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Abstract
Growth in the use of mass spectrometry as an analytical tool for studying protein structure
and functionality has posed questions regarding correlation of native structures and
observed gas-phase conformations for proteins. This thesis explores the relationship
between the solution-phase and gas-phase structures of soluble proteins, and investigates
the effect of the lipid environment on membrane proteins.
To assess gas-phase structure, ion-mobility mass spectrometry was used to measure directly
the collision cross-sections of soluble proteins across a broad mass range. These collision
cross-sections values were then compared with those derived from solution-phase data,
calculated from dynamic light scattering experiments. Using computational methods
collision cross-sections were calculated from structures reported in the protein data bank
using a variety of techniques. Differing physical environments in solution and gas phases are
not shown to affect protein structure by the dynamic light scattering and ion-mobility
measurements. Contrastingly the computational calculations demonstrate that there is less
correspondence between x-ray structures and their gas-phase counterparts.
Despite the effect that lipid environment has on membrane protein structure, capturing this
native environment has been challenging. Lipodisqs look to overcome this problem by
removing the portion of the membrane surrounding the embedded protein. Lipodisqs were
ii

investigated as potential vehicles for membrane protein mass spectrometry and compared
with conventional detergent based approaches. Lower charge states are observed for
proteins released from lipodisqs, compared to those released from detergent micelles,
increasing the probability of native features being retained including native-like protein-lipid
interactions. Lipodisqs therefore demonstrate significant potential as a tool for membrane
protein mass spectrometry.
In summary, through this body of experimental work relationships have been established
between gas-phase and solution-phase structures as well as computational methods. The
use of Lipodisqs to eject membrane proteins from regions of the native membrane has been
investigated.
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1.

Introduction:

1.1.

Motivation and Aims:

The developments of matrix-assisted laser desorption/ionisation (MALDI) and
electrospray ionisation (ESI) as ionisation methods for mass spectrometry (MS) has led to
an explosion in the field of MS. Both these techniques allowed for the use of MS as an
analytical technique for studying proteins in 19891, 2, 3, 4. Whilst this was a significant
breakthrough in the field, the initial studies were somewhat limited by the necessity of
using denaturing solvents. This means the data obtainable is limited to simple mass
measurements as the organic solvents required for ease of ionisation also result in
denaturation of the proteins.
Development of the ESI process allowed for the use of aqueous solvents enabling the
possibility of mass spectrometry on non-denatured proteins5, 6, 7. This in turn opened up
the avenue of research into native protein structures and properties using MS. However
due to the nature and conditions in which MS takes place there is understandable
scepticism about how native-like structures can remain whilst experiencing these
conditions.
The development of an orthogonal ion-mobility time-of-flight spectrometer in 19998
showed the ability to couple ESI with an ion-mobility cell and the possibility for using this
set-up for proteins. This laid the foundation for the development of a commercial ionmobility mass spectrometry by Waters in 2006 allowing for a relatively straightforward
method to obtain information about the shape and structure of proteins. However whilst
the shape and structure of soluble proteins is well understood in solution there is some
1

debate as to the validity of shape and structural information determined using IM-MS
due to the proteins being in the gas-phase and therefore in an anhydrous environment.
The first section of this thesis deals with the comparison of ion-mobility mass
spectrometry (IM-MS) data with low-resolution structural information obtained in
solution using dynamic light scattering (DLS) coupled with size exclusion chromatography
(SEC).
One of the other consequences of the development of IM-MS was an advance in
computational techniques that allow for the calculation of a collision cross-section for a
protein in the gas-phase based upon a protein structure solved either using X-ray
crystallography9, 10, 11, 12, 13 or NMR spectroscopy14, 15, 16. These methods for calculation
include but are not limited to the projection approximation17, the exact hard sphere
scattering method18, the trajectory method19 and the projected superposition
approximation20. These methods are designed to validate the collision cross-sections
obtained through IM-MS experiments either through estimation of a collisional crosssection or mimicking the ion-mobility experiment. These calculated cross-sections can be
utilised to predict the cross-sections for proteins in the gas-phase.
Traditionally the most common method used for solving these structures has been X-ray
crystallography, with over one hundred thousand structures solved utilising this method
as of 201521 compared with just over eleven thousand by nuclear magnetic resonance
(NMR) and just over eight hundred and fifty by electron microscopy (EM) as shown in
Figure 1-1.

2

Figure 1-1: Comparison of number of protein structures solved by different experimental methods from 1990 to
21

2015 . X-ray crystallography (blue) vs NMR (green) vs EM (orange)

The work detailed in chapter two demonstrating consistency between low resolution
shape and structural information between the solution-phase and gas-phase. However
comparison between those measurements and the computationally derived crosssections based on known x-ray crystal structures do not show the same consistency22.
The second section of this thesis investigates if structures obtained utilising alternative
methods to x-ray crystallography for the starting structure for the computational
methods affects the collision cross-section calculated. Comparing results from DLS and
IM-MS to the structures solved using either cryo-EM or NMR in addition to x-ray
crystallography where possible.
The final part of this thesis investigates one of the most recent areas of application of
mass spectrometry that of membrane proteins. Whilst the first spectra for a native-like
soluble protein were recorded in the early 1990s5, 6 due to the inherent difficulties
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associated with working on membrane proteins this was only possible some years later in
the early 2000s23, 24. In order to study membrane proteins outside of the cell membrane it
is necessary to use an agent in order to mimic its native environment after extraction of
the protein from the membrane. Failure to do so results in the protein precipitating out.
Traditionally detergents have been used to solubilise membrane proteins to allow for
their analysis. However typically the use of these detergents in order to solubilise the
protein can lead to reduced stability of the protein causing it to precipitate or degrade 3,
25

. Even when protein stability is not seriously compromised, detergents will still cause

delipidation of the protein which can be problematic as it has been shown that lipids can
have an effect on protein oligomerisation26, 27, 28.
In an attempt to overcome this problem with regard to the study of membrane proteins
multiple methods have been developed to complement or act as an alternative to the use
of detergents. These include but are not limited to Bicelles29, nanodiscs30 and
amphipols31. These three techniques have all been used as alternative vehicles for MS 32,
however a major drawback of these methods is the requirement to use detergent to
solubilise the protein initially before incorporating it into any of these. Utilising detergent
in the process opens up the possibility that during the initial solubilisation the detergent
could cause the protein to unfold or disassociate its oligomeric state. There is also a
secondary risk that the protein could become delipidated losing protein specific lipids
which are required for it to retain its native oligomeric state and structure.
The final chapter of this thesis investigates the possibility of using native nanodiscs to
solubilise the protein instead of any of the previously described methods. The primary
advantage theoretically in adopting this approach is the ability to solubilise membrane
4

proteins directly from cell membranes33, 34. This approach not only circumvents the need
for any detergent, avoiding any potentially unfavourable interactions with the detergent,
it also allows for the protein to be purified with its native lipids potentially allowing for
the investigation of crucial protein lipid interactions.

1.2.

Non-Covalent Mass Spectrometry:

Mass spectrometry is a technique in which the m/z of an ion, or a series of ions, is
determined by measuring the change in a property of the ion, such as its flight time or
trajectory in response to magnetic or electric fields. The ion goes through four stages
during the experiment; ionisation, separation, detection and then a computer generates
an output in the form of a spectrum as shown in a simplified schematic in Figure 1-2.

Figure 1-2: Simple schematic of the process a sample goes through during mass spectrometry.

Initially mass spectrometry ionisation techniques such as electron impact ionisation and
chemical ionisation are classed as hard ionisation techniques to generate the ions. This
means that whilst they are effective at ion generation they also impart so much energy it
leads to the breaking of chemical bonds in addition to non-covalent interactions35. While
this is structurally informative for small molecules it is not possible to analyse large
biomolecules, such as peptides or proteins, without extensive derivatization using such
ionisation methods.
Over time numerous softer ionisation techniques have been developed including
electrospray ionisation (ESI)36, 37 and matrix-assisted laser desorption ionisation
(MALDI)38. One of the first examples of softer using ionisation for mass spectrometry was
5

demonstrated in an investigation of protein folding reactions in 199339, which followed
on from the work of Katta and Chait5. Here they showed that with a softer ionisation
method the myoglobin remained associated with its heme group. Under these soft
energy regimes the non-covalent interactions in a molecule are preserved following
electrospray ionisation.
Further developments of these ionisation techniques allowed for the preservation of vital
non-covalent interactions which was not previously possible. This was a huge
breakthrough for the field of mass spectrometry due to the vast majority of proteins
existing as oligomers held together by these non-covalent interactions. Without
maintaining these interactions in the mass spectrometer it would be impossible to make
any conclusions on the biological implications of any findings as the protein would not be
in anything close to a native state.

1.2.1.

Electrospray Ionisation (ESI):

ESI is a soft ionisation technique developed in 1989 by Fenn36. It is described as a “soft”
ionisation technique as the ionisation process does not cause extensive fragmentation of
ions. ESI works by using electric potentials to create an electric field which draws charged
ions in the sample into the aperture at the front of the mass spectrometer. This potential
difference initially leads to the formation of a cone from the end of the needle containing
the sample towards the aperture of the instrument, resulting from combination of the
electrostatic attraction to the aperture and the surface tension of the sample. When the
electrostatic attraction overcomes the surface tension then electrospray ionisation
occurs. The development of ESI as a technique for ionisation in MS opened the door to

6

the possibility of using the technique to investigate proteins interactions using this
methodology7, 40.

1.2.2.

ESI Mechanism:

ESI in its first implementation took place in a stainless steel hypodermic needle which is
attached to the positive side of a high voltage power supply whilst the cone at the
entrance of the mass spectrometer is attached to the negative side. The potential
difference between these two leads to the formation of a Taylor cone at the end of the
needle, as the positively charged ions in the needle are attracted to the negative charge
that is building up on the cone as shown below (Figure 1-3).

Figure 1-3: Formation of a Taylor cone due to the electric potential between the capillary and the cone. Adapted
41
from

The formation of a stable electrospray is conditional on the electric field, solvent surface
tension and the radius of the capillary as given in Equation 1.142 where E0 is the electric
field, rc is the radius of the capillary, γ is the surface tension of the solvent and ε0 is the
permittivity of free space.
(Equation 1.1)
1

2𝛾𝑐𝑜𝑠49° 2
𝐸0 = (
)
𝜀0 𝑟𝑐
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When a stable electrospray has been established the charged droplet will be pulled
towards the cone of the mass spectrometer. During this process the droplet starts to
undergo Coulombic fission which allows it to reduce in size so that ideally at the point
when it enters the instrument each charged droplet will only contain one analyte
molecule. This process takes places due to solvent evaporating which in turn leads to an
increase in the charge density of the droplet (Figure 1-4).

Figure 1-4: Demonstration of the two alternative pathways for generation of ions from an ESI created droplet.

With the charge density increasing it will reach the Rayleigh limit, given in Equation 1.242,
which is the point at which the surface tension of the solvent is insufficient to maintain
that level of charge density leading to the droplet undergoing fission.

(Equation 1.2)
𝑞 = 8𝜋√𝜀0 𝛾𝑅 3
Here q is the charge on the droplet, R is the radius of the droplet, γ is the surface tension
of the solvent and ε0 is the permittivity of free space. This process continues with each
8

fission event as the droplet moves on towards the source of the mass spectrometer.
These smaller droplets will continue undergoing these fission events until each droplet
only contains a single ion, which is the ideal situation for MS. From this point onwards
there are two models described for the release of desolvated ions from the remaining
droplet.
There are two main models proposed for the fission pathways of a droplet containing a
single ion to the point where a desolvated ion enters the spectrometer. These models are
known as the charge residue model37, 43 (CRM) and the ion evaporation model44, 45 (IEM).
They differ in terms of the final separation of the charged analyte ion from the bulk
droplet.
In the CRM the droplet undergoes evaporation losing more and more of the solvent shell
until only the analyte ion remains. By contrast the IEM model proposes that a highly
charged ion can be ejected directly from the droplet. In reality larger protein molecules
and their complexes will be ionised mainly through the CRM whereas smaller proteins
may also be ionised partly through the IEM46.

1.3.

Methods for Mass Analysis:

There are three main types of analysers for MS which are widely in use at present. These
three are: Time-of-flight (ToF), quadrupole and orbitrap analysers, each can be used
individually or can be used in tandem. Whilst only one is required in order to have a
functioning mass spectrometer the use of multiple analysers allows for extra levels of
detail to be obtained during MS for example in tandem mass spectrometry which allows
for the selection of an ion to later fragment for further analysis.

9

1.3.1.

Time-of-Flight (ToF) Analysers:

ToF analysers work, as the name suggests, by measuring the time it takes for ions to
travel a known distance after being accelerated through an electric field. From this
measurement it is possible to determine the mass to charge ratio (m/z) for the ion. When
a continuous method for ion generation is used, such as electrospray, it is necessary to
perform this measurement perpendicular to the direction of travel through the
instrument up until this point, as shown below in Figure 1-547. However if a pulsed
ionisation technique such as MALDI is used there is no need for this measurement to be
done perpendicularly. The primary advantage in the use of ToF analysers is that they have
no theoretical maximum m/z range which they can work up to making them ideal for use
in studying large protein complexes. ToF analysers often make use of a reflectron which
doubles the effective distance the ions travel before detection. The main reason for using
a reflectron is that it allows for a reduction in the spread of arrival times for any series of
ions with the same m/z but varying kinetic energies upon arrival into the analyser cell
which in turn decreases the error in the measurement for the m/z for the ions.

10

47

Figure 1-5 : A quadrupole-time-of-flight mass spectrometer as the ions enter the time of flight analyser at the end
they are propelled perpendicular to the direction of travel throughout the instrument until that point.

1.3.2.

Quadrupole Analysers:

Quadrupole analysers work by utilising four rods where the rods opposite one another
are connected together electrically in pairs. The two pairs of rods alternate their polarity
based upon the radiofrequency that is applied to them. The quadrupole can be used in
one of two modes at any one time; scanning mode or transmission mode. In scanning
mode the direct current is superimposed upon the radio frequency to only allow ions
within a specified m/z range to have a stable trajectory throughout the quadrupole as
illustrated in Figure 1-6. Scanning mode takes advantage of the fact that ions with too
high an m/z will not be accelerated enough, and their initial momentum will cause them
to fly into the quadrupole and not be transmitted. In contrast ions with too low an m/z
will experience too great an acceleration, and their trajectories will rapidly become
unstable and pass out of the central channel of the quadrupole. This ability to selectively
11

transmit only ions in a certain m/z range is particularly useful as it allows for the
possibility of multiple levels of analysis within a single experiment. This is a fact which is
taken advantage of in the use of tandem mass spectrometry which has developed into a
widespread technique in the field.

Figure 1-6: A schematic of a quadrupole analyser showing selection of the red ion. The ions in blue have too high a
m/z to be guided by the quadrupole whereas the ions in green have too low a m/z and so are ejected out of the
quadrupole.

By comparison in transmission mode the quadrupole acts as a funnel pushing the ions
into the central region of the quadrupole. This is done by using the quadrupole in rf only
mode which only takes advantage of its ability to concentrate the ion-beam as opposed
to trying to selectively transmit certain ions.
Whilst using quadrupoles for native protein MS it is necessary to make sure they have
appropriate resolving power for the proteins of interest. The maximum m/z resolvable for
a given quadrupole is determined by the maximum radiofrequency voltage that can be
applied between opposite pairs of rods (V), the radius of the rods in meters (r 0) and the
frequency of the machine in Hertz (𝜈) as shown in Equation 1.348.
(Equation 1.348)
𝑚⁄𝑧𝑀𝑎𝑥 =
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7 × 106 𝑉
𝜈 2 𝑟02

1.3.3.

Orbitrap Analysers:

The Orbitrap analyser was initially developed by Makarov in 200049 building upon the
idea of trapping ions around a central spindle as initially formulated by Kingdon 50. This
type of mass spectrometer was then developed due to the potential for increased
sensitivity with this type of analyser. This culminated in the development in a
commercially available Orbitrap as detailed by Cooks in 200551. The analyser measures
the m/z from their oscillating frequencies allowing for much higher resolution than
traditional ToF analysers making them vital for low mass measurements. This can be seen
in particular with the initial use of Orbitrap mass spectrometers in proteomics work 52, 53,
54

. In 2012 it was first shown that it was possible to adapt an orbitrap mass spectrometer

for use for high mass protein complexes55.
Orbitrap analysers work by using a wire stretched along the axis of the outer cylinder
with flanges sealing the trapping volume. With a voltage applied between the wire and
the cylinder ions are attracted to the wire and only those with sufficient tangential
velocity miss the wire and form a stable orbit around the wire49. In addition to the wire
providing an axis for rotation of ions, the flanges of the outer cylinder add a curvature to
the field keeping the ions restricted to the length of the cylinder.
Whilst theoretically the m/z for an ion could be determined from its frequency of rotation
about the central axis this method would lead to poor resolution. This lack of resolution
results from the strong dependency of this rotational frequency on the initial velocity of
the ion upon entering the cylinder, and the initial radius of rotation. However
developments in the field lead to the possibility of determining the m/z of any ion by
using the frequency of oscillation along the axis of the field instead. Through the addition
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of a modified outer electrode it is possible to introduce an axial quadrupole term which
allows for controlled oscillation of ions along the axial axis of the analyser. The benefit of
this modification is that it creates a measurable oscillation whose frequency is governed
solely by the m/z ratio of the ion in question and is independent of any of the initial
properties of the ion apart from its m/z.

Figure 1-7: Schematic of an Orbitrap analyser with a C-trap which allows for the collection of the ions before injecting
them into the Orbitrap for analysis, taken from Thermo Scientific.

The primary benefit of the orbitrap analyser over more traditional mass analysers such as
ToF and quadrupoles is the increase in resolution. This is possible due to the ability to
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accurately determine the axial frequency of oscillation which is independent of the
energy and positions of the ions in the analyser.

1.3.4.

Tandem Mass Spectrometry (MS-MS):

Tandem mass spectrometry is MS where there are multiple stages of selection of m/z for
an ion during a single experiment. One of the main techniques utilised in MS-MS is
collision induced dissociation (CID) which uses collision between a collision gas and the
sample ion to fragment the ion. The technique is particularly useful when samples
contain multiple complexes with only the use of CID there is no way of determining which
ions have come from which initial species or if an ion existed in the sample before
ionisation, or is a genuine dissociation product. In order to enhance the information
obtained from CID experiments tandem mass spectrometry (MS-MS) was developed. This
technique takes advantage of the use of multiple analysers in a single instrument leading
to multiple levels of analysis. Typically with the use of a quadrupole analyser to initially
select the ion of interest, then a collision cell to perform the dissociation experiment and
then a second analyser, often a ToF analyser to record the resulting fragments.
The obvious benefit here lies in being able to trace the fragmented ions back to which
parent ions they came from. This allows for the certainty that some ions are dissociation
products as opposed to ions that exist in solution. For this reason MS-MS is an
increasingly popular technique in the field and is becoming more readily available in
commercial mass spectrometers.

1.3.5.

Collision Induced Dissociation (CID):

Collision induced dissociation (CID) is a development in MS which takes advantage of a
collision cell built into the mass spectrometer designed to allow for additional energy to
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be applied to the analyte ions as they pass through. The cell used is filled with a collision
gas, typically Argon, for the ions to collide with and then a voltage is applied across the
cell to accelerate the ions into the gas molecules to cause collisions. Due to the nature of
this process the addition of energy to the analyte ion is a slow cumulative one. This
means that the kinetic energy from these collisions can then be converted into internal
energy leading to unfolding of the ion in question and then the breaking of non-covalent
interactions causing the loss of part of the analyte. Typically this means that the products
from CID result from the loss of one highly charged subunit leaving a charge reduced
complex behind56. This usually means that with increasing energy being added into a CID
experiment you will see the loss of a first then a second subunit as opposed to seeing the
loss of a dimer in a single shot. The combination of CID and multiple analysers in a mass
spectrometer allows for the possibility of MS-MS as discussed later.

1.4.

Detectors:

Two different detectors were utilised in obtaining the data detailed in this thesis. In the
quadrupole-ToF hybrid MS instruments the detector is a microchannel plate (MCP)
detector, in the Orbitrap MS instrument ions are detected by measuring their image
current on the outer electrode.

1.4.1.

Microchannel Plate (MCP) Detectors:

MCP detectors consist of an array of 104-107 miniature electron multipliers parallel to
each other on a glass plate57. These channels allow for a large electron multiplication
factor on a short timescales, due to the large number of collisions of the ion with the
semiconducting wall of the channel. They work because a single collision between an ion
and the wall of a single electron multiplier causes the release of multiple electrons, these
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in turn then hit the wall and release more electrons causing a large multiplication of the
signal, allowing for easier detection of the impact of the ion (Figure 1-8).

Figure 1-8: a) shows a simple view of a MCP detector while b) shows a zoomed in view of a single electron multiplier
showing the process of electron release after initial impact with the wall of the channel. Figure adapted from
57
Hoffmann et al .

1.4.2.

Orbitrap Detectors:

The Orbitrap detects ions through measuring the image current on the outer electrode.
This process of detection works by utilising the fact that as the ions orbit between two
electrodes induces a radio frequency image charge in the electrodes which is then
detected as an alternating image current in the detection unit which is connected to the
electrodes themselves. This is then run through a fast Fourier transform algorithm which
converts the recorded time-domain signal to a m/z spectrum51.

1.5.

Advances in Mass Spectrometry for Non-Covalent Mass
Spectrometry:

With the growth of the field of non-covalent MS, additional techniques were developed
to allow for more information to be obtained while analysing a sample. These
developments include but are not limited to; nano-electrospray ionisation (nESI),
collisional cooling and ion-mobility. Each of these developments on their own lead to a
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significant improvement in the quality of information obtainable by mass spectrometry,
when combined they constitute a significant advance in the scope of the field.

1.5.1.

Nano-Electrospray Ionisation:

With ESI-MS becoming more common place as the field grew some of the principle
disadvantages of this ionisation technique became more obvious. For example the
requirement to have the source sealed in a nitrogen atmosphere and also the issue of
picking up non-specific interactions. These interactions arise from the large initial
droplets formed in ESI being so big that it is difficult to ensure that only a single analyte
molecule is present per droplet upon entering the instrument. This can be seen in the
example spectra below where GroEL, which is usually a dual-ringed tetradecamer, shows
mainly as one distribution corresponding to the tetradecamer in the nESI spectrum
(Figure 1-9 upper) but as sets corresponding to tetradecamer, 28-mer and 42-mer in the
ESI spectrum (Figure 1-9 lower)56.
Nano-electrospray ionisation (nESI) was developed as a technique to overcome these
problems. With the use of a smaller initial capillary the initial droplet size is significantly
smaller and so far fewer fission events are required before the desired one analyte
molecule per droplet criterion is satisfied. In addition to the improvements gained
through nESI in terms of the reduction of non-specific interactions it also requires a
smaller aperture for the source allowing the instrument to be left open to normal
atmosphere. The final benefit of nESI over ESI can be seen in the spectrum below with
sharper peaks seen as opposed to the broader ones observed for standard ESI 56.
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Figure 1-9: Comparison of mass spectrum for GroEL obtained using nESI (upper) and using ESI (lower).

56

One of the practical benefits in using nESI as opposed to ESI as the ionisation method for
a mass spectrometry experiments lies in the significant reduction in the aperture into the
instrument. This in turn removes the need for the system to be contained under nitrogen
instead it is possible to leave the instrument open to a laboratory environment. Whilst
this does facilitate an easier experimental setup it also has an unintended consequence
with regard to the spectra. With many nESI mass spectrometers being open to the
environment compared to many ESI being under nitrogen there is a slight charge state
effect due to the change in atmosphere as seen in Figure 1-9.
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1.5.2.

Collisional Cooling:

In the early days of native protein mass spectrometry it was reported that, despite the
theoretical infinite limit of a ToF mass spectrometer, at normal pressure settings no ions
could be detected for complexes over 100 kDa58. However it was noted that when the
pressure was increased it became possible to observe signals corresponding to these
higher mass complexes59, 60, 61.
The reason for the emergence of these signals transpired to be due to collisional cooling,
which is the process by which an ion undergoes collisions with gas molecules, causing its
kinetic energy to be dissipated. This allows for better transmission of the ions through the
mass spectrometer due to the high amount of energy the ions have upon entering the
instrument due to gas expansion. For large molecules this increase in energy would cause
them to have excessive axial and radial kinetic energy in the initial part of the instrument
drastically reducing transmission as they will not be focussed enough to either exit the
aperture at the end of the quadrupole or may cause them to miss the detector 62. Figure
1-10 shows the effect of collisional cooling on the transmission of ions depending on the
size of the ion in question.
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Figure 1-10: Simulations of ion trajectories in Q0 (XZ plane). (A) Myoglobin ion (M = 16 951 Da, σ = 2,520 Å2) at 8
62
mTorr; (B) proteasome 20S ion (M = 692 kDa, σ = 19 400 Å2) at 8 mTorr; (C) proteasome 20S ion at 30 mTorr.

The higher the pressure used in the initial source cell of the instrument the greater the
effect of collisional cooling will be, this however comes at a price as utilising too high a
pressure in any one compartment of the instrument may cause a severe reduction in
transmission as the collisions hinder the ions progress through the mass spectrometer.
This leads to a balancing act which is dependent on the species of interest to try and
optimise transmission dependent mainly on the size of the complex. Pressure settings
optimised for a protein such as myoglobin will lead to very low transmission for a much
larger protein for example proteasome 20S and vice versa as shown by Chernushevich62,
however with an understanding of collisional cooling it opens up the possibility of being
able to using mass spectrometry for larger complexes.
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1.5.3.

Ion Mobility Mass Spectrometry (IM-MS):

Ion mobility mass spectrometry (IM-MS) is a technique which allows for information
about the protein’s shape and size to be obtained. The addition of mobility cell, filled with
a known pressure of a suitable buffer gas, into a mass spectrometer is necessary for a
mobility measurement to be undertaken. The time taken for ions to traverse the drift cell
allows for a measure of the mobility due to the addition of a buffer gas in the cell. The
ions passing through the cell will undergo collisions with this buffer gas hampering their
progress, with smaller molecules tending to undergo fewer collisions, and therefore
traversing the cell faster than their larger counterparts, which undergo more collisions
and therefore tend to traverse the cell slower. The drift time for an ion traversing the cell
is defined as td as below in Equation 1.422 where td0 is the drift time for an ion outside the
drift tube, which is dependent on the duty cycle of the instrument and the m/z of the ion,
L is the length of the mobility cell, V is the voltage applied across the cell and K is the
mobility constant of the ion22.
(Equation 1.4)
𝑡𝑑 =

𝐿
+ 𝑡𝑑0
𝑉𝐾

There is a known relationship between the mobility constant (K) and the collision crosssection of an ion as shown in Equation 1.5. Through the use of this fact and the
measured drift time for an ion it becomes relatively simple using IM-MS to obtain
information about an ions collision cross-section63.
(Equation 1.5)
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Initially ion-mobility used a linear field in the drift cell where a constant voltage gradient
was across the cell as the method for drawing ions through. However more recently
newer instruments make use of travelling wave technology in the drift cell 64. Whilst this
technology does lead to better transmission of the ions in the mass spectrometer it can
cause a number of issues when it comes to measuring the exact mobility for the ion in
question. The downside to the use of travelling wave ion mobility mass spectrometry
comes in the requirement for use of calibration for accurate collision cross-section
measurements. The calibrants used also need to be chosen carefully for any
measurements due to the nonlinear relationship between travelling wave ion mobility
and drift tube ion mobility. This means there are dangers we need to be aware of when
performing a calibration particularly if it is necessary to extrapolate outside the range the
chosen calibrants span.

1.6.

Fast Protein Liquid Chromatography:

One of the principle methods used for purification of proteins before analysis is fast
protein liquid chromatography (FPLC) and is used in the work detailed in chapters 2 and
4. This technique allows for the injection of a sample onto a column, which can then be
used to separate out the protein of interest from any other contaminants present. The
three main types of chromatography used in this body of work are; size exclusion
chromatography, affinity chromatography and ion exchange chromatography. Typically
this type of purification takes place in either a cold room or cold cabinet in order to allow
for the protein to be kept stable throughout the process. A typical set up for a FPLC is
shown in Figure 1-11. The two buffers can be mixed and then pumped over the column
allowing for an increase in a chemical utilised to elute the protein of interest, common
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when performing affinity chromatography. When doing size exclusion chromatography
typically only one buffer is used and the column alone performs the job of separating out
the components in the solution. The UV/Vis and conductance detectors allows for the
detection of the fractions which contain protein and can also record useful information
on concentrations of salts in the solutions.

Figure 1-11: Cartoon demonstrating the basic setup of a FPLC experiment to allow for purification of proteins.

1.6.1.

Size Exclusion Chromatography (SEC):

Size exclusion chromatography (SEC) is a chromatographic technique which allows for the
separation of species by size. This is done using a column packed with resin that contains
pores of different sizes. When the sample is injected onto the column the speed at which
it travels down the column is dependent on its ability to be trapped by the various pores.
The smallest species will be trapped by all the pores in the resin leading to it eluting later
on during a run, in contrast the largest species will either not be trapped by any pores
and therefore be eluted in the void volume or only by very few causing it to be eluted
early on in a run. This leads to the possibility of separating a protein which exists as
monomer and dimer into fractions containing solely monomer and those containing
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solely dimer, provided that the timescale of exchange between oligomeric states is
sufficiently slower than the timescale of the experiment.
Typically SEC is often used as a final stage in a purification process once the majority of
contaminants have been removed using alternative purification methodologies. In
addition SEC can also be used for buffer or detergent exchange, running a purified
protein over a column pre-equilibrated in the desired buffer this allows for easy
manipulation of the sample conditions without the risks involved in a simple Bio-Spin
which can see proteins precipitate out.

1.6.2.

Affinity Chromatography:

Affinity chromatography separates out proteins based on their binding affinity to the
resin used. During the course of this work affinity chromatography was carried out using
HisTrap columns (GE Healthcare) which are packed with Ni2+ ions which bind strongly
with histidine residues in a protein. The basis of this technique lies in initially binding
most of the proteins in a sample to the column initially and then adding in a competitor
for the binding sites. With low concentrations of the competitor (Imidazole for HisTrap
columns in this work) the weaker binding proteins are displaced from the binding sites
and therefore eluted from the column. Increase concentration of the competitor will lead
to the proteins with stronger binding affinities being displaced and therefore eluted.
Typically affinity chromatography is used as an early step in a purification protocol due to
its ability to selectively remove a high percentage of unwanted products of any
purification protocol. However it is worth nothing that this is rarely used as the only stage
in a purification due to the fact there are always some proteins co-expressed which will
have high numbers of histidines present causing them to also be eluted along with the
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protein of interest meaning that a secondary purification step is usually optimal in order
to guarantee the purity of the sample.

1.6.3.

Ion Exchange Chromatography:

Ion exchange chromatography takes advantage of the different coulombic interactions of
proteins and other molecules to allow for separation. Both cation and anion exchange are
possible where the addition of salt to the buffer can lead to elution of the protein of
interest due to either the Na+ or Cl- causing the displacement of the protein from the
column.
This works by using a column loading the protein sample onto a column packed with
strong ion-binding resins. This causes all proteins in the sample to bind to the column
initially. This is typically followed by a gentle gradient of salt addition allowing for the
slow elution of proteins with differing strengths of ion-interactions. Similarly to affinity
chromatography this technique is usually used as an early step in a purification process
before a second or third process to guarantee purity.

1.7.

Dynamic Light Scattering (DLS):

Dynamic light scattering (DLS) is a technique that takes advantage of the way in which
light can interact with particles in solution. The measurement is made using a polarised
laser beam which is then passed through the sample, then polarised again before the
resulting diffraction pattern is recorded using a photomultiplier. This pattern is known as
a speckle pattern, and multiple versions of this pattern are collected over time and the
resemblance of each pattern to its predecessors can be interpreted to give valuable
information about the sample being analysed. The resemblance of a pattern to its
predecessors is quantified by an auto-correlation function which has been shown to be
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related to the diffusion co-efficient of a sample as shown in Equation 1.6 with a Bragg
wave vector as defined in Equation 1.765:
(Equation 1.6)
𝑔2 (𝜏) − 1 = 𝑒 (−𝐷

0 𝑞 2 𝜏)

(Equation 1.7)
𝑞 = (4𝜋𝑛/𝜆) sin(𝜃/2)
This shows the relationship between the auto-correlation function (𝑔2 (𝜏)) and the
diffusion co-efficient D0 at a time τ after the initial speckle pattern was recorded as well
as the Bragg wave vector (q). This diffusion co-efficient quantifies the speed of movement
of the particles inside the solution, the larger the diffusion co-efficient the more motion
that will be occurring in solution and so the quicker the auto-correlation function will
decay towards zero66.

66

Figure 1-12 : Cartoon showing the differences in the rate in change of the intensities of speckle patterns depending
on the ease of diffusion for the particle being studied. In a) a large slow diffusing particle is shown whereas in b) a
smaller particle is shown with a much faster changing pattern.

Using Equation 1.6 it is possible to fit the auto-correlation function data and determine
the diffusion co-efficient of the particle in solution as shown in Figure 1-13. This
technique can be particularly powerful when multiple measurements are taken in quick
succession allowing for a high degree of confidence in the values calculated.
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Figure 1-13: Auto-correlation function for one point for the alcohol dehydrogenase tetramer is shown in the upper
panel with the fit (red) as well as individual points plotted with error bars (black dots). Lower panel shows the
residuals at each point (green).

From the diffusion co-efficients calculated from the auto-correlation functions it is
possible to determine the Stokes radius for the protein 67. This is done using the StokesEinstein equation, where RS is the Stokes radius, kB is the boltzmann constant, T is the
temperature in Kelvin, D is the diffusion co-efficient in Ficks units and η is the viscosity.
The temperature of the experiment was also recorded to allow for the determination of
the viscosity which in turn allows for the eventual calculation of the Stokes Radius:
(Equation 1.8)
𝑅𝑠 =

𝑘𝐵 𝑇
6𝜋𝜂𝐷°
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1.8.

Computational Techniques for Calculation of Collision CrossSections (CCS)

Since the original development of IM-MS there has been a growing interest in the ability
to determine collision cross-sections for proteins for which the structure is already
known. The initial interest in this was to confirm that proteins were maintaining native
structure despite being subjected to the vacuum inside the mass spectrometer. Initially
this was done by using methods which were not initially designed for use with proteins,
for example the projection approximation was originally for use with clusters. However as
the field grew new approaches were developed specifically aimed at modelling the
interactions which take place during IM-MS. These methods which are more targeted at
modelling the IM-MS process have led to more rigorous calculations which more
accurately encompass the entirety of the process.

1.8.1.

Projection Approximation (PA):

The projection approximation was first developed as a method by Bowers in 199317 to
model the mobilities of carbon clusters during an ion-mobility experiment. This technique
was later on adapted for using with proteins and their complexes but it is important to
remember that the technique was initially developed for use with smaller less structurally
complex carbon atom clusters.
The projection approximation works by taking the known structure of a protein from xray, NMR or EM, orientating it randomly around its centre of mass using three random
Euler angles. The structure of the protein is then projected onto the xy plane and the
cross-section determined using a Monte Carlo integration17. In the Monte Carlo method a
two-dimensional box is placed around the projection of the protein, with edges tangent
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to the extreme points of the projection in the x and y planes, and points inside the box
are chosen randomly. If the point chosen is within the combined van-der-Waals radius of
helium and the closest atom, to the nearest atom’s centre of mass then a collision is
deemed to have taken place. The cross-section is determined by the ratio of collisions to
misses multiplied by the area of the box. This is then normally averaged over a number of
different orientations to give an average collision cross-section.

1.8.2.

Exact Hard Sphere Scattering (EHSS) Method:

The exact hard sphere scattering method was first developed in 1996 by Jarrold18. This
was developed with the idea of providing a more rigorous methodology for modelling the
interactions between ions in a drift tube and a buffer gas during the ion-mobility
experiment with a reduced level of computational complexity when compared to the
trajectory method.
The value in using this method over a simple projection approximation is it attempts to
evaluate the collision integral for the subject in question rather than determining the
cross-section based on a simple hit or miss philosophy. By considering the result of an
impact of a buffer gas molecule with the ion traversing the mobility cell it automatically
brings into consideration the possibility of multiple collisions between a single buffer gas
molecule and the ion being studied. This effect is particularly important where the ion
has a concave surface where the difference between measured cross-sections for PA and
EHSS can be more than 20%.
The basis of all methods that advance upon the PA method work on trying to evaluate the
orientationally averaged collision integral (Ωavg1,1) which has a defined relationship with
the zero-field mobility of an ion (K) as shown in Equation 1.9 18:
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(Equation 1.9)
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With the zero field mobility of an ion easily calculable from the drift time recorded, as
shown earlier in Equation 1.4, and the rest of the constants in the equation above known
or are easily obtained from the IM-MS experiment. To calculate the orientationally
averaged collision integral it is important to consider the collision geometry determined
by θ, γ and ϕ, the scattering angle χ(θ,γ,ϕ,g,b). Ωavg1,1 is then calculated by evaluating
the integrals shown in Equation 1.10 where g is the relative velocity and b is the impact
parameter, μ is the reduced mass of the protein and the buffer gas:
(Equation 1.10)
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× ∫ 𝑑𝑏 2𝑏(1 − 𝑐𝑜𝑠χ(θ, γ, ϕ, g, b))
0

When we consider both the buffer gas and the atoms making up the ion being analysed
as hard spheres it allows for the reduction of the terms relating to the scattering angle in
Equation 1.9 to πb2min with b2min being equal to the hard sphere contact distance. In doing
this you can get Equation 1.11 as an approximation of the collision integral. However in
this approximation you are ignoring both long range potential interactions and the details
of the scattering process.
(Equation 1.11)
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In order to try and take into account the scattering that will take place during ion-mobility
measurements this method solves Equation 1.11. This allows for a more accurate
evaluation of the collision integral as opposed to the previous approximation which
effectively calculates a projection of the molecule. Whilst this has been shown to be
equivalent to the collision integral for a perfectly convex molecule it does not hold true
for molecules with concave surfaces. Whilst the deviation of the cross section integral
from the projection is small when there are small concave surfaces when the overall
molecular geometry is concave it can lead to much larger deviations. Overall the EHSS
method provides a more rigorous methodology for determining the collision integral than
the projection approximation without the computational demands of the trajectory
method.

1.8.3.

Trajectory Method (TJM):

The trajectory method for determining a collision cross-section for an ion was first
developed in 1996 by Mesleh19. The method was developed as an alternative to the
available hard sphere projection approximation. The main thrust behind this new method
was to attempt to account for the potential electrostatic interactions between the buffer
gas and the ion being modelled.
The trajectory method is often considered the “gold standard” of computational
methods, for determining the theoretical collision cross-sections for proteins via ionmobility. Like all of the computational methods it attempts to try and estimate a collision
cross-section for a protein structure. This methodology is based around taking a known
protein structure and trying to simulate the environment they would experience during
an ion-mobility measurement.
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The largest difference between this method and other computational methods is in
attempting to account for long range potential interactions between the protein and the
buffer gas. However it does, like many of the other methods available, also consider the
effect of ion structure and surface roughness. This initially works from the zero field
mobility and then incorporates elements to model the electrostatic interactions involved.
The key difference with the trajectory method here comes in the treatment of collision
integral where the scattering angle is treated differently here.
To take into account the effect of the electrostatic interactions between the buffer gas
and the ion a Lennard-Jones potential is modelled. This is modelled using Equation 1.12
shown below which is used to determine the potential work (φ(θ, 𝜑, γ,b,r)), where ϵ and
σ are the Lennard-Jones parameters of well depth and distance at which the potential
becomes positive respectively and α is the polarizability of the buffer gas:
(Equation 1.12)
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This equation allows for the modelling of both the two body 6-12 interactions and the
ion-induced dipole interactions. The two body 6-12 interactions are modelled in the first
term whilst the second term models the ion-induced dipole interactions. Experiments
done where the long range potential interactions between the buffer gas molecules, as
well as their scattering, are taken into account compared to a hard sphere projection
approximation show significant discrepancies. These experiments were done using
carbon fullerene clusters but it is thought that the discrepancies between the TJM and
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hard sphere are likely to be exacerbated with increasing size of molecules being studied
and with increasing polarizability of the molecule in question.

1.8.4.

Projected Superposition Approximation (PSA):

In 2011 Bleiholder proposed the projected superposition approximation as a method for
determining collision cross-section for an ion-mobility experiment20. The idea being to
maintain the rigorous nature of the trajectory methods whilst reducing the
computational power required to perform the calculations. This methodology was
designed to produce accurate results for the cross-sections of larger ions such as
proteins. In order to do this, this method makes use of two effects it coins the “size
effect” and the “shape effect”.
The size effect is used to describe the way in which the effective atomic radius of an atom
can be increased due to its environment. The shape effect is the effect caused by the
geometry of the molecule in question. This is a particularly crucial effect when it comes to
molecules with concave surfaces which leads to the possibility of multiple collisions
between a single buffer gas molecule and the ion undergoing IM-MS.
In order to achieve the goal of a highly accurate method of determining the collision
cross-section without the computational complexity that is associated with the TJM this
method builds upon the relatively simple PA method. This is done by first incorporating
the size effect into the orientation averaged projection area (〈𝛺𝑃𝑆𝐴 〉) and then by
multiplying this by a shape factor (ρ) as shown in Equation 1.13:
(Equation 1.13)
(1,1)
𝛺𝑃𝑆𝐴 (𝑇) = 〈𝛺𝑃𝑆𝐴 〉 × ρ
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The averaged projection area here differs from the projection given by the PA method by
replacing the atomic hard-sphