the average mass (748 Da) of the two lipids.
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fragment unresolved bound lipids and isotopically resolve them in the low m/z region.

the protein was solubilised in C8E4

The first adduct peak at charge state 17+ was mass selected and dissociated in the trap
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Figure 3.11: Identification of mixture of POPC and DPPC lipids bound to AqpZ. (a) Mass spectrum
shows that the mixture cannot be mass resolved. (b) High-voltage in-source activation, mass selection

of the 17+ ion (highlighted in blue) in the quadrupole and high activation in the trap are used to

1:1 POPC and DPPC was used and the protein concertation was maintain at 4.7uM. Prior to measures

region of the mass spectrometer. The same pattern for AqpZ was observed as for PAIMATE,
where neutral dissociation of lipids dominated removal of charged lipids. Surprisingly, when

an energy of 150 V was applied the peak corresponding to the unbound form with charge 17+

A mixture of



was completely depleted and only the unbound form of charge stripped lipids with charge
16+ was observed. Since AqpZ is a tetramer this observation can be explained by dissociation
of the unbound-tetramer, with charge 17+, to monomer and trimer. As expected an increased
intensity of the monomer was recorded. Importantly, in the low m/z region peaks
corresponding to both POPC and DPPC were observed. Singly charged ions with a mass of
735 Da can be assigned to DPPC whereas ions with a mass of 761 can be assigned to POPC.
This demonstrates that even a complex mixture of lipids that cannot be mass resolved in the
high m/z region can be dissociated and analysed in the low m/z region with high resolution,

allowing for identification of all bound adducts by a highly precise mass measurement.

To fully identify each lipid by its fragmentation pattern ions were activated in the transfer
in an attempt to separate the fragments based on their arrival time distribution.®> The intensity
of the fragment ions was very low since the instrument is modified for high mass
measurement and detection of low mass ions is severely reduced. These low intensities made
measurements in the IM dimension impractical; nevertheless, the high resolution provided by

the precursor lipid ion is sufficient for direct mass identification.

In addition to combining in-source CID with collisional activation in the trap the ability to
activate ions by IR irradiation was also studied (Figure 3.12). Direct IR activation of the ions
from the broad ion signal also produces low-mass ions: protein monomers and lipids, making

this activation combination suitable for lipid identification.
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Figure 3.12: Combination of in-source CID and IRMPD in the trap for lipid dissociation and
identification. Top panel shows the removal of C8E4 micelle by in-source activation and direct
visualisation of bound POPG peaks. The charge 17+ of the lipid bound peaks of AqpZ was mass
selected and fragmented to directly visualise POPG in the low m/z region, bottom panel. The protein

at 12uM was incubated 20uM of POPG lipids prior to measurements.

As in the case of collisional activation, lipids can be identified from the peaks in the low
m/z region, produced by singly charged lipids, with higher accuracy than from the mass peaks
produced by multiply-charged complexes with lipids bound. However, some of the observed
lipids could also be contained in micelles and not bound to the protein, which are then
released by IR activation. To identify the lipids that are bound to the protein it is important to
first isolate the protein with lipids from the gas-phase detergents, and then dissociate the
detergent-free complex releasing the bound lipids for mass analysis. This approach would be
particularly useful for the analysis of samples with a priori unknown lipid content, vide infra.

The first step in this approach was achieved by increasing the acceleration voltage to 250 V
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between the front optics of the ion guide in the mass spectrometer, thus promoting collisional
activation of the complexes in micelles before the mass selection in the quadrupole. AqpZ
solubilised in C8E4 was subjected to detergent removal, and its 17+ charge state containing
both unbound and bound forms (bound PG) was then mass selected and further dissociated by
100 ns pulsed IRMPD, releasing the monomer subunits and the lipids from the complex.
These results showed that two modes of activation can be combined to allow for tandem MS

of membrane proteins and direct identification of lipids bound to the protein complex.

Having established that in source CID is capable at mass selection of a mixture of lipids
and at the same time the mass resolution in the low m/z region is sufficiently high for lipid
identification, the attention was placed on identifying co-purified lipids, revealing lipids from
the cellular membrane that are potentially tightly bound to the protein. The purification
protocol of AqpZ was modified, by using DDM a mild detergent for extraction, to preserve
endogenous bound lipids. Further, the non-denaturing MS measurements were performed in
both positive and negative polarity as the charge may affect lipid binding (this effect is

elaborated on further in Chapter 4).

In both polarities lipid adduct peaks are observed, however the intensity of adduct peaks
is higher in negative polarity, hence this mode was selected for further analysis. The adduct
peak of the charge state 16- was selected (Figure 3.13). Although the intensity of this peak is
lower than 15- selecting a higher charge state is preferred as a larger population of charged
lipids are dissociated from the complex. In a low charge state lipid will leave as neutral and
as a result will not be detectable. These results can be explained by a charge density
threshold, above which charged lipids could dissociate from the complex. In this case
activating charge state 16- lead to both an increase in the unbound form signal with charges

of 16- as well as 15- corresponding to neutral loss and charged lipid loss respectively. In the
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low m/z region distinct lipid peaks were observed centred around a mass of 731 Da. Other
peaks had a characteristic mass difference of addition or removal of two CH:2 chain length
units, with a mass of 28 Da. From this precise mass measurement it can be derived that this
lipid belongs to the PG class with chain lengths of odd carbon unit repeats with a total

number of 31, 33 and 35 CHo.
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Figure 3.13: Identification of endogenously co-purified lipids by tandem MS. AqpZ was purified
with bound lipids which resulted in adduct peaks in the high m/z region. These peaks with charge state
16- were mass selected and removed from the complex by activation in the trap (top). High resolution
mass measurements allowed identification of these lipids as PG with variable chain length in the
range of a total of 31-35 carbon unit repeats (bottom). The protein was extracted with 10xCMC OG

and sprayed in 2xCMC C8E4 in negative polarity.
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In the case of co-purified lipids usually a mixture of lipids is present which introduces an
additional level of complexity. To show that the present method can be applied for direct
lipid identification on other membrane protein classes neurotensin receptor 1 (NTSR1), a G-
protein-coupled-receptor was chosen. This class of proteins are notoriously difficult to
overexpress and purify due to their low stability in the absence of the membrane.!®3 Hence
purification protocols that preserve the annular lipid belt by using mild detergents are
preferred. In addition, lipids may play a role in their function hence making direct lipid

identification necessary for full characterisation of their chemistry.

NTSR1 was chimerically expressed from bacterial cell lines reducing the level of
complexity due to the absence of post-translational modifications. Although the lipid
composition of bacterial membranes is significantly different from that present in mammalian
cell lines, the co-purified lipids in bacteria may resemble the same chemistry as mammalian
lipids, or at least they provide evidence if lipids are structurally significant. NTSR1 sprayed
as both monomer and dimer with additional satellite peaks that were subject to MS/MS
analysis (Figure 3.14). The intensity of adduct peaks is relatively low hence the peak with the
highest intensity, corresponding to charge state of 10+, was selected. Prior to selection the
detergent was removed in the source region and the mass selected ions were further activated,
resulting in fragments of the unbound form with charge states of 10+, 9+ and 8+, meaning

that lipids dissociated as charge species.
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Figure 3.14: Identification of endogenous lipids bound to NTSRI1. (a) Mass spectra recorded in
foscholine-14 shows the presence of the apo protein (blue) and adducts peaks (orange) centred at 10+
cahrge state (top). The adduct peak of charge state 10+ was selected for MS/MS characterisation
(bottom). Applying a high voltage of 130V resulted in removal of charged lipids and resulting apo
protein with charge 9+ and 8+. (b) In the low m/z region two distinct lipid peaks were observed
allowing identification of the lipid as PS. ¢) IM measurements provide evidence that this lipid (circled

in red) is bound to the monomer species.

In the low m/z region two peaks with mass of 758 Da and 786 Da were observed. The
difference between these two peaks is characteristic of two carbon chain length units hinting
that these species are lipids. By measuring the precise mass the lipid was identified to be PS
with a chain length of 24 and 36 carbon units for the high and low mass respectively. Since
several oligomeric states are present and the 10+ charge can correspond to both monomer and
dimer, dissociation in the transfer region was used to identify if the dissociated lipids were
coming directly from the monomer or the dimer (Figure 3.14). When operating with the
transfer region at high voltage dissociated ions will have the same arrival time as parent ions,

since the IMS is performed prior to dissociation. The IM data shows that the arrival time
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distribution of the lipids is the same as the arrival time distribution of monomeric units

providing evidence that these lipids are fragmented from the monomer.

Taken together these results show that modification of the instrument in the source region
is sufficient for micelle removal allowing for tandem MS of membrane proteins which can be

used for direct lipid identification of endogenous co-purified lipids.

3.5 Conclusion

The ability to identify bound ligands has played a substantial role in further establishing
MS as a useful structural biology tool. Although typically bound species are directly observed
by non-denaturing MS, the resolution in the high m/z region is not sufficient for direct
identification or separation of a bound mixture. Hence, protein complex dissociation in the
gas phase by tandem MS has been developed as an alternative to directly mass identify

ligands in the low m/z region.

The presence of detergents in membrane protein samples provides an addition layer of
complexity making the conventional instrument architecture unsuitable for MS/MS analysis.
In this chapter, three instrument modifications were used to overcome this problem. High
energy in-source CID was found to liberate the proteins from detergents prior to quadrupole
selection. Using both activation in the source and trap regions bound lipids could be
dissociated and identified. The method is capable of identifying a mixture of lipids that could
not otherwise be mass separated in the high m/z region. Application of low pressure in the
source region was found to also be sufficient for detergent removal, however the sensitivity
for large ions was severely diminished. Finally IRMPD in both CW and pulsed modality was
shown to strip the detergents from membrane proteins in the collision cell and in combination

with in-source CID was able to mass identify bound lipids that would dissociate from a given
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protein. In summary, results presented in this chapter provide different approaches to activate
proteins embedded in detergents, which allows access to the quadrupole for mass selection of

bound species. These developments permit the ability to directly identify bound lipid species.
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Chapter Four: Binding of lipids to membrane proteins is

influenced by chargeable residues

Integral membrane proteins reside in a lipid bilayer environment; hence the interactions
of membrane proteins with the surrounding lipids are important for their stability and
conformation,'® but also function.'®> Based on the affinity and specificity of these
interactions the surrounding lipids are classified as bulk, annular and non-annular lipids.'®’
Bulk lipids have no preference in binding, they simply solvate the membrane protein whereas
annular lipids bind selectively around the protein without a specific binding site. Non-annular

lipids on the other hand bind selectively to a specific lipid binding site on the protein,

therefore their interaction is usually stronger compared to either bulk or annular lipids.

Several studies have demonstrated the importance of lipid binding to the conformation

and function of membrane proteins!86-1%3

, especially for non-annular lipids, however a
comprehensive understanding of membrane protein-lipid interactions and how lipids mediate
membrane protein behaviour is lacking due to the challenges of studying these interactions.
Typically lipid-protein interactions are characterised by hydrophobic interactions, usually
between non-polar residues and the lipid tail, and ionic interactions between chargeable
residues and the lipid head group. In this chapter the focus is placed predominantly on the

ionic interactions of annular lipids with residues in the lipid head group binding region of

membrane proteins.

During a MS experiment both positively and negatively charged ions can be generated
enabling the ability to selectively analyse the non-covalent binding of anionic, cationic or
zwitterionic (neutral) lipids to membrane proteins. Previous studies have shown that under

physiological conditions anionic lipids bind preferentially to basic residues!**!; here these
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interactions are placed in the context of exogenous stimulus, such as a change in pH which
can alter the charge of residues on a protein. These studies showed that, at low pH,

neutralisation of acidic residues facilitates increased binding to basic residues.

4.1 Interaction of chargeable residues with charged lipids

Electrostatic interactions play an import role in biochemistry.!”” Almost all proteins have
chargeable residues that are located across all regions of the protein; active sites, surface
exposed areas or buried sites. The position of chargeable residues in active sites is typically
associated with electrostatics-mediated ligand binding and functional regulation, whereas in
non-active sites charged residues usually mediate protein-protein interactions, protein
folding, and stability.'”® Other than having a direct role in function and stability of proteins
chargeable residues are also important for practical reasons. They are utilized in many
analytical tools due to their direct influence in solubility and aggregation. Proteins with a
large number of the same charges tend to repel each other, for example hindering
crystallisation efforts; on the other hand proteins with a large number of complementary

charges attract each other, which can lead to aggregation or fibril formation.

Understanding electrostatic interactions has been the focus of several studies.!” Simple
small molecule systems in solution are well understood, however a full characterisation of the
multiple charged interactions typically found in proteins remains elusive. These interactions
are characterized by the distance between the two interacting charged particles spanning from
local interactions or salt bridges, to long range interactions that in many cases extend beyond
the boundaries of the protein.!”” Local interactions are typically restricted to a particular ion

pair as the distance between the two ions cannot accommodate solvent molecules.
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In solution, the charge on a protein is correlated with the number of amino acids in the
protein that have charged side chains and the protonation state of the termini. There are five
amino acids with charged side chains at physiological pH, arginine, histidine and lysine have
positively charge side chains, and are denoted as basic residues, whereas aspartic acid and
glutamic acid have negatively charged side chains and are referred to as acidic residues.
Cysteine and tyrosine can also be charged due to protonation or deprotonation of their thiol
and tyrosyl groups, respectively. The net charge of a protein is not only dependent on the
number of chargeable residues in the amino acid sequence but is also influenced by pH, ionic

strength and the dielectric constant of the medium.

At a given pH the protonation state of each chargeable residue is dependent on the pKa of
that residue in its surrounding environment (Table 4.1). For example, in water the average
pKa of aspartic acid is 4.0. At pH >4 the charge of this residue is -1, at pH 4 there is an equal
population of neutral and negatively charged species, whereas at pH <4 the neutral form
predominates. Most proteins have more than one chargeable residue present and the pKa for
each chargeable residue is altered due to the cooperativity of acid-base equilibria. For
instance in T4 lysosome the pKa of histidine at position 31 has been measured to be 9.1 due to
a salt bridge formation with aspartic acid at positon 70. The measured pKa values can also
change due to variation in the dielectric constant of the environment. The same residues will
have different pKa values depending on their location in the protein and their degree of
solvent accessibility. An example is the change in pKa of aspartic acid at position 76 of
RNAse T1 that due to its position in the buried region of the protein reaches as low as 0.5.
Generally, the same residue may have different affinities for protonation depending on its
position and interaction with other chargeable residues as well as the electrical properties of

the environment.
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Table 4.1: Average individual pK, values of chargeable amino acids and lipids in water and the net
charge state in positive and negative polarity. Data were taken from http://academics.keene.edu

/rblatchly/Chem220/hand/npaa/aawpka.htm and Avantilipids.

Residue/Lipid  Averagepke | LiL L cgaive polaity
Arginine 12.48 Positive Neutral
Aspartic acid 3.90 Neutral Negative
Cysteine 8.37 Neutral Negative
Glutamic acid 4.07 Neutral Negative
Histidine 6.04 Positive Neutral
Lysine 10.54 Positive Neutral
Tyrosine 10.46 Neutral Negative
N-terminus 7.8 Positive Neutral
C-terminus 3.6 Neutral Negative
POPC 1.0 Positive Neutral
POPG 3.5 Neutral Positive
POPS 2.6/5.5/11.5  Positive Negative

In the research described here another layer of complication is introduced as
measurements in vacuum are compared with solution. In vacuum, charged particles can
directly interact with each other depending on the polarity and separating distance. In the
absence of solvent these interactions are typically enthalpically driven, however the opposite
is observed in the presence of a polar solvent such as water. The free energy of interacting
charged particles that are separated by distance that can freely accommodate several water
molecules are usually dominated by the entropic term due to orientation of the water

molecules around the charged residues.'®’

From a physical chemistry perspective, in this chapter the contribution of the lipid

environment to the entropic term of binding as it solvates a membrane protein is addressed,
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and this is correlated to the strength of the ionic interaction. This is analogous to the same
effect water molecules have on soluble proteins with an additional complication that lipids

can also be charged.

Similar to charged residues in proteins the net charge of lipids is also dictated by their
apparent pKa (Table 4.1). For the research described here POPC and POPG were used
because their charges are complementary to each other (i.e. POPC can carry either zero or
positive charge, and POPG either zero or negative charge). Figure 4.1 shows the net charge of
these lipids as a function of pH. At low pH POPC is charged due to protonation of the
phosphate group, whereas POPG is neutral, as pH increases POPC becomes neutral and

POPG becomes negatively charged.

This charge alternation as a function of pH can then be paired with the charge of the
protein to interrogate ionic interactions between lipids and proteins. Several studies have
demonstrated the importance of ionic interactions for the binding of lipids to proteins!*%2% |
concluding that lipids may, generally, play three major roles in regulating cellular functions:
They can serve as pH sensors, provide the medium for protein clustering and stability, and
favour different conformations of proteins.!**?* For example, phosphatidic acid (PA) has a
pKa of 8.0 which allows this lipid to serve as a pH sensor in physiological pH ranges. Young
and co-workers found that PA can regulate the expression of genes related with lipid
metabolism and synthesis.?”! At physiological pH PA has a net negative charge which
strengthens the binding and sequestering of the transcriptional repressor Opil. At a pH <7 PA
is protonated and its affinity to the positive amine groups of Opil is reduced, allowing Opil
to repress the transcription of genes related to lipid synthesis. The finding that protonation

state of PA due to cytoplasmic acidification suppresses gene expression was then correlated

to the observation that in low glucose the medium becomes acidic, thus there being a direct
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link between membrane biogenesis and cellular metabolism. It is remarkable that the key to

this entire mechanism is the ionic interaction of PA lipids with charged residues of Opil.
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Figure 4.1: The relative charge of POPC, POPG and POPS as a function of pH at ionic strength of
0.1 (HCI). The data were taken from the CRC Handbook of lipid bilayers.*"*

The second major role that charged lipids can play is the ability to facilitate protein

clustering and surface stability.2® Acidic phospholipids will have a net negative charge, as
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such they can assist proteins with positively charged residues to associate with the membrane.
They can also facilitate the clustering of proteins that carry an abundance of residues with the
same charge. N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)
complex has a region composed of five basic residues (**’K ARRKK?%) that are positioned in
close proximity to the membrane.?®® Due to this large accumulation of positive charge
SNARE complexes tend to repel each other. However, in the presence of acidic
phospholipids this high positive charge is neutralised by negative charges provided by the
lipid head group, allowing clustering. In addition to pH sensing and cluster formation, ionic
protein-lipid interactions are also important in the regulation of protein conformation.? The
inward-rectifier K* channel (Kir2) exists in two states, open and closed. In the absence of
acidic lipids the closed conformation predominates.?** However, by neutralising the charge of
two basic residues in close proximity to the channel, the presence of PI lipids mean the open
conformation becomes favoured. This allosteric regulation by lipids is crucial to the function
of the protein, as is also indicated by the fact that both basic residues are well conserved

among different species.

The number of cases where protein function and structure has been found to be regulated
by lipid interactions has rapidly increased;!* nevertheless the availability of analytical tools
to study these interactions is limited. Here, in this chapter, a combination of non-denaturing
MS, molecular dynamics and electrophysiology is used to reveal the allosteric effects of lipid

binding to membrane proteins under different pH regimes.
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4.2 Investigating the density of chargeable residues in the lipid head

group binding region in membrane proteins

In the case of the membrane proteins chargeable residues are positioned predominately in
the solvent-exposed regions whereas the transmembrane region is typically composed of non-
polar residues. The position of lipids with respect to the membrane proteins is typically
constrained to the interface between soluble and membrane regions. As a consequence the
chargeable residues in this interface area are in contact with the lipid head groups. From the
perspective of the lipids, this lipid head group binding region includes any residue within 3 A

of the lipid head groups.

For proteins in which lipid-protein interactions are not dominated by ionic forces the
percentage of chargeable residues in the lipid head group binding region may be relatively
small, since having charged residues in close proximity to the membrane region may carry a
high enthalpic cost. On the other hand, if lipid-protein binding is dominated by electrostatic
interactions a high number of chargeable residues in the lipid head group binding region may
be expected to enhance the strength of these interactions. To identify membrane proteins with
a high number of chargeable residues in the lipid head group binding region a calculation of
the percentage of chargeable residues in the lipid head group binding region was performed

for all membrane proteins in the PDBTM.

To perform this calculation it is first necessary to define the region of each protein which
will bind the lipid head groups. In crystal structures of membrane proteins the membrane
bilayer region is typically not well defined due to the absence of electron density for either
lipids or detergents. Therefore MD simulations are generally used to position membrane

proteins in hypothetical bilayers. They also provide the means to visualise the membrane
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protein-lipid interactions. Initially membrane proteins were aligned to their expected position
in a lipid bilayer. This allowed the position of the lipid head group binding region to be

computed.

To calculate a metric of the chargeable residues in this region, the total surface area there
the lipids are expected to bind was initially calculated, as defined by prediction where the
membrane domain is located.?”> The area of this region contributed by either acidic or basic
residues was then calculated, and reported as a fraction of the total area. Proteins were then
ranked based on the fractional percentage of residues in the lipid head group binding region

for both acidic and basic residues (Figure 4.2).
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Figure 4.2: The variation of chargeable residues in the lipid head group binding regions of membrane
proteins. Calculation of chargeable residues in the lipid head group binding region of all membrane
proteins deposited in the Protein Data Bank with the exception of proteins with less than one single
strand crossing the bilayer. On average a higher percentage area of positive residues (light blue) is
observed relative to negative residues (beige). Inset depicts charge stabilisation and destabilisation by
synchronisation of lipid head group region charge (blue region) and lipid charge (orange positive and

magenta negative). Calculations were performed in partnership with Matteo Degiacomi

These calculations show that basic residues are more abundant in this region than acidic
residues. The percentage of basic residues in the membrane proteins analysed is generally
10-15 percentage points higher, consistent with these residues playing an important role in
membrane protein folding and insertion. In addition, the analysis showed that there is a large
variability in the concentration of acidic or basic residue in this region. For approximately
half of the membrane proteins analysed only 15 percent of the region is composed of acidic
residues. The remainder of the proteins have a relatively high percentage (=50 percent) of
acidic residues in the lipid head group binding region. For proteins with a high percentage of
chargeable residues in proximity to the expected positions of the lipid head groups it is
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hypothesised that lipid-protein binding may be influenced by ionic interactions and

modulated by the protonation state in the gas phase and the pH in solution.

The distribution of acidic residues positioned between the outer and inner membrane
leaflets varies with the total percentage of these residues (Figure 4.3). For proteins with a
smaller overall percentage of acidic residues in these regions the distribution is more
symmetric. However, for proteins with a higher number of acidic residues, there is a greater
propensity for the acidic residues to be distributed in an asymmetrical manner. These results
provide evidence that whereas electrostatic interactions predominate in lipid binding they are
typically localised in one of the membrane leaflets. Notably, annotated inner membrane
proteins are associated with lower percentage of chargeable residues in the lipid head group

binding region than for annotated outer membrane proteins.
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Figure 4.3: The distribution of acidic residues in the upper leaflet to the lower leaflet as a function of
density in the lipid head group binding region. Inner membrane proteins (red) tend to have fewer
acidic residues in this region than outer membrane proteins (blue). Un-annotated membrane proteins

are coloured grey.
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4.3 Preserving lipid binding by tailoring polarity

Using these calculations six membrane proteins with variability in the percentage of
acidic residues in the lipid head group region were selected for further interrogation by native
MS (Table 4.2). This was done to test the hypothesis that, depending on the protonation
conditions of the environment, lipids may bind selectively to membrane proteins via
coordination of the charge between the lipid head group binding region of the protein and the

charge on the lipids.

Table 4.2: Calculation of the acidic residues in the lipid head group binding region of selected

membrane proteins.

Percentage area of acidic residues in the head group

Protein SASA region

Upper leaflet Lower leaflet Total
AmtB 32555 7.71 9.26 16.97
MscL 31169 12.17 10.32 22.49
NavMS 16779 10.78 17.13 27.91
VDAC 16713 13.37 24.11 37.48
OmpF 41039 12.90 33.35 46.25

The membrane proteins AmtB, MscL and VDAC were expressed and purified whereas
OmpF and FpvA were kindly donated from the Kleanthous group (Oxford) and NavMS was a

donation of Wallace group (Birkbeck).

MS measurements in both positive and negative polarities allows lipid binding to
membrane proteins to be measured when both the protein and the lipid are protonated or
deprotonated. As the mechanism of protonation/deprotonation during nESI is different to

protonation/deprotonation in solution, as a function of pH, these MS measurements are only
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used to draw analogy to what may occur in solution. A benefit of MS studies is that all
species are intrinsically charged and the ionic interactions can be studied in the absence of
solvent, hence in this case the predominant interactions are those of just the protein and the

lipid.

Pairing of the same charge between the lipid head group binding region of the protein and
the head group of a lipid can be expected to destabilise binding. To test this hypothesis the
selected membrane proteins were analysed by mass spectrometry in positive and negative
polarity after being incubated with POPC or POPG. To illustrate these experiments POPC

and POPG binding to OmpF in both positive and negative polarity is shown in Figure 4.4.

As shown in Table 1, in positive polarity POPC is positive and OmpF has a charge state
distribution centred at 19+, hence both the lipid and the protein are positively charged. The
mass spectrum shows only the unbound form of OmpF present in positive mode, with non-
lipid bound peaks observed. Maintaining the same lipid-to-protein ratio and switching the
polarity to negative the lipid binding is preserved and up to three lipid molecules are
observed to bind OmpF. In the case of measurements performed in negative polarity the
protein has a net negative charge whereas the lipid is neutral. As lipid binding is observed in
at least one polarity it can be assumed that in solution, prior to the electrospray process,
POPC is bound to OmpF. However, during nESI in positive polarity, when repulsive ionic
interactions are enhanced by protonation of both OmpF and POPC, with both species
possessing a net positive charge, due to charge repulsions their binding is weakened resulting

in dissociation of POPC from OmpF.

In the case of measurements performed in negative polarity POPC is neutral, hence the

ionic interaction is not repulsive in nature and the lipid remains bound even at elevated
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energies experienced during the course of the MS experiment. Extending this rationale it can
be expected that POPG binding to OmpF will be observed in positive polarity and not in
negative, as in these polarities POPG is neutral and negatively charged respectively. Indeed,
this binding trend is observed in the mass spectra. Unlike POPC, the binding of POPG to

OmpF can only be maintained in positive polarity.
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Figure 4.4: The effect of polarity on lipid binding. Mass spectra of POPC binding to OmpF showing
that POPC binding to OmpF is preserved only in negative polarity. The binding of POPG shows that
binding is only preserved in positive polarity. Blue spectra denote negative polarity and magenta
positive polarity. The mass spectra were recorded in 200mM ammonium acetate and 2xCMC OG.

Measurements were performed in a protein to lipid ratio of 1:5.
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This explanation can also be tested by using a lipid that is charged in both polarities. In
this case no lipid bound peaks would be expected. As shown in Figure 4.5 and Table 1, POPS
has a net positive charge in protonated conditions and a net negative charge at high pH or
negative polarity. Performing the MS measurements with OmpF and a lipid concentration of
14 uM and maintaining the same lipid-to-protein ratio as in the other lipid binding

measurements, no binding was observed in both polarities. This is in agreement with the

present hypothesis.
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Figure 4.5: Mass spectra of OmpF incubated with POPS. No lipid binding was observed in both
negative and positive polarity. In negative polarity POPS is expected to have a net negative charge,

whereas in the positive polarity an overall positive charge is expected due to protonation of the

phosphate and carboxylate groups.
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The binding patterns presented here can be only attributed to the chemistry of the lipid
head group since the lipid tail is the same for both POPG and POPC. To explore whether the
lipid tail has any role in stabilising the binding two additional lipids DSPC and DPPC were
analysed. These lipids differ in chain length, DSPC has a Cis chain length whereas DPPC has
a Cie that is similar to POPC however without any degree of unsaturation. Depending on the
transmembrane domain thickness it may be expected that longer chain lipids could bind more
strongly to the membrane proteins since they can establish a larger number of non-covalent

binding interactions with the membrane protein compared to shorter chain lipids.

The enhancement in stabilisation of lipid binding due to an increase in the lipid chain
length was observed by MS measurements (Figure 4.6). While the general binding trends
between the two polarities were similar to POPC binding, in the case of the longer chain lipid
DSPC, a small population of lipid bound species was also observed in the positive mode. The
presence of the lipid bound species in the positive mode can be attributed to an increase in
binding affinity provided by the longer chain lipid. However, a comparison between lipid
binding in positive and negative polarities, even in the case of DSPC, clearly shows that ionic
interactions have a dominant effect in binding preservation. Analysing the same sample, up to
four DSPC lipid molecules were observed bound in negative polarity compared to the low
intensity of a single lipid bound in positive polarity. These results agree with previous
measurements performed in solution showing that longer chain lipids that match the
membrane domain have greater binding affinities than shorter chain lipids that may not cover

the entire membrane. 2%
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short and long chain, respectively, show that longer chain lipids stabilise lipid binding.
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Having established that altering polarity to neutralise the charge on the lipids can lead to
preservation of lipid binding to membrane proteins the next step was to investigate this
behaviour as a function of the concentration of acidic residues. OmpF has a relatively high
percentage area of acidic residues in the lipid head group binding region (33 percent in the
outer membrane leaflet), and as a result a high charge density is likely to be present in this
region. This will significantly affect the ionic interactions when binding to charged lipids.
However, the majority of membrane proteins were found to have a much lower area of acidic
residues in the region where lipid head groups bind. For instance, AmtB has only 9 percent of
this surface area contributed by acidic residues in its lower membrane leaflet, and therefore
the ionic interactions are likely to be less predominant. MS measurements of AmtB bound to
POPG manifested a decrease in the effect of charge repulsion leading to the observation of
lipid bound species regardless of polarity (Figure 4.7). In positive mode AmtB is positively
charged and POPG is neutral, hence as in the case of OmpF, lipid bound peaks are observed.
However, in negative polarity were both the AmtB and POPG are negatively charged the

lipid-protein complex does not completely dissociate and remains in its bound state.

To investigate if this behaviour is protein dependent and can be attributed to other
features of the protein other than the acidic residues the same measurements were performed
with MscL, NavMS, FpvA and VDAC. MscL has a low percentage of acidic residues in the
lipid head group binding region and the lipid affinity was not significantly affected by
polarity or the charge of the lipid, similar to AmtB. For FpvA and VDAC only neutral lipids
are preserved bound to charged proteins. Both these proteins have a high percentage of acidic

residues, which is in agreement with the rationalisations made for OmpF.
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Figure 4.7: Lipid binding to membrane proteins correlates to protein electrostatic surface potential.
POPG binding to AmtB (purple spectra, top negative polarity, bottom positive polarity) show that
lipid binding is not affected by polarity. POPG binding to NavMS (green spectra) is preserved more in
positive polarity. Binding of POPG to OmpF (orange spectra) is not preserved in negative polarity,
but is observed in positive polarity. Inserted are the electrostatic surface potentials of the three
proteins in protonated and deprotonated conditions (blue denotes positive charge, and red negative
charge). An appreciable change in electrostatic potential of OmpF is observed in the different

environments and insignificant differences are observed for AmtB.

An interesting case was that of lipid binding as a function of polarity for NavMS. This
protein has a moderate percentage of acidic residues in the lipid head group binding region
and a relatively high percentage of basic residues. Hence, in positive polarity the protein will
likely establish a large positive potential in the vicinity of lipid binding whereas in negative
polarity the charge accumulated by acidic residues will be less pronounced. As a result,
positively charged lipids in positive polarity will experience a greater repulsion than
negatively charged lipids in negative polarity. MS measurements showed that POPC binds
only in negative polarity, whereas the binding of POPG was preserved to a greater extent in
positive polarity compared to negative polarity (Figure 4.7). These results show charge
synchronisation between the protein and lipid facilitate preservation of bound lipid species in

the gas phase.
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To further rationalise the effect of charge on membrane protein lipid binding, surface
electrostatic calculations in deprotonated and protonated conditions were performed for the
three representative cases, AmtB, NavMS and OmpF (Figure 4.7, insets). The protonated and
deprotonated states resemble the positive and negative polarity conditions, respectively.
Between these states, little difference is observed for AmtB, a moderate difference is
observed for NavMS, and an appreciable difference is apparent for OmpF. Interestingly, the
relative electrostatic differences correlate with the observations by mass spectrometry of lipid
binding to these proteins. For AmtB, for which POPG and POPC bound in both polarities,
there is no significant electrostatic difference between the deprotonated, neutral and
protonated states. In the case of NavMs there is a moderate change in the surface electrostatic
state, and the binding of the lipids (in both polarities) is slightly destabilised. For OmpF a
large change in electrostatic state is observed between protonated and deprotonated
environments. This correlates with the near complete destabilization of lipid binding for

POPG in negative polarity and POPC in positive polarity.

Taken together, it can be concluded that the only difference between POPG and POPC
lipids is the propensity to have a different charge in specific protonation states. As such, it
seems reasonable that this may be a determinant of the lipid binding behaviours observed. By
extension, the region of a membrane protein proximal to the lipid head group may also
contribute to the preservation, or lack thereof, of lipid binding. It is believed that there is no
direct correlation between charging in solution and the resulting charge state distribution by
electrospray ionisation. However, in the case of membrane proteins encapsulated in a
detergent micelle it is hypothesised that in the early stages of ionisation the soluble domains
or more surface-exposed regions are more prone to protonation.'#! Therefore, a large portion

of the charge on the protein as a whole is likely to be in the proximity of the lipid head group
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binding region at this stage. This temporal charge localisation may therefore drive the

preservation or lack thereof of lipid binding.

4.4 OmpF voltage-gated stability enhanced at low pH in presence of

POPG

Having arrived at some conclusions as to how the observed MS phenomena may be
occurring, it was interesting to then investigate if these same factors may affect lipid binding
in solution. To probe if the results from both MD simulations and MS correlate with solution
patch clamp experiments were performed. These experiments allow single channel
measurements to be performed with a membrane protein embedded in a lipid bilayer,
significantly improving the similarity of the in vitro experimental conditions to those found in

vivo.

OmpF showed the most dramatic differences in lipid binding by mass spectrometry, and
also the most significant differences in electrostatic surface. To assess whether the polarity
dependent lipid binding effects observed in MS experiments is also translated to solution,
electrophysiology experiments on OmpF in planar lipid bilayers of different lipid
compositions, in different pH environments, were performed. Patch clamp experiments study
the behaviour of ion channels under an applied voltage. The channel is initially inserted in a
lipid membrane bilayer that has the same buffer composition on both sides. A patching
pipette is positioned in contact with the membrane, as shown in Figure 4.8. Usually a vacuum
is applied to seal the contact between the pipette and the membrane. In the electrode a voltage

is kept constant and the ion current is monitored as a function of time.

Depending on the direction of the potential, ion movement across the channel is

indicative of an open state. By the same token, no ion movement across the channel is
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observed in closed states. When a protein is composed of multiple channels, as in the case of
OmpF, the behaviour of each channel can be monitored separately. The ability to control the
membrane or buffer composition makes patch clamp one of the most useful techniques to

monitor the effect of lipid binding to membrane proteins in different environments.

Figure 4.8: A diagram depicting electrophysiology measurements on a channel. The channel is
initially constituted on a lipid bilayer and placed in direct contact to a buffer solution under a voltage
via a patch palette. The generated current from ion passing through the channel is amplified and

recoded as a function of time. Courtesy of Leica-microsystems

OmpF was inserted into a planar lipid bilayer composed of DPhPC and the channel states
were measured by applying a constant voltage in both polarities. Initially, the behaviour of
the OmpF channel in a high applied voltage was investigated. As evident from Figure 4.9, at
pH 8/7.4 OmpF can resist an applied voltage of +200 mV for approximately 30 s followed by
a full closure of all three channels. OmpF, which is trimeric, therefore has four possible states
corresponding to the open or closed state of each of the constituent monomers: LO (all
channels open), L1 (one closed), L2 (two closed) and L3 (all channels closed). The same
measurements were also performed at a low pH. A destabilising effect leading to faster
channel closure was observed at low pH. Measurements performed at pH 4 showed that all

channels fully close within a shorter period of time, consistent with previously published
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results.?’7?% The effect of channel closure was then used to measure the stability of the

protein under protonated conditions.
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Figure 4.9: The dependence of OmpF channel stability as a function of pH. Measurements were
recorded on planar lipid bilayer composed on DPhPC lipids in 20 mM acetate and 0.1 M KCI. The
channel closes faster at pH 4 (top) then at pH 6 (middle) and it remains open for longer at pH 8

(bottom). Electrophysiology experiments were performed by Sejeong Lee.

From MS experiments it was found that POPG binding to OmpF is enhanced relative to
POPC in protonated conditions. This suggests that upon POPG binding the open state of the
channel may be stabilised even at low pH. Maintaining the same pore, and adding POPG, in
order to end up with a final ratio of 5:1 DPhPC:POPG, it was found that the channel
maintained an open state for a longer time compared to measurements performed in POPC-
only lipid bilayers (Figure 4.10). In the absence of POPG in the bilayer at low pH under an
applied voltage of 100 mV the channel closes within 20 £ 5 s whereas the same pore

embedded in a DPhPC:POPG bilayer can maintain the open state for 60 = 17 s. This effect
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was not observed when the same experiments were performed at physiological pH (Figure
4.11), suggesting that the acidic residues may be affecting lipid binding, and thus channel

stability of OmpF at low pH.
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Figure 4.10: The open conformation of OmpF is stabilized by the presence of POPG. (a)
Electrophysiology measurements of OmpF in 1 M KCI in protonated conditions (pH 4) in DPhPC
(blue recording) and a mixture of 5:1 DPhPC:POPG (purple recording) in both positive and negative
voltage regimes top and bottom channel recordings, respectively. (b) A diagram depicting all four
possible states of the OmpF. Since the protein is a trimer each pore can close separately. (c)
Histograms were constructed from an average of six independent measurements showing that on
average the open state is stabilized by the presence of POPG. Error bars show 2x s.e.m. of six

independent measurements.
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Figure 4.11: Electrophysiology measurements at pH 8 for OmpF reconstituted in planar lipid
bilayers. Top channel recordings correspond to DPhPC only, whereas bottom channel recordings were
obtained in the presence of POPG. Measurements were done at constant voltage of 100 mV. No
significant change is observed between two measurements. The current-voltage curves (blue for
DPhPC bilayer and purple for DPhPC:POPG bilayer) showed that the channel resistance does not
change with addition of POPG.

The current-voltage (I-V) curve (Figure 4.11) shows no dependence of the current on the
applied voltage in both bilayer compositions. Importantly, since the slope of the I-V curve

remains unchanged after addition of POPG the channel resistance is unchanged in both cases.
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This suggest that the lipid bilayer and OmpF structure is maintained the same regardless of
the lipid composition hence the observed stabilisation effects can only be attributed to POPG

binding rather than a conformation change of the bilayer by the presence of POPG at low pH.

4.5 Lipid binding enhances peptide binding to OmpF

OmpF is known to bind the peptide OmpF-Binding Site 1 (OBS1). As POPG appears to
stabilize OmpF in the open state at low pH, it is of interest whether in a protonated
environment, as proxied by positive polarity mass spectrometry, OBS1 binding could be
influenced by the binding of POPG. Previous studies employing non-denaturing MS have
discovered a biologically relevant mechanism of colicin entrance to the cell by recruiting
OmpF. In these experiments it was found that up to three OBS1 peptides can bind to OmpF,
one per each pore. Here, however, to simplify the spectra, a low concentration (5 uM) of the
peptide was used. Although the ratio of the protein to lipid was 1:5, the major peak present in
the spectrum corresponds to the unbound form (Figure 4.12). Up to two lipid-bound peaks are

observed.

The effect of POPG on the binding of OBS1 to OmpF can be observed in a single
measurement since both the bound and unbound lipid forms are present. Since the mass of the
OBSI1 peptide (1,552 Da) is very similar to the mass of two bound POPG lipids (1,540 Da) an
Orbitrap mass analyser that can perform high resolution measures was used. Notably, the
mass spectra showed that there is a higher population of OBS1 bound to POPG-bound OmpF
than to OmpF alone (Figure 4.12). Taken together, these results show that upon exogenous
stress, in the form of low pH, potential changes in lipid binding preference can affect the

apparent stability and function of OmpF.
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Figure 4.12: Mass spectra of OBS1 peptide binding to OmpF in the presence of POPG. The protein at
9.4uM was initially solubilised in OG at 2xCMC and incubated 50uM of POPG lipids that were
solubilised in 200mM ammonium acetate. 10uM of OBS1 was added to the mixture. Measurements
were recorded in Q-Exactive orbitrap applying 180V in the HCD cell. The inset shows a zoom region
around 21+ charge state. A higher intensity of OBS1 binding to OmpF-POPG and OmpF-(2xPOPQG)
is observed relative to peptide binding to apo OmpF.

4.6 Molecular dynamics simulations show differences in preferential PG

binding at low pH

Having established by mass spectrometry that lipid binding correlates with the
composition of the lipid head group binding region and POPG binding at low pH improves
the stability and function of OmpF, the attention is then shifted to assessing ionic interactions
in lipid binding as a function of pH, by means of molecular dynamics simulations. These
simulations allow the ionic interactions, in conditions that mimic both solution and gas-phase
measurements, to be probed.?”” During a typical MS experiment all observed species are

charged hence this scenario can be simulated by protonation of lipids and acidic residues,
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although the exact position of the charges remains elusive. In solution measurements, for
instance during a patch clamp experiment at pH 4, only the acidic residues are protonated
since the pKa of the lipids is less than four. In addition, to measure the effect of charged lipids
on binding, a hypothetical case where the lipids are protonated but not the protein was also

considered.

Simulations were performed with two membrane proteins, AmtB and OmpF, that possess
different percentages of acidic residues in the lipid head group binding region, and for which
differences in lipid binding were observed by mass spectrometry. AmtB has a low percentage
of acidic residues in this region, and OmpF has a high percentage of acidic residues. If acidic
residues play a role in lipid binding then under protonated conditions, where the acidic
residues and POPG become neutral, then a greater preference for binding POPG would be

expected compared to higher pH conditions.

Due to the large ensemble of molecules and the low diffusion coefficient of the lipids,
bilayer simulations were performed at the coarse-grained level. Each lipid head group was
assigned to four beads whereas the lipid chain was simplified to nine beads. Measurements

were performed using MARTINI force field*!°

and each simulation ran for 1 ps. Prior to each
simulation the membrane bilayer, composed of equal concentrations of POPC and POPG,
was allowed to self-assemble. As the bilayer is composed of only two lipids the time that

POPG spent bound to the protein was expressed as a preference for POPG lipid relative to

POPC by comparing relative residence times of lipids in proximity to the acidic residues.

In protonated conditions OmpF has a greater preference for binding POPG, and there is
no equivalent discernible change in lipid binding preference for AmtB (Figure 4.13). This

suggests that acidic residues can influence lipid binding as pH lowers. Interestingly, in the
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hypothetical case where lipid was the only protonated species a reduction in POPG binding
was observed for both AmtB and OmpF, suggesting that charge synchronisation plays a
significant role. Conversely, when pronating only the protein the opposite effect was

observed; an increase in POPG binding that was more dominate for OmpF than AmtB.
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Figure 4.13: Molecular dynamics simulations of AmtB and OmpF. (a) POPG preference as compared
to POPC lipids. Four protonation states are considered, no protonation of chargeable residues, only
lipid protonation, only protein protonation and protonation of both lipid and protein. For both AmtB
and OmpF protonation of lipids only causes a reduction in POPG preference, whereas protein
protonation only demonstrates an increase in stability POPG binding. When both lipid and protein are
protonated no significant preference for POPG is observed for AmtB (p value 0.74), in contras an
increase in POPG affinity is observed for OmpF (* p value 6 x 107). Error bars represent 2x s.e.m.

MD simulations were performed by Tom Newport.
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To better understand and identify which residues are directly affected the preference for
POPG binding was investigated for all four charge conditions at the residue level (Figure
4.14). In the case of AmtB, lipid preference was majorly affected by arginine and histidine
residues, whereas acidic residues had no direct influence in the change for preference in lipid
binding under protonated conditions. As expected the opposite was observed for OmpF,
where both aspartic acid and glutamic acid dictated the preference for POPG under
protonated conditions, whereas basic residues had a net lower preference for POPG.
Interestingly, tryptophan residues where found to also influence lipid binding, potentially due
to their close proximity to acidic residues. The combination where only the protein is
protonated may well resemble solution conditions at pH 4 as the acidic residues are
protonated whereas the lipid charge is not affected. This suggests that under pH stress the
protonation of acidic residues may favour the binding of acidic lipids to membrane proteins,

and these interactions are predominately through direct binding to basic residues.
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Figure 4.14: MD simulations at residue level of AmtB (upper panel) and OmpF (bottom panel) under normal and protonation conditions. All four modes of

protonation are considered where calculations were performed with no alternation in protonation, only lipid being protonated, protein only protonated and

both lipid and protein protonated. Data are shown relative to POPG preference as compared to POPC, a positive value shows preference for POPG and a

negative value preference for POPC.
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4.7 Conclusion

The presence of chargeable residues in the lipid head group binding region plays a
significant role in the selectivity of lipid binding. The present data suggest that upon pH
stress, different lipids are bound to membrane proteins to increase their stability.
Calculating the chargeable residues and bonding distance to the lipid head group
demonstrated that the vast majority of structurally known membrane proteins have a
relatively low percentage area of chargeable residues in this region. Interestingly,
around 10 percent of membrane proteins analysed had a high percentage area of charged
(>20%) residues in the lipid head group region, hence these proteins may bind lipids
selectively based on the charge of the lipid head group in a protonated environment.
Outer membrane proteins are expected to be more exposed to environmental changes.
In addition, this class of protein has a higher proportional surface area of acidic residues
in the lipid head group binding region relative to the inner membrane proteins,
suggesting that for the outer membrane the electrostatic potential of proteins has a
significant role in lipid binding and different lipids could be recruited in response to

environmental changes.

OmpF at physiological pH is shown to preferentially bind PC over PG.?% Here, by
employing MD simulations and MS experiments, at low pH it was determined that the
binding of PG is favoured due to synchronization of the lipid charge and the charge in
the lipid head group binding region of the protein. These results suggest that the
composition of annular lipids is dynamic, and lipid binding preference can change in
response to environmental changes. Furthermore, at low pH, the protonation of acidic

residues lowers the repulsion of acidic lipids and plays a crucial role in lipid binding.
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The electrophysiology measurements performed in planar lipid bilayers that mimic
cellular membranes showed that in the presence of PC lipid only OmpF closes rapidly at
low pH. Previously it has been proposed that channel closure at high voltage and low
pH is via a collapse of the outer domain.?’’?%® In agreement with this model the results
here show that binding of PG stabilizes the open conformation allowing OmpF to retain

function in stressful environments for a longer time (Figure 4.15).

High Eotential High potential

Low pH

Low potential
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Y

Low potential Low potential
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Figure 4.15: PG stabilises the open conformation of OmpF at low pH. In physiological pH the
channel is in the open state. Lowering the pH shifts the channel to a closed form (denoted by the
x). The addition of PG lipids stabilises the open state at low pH due to preferential binding of

this lipid in the protonated environment relative to PC that is preferred at physiological pH.

Taken together these results show that annular lipid is a dynamic entity which can
function as one unit with membrane proteins to increase the stability of a particular

conformation and maintain function.
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Chapter Five: The role of post-translational modifications
and lipids in stabilisation of the oligomeric state of

mammalian cytochrome c oxidase

The chemical composition of mammalian proteins in not limited to the 20 amino
acids but rather vastly expanded by covalent modifications at specific residues. These
post-translational modifications (PTM) have a great importance in biological function
yet their study has been hampered by the lack of suitable methods.?!! Since each PTM
changes the mass of the complex, conventional mass spectrometry has been the method
of choice for initial characterisation, providing information on the position in the amino
acid sequence and composition of the PTMs. Several PTMs have been identified, the
most commonly seen being phosphorylation, acetylation and glycosylation. In a typical
proteomics-based assay, the proteins are initially denatured and enzymatically
cleaved.*?!2 The peptides produced are separated and their masses are measured with
high accuracy to identify a potential chemical modification. Today, these experiments
are performed routinely and parts of the procedure are fully automated. However, for
non-denaturing mass spectrometry measurements the presence of PTMs in protein
complexes provides an addition layer of complexity. As the mass of the complex is
changed by each modification, the heterogeneity of the sample increases, resulting in
multiple peaks in the mass spectra or even an unresolved hump. In the case of
membrane proteins, the homogeneity of the sample can be further compromised due to
the presence of bound lipids or detergent molecules. This complexity is increased
further by the presence of multiple subunits within a complex, as in the case of

cytochrome ¢ oxidase (CcO).
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CcO is an integral membrane protein complex composed of 13 protein subunits and
it can bind a variety of lipids.?!* Despite the fact that the first crystal structure of bovine
heart CcO was solved in the previous decade, the oligomeric state of CcO in solution
remains elusive. Dimerisation of the complex has been previously proposed, however,
definitive evidence for the dimer is lacking.?!* In this chapter non-denaturing mass
spectrometry in tandem with conventional methods were used to investigate the

oligomeric state of CcO and its stability.

Non-denaturing mass spectrometry of the intact protein complex revealed the
presence of both the monomer and the dimer in solution and the stabilisation of the
complex by a large lipid entity. Lipidomics-based assays were performed to identify
lipid species that interact specifically with the enzyme. Furthermore, the
phosphorylation and acetylation sites of cytochrome ¢ oxidase, which were located in
the peripheral subunits and the dimer interface, could potentially have a role in
oligomeric stabilization. In addition to these findings, dimeric cytochrome ¢ oxidase,
which is composed of 26 protein subunits and associated lipids, represents the largest
membrane-embedded protein complex that has been investigated in the gas-phase of a
mass spectrometer. The importance of CcO and its biological implications and the
challenges to study it provides to be studied by non-denaturing mass spectrometry are

the major motivations behind this target.

5.1 The complexity of the mammalian cytochrome C oxidase

The electron transport chain in both bacteria and mitochondria consists of a series of
membrane embedded protein complexes that transfer electrons to establish a proton
gradient across the inner membrane.?!> This proton gradient is formed by four
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complexes and is used by ATP synthase (complex V) to produce cellular energy (Figure
5.1). The electron transport chain is initiated in complex I (nicotinamide adenine
dinucleotide — ubiquinone reductase (NAD-CoQ)). NADH is oxidised to NAD", which
results in two protons and two electrons being transferred to the flavin mononucleotide
(FMN) prosthetic group. While electrons are passed on to iron-sulphur clusters, the
protons are actively transported to the outer side of the membrane. The electrons are
cascaded to reduce ubiquinone (Q) and the reduced product (QH2) diffuses through the
membrane and binds to complex III. In a separate initiation point, additional electrons
are transferred to Q from complex II (succinate dehydrogenase), via reduction of flavin
adenosine dinucleotide (FAD). Q transfers the electrons to complex III (cytochrome bc/
reductase) which interact with cytochrome ¢, a water soluble protein in the
intermembrane space. Finally cytochrome c is oxidised by complex IV (cytochrome c
oxidase).?!® The electrons are utilized to reduce dioxygen to water and transfer four

protons across the membrane.
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Figure S5.1: The electron transport chain in mitochondria. Figure taken from

http://scienceknowledge.tumblr.com/post/70594638487

Cytochrome ¢ oxidase is the last enzyme of the electron transport chain (complex
IV). CcO of bovine heart is a large transmembrane complex and contains 13 different
subunits.?!” The three largest subunits (I-1II) are encoded by mitochondrial genes?'® and
form the core of the enzyme;?!° subunits I and II contain metal binding sites and subunit
III is a possible oxygen pathway.??’ The functional roles of the remaining ten protein
subunits are yet to be determined, however, a stabilising function of these subunits has
been suggested.?!” CcO was found to be dimeric in the crystal lattice??! making it one of

the largest transmembrane protein complexes studied by X-ray crystallography.
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CcO contains a significant amount of intrinsic lipids***

and several lipid classes have
been observed in crystal structures of both bacterial and bovine CcO.?!3223%22% Two
cardiolipins (CL), one phosphatidylcholine (PC), three phosphatidylethanolamines (PE),
four phosphatidylglycerols (PG) and three triglycerides (TG) constitute the lipid content
of bovine crystalline CcO.?* Choline plasmalogens were also identified, however these
were found to be identical to the corresponding PCs and likely are derivatives
thereof.?> Insights into protein-lipid interactions in CcO were obtained primarily by
fitting the identified lipids into the crystal structure obtained at 1.8 A.2292%6 Several

lipids were thus identified to bridge the two CcO monomers suggesting that they may

stabilise the dimer interface.

It is established that CcO is regulated by expression of specific isoforms that are
dependent on the tissue, species, or developmental stage. CcO is also regulated by
allosteric effectors such as ATP/ADP, palmitate or calcium, as well as by reversible
phosphorylation.??” To date, a total of 18 phosphorylation sites have been identified
although more potential phosphorylation sites exist.?” An interplay between allosteric
ATP inhibition and reversible phosphorylation recently revealed inhibitory

phosphorylation sites.??®

Dissociation of tightly bound CcO subunits is also thought to regulate the
enzyme.??” Alkaline, urea or dodecyl maltoside treatment lead to selective loss of

229230 which is often linked to inactivation of the enzyme.?}! Thermal

protein subunits,
denaturation revealed that tightly bound phospholipids have a stabilising role in both

monomeric and dimeric CcO.?*? Subunit VIb has been proposed to increase the stability

of dimeric CcO as suggested by its position in the crystal structure.??” In addition to

189



dimeric CcO, a mitochondrial supercomplex IiIII2IV1 containing monomeric CcO has
been detected.”*> However, as allosteric ATP inhibition requires cooperativity of the
two monomers a biological relevance for the monomeric form continues to be debated.
Consequently, it remains elusive if the dimer state of CcO is present in solution and
required for activity. In addition, the role of PTMs and lipids in modulating structural

stability and function regulation is not well understood.

The transferring of intact protein assemblies into the gas phase enabled the
investigation of the subunit composition and determination of the oligomeric state in
solution. To elucidate the stability of the oligomeric state of CcO, standard MS-based
proteomics and lipidomics techniques were employed to identify PTMs and associated
lipids. Thereby, in this chapter, all 13 subunits were characterised and it was found that
both the monomer and the dimer are stabilised by a large lipid entity of a defined
composition. Locating the identified PTMs in the atomic structure of CcO reveals
hotspots for phosphorylation along the proposed dimer interfaces, suggesting stabilising

roles in protein interfaces, and in regulating the enzyme.

5.2 Cytochrome c oxidase is dimeric

The sample complexity of CcO provides a challenge for direct characterisation by
non-denaturing MS. To optimise the sample and increase MS compatibility, strategies
developed previously for the analysis of membrane proteins, present in detail in
chapters two and three were re-used, resulting in resolved spectra that show the

complexity of the sample.
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Initially MS measurements were performed using a DM-solubilised protein complex
since this detergent was shown to maintain a stable conformation in solution and was
used for protein extraction.** Under high activation energy, that is necessary to remove
the bound detergent molecules by collisional activation in the gas phase, non-covalent
interactions between the subunits of the protein could not be preserved. The protein
complex dissociates to individual subunit that can be observed in the low m/z region of
the spectrum (Figure 5.2). By matching the experimental mass with the theoretical one
these subunits were assigned to VI, Va, VIc and VIIb. Based on their location in the
crystal structure (PDB ID 20CC) they were mostly found to correspond to soluble

subunits on the periphery of the complex.

Importantly, individual subunits on the dimer interface were not observed indicating
that they are tightly bound to each other. Moreover, three peak series in the high m/z
range were also observed corresponding to stable sub-complexes of CcO. Due to the
similar molecular weight of the protein subunits, multiple assignments are possible for
these complexes; hence at this mass resolution their subunit composition cannot be
identified. However, considering the mass of the smallest complex together with its
position in the crystal structure it can be suggested that subunits I and IV form the core

of these assemblies.
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Figure 5.2: Subunit complexity of cytochrome ¢ oxidase. (a) Intact CcO could not be observed
in DM presumably due to the high activation energy required to release the protein from the
detergent micelle. The low m/z region (<3,000 m/z) shows four peak series corresponding to
peripheral subunits IV (red), Va (blue), VIc (cyan), and VIIb (green). (b) Three subcomplexes
of CcO were observed by native MS in DM detergent. The smallest complex corresponds to the

I-1V subcomplex.

These experiments reveal that CcO is not stable under the harsh mass spectrometry
conditions required to release the protein complex from the DM detergent. In the light
of methods developed in chapter 2, detergent screening using detergents from different
classes was performed. This was to identify detergent compositions that are compatible
with MS analysis and that would require lower activation energy to release the CcO
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complex intact from the detergent micelle. In addition, measurements performed in the
presence of DM detergent showed that low mass complexes were associated with a high
charge, therefore, detergent that could reduce the charge state could possibly lead to
better preservation of the intact complex. Detergents have a direct effect on the degree
of lipidation and harsh detergents can be utilised to increase the degree of homogeneity
of the sample and therefore signal intensity. C8E4 is considered a ‘harsh’ detergent, i.e.
its ability to substitute for natural lipids is low compared with maltosides such as DM or
DDM, but lower activation energy is required to release proteins from C8E4 micelles in

the gas phase.?®

After exchanging DM to C8E4 and recording a mass spectrum under controlled
conditions, two charge state series at high m/z values were observed (Figure 5.3). Other
detergent such as, OG, NG, LDAO did not improve the spectra quality. Considering the
masses of each protein subunit obtained from denaturing LC-MS (Table 5.1), with
exception of subunit I, IIT and VIIc that were calculated from their amino acid sequence,
the expected masses of the intact CcO monomer and dimer correspond to 205.4 and
410.8 kDa respectively. The observed complexes have masses of 215.7 and 435.3 kDa,
which are in close agreement to the expected values, but contain an additional 10 and 25
kDa of mass respectively. Due to the fact that CcO is a large transmembrane protein
complex, these masses suggest that both the monomeric and dimeric complex are

stabilised by other bound molecules, potentially a large lipid entity.

Subunit I, III and VIIc were not identified by denaturing LC-MS. Since these

subunits are fully embedded in the membrane their high degree of hydrophobicity may
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hinder the LC separation, suggesting that these subunits will bind strongly to lipids in

solution.
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Figure 5.3: MS of the intact CcO complex reveals peripheral subunits and stabilisation of
monomeric/dimeric CcO by associated lipids. After exchanging DM detergent for C8E4 the
complex is intact and MS reveals monomeric (orange) and dimeric (blue) CcO. Observed
masses of the monomer and dimer are higher than the theoretical calculated mass consistent

with the association of lipids.

The mass spectrum in Figure 5.3 provides the first evidence of the presence of a
dimeric CcO species in solution. It also suggests a possible equilibrium between both
monomeric and dimeric species in solution, at least under in vitro conditions. The
presence of the dimer in solution correlates well with the observed dimer from
crystallographic measurements. Moreover, the dimeric interface is weak and only
subunit VIv is positioned within binding distance between the two monomeric species.

Since this subunit is not conserved across different species?*® the dimeric interface
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could potentially be stabilised by other factors. Next, the effect of lipids and PTMs in

dimer interface stabilisation are considered.

Table 5.1: Exact protein masses as determined by denaturing LC-MS. The theoretical masses
obtained from SWISS-PROT database, the retention time (RT) during LC-MS, the experimental
masses and the mass differences are given for each protein subunit. For proteins that contain a
transit peptide the masses with and without transit peptide are given. Subunits VIb and VIc
include an initiator methionine which is removed. Note that some proteins eluted over several
minutes and multiple mass spectra were obtained. For these proteins the average masses were

calculated. Subunits I, III and VIlc were not identified by denaturing LC-MS.

Theoretical mass [Da]

Subunit v/ Transit VTV£ ° . RT[min] F;‘;‘;Z‘{‘]‘)e;}ta [AD?]“S
peptide peptide

I 57,032 57,032 / / /
II 26,021 26,020 52.3-57.9 26,199 179
I 29,933 29,940 / / /
v 19,572 17,150 35.8-37.8 17,297 147
Va 16,735 12,440 33.0-36.1 12,518 78
Vb 13,834 10,670 28.0-35.8 10,775 105
Via 10,800 9,530 32.6-33.1 9,376 -154
VIb 10,156 10,030 27.0-29.6 10,094 64
Vic 8,610 8,480 29.6-31.5 8,615 135
Vlla 9,063 6,670 31.3-31.9 6,713 43
VIIb 9,065 6,360 / / /
Vllc 7,331 5,440 33.0-37.8 5,469 29
VIII 7,639 4,960 33.0-35.8 4,978 18
Total 225,791 204,722 205,366 644
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5.3 Identification of co-purified lipids from cytochrome c oxidase

An established protocol was applied to analyse the lipid content of the CcO
complex.? First, the protein-lipid complex was digested with trypsin and then the
produced peptides were separated from the associated lipids by LC. The lipids were
directly eluted into a high-resolution mass spectrometer and analysed by LC-MS/MS.
Subsequently each lipid was identified by searching the precursor masses against a
virtual lipid database containing TG, PC, phosphatidic acids (PA), phosphatidylserines
(PS), PE, PG, phosphatidylinositols (PI) phosphatidylinositol phosphates (PIP) and CL
with various lengths of acyl chains (www.lipidmaps.com). As this precursor ion search
does not include the identification of the lipids by tandem-MS, the fragment spectra of
abundant lipids were inspected by performing an MS/MS data search to verify the lipid
species and identify the isomers. Following this workflow, prior to MS/MS
fragmentation, hundreds of lipids from six different classes were identified to be present

(Figure 5.4).

The large number of lipid species identified illustrates the complexity of membrane
and the large combination of potential lipid-protein interactions. However, lipids
potentially important for stability and function can also be identified from this large data
set. To find lipids that are more abundant, the bound lipid species were ranked based on
intensity. As these lipids have a higher affinity for the protein complex, it can be
speculated that they are structurally and/or functionally important. The lipid series from
each class covered a large range of intensities. The intensities of lipids were fitted to a
Gaussian distribution and the 75th percentile was considered to identify the most

abundant lipids. On average, PE and PG provided the highest intensity, whereas
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cardiolipin species were the least abundant. This analysis showed at least 20 lipid

molecules from each class bind to the protein complex with high affinity.
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Figure 5.4: Lipids co-purified with cytochrome ¢ oxidase. (a) The number of lipids ordered
based on their intensity, high intensity lipids are shown in dark colour. PG (dark blue), PIP
(green), PI (brown), PGP (magenta), PE (blue). Inset shows the cut off between the high and
low intensity lipids. (b) Statistical analysis of the bound lipid species for each lipid class. The
box plot presentation shows the 25, 50 and 75 percentile. The intensity of the 75 percentile is

indicated.
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By using MS/MS for lipid characterisation, four lipid species PG, PI, PS and PE
were identified (Table 5.2). Manual inspection of the tandem mass spectra also revealed
one species that was not included in the lipid database, phosphatidylglycerol phosphate
(PGP), characterised by neutral loss of phosphate and co-elution with the corresponding
PG. This implies that the identified PG isomers originate from their related PGP by a

neutral loss of the phosphate group during activation in the mass spectrometer.

The lipid analysis further revealed preferences of fatty acids in these lipids; 16:0,
18:0, 18:1, 18:2 and 20:4 are clearly the favoured species. Most abundant lipid
precursors are indicated in a combined mass spectrum over the LC elution time (Figure
5.5). The combined mass spectrum also reveals some singly charged species above
1,300 m/z, most likely corresponding to CL isomers. However it proved to be
challenging to use this method to fragment, due to their low intensity and high mass.
The low intensity of this lipid can be attributed to its low ionisability or loss during LC
separation. A precursor ion search was conducted to reveal the most abundant chain
length, which was found to be 18 carbon units long. While 16 and 20 carbon chain
lengths were also found, no odd number of carbon chain lengths was identified, or these
were excluded due to low intensity, suggesting that even number chain lengths are

preferred.

In total, 35 lipid isomers belonging to six lipid classes were identified. Of these, PE
is the most abundant species and showed 14 isomers and the highest precursor
intensities. Compared to previous studies, lipid species that were not anticipated to be

associated with CcO (e.g. PI and PGP) were also identified.
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Table 5.2: Identified lipids in CcO. The lipid class, the identified m/z and retention time (RT),

the area of extracted ion chromatograms and the identity of fatty acid side chains are given.

Lipid species m/z RT [min] XIC [area] Side chains
786.53 17.06 5176354 18:1 18:1
Phosphatidylserine 788.55 18.65 5434349 18:0 18:1
810.53 16.55 1032265 18:0  20:4
812.55 17.42 3990216 20:3 18:0
698.52 16.10 86942694 18:2 15:1
708.50 16.38 2500554 20:4 14:1
714.15 17.24 7536574 16:0 18:2
720.50 16:38 3252866 20:5 15:1
722.52 17.59 36521846 15:1 20:4
726.51 19.93 108115079 18:2 17:1
Phosphatidylethanolamine 736.50 15.57 8387826 16:0  20:5
740.53 17:59 27057547 18:1 18:2
742.54 19.40 177911109 18:0 18:2
750.55 19.57 55999319 20:4 17:1
752.53 17.94 13276776 20:4 17:0
766.54 20.03 351505712 20:4 18:0
768.56 19.75 50585719 18:0  20:3
780.52 15.18 2266030 20:4 19:0
885.55 14.03 54637801 18:0  20:4
Phosphoinositol 861.55 14.20 19990435 18:2 18:0
863.55 16.52 3662266 18:1 18:0
887.57 14.37 20786368 18:0  20:3
747.52 14.53 998032532 16:0 18:1
749.54 15.35 428464867 16:0 18:0
Phosphoglycerol 775.55 15.69 287891760 18:0 18:1
745.51 14.03 240267363 18:2 16:0
773.54 14.70 4843126 18:2 18:0
829.52 14.53 114242798 16:0 18:1
Phosphoglycerolphosphate 831.54 15.35 30210395 16:0 18:0
827.51 14.03 21788964 18:2 16:0
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Figure 5.5: Lipid identification. (a) Combined mass spectrum over LC elution time. Most
abundant precursors are labelled. PE is highly abundant in the CcO complex. The favoured fatty
acid side chains are shown (inset). (b) Fragment spectrum of PI (m/z 885.55). Specific
fragments are labelled. HCD further confirmed the presence of PI by additional low mass

fragments (inset).
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These novel lipid associations could be verified by their MS/MS spectra; an
example for PI-18:0/20:4 is shown in Figure 5.5b. This high level of lipids implies
considerable association of lipids with this complex, sufficient to form a protective
shield but that they may reside within the subunit interfaces. Indeed, the mass difference
between the anticipated mass of the dimer and the measured mass equates to 25 kDa,
consistent with over 30 phospholipids. It is therefore likely that the CcO complex is
stabilised by these multiple lipids in the natural membrane and these lipids may also

play a role in mediating dimerization.

5.4 Post-translational modification of cytochrome C oxidase

Having identified a large set of lipid bound to the protein complex that potentially
stabilises the dimer interface, the attention was shifted to the identification and function
of PTMs on the protein stability. Initially the presence of all protein subunits was
confirmed by liquid chromatography-coupled tandem-mass spectrometry (LC-MS/MS).
The protein complex was denatured in low pH solution and was separated from the
detergent micelle and bound lipids prior to enzymatic cleavage. Due to the fact that CcO
contains many integral membrane protein subunits, tryptic and chymotryptic digestions
were performed to allow generation of sufficient peptides for accurate protein
identification. Subunits I-III, VIIb and VIII are mostly embedded in the membrane and
have only few tryptic peptides; their sequence coverage after tryptic digestion was
therefore low (640 percent). However, after chymotryptic digestion, these subunits
could be identified with high sequence coverage (20—72 percent). Using this approach

the presence of all 13 subunits in the complex was confirmed.
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The exact mass of each peptide was determined and compared with the theoretical
mass, allowing for potential modification to be identified. The exact peptide masses
were determined from the mass spectra of ten out of the thirteen subunits. The missing
subunits, I, IT and VIIb are very hydrophobic and presumably their separation by LC is
therefore impeded. Interestingly, in several cases the proteins eluted over several
minutes and in different chromatographic peaks, which indicate multiple forms of the
protein. In addition, higher masses than the theoretical values were obtained for most of

the protein subunits suggesting that they are post-translationally modified.

Standard proteomics methods were performed to uncover the PTMs and the
modification sites of CcO. These methods included potential phosphorylation of serine,
threonine and tyrosine residues as well as acetylation of lysine residues in database
searches. In total, there were 28 modified residues (14 phosphorylated and 14

acetylated) identified in seven of the 13 CcO subunits.

Locating the identified PTMs in the crystal structure of the CcO dimer (PDB ID
20CC) shows that phosphorylation occurs primarily in the soluble subunits on the
matrix side of the inner membrane. Acetylated lysine residues are more widely
distributed and often in close proximity to phosphorylation sites. Many acetylated
residues are located at the protein interfaces and, importantly, at least three of the sites
(K71, K77, K171) are located at the dimer interface suggesting a stabilising role in the

CcO complex.
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Figure 5.6: PTMs are located in the peripheral subunits and in the dimer interface of CcO.
Phosphorylated and acetylated residues are highlighted (orange and blue space fillings,
respectively). Residue numbers are given. Phospho-sites are mainly located in peripheral
subunits. Acetylated residues are located at protein interfaces and in the CcO dimer interface.

(a) Side view of CcO, (b) bottom view of CcO (PDB ID 20CC).
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Table 5.3: Most of the modified residues are located in subunits II, IV, Va and Vb with at least
four PTMs in each of these subunits. Interestingly none of these subunits shows a preference for
phosphorylation or acetylation, all four subunits are equally modified by both PTMs. However,
it appears that all phosphorylated residues are serines or threonines with no phosphorylated

tyrosine detected.

EEE;- PTM gleos(ii;ﬁzd Peptide sequence I\nﬁ;'co

t score
I Acetylation acK171 AVPSLGLKTDAIPGRL 68
111 Acetylation acK77 ESTFQGHHTPAVQKGLR 64
v Acetylation acK29 AHGSVVKSEDYALPSYVDR 58
v Phosphorylation pS30 AHGSVVKSEDYALPSYVDR 86
v Acetylation acK53 DYPLPDVAHVKNLSASQK 56
v Acetylation acK67 EKEKASWSSLSIDEK 88
v Acetylation acK69 EKASWSSLSIDEK 79
v Phosphorylation pS72 EKEKASWSSLS IDEK 67
v Phosphorylation pS74 ASWSSLSIDEK 66
v Acetylation acK86 RLKFKESFAEMNR.S 53
Va Phosphorylation pS47 SHGSHETDEEFDARWVTY 75
Va Phosphorylation pT60 WVTYFNKPD IDAWELR 89
Va Acetylation acKo64 WVTYFNKPD IDAWELR 42
Va Acetylation acK74 KGMNTLVGYDLVPEPK 112
Vb Acetylation acK57 KGQDPYNILAPK 78
Vb Acetylation acK68 KGQDPYNILAPKATSGTK 71
Vb Acetylation acK74 ATSGTKEDPNLVPSITNK 66
Vb Phosphorylation pT84 AASGTKEDPNLVPSITNK 71
Vla  Acetylation acK70 TKPFSWGDGNHTFFHNPR 100
VIc  Acetylation acK7 STALAKPQMR 61
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Figure 5.7: Example MS/MS spectra of phosphorylated (a) and acetylated (b) peptides.

5.5 Conclusion

The five enzymes of the electron transport chain in mitochondria establish a proton
gradient across the inner membrane and use ATP synthase for energy production.
Cytochrome c¢ oxidase is the last of these enzymes and represents a large

transmembrane protein complex. Although dimerisation of cytochrome ¢ oxidase has
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been proposed, the dimer has not been confirmed in solution. Using non-denaturing
mass spectrometry the oligomeric state of cytochrome ¢ oxidase was elucidated
providing the first evidence that both the monomer and the dimer are present in solution

and potentially are stabilised by many associated lipids.

CcO purified from bovine heart was characterised and accurate protein masses were
determined and identified PTMs and lipids associated with the intact complex.
Transferring intact CcO into the gas phase of a mass spectrometer showed that high
energy is required for releasing the protein-lipid assembly from the detergent micelle
causing dissociation of the protein subunits. However, exchanging the detergent
allowed release of intact monomeric and dimeric CcO, containing 13 and 26 subunits,
respectively. The masses observed for these complexes revealed a large lipid entity

associated with both oligomers.

A stabilising role for lipids was previously described,??> but the role of lipids in
stabilising the dimeric CcO was debated due to the low number of known bound lipids.
However, in this study a large number of bound lipids were found. Using non-
denaturing mass spectrometry it was found that the monomer binds an additional 10
kDa corresponding to approximately 13 phospholipids, assuming an average molecular
weight of 775 Da. The lipids associated with dimeric CcO constitute a larger additional
mass of 25 kDa; assuming that both individual monomers are stabilised by lipids yields
about six phospholipids stabilising the dimeric interface. The subunit interface in the

crystal structure forms a cavity, which may be where these lipids are located.

Recent molecular dynamics simulations identified seven binding sites for cardiolipin

in CcO,%7 most of which are contradictory to previously described sites identified from
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crystal structures.?”>**® The question therefore remains which of the associated lipids
stabilise dimeric and monomeric CcO and where their binding sites are located in the
CcO structure. Ion mobility measurements to guide molecular dynamics simulations

may provide the means to investigate the binding of lipids in greater detail.

Employing conventional lipidomics methods, five lipid classes, each with several
isomers were identified. Peak series corresponding to cardiolipin were obtained,
however, the present experimental set-up did not allow their verification by tandem-MS.
Considering the number of isomers identified and the peak intensities recorded,
phosphoethanolamine appears to be the most prevalent lipid. Phosphoethanolamine and
phosphatidylethanolamine are most abundant in bovine heart tissue?** suggesting that
they represent the annular lipids of the CcO complex. The lipid analysis also revealed
three new lipid classes bound to CcO: phosphatidylinositol, phosphatidylserine and
phosphatidylglycerolphosphate. These lipids are minor constituents of the mitochondrial
inner membrane?*® suggesting that they bind to the CcO complex specifically. The role
of these lipids in stabilisation could be further investigated by collision induced
activation and measuring how they may change resistance to unfolding of the protein

complex.

Acetylation and phosphorylation sites were also identified to gain insights into CcO
regulation. Interestingly, subunits II, IV, Va and Vb were modified to the greatest
extent. Locating PTMs in the crystal structure of CcO shows that they are essential for
both stabilising and regulating the enzyme. Phosphorylation sites were present
predominantly in soluble domains on the matrix side of the inner membrane accessible

for kinases and phosphatases. Strikingly, phosphorylation was mainly detected on serine
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and to a lower extent on threonine residues, but not on tyrosine residues. In agreement
with other studies, *° this indicates that these sites have a regulatory role rather than a
stabilising role, which is often ascribed to phosphorylation on tyrosine residues.?*® A
regulatory role for acetylation of lysine residues has not yet been shown. Interestingly,
acetylation sites are in close proximity to phosphorylation sites and also in the dimeric

interface, suggesting a stabilising role than a regulatory one.

Aside from the biological insights obtained, this protein-lipid assembly is the largest
membrane embedded intact complex analysed by MS so far. Combining proteomics,
lipidomics and MS of the intact complex meant insights could be gained into the
different aspects of CcO regulation and stability. The data present here demonstrate for
the first time an intact CcO dimer in solution and at the same time suggest equilibrium

between the monomeric and dimeric forms of the enzyme.
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Chapter Six: Conclusions

Over the last twenty years by providing structural information on samples with ever
increasing complexity, mass spectrometry has become an important technique in the
investigation of proteins. Recent advances have pushed further the boundaries of the
technique, enabling the analysis of large biological membrane protein machineries. Key
to these has been an ever increasing understanding of the underling mass spectrometry

processes and mechanisms, from protein ion formation, activation to detection.

Due to the limitations of many analytical methods used for the study of membrane
proteins a challenge is identifying conditions that can maintain membrane proteins in
folded and active conformations in the absence of the natural lipid bilayer. Finding that
detergents can directly affect charge state distributions of membrane proteins, and
importantly revealing their charge carrier properties, has facilitated the identification of
detergents compatible with native mass spectrometry, and those that are more likely to
preserve the native-like conformations of membrane proteins in the gas phase. In
addition, the amount of activation energy and the resistance to Coulombic repulsion are
two key parameters that influence protein conformation in a mass spectrometer. The
ability to access lower charge states and release membrane proteins at low activation
energy makes polyethylene glycol detergents and the detergent LDAO eminently
suitable. With improvement in sample preparation techniques and screening a variety of
detergents in a timely fashion, finding detergents that maintain membrane proteins in

solution whilst simultaneously being mass spectrometry compatible is possible.
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In tandem with ion mobility, mass spectrometry based methods can characterise the
structure of membrane proteins and provide important information regarding their
folded structure, oligomerisation and the connectivity of subunits. An important
application will be the utilisation of mass spectrometry to guide other analytical
methods that provide high resolution structural insight. For instance, different
detergents can be used while screening parameters such as incubation time and
temperature for membrane proteins extraction from lipid bilayers. The quality of the
samples, as analysed by mass spectrometry, can then be used to guide the production of
highly homogenous samples that may be useful for protein crystallisation. At the very
least, it may assist in narrowing the crystallisation screening process to those detergents
that maintain the native oligomeric state of a protein. The ability to characterise the
stability of proteins in the gas phase can be utilised to guide identification of mutations

that enhance structural stability.

Membrane proteins are different to soluble proteins in their interactions with lipids.
Non-denaturing mass spectrometry is a useful method for identification of ligand
binding to proteins, with minimal sample pre-treatments, and the ability to directly
measure binding stoichiometry. Instrumental developments applied in this research such
as in-source high-voltage activation, reduction of inlet pressure or IRMPD activation
allows the identification lipids bound to membrane proteins. Detergent removal in the
source region is proposed as a method capable of isolating the bound state for further
characterisation. The ability to perform tandem mass spectrometry on membrane
proteins and interrogate the lipid bound peaks by collisional activation allows for high

accuracy identification of bound lipids.
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Structurally important lipids typically bind to membrane proteins with high affinity
and these interactions are preserved in the gas phase. By applying a novel method to
quantify the stabilising effects of lipid binding, structurally important lipids can be
identified. Following previous results found by this method characterisation of PAMATE
stability upon lipid binding showed that cardiolipin, unlike other phospholipids,
enhances PAMATE resistance to unfolding, suggesting that this lipid is structurally
important. The role of lipopolysaccharides in stabilising outer membrane proteins has
also been suggested; measurements performed on OmpF show that lipopolysaccharide
stabilises this protein. Current models of the arrangement of lipids in bilayers suggest
the possibility of islands, stabilised by protein-protein interactions, in the outer
membrane.?*! It may be possible to quantify the stabilisation provided by lipids in
protein-lipid-protein assemblies. Here the lipids may act by stabilising the interactions
of weakly associating regions of the protein interfaces, and this may provide a better

understanding of compartmentation of cellular membranes.

The investigation of membrane protein stabilisation by lipids using mass
spectrometry is at the moment performed on membrane proteins with synthetic lipids or
a mixture of endogenous lipids bound. A limiting factor in these analyses is the inability
to unambiguously identify bound lipids. Advances in high resolution mass analysers,
such as Orbitrap technology'?, mean that it is now possible to resolve differences in
chain length of bound lipids. If these measurements can be combined with ion mobility,
it may be possible to both identify and quantify the stabilising effects of endogenous

lipid mixtures bound to membrane proteins.
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Lipid-protein interactions were studied in the context of pH, which can modulate the
ionic interactions at the lipid-protein interface. Assuming that the most dominant ionic
interactions will be established between chargeable residues in the vicinity of the lipid
head group, a global analysis of the percentage area of chargeable residues in close
proximity to lipid head groups was performed on all membrane proteins with known
structure. Membrane proteins with a high percentage area of chargeable residues where
the lipid head groups bind were identified, suggesting that for these proteins ionic
interactions at the membrane interface could be important for stability and selectively of
lipid binding. Interestingly, the majority of membrane proteins with a high percentage
area of chargeable residues were found to be outer membrane proteins. To probe the
effect of chargeable residues on lipid binding by mass spectrometry, positive and
negative polarity were used to protonate or deprotonate the proteins and directly
measure the effect of lipid binding from the degree of protonation. Based on these
studies POPG was found to preferentially bind to OmpF in protonated conditions,
suggesting that this interaction may be also favoured at low pH. It has been observed
that anionic lipids bind predominately to basic residues at physiological pH by pairing
of opposing charges. Surprisingly, in this research protonation of acidic residues
modulates the binding of anionic lipids to basic residues at low pH. Electrophysiology
experiments found that the open conformation of OmpF is stabilised by POPG at low
pH. Furthermore, a correlation between structure stabilisation and function was
observed from the cooperativity in binding of a peptide to OmpF in the presence of
lipid. These findings suggest that membrane proteins and the surrounding lipids can be
thought to function as one unit, and in studying membrane proteins it is important to

consider the dynamics of membrane protein-lipid interactions.
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Mammalian membrane proteins provide additional challenges for structure
characterisation by non-denaturing mass spectrometry. In addition to the presence of a
diverse lipid environment they are typically post-translationally modified, resulting in
highly heterogeneous samples. Nevertheless, the methods developed in this dissertation
were successfully utilised to characterise the oligomeric state and the stability of
cytochrome ¢ oxidase, a particularly complex membrane protein. A drawback of high
resolution structures elucidated by crystallography is that it is sometimes unclear
whether the oligomeric state observed in a crystal is present in solution, or is a
crystallographic artefact. By preserving the non-covalent interactions and identifying
conditions to charge resolve this large membrane protein complex, both monomer and
dimer were found to be present, providing the first clear evidence of the dimeric species
in solution. Furthermore, these results were able to suggest that a large lipid entity may
stabilise the weak dimeric interface. Using conventional mass spectrometry methods
new post-translational modifications and bound lipids were identified. Importantly,
acetylation sites were found to be positioned in close proximity to the dimeric interface
and the membrane region. This suggests a stabilisation role of both post-translational

modifications and lipids in the oligomeric state of cytochrome ¢ oxidase.

This dissertation exemplifies that from an increased understanding of the
mechanistic aspects of mass spectrometry, advances can be made in its application to
studying difficult samples such as membrane proteins. It is hoped that the methods
developed and applied here will at least partly form an important foundation upon
which mass spectrometry can be further extended and fruitfully used to characterise the

incredibly complex biological world.
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Chapter Seven: Experimental Procedures®

7.1 General methods

Materials

All detergents (Sol-Grade) were purchase from Affymetrix. Lipids were purchased
in powder form at 99 percent purity from Avanti Polar Lipids and stored at stock
concentrations of 10 mg/mL in water. All other reagents were purchased from Sigma
with exception of imidazole that was purchased from Acros Organics and protease

inhibitor tablets from Roche. Water used was from a Millipore Milli-Q system.
Devices

Samples were buffer exchange prior to MS analysis using Micro Bio-Spin 6
columns (Bio-Rad). For protein concentration and buffer exchange Vivaspin 500 100
kDa or 50 kDa MWCO devices and Ultrafree-0.5 MWCO devices (Amicon) were used.
Needles were prepared in-house by gold coating borosilicate glass capillaries (Harvard
Apparatus) of 1.0 mm OD x 0.5 mm ID for measurements on Waters instruments, and
filaments of 1.2 mm OD x 0.58 mm ID for measurements on the Q-Exactive
instrument.!' Superdex 200 10/300 GL and HisTrap HP 5 mL columns (GE Healthcare)
were used for protein purification. Benchtop detergent screening was performed using
Ni-NTA agarose (Sepharose CL-6B support, 50 percent suspension in 30 percent

ethanol, pre-charged with Ni?*, Qiagen).

*The experiment section was taken from publication as given in pages: Xv-xvi
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Membrane protein plasmids

Plasmids containing the genes of the membrane proteins expressed were provided
by Arthur Laganowsky, Timothy Allison and Eamonn Reading with exception of OmpF
that was provided by Nick Housden.®*!3%2*2 Prior to transformation DNA sequencing
was performed using the Sanger sequencing service of Source Biosciences to confirm

the integrity of the genes.

Transformation

Chemically competent cell lines BL21-Gold(DE3) (Bio Labs New England) and
C43(DE3) (Lucigen) were used for protein over-expression. Cells were thawed from
—80 °C on ice. In a pre-chilled 1.5 mL test tube 50 pL of cells were combined with 25
ng of plasmid DNA and incubated on ice for 30 min. Cells were heat shocked for 45 s at
42 °C and incubated on ice for an additional 2 min. Pre-warmed SOC medium was
added and cells were allowed to grow for 1 h with shaking at 37 °C. 50 pL of cells were
plated on LB-agar plates supplemented with either 100 pg/mL ampicillin or 50 pg/mL
kanamycin depending on the antibiotic resistance harboured on the plasmid. Plates were

incubated overnight at 37 °C and stored at 4 °C.

Culture media

LB media were prepared either from LB (Miller) powder (Fisher Scientific) or
prepared by mixing 10 g NaCl, 10 g tryptone and 5 g yeast extract per 1 L of water. LB-
agar plates were prepared by addition of 20 g agar to LB media. LB media were

autoclaved prior to use. Antibiotic(s) were added immediately prior to pouring.
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Preparation of lipids for membrane protein-lipid binding

Lipid powders were dissolved in a chloroform:methanol (50:50 (v/v)) solution to a
final concentration of 10 mg/mL under a nitrogen atmosphere. Lipids were acidified to
remove sodium adducts: the dissolved lipid mixture was transferred into a glass
separator funnel and water added to reach 20 percent of the final volume (e.g. 1 mL
water to 4 mL dissolved lipid mixture). Hydrochloric acid was added to the upper
aqueous phase, dropwise, until the pH reached ~3.0 (at high pH the phosphate groups of
the lipid will become protonated). The solutions were shaken and allowed to separate
into phases. This process was repeated twice more. The lower organic phase containing

lipid was then transferred to a glass vial.

To prepare the lipids for hydration, either non-acidified or acidified, the dissolved
lipid samples were lyophilized by first drying under a nitrogen atmosphere until a small
volume of solution remained and then drying overnight by placing under vacuum so that
a lipid film forms. Saline (154mmol NaCl) was added in a minimum volume to suspend
the lipid. This suspension was then frozen on dry ice. The frozen lipid ‘cake’ was placed
under vacuum to lyophilise until dry. The freeze dried lipid was sealed and stored at

—20 °C ready to be hydrated.

To hydrate the lipid an aqueous medium was added to the container of dry lipid and
then agitated to form liposomes. The temperature of the hydrating medium was always
above the gel-liquid crystal transition temperature (7c) of the lipid before adding. Lipids
were hydrated for approximately 1 h with vigorous shaking, mixing and stirring or until

a clear suspension was obtained. Due to susceptibility to hydrolysis, causing lipids to
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form their lyso lipid and free fatty acid derivatives, lipids were not stored in aqueous

solution for more than 57 days.

Membrane proteins were incubated with lipids in a ratio of 1:2 protein-to-lipid.

7.2  Methods for Chapter Two

Small scale detergent screening of membrane proteins was performed following
protocols that have been previously described.* The buffers used for the detergent

screening were:

Extraction Buffer: 200 mM NaCl, 20 mM imidazole, 50 mM Tris pH 7.4,
detergent solubilisation concentration (see Table 7.1)

Wash Buffer: 200 mM NaCl, 20 mM imidazole, 50 mM Tris pH 8.0,
2xCMC detergent.

Elution Buffer: 100 mM NaCl, 250 mM imidazole, 50 mM Tris pH 8.0,
2xCMC detergent.

MS Buffer: 200 mM ammonium acetate pH 7.4, 2xCMC detergent.

The detergent screening protocol used was as follows:

1. Column preparation: 400 pL of Ni-NTA agarose beads are added to a 1 mL
Bio-Rad micro-centrifuge column. The columns were gravity packed or
centrifugal force at 0.1 g for ~3 s. The waste was then collected into a Bio-Spin

waste collector and disposed.
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2. Ni-bead pre-wash: 4x500 pL aliquots of miliQ H20 were run over the column
either by gravity. Then 500 pL of elution buffer followed by 3x500 pL of wash
buffer were run over and eluted.

3. Egquilibration of protein with Ni-NTA beads and desired detergent: 300 uL of
extraction buffer and 30 pL of solubilised His-tagged protein were added to the
beads and mixed. The column was then capped and rolled. The components
were left to incubate for 30 min. The solution was eluted and recycled over the
column twice more for increased protein binding.

4. Detergent wash: 5x500 pL aliquots of wash buffer were washed over the
column.

5. Protein elution: 2x250 pL of elution buffer was then added dropwise to the
centre of the beads and the eluate collected.

6. Protein concentration: The eluted protein solution was concentrated using an
Amicon centrifugal concentrator to 60—-100 pL.

7. MS preparation: The concentrated protein was then buffer exchanged into the
MS buffer using a Micro Bio-Spin 6 column. The sample can now be used for
MS analysis.

8. Column wash and storage: 1x500 pL of elution buffer, 2x500 pL of H20 and
2x500 pL of 20 percent ethanol. The columns were stored in 20 percent ethanol

for further use as desired.

Protein expression, purification and preparation for mass spectrometry

Proteins were either cloned into a pET15b vector containing a TEV protease

cleavable C-terminal fusion to superfolder green fluorescent protein (GFP) followed by
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a 6x His-tag (vector 1) or into a pET15b vector containing a TEV protease cleavable N-
terminal fusion to maltose binding protein (MBP) preceded by a secretion signal peptide
(pelB) and a 10x His-tag (vector 2), as previously described.!®* With the exception of
ELIC where the containing plasmid (vector 3) was a gift from I. Zimmermann and R.

Dutzler’® and contains a thrombin cleavable protease site.

Plasmids were transformed into either £. coli BL21 (DE3) Gold (Agilent) or E. coli
OverExpress™ (€43 (DE3) (Lucigen) cells. Proteins were expressed and purified as
previously described,**!®* in detergent and buffer containing either 10 percent or zero
glycerol (Table 7.1). For MS analysis purified membrane proteins were buffer
exchanged into 2xCMC of detergent and 200 mM ammonium acetate pH 8.0 (pH
adjusted with ammonium hydroxide) using a centrifugal buffer exchange device (Micro

Bio-Spin 6, Bio-Rad).

Table 7.1: Summary of membrane proteins used, abbreviations used within the dissertation,
buffers and detergents used for both solubilisation and throughout purification of membrane

proteins. The membrane proteins were exchanged into detergents of interest prior to MS

analysis.
Membrane protein Abbr.  Vector Glycerol/ Buffer/ Detergent
Detergent used used for
for solubilisation  purification
Ammonia transporter from  AmtB 2 10 % Glycerol 10 % Glycerol
Escherichia coli OG (240 mM) DDM
Water channel from AqpZ | 10 % Glycerol 10 % Glycerol
Escherichia coli OG (240 mM) DDM or OG
Formate transporter from FocA 1 10 % Glycerol 10 % Glycerol
Escherichia coli NG (65 mM) DDM
Arciflavine resistance AcrB 1 0 % Glycerol 0 % Glycerol
protein from Escherichia DDM (20 mM) DDM or TX-100
coli
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Membrane protein Abbr.  Vector Glycerol/ Buffer/ Detergent

Detergent used used for

for solubilisation  purification
Mechanosensitive ion MscS 1 10 % Glycerol 10 % Glycerol
channel of small DDM (20 mM) DDM
conductance from
Escherichia coli
Multidrug resistance protein MdtF 1 10 % Glycerol 10 % Glycerol
from Escherichia coli DDM (20 mM) DDM
Glycerol conducting GIpF 1 10 % Glycerol 10 % Glycerol
channel from Escherichia DDM (20 mM) or DDM
coli 0OG (240 mM)
Pentameric ligand gated ion ELIC 3 10 % Glycerol 10 % Glycerol
channel from Erwinia DDM (20 mM) DDM
Chrysanthemi
Multidrug and toxic MATE 1 0 % Glycerol 0 % Glycerol
compound extrusion OGNG (17 mM) DDM
transporter from
Pyrococcus furiosus
Mechanosensitive ion MscL 1 0 % Glycerol 0 % Glycerol
channel of large TX-100 (40 mM)  DDM or OGNG
conductance from or OGNG (17 mM)

Mycobacterium
tuberculosis

Recombinant TTR containing a C-terminal His-tag was a gift from Mark Pepys. The

proteins were buffer exchanged into 200 mM ammonium acetate pH 7.4 and either

sprayed directly or supplemented with 2xCMC of DDM, LDAO C8E4 or E4 using a

Micro Bio-Spin 6 column (Bio-Rad) at 4 °C. TTR concentration was 5.3 uM prior to

buffer exchange.
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Mass spectrometry

Mass spectrometer settings for a modified Q-TOF 2 mass spectrometer (Micromass,
Manchester, UK) with a Z-spray source’* were set to values for membrane proteins as
previously described.®* Typical instrument values were 5-7 pbar for source pressure,
1.5-1.8 kV for capillary voltage, 150—-190 V for cone voltage, 1-10 V for extraction
voltage, 180-200 V for collision voltage, argon for collision gas, and 0.2-0.3 MPa for
collision gas pressure. Mass spectra were analysed using MassLynx v4.1 software

(Waters) or PULSAR.!?

Ion mobility mass spectrometry

Ion mobility measurements were performed on a modified Synapt G1 HDMS
instrument with the travelling-wave ion mobility cell replaced by an 18 cm drift cell
with radial RF ion confinement and a linear voltage gradient to direct ions along the
axis of transmission to the time-of-flight (TOF) mass analyser.>* The ion mobility mass
spectrometer was typically set to a source pressure of 5—7 mBar, capillary voltage of
1.4-1.7 kV, capillary nanoflow of 0.03—0.2 mBar, argon as collision gas with flow rate

set to 5-8 mL/min (~6.6-6.7 ¢ mBar).

For gas-phase unfolding experiments the collision voltage in the trap was typically
varied from 50-240 V ramped at 5 V steps. The sample and extraction cone and trap
bias voltages, quadrupole profile, and collision gas pressure were optimized for
maximal ion intensity of the target membrane protein complex. Helium was the drift
cell gas of choice set to a pressure of ~1.6—1.8 Torr (40 mL/min flow rate). Pusher time,

pulse width and TDC inhibit were set to 180 us, 7 us and 7 ps, respectively.
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Theoretical collision cross section calculations

The Projection Approximation (PA) calculation within MOBCAL?***?* was used to
calculate the CCS (Qpr4) from respective crystal structure coordinates. Collision cross
section values were corrected (Qcor’) by an empirical correction factor of 1.14 and
corrected for missing residues between the protein construct (Mexpy) and crystal structure

(MppB); assuming that residue addition will cause spherical grow in ion size>?4¢:

[SS] S

Mg
Qcorrr = 1.14 Qp,y <M "”)
PDB

Drop shape analysis

Surface tension measurements were performed using an IT Concepts tracker drop
shape analysis instrument. Detergents were dissolved at 2xCMC in 200 mM ammonium
acetate pH 7.4 and then underwent three freeze-thaw cycles before analysis. A static
interfacial tension was determined by the pendent bubble method where a vapour drop

is formed within a bulk liquid (water) creating a vapour-liquid interface.

By comparing the experimental drop shape to a theoretical Laplacian drop

47

curvature,?’ via digital processing, and applying Tates law the surface tension v is

d;248’249

calculate with the drop shape being determined by the opposition between the

surface tension and gravity:

AP = (1 + 1)
YRR
AP 1is the pressure difference across the vapour-liquid interface resultant of the

interface curvature, R and R’ are the radii of curvature of the interface.
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2nry sinf = V(pwater - pair)g + nrzp

'H—dZ
sinf = —

V the volume of the bubble under the plane of altitude, r is the capillary radius, g is
the acceleration due to gravity, s is the bubble arc length, z is the bubble Cartesian
coordinate, 0 is the turning angle, p is the pressure per drop, pwthe density of water and
pithe density of the air (the density of water was used as the detergent concentrations

used gave small changes in bulk liquid density).
Theoretical Rayleigh limit

The Rayleigh limit (Zr) describes the maximum charge-per-droplet of a given size,
where v is the surface tension and R the radius of the droplet (assuming a density (p) of

1 g/em®)*:

1
Zre = 8m(egyR3)2

myey \%°
Zy=4(o5) . MO = 0.078M05
pe=Ny

Charge state calculation

Charge state determination was performed using custom Python software developed
in-house'®* using a mass spectra deconvolution approach.?*° All power law fits (z=a M
®) and statistics were carried out in Origin Pro 8.5.1., where z is the ion charge; either
the maximum charge (zr) or the average charge state (zave). M is the protein mass, b is

the exponent scaling factor and a is an empirical offset constant. To investigate the
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effect of collisional activation on detergent stripped membrane protein ions the relative

difference in charge states were calculated (zpifference):

Initial
_ ZR/ave — ZR/ave

Zpifference = Initial
ZR/ave

Detergent release

To quantify the degree of detergent removal as a function of collision energy two
values were considered: the mass resolving power (R) and the average number (N) of
detergent bound. The peak resolution was calculating by fitting a Gaussian function to
each peak using the least squares algorithm. All fitting was performed within PULSAR.
The resulted mass-to-charge ratio (m/z = M) full width at half maximum (4M) was then

used to calculate the mass resolving power.

R = Mcenter/AM

The average number of detergent bound was calculated by:

Mexp - Mtheor

Ndetergent bound = M
detergent

where the experimental mass-to-charge ratio (Mexp) was determined from the centre of

the Gaussian function fitted to the peak.

Gas-phase unfolding

Gas-phase unfolding analysis and modelling was performed using the custom

software PULSAR.!%?
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7.3 Methods for Chapter Three

Protein purification and preparation for mass spectrometry

AmtB, AqpZ, PAMATE were expressed and purified as described in the methods for
chapter two. NapA D157N, OmpF, NTSR1 and ATPase proteins were kind donations

from D. Drew, N. Housden, A. Pleuckthun and D. Stock, respectively.

Instrument settings were: Capillary voltage 1.5 V, cone voltage 130 V, extraction
voltage 4 V, collision voltages in the trap ranging between 20 V and 200 V, and transfer
collision voltage 50 V. Measurements were also performed in negative mode by
switching the polarity from the tune page and applying 1.2 V on the capillary and 100 V
on the cone. For high voltage measurements the instruction was modified to extend the

cone voltage to 400 V by upgrading the electronic board and using a high voltage power

supply.

The pressure was adjusted between 1.8 mbar to 7.5 mbar as measured by the built-in
sensor on the rough pumping foreline and displayed in the MassLynx tune page.
Adjustments were made by gradually opening or closing the Speedivalve (BOC
Edwards, Crawley/Sussex, UK) that connects the first pumping stage between the
sample cone and the extractor cone with the rotary pump, and in this manner controls

the pumping efficiency in this region.

Ion mobility settings were: wave velocity 300 m/s with a wave height of 13 V (IMS
cell), wave velocity of 248 m/s with a wave height of 13 V (transfer). Nitrogen was
used as drift cell gas with a pressure of 1.6 Torr. Collision cross-section (CCS)

calibrations were performed using pyruvate kinase, yeast alcohol dehydrogenase and
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concanavalin A (Sigma) as calibrants. The 12+ charge state of NapA was found to have
a CCS of 4,600 A2, suggesting a slightly compacted native-like conformation compared

to the calculated value of 4,900 A2.

Spectra were analysed using MassLynx v4.1 software (Waters, Milford, MA). Peak
intensities were extracted using mMass 3.9.5 and unfolding trajectory plots were

generated by PULSAR.

Infra-red multiphoton dissociation. IRMPD had been implemented in an Ultima
tandem quadrupole/time-of-flight (Q-ToF) mass spectrometer (Waters/Micromass,
Manchester, UK). Initially the mass spectrometer was modified for high, up to 30,000
m/z values, as described elsewhere.”* Additionally, the collision cell in the mass
spectrometer had been transformed to a linear ion trap by applying time-dependent

controllable trapping voltages to its entrance and exit electrodes.

An IR window (ZnSe for 10.6 pum or CaFz for 2.94 um, Crystran, UK) and a gold-
coated copper mirror (Laser Beam Products, UK) were introduced in the TOF part of
the instrument. The laser beam was steered into the mass spectrometer by gold-coated
copper mirrors and focused at the exit from the collision cell by a 50 cm ZnSe or CaF:

lens (Crystran, UK).

Three lasers were employed for IRMPD in alternation: a far-IR (10.6 pm
wavelength, 25 W) continuous COz laser (Synrad, Mukilteo, WA), a far-IR pulsed (50—
100 ns, 0.6 J/pulse) CO: laser (Lightmachinery, Canada), and a mid-IR (2.94 pm)
pulsed Er:YAG laser (Spectrum, Germany). The latter laser has two regimes: a ‘spiky’

mode producing an array of 500 ns laser pulses within 60 pus envelope and 40 mJ of
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total energy, or a short pulse mode (50 ns, 15 mJ). Laser power/pulse energy was
measured before the turning mirror on the top of the TOF part of the mass spectrometer.
During the alignment the laser power was also measured in the ion guide region, and
losses of the laser radiation due to the small apertures of the ion track were estimated.
The information on the maximum laser power/pulse energy and the radiation losses on
the apertures of the mass spectrometer for all three lasers are given in Table 7.2.
Operation of the trap was synchronised with operation of the lasers using a waveform

generator (Agilent, Santa Clara, CA).

For activation by the continuous laser the trap was open for the ions to enter during
all time of irradiation (ca. 100-250 ms). At the end of trapping/irradiation period the
voltages at the entrance and exit electrodes of the collision cell were changed for 7 ms
to the values that allowed ejection of the ions to the TOF detector for mass analysis. For
pulsed laser activation the ions were stored in the trap for 93 ms (far-IR) or 493 ms
(mid-IR), and by the end of this period a laser pulse was fired followed by the ejection
of the ions to the TOF detector. An IR photodiode (VIGO, Poland) was used to monitor
the laser pulse quality and the alignment of the beam. IRMPD mass spectra presented

here are produced by averaging over a period of 25-100 scans, scan time 1-5 s.

CID experiments were carried out in the collision cell of the same mass
spectrometer, or in a Q-ToF2 mass spectrometer (Waters/Micromass, Manchester, UK)
modified to allow for the collision voltage of up to 400 V (200 V standard) as described
elsewhere. Protein solutions were electrosprayed in 200 mM ammonium acetate, pH

7.5, at concentrations of 1-5 uM with capillary voltage 1.4—1.7 kV and sampling cone
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voltage 100-200 V. Mass spectra were calibrated using Csl cluster ions (20 mg/mL

solution).

Table 7.2: Parameters of IR laser radiation used for activation of protein complexes.

CwW / 100 ns / 60 ps / 50 ns /

IR pulse duration /wavelength 10.6pm 10.6pm  294pm  2.94 um

Maximum IR energy

5.6J 0.551] 40 mJ 15m]
at entrance to MS, Ein
Trapping Time, t 243 ms 93 ms 493 ms 493 ms
Maximum IR Power, P 232W  55MW 670 W 0.3 MW
IR energy at exit, Eoutas % of Ein 50%  20% ca. 100 % f/“' 100
0

7.4 Methods for Chapter Four:

Membrane protein and lipid incubation

Membrane proteins were purified as described in methods for chapter two, with the
exception of OmpF and FvpA that were a kind donation from N. Housden and NavMS

from B. Wallace. Lipids were prepared as described in the general methods.

Mass spectrometry

Mass spectrometry parameters were identical to parameters described in the

methods for chapter three, in both positive and negative polarity.
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High resolution non-denaturing MS

Experiments were performed using a Thermo Scientific™ Q-Exactive™ hybrid
quadrupole-Orbitrap™ mass spectrometer modified for the transmission and detection
of high m/z ions.'” Hardware alterations include a lower RF frequency applied to the
selection quadrupole and a gas line allowing higher pressures to be achieved in the
HCD cell. The instrument was operated in “Native Mode” where both the RF
frequencies applied to transfer optics and Orbitrap voltages were optimised for high
mass species. lons were generated in the positive ion mode from a static nanospray
source using gold-coated capillaries prepared in-house, then passed through a
temperature controlled transfer tube (40-60 °C), RF-lens, injection flatapole and bent
flatapole. After traversing the selection quadrupole, which was operated with a wide
selection window (2,000-20,000 m/z), ions were trapped in the HCD cell before being
transferred into the C-trap and Orbitrap mass analyser for detection. Transient times
were 64 ms unless otherwise stated and AGC target was 1x10°. Removal of the micelle
was achieved through increased voltages applied in the HCD. Argon was used as the
collision gas and the pressure in the HCD cell was maintained at around 1x10~ mbar
unless otherwise stated. Spectra were acquired with 10 microscans, and averaged with a
noise level parameter of 3. Data from 15-50 scans were averaged using Thermo
Scientific™ Xcalibur™ 2.1. Calibration was performed prior to mass measurement up

to 11,300 m/z using clusters of Csl.

Measurement of OBS1-OmpF dissociation constant

Measurement of the dissociation constant of OBS1-OmpF was performed as

described previously.?>! Briefly OBS1 peptide (NH2-2SGGDGRGHNTGAHSTSG!'®-
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CONH2) was diluted from a single stock to two-fold the desired concentration and
mixed with equal volume of OmpF in 25 mM ammonium acetate of 1 percent (w/v) -
OG immediately prior to mass measurement. Conditions for nESI-MS were verified as
to generate spectra of sufficient quality to obtain sharp peaks without incurring ligand
dissociation. 200 V was applied in the HCD cell and 0 V to the S-lens. Spectra were
deconvoluted using UniDec software.?> The Data Collector module was used to extract
and normalize intensities summed over all charge states. Extracted intensities for the
unbound and bound states were fitted to Kp binding models using either a single fixed
Kb for all binding sites or free Kps for each individual site. After fitting to both models,

an F-test was used to determine the best model.

Lipid head group binding region analysis of membrane protein structures

The PDBTM?** was exploited to obtain information about membrane protein amino
acids exposed to lipid head groups. This database lists 2,387 transmembrane proteins
(June 2015) featured in the PDB databank, providing information about their alignment
in membrane. These include chain selections, transformation matrices and biomatrix
operations needed to obtain a biological assembly aligned along the z axis (bilayer on
the xy plane, z=0 being its centre). The database also provides information about half

bilayer thickness, hereon zZPDBTM.

The analysis used only proteins having more than one strand crossing the bilayer,
which reduced the database to 2,187 entries. After having produced correctly aligned
biological assemblies according to PDBTM, their amount of basic (LYS, ARG, HIS)
and acidic (GLU, ASP) residues in contact with lipid heads were quantified. The

following method was applied, for outer and inner leaflet independently:
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. Build a dense point mesh (1 A spacing) around the protein’s head group region,
representing lipid head groups location. On x and y axis, the mesh is large
enough to encompass all the protein atoms. For inner leaflet, z=[-zZPDBTM-t, -
zPDBTM)], for outer leaflet z=[zPDBTM, zPDBTM +t], where t = 3 A mesh
thickness along z axis.

. Remove from the mesh all points at less than ¢ = 3 A from the protein, where ¢
is a clashing distance threshold.

. Launch a DBSCAN?* clustering algorithm on the remaining points. This
algorithm considers contiguous points as part of the same cluster. Select only the
points sharing the cluster with a mesh corner point: as a result, the selected
points completely encircle the protein, without clashing with it. Thus, if the
protein is a channel, points located in its central cavity are now removed.

. Detect all protein atoms within d = 5 A from the mesh, and compute their
solvent accessible area (SASAall) using Shrake-Rupley (“rolling ball”)
algorithm. Between these atoms, identify the subset part of basic or acidic amino
acids. Compute the SASA of both these subsets, and the resulting presence ratios

pacidic = SASAacidic / SASAall and pbasic = SASAbasic / SASAall.

As a result from this protocol, every protein is characterized by four numbers, i.e.

the presence ratio of basic and acidic amino acids on bottom and top bilayer. This

protocol is controlled by three parameters, mesh thickness t, and mesh clash distance c

and protein-mesh contact distance d. In order to assess the sensitivity of the protocol to

these parameters, several runs with different parameters set were performed, namely

[t,c,d]=[3.,3,5], [5.3,5], [3.,2.5,5], [3,3.5,5], [6,3.5,5], [6,3,5]. By computing mean and

standard deviation of all resulting p scores, 6.8 percent of performed measures had a
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standard deviation above 5, (0.5 percent above 10). These cases were inspected
manually: the difference was always caused by a misdetection of internal cavity by one
of the different methods. Parameters used in this work have been chosen selecting the

set of parameters displaying the smallest deviation from mean.

Molecular dynamic simulation

The MemProtMD pipeline>> was used to set up MARTINI coarse-grained
simulations®*® of AmtB (PDB:1U7G) and OmpF (PDB:2ZFG) in membranes composed
of equal quantities of POPC and POPG. In order to simulate protonation of the lipids,
the charge on the phosphate beads of POPC and POPG were changed from —1 C to 0 C,
resulting in a neutrally charged POPG and a positively charged POPC. Protonation of
the protein was simulated by changing the charge of the sidechain beads of aspartic acid
and glutamic acid from —1 C to 0 C, and by changing the charge of a single sidechain
bead of histidine from 0 C to 1 C. For each molecule, 20 independent coarse-grained
self-assembly simulations were set up, five simulating a deprotonated system, five with
only lipids protonated, five with only proteins protonated and five with the entire
system protonated. Simulations were run for a total of 1 ps each and the first 200 ns
discarded to allow the bilayer to self-assemble.4,000 frames were taken from the last
800 nanoseconds of the simulation and lipid headgroups (NC3 bead of POPC and GLH
bead of POPG) within 6 Angstroms of a protein sidechain bead were identified using
MDAnalysis.*>’ Percentage POPG residence time and POPC residence time were
assigned to each residue. POPG preference for each residue was calculated by

subtracting POPC residence time from POPG residence time.
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Electrophysiology

Planar lipid bilayer recordings were carried out in 20 mM sodium acetate, 1 M KCl,
pH 4, at 22.0 £ 1.5 °C. Briefly, a bilayer of 1,2-diphytanoyl-sn-glycero-3-
phosphocholine alone or with addition of 25 percent 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (Avanti Polar Lipids, Alabaster, AL, USA) was positioned
across an aperture, 100 um in diameter, in a Teflon film (Goodfellow) that separated the
cis and trans compartments (1 mL each) of the apparatus. Current-voltage relation was
measured at pH 4 from -100 mV to + 100 mV after the cis-addition of OmpF (1 uL, 4
uM) (cis at ground). The OmpF pore closure was measured at +100 mV and at —100
mV after the cis chamber had been perfused with 20 mM sodium acetate, 1 M KCI, pH
4, to remove excess protein. lonic currents were measured by using Ag/AgCl electrodes
with a patch-clamp amplifier (Axopatch 200B, Axon Instruments). The amplified
signal was low-pass filtered at 2 kHz and sampled at 10 kHz with a Digidata 1440A
digitizer (Axon Instruments). Data analysis was performed with pClamp software

(Molecular Devices).

7.5 Methods for Chapter Five

CcO purification

d258

The CcO complex was purified from bovine heart as describe and was a kind

donation from S. Yoshikawa.
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Protein and PTM identification

Proteins were separated by SDS-PAGE and digested as described.?*® Peptides were
separated by nano-LC using the EASY nLC 1000 system (Thermo Scientific; mobile
phase A, 0.1 percent (v/v) formic acid (FA)/5 percent (v/v) DMSO; mobile phase B,
100 percent (v/v) ACN/0.1 percent (v/v) FA/5 percent (v/v) DMSO). The peptides were
loaded onto a trap column (5 mm, PepMap RSLC, C18, 300 um I.D. particle size 3 um;
Thermo Scientific), separated with a flow rate of 200 nL/min and a gradient of 7-30
percent (v/v) mobile phase B over 30 min on an analytical C18 column (50 cm, PepMap
RSLC, EASY-spray column, C18, 75 um ID particle size 3 um; Thermo Scientific) and
directly eluted into a Q-Exactive Orbitrap mass spectrometer (Thermo Scientific). MS
conditions were: spray voltage of 2.1 kV; capillary temperature of 320 °C; operation in
data-dependent mode. MS spectra were acquired in the Orbitrap (m/z 350—1,500) with a
resolution of 70,000 and AGC target at 3x10°. The ten most intense ions were selected

for HCD at an AGC target of 50,000.

Raw data were searched against Uniprot-Swissprot database (541,762 sequences)
using Mascot v2.4.1 search engine (Matrix Science). Search parameters: Mass accuracy
filter: 20 ppm for precursor ions; 1.0 Da for MS/MS fragment ions; Enzyme: Trypsin or
Chymotrypsin with maximal two missed cleavage sites; Carbamidomethylation of
cysteine and oxidation of methionine as well as phosphorylation of serine, threonine and

tyrosine and acetylation of lysine as variable modifications.
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Denaturing LC-MS

The proteins were separated by nano-LC using a DionexUltiMate 3000 RSLC nano
System (Thermo Scientific); mobile phase A: 0.05 percent (v/v) trifluoroacetic acid
(TFA), mobile phase B: 50 percent (v/v) acetonitrile/50 percent (v/v) isopropanol/0.04
percent (v/v) TFA). The proteins were dissolved in 0.05 percent (v/v) TFA and loaded
onto a monolithic PS-DVB column (100 um x 25cm, Thermo Scientific). Protein
subunits were separated with a flowrate of 600 nL/min and a gradient from 8 to 98
percent solvent B over 30 min. The proteins were directly eluted into a QSTAR XL
mass spectrometer (ABSciex). MS conditions were: ion spray voltage 2,980V,

declustering potential 75 V and collision energy 17 V.

Mass spectrometry of intact CcO

Aliquots of CcO in n-decyl-B-D-maltopyranoside-containing buffer were exchanged
against 200 mM ammonium acetate using Micro Bio-Spin 6 columns (Bio Rad). Spectra
were acquired on a Q-ToF II or Synaptl mass spectrometer (Waters) modified for high
masses.”* Optimized instrument parameters were as follows: capillary voltage 1.7kV,
cone voltage 190 V, extractor 5V, source backing pressure 7—-10 mbar and a collision
cell pressure of 10 psi. Collision cell energy was 100-200 V. Spectra were processed

and assigned using MassLynx software.

Detergent exchange

The detergent was exchanged as described previously in the methods for chapter
two. Briefly, DM detergent was exchanged against C8E4, LDAO, TX-100, B-OG or

foscholine-16 in 130 mM NaCl, 50 mM Tris pH 7.4 by size exclusion chromatography
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using a Superdex 200 column (5/150; GE Healthcare) with a flow rate of 0.5 mL/min at
4 °C. Prior to MS analysis the buffer was exchanged against 200 mM ammonium
acetate pH 7.4 supplemented with the respective detergents using the same

chromatographic conditions.

Lipid identification

CcO proteins were digested with Trypsin at 37 °C. The peptide/lipid mixture was
lyophilized and re-dissolved in 90 percent (v/v) methanol/0.05 percent (v/v) ammonia
solution. For LC-MS/MS analysis, the peptide/lipid mixture was separated by nano-LC
(DionexUltiMate 3000 RSLC nano System, Thermo Scientific; mobile phase A, 70
percent (v/v) methanol/25 mM ammonium acetate; mobile phase B, 100 percent (v/v)
methanol/25 mM ammonium acetate). Peptides and lipids were loaded onto an
analytical column (HPLC column Acclaim® PepMap 100, C8, 100 pm ID particle size
5 um; Thermo Scientific) and separated with a flow rate of 300 nL/min and a gradient
of 35-100 percent (v/v) mobile phase B over 21 min. Peptides and lipids directly eluted

into an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo Scientific).

MS conditions were: spray voltage of 1.5 kV and capillary temperature of 160 °C.
The LTQ-Orbitrap XL was operated in negative ion mode and in data-dependent mode.
Survey full scan MS spectra were acquired in the orbitrap (m/z 350-2000) with a
resolution of 60,000 at m/z 400 and an automatic gain control (AGC) target at 5x10°.
The three most intense ions were selected for CID and HCD MS/MS fragmentation in
the linear ion trap or the Orbitrap, respectively. Detection of previously selected
precursors was excluded for 120 s. Ions with unrecognized charge state were excluded.

CID fragmentation in the linear ion trap was performed at an AGC target of 3x10* and a
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normalized collision energy of 38 percent at an activation of q = 0.25 and an activation
time of 30 ms. HCD fragmentation was performed in the Orbitrap with a resolution of
7,500 at m/z 400 and a normalized collision energy of 50 percent at an activation time of

100 ms.
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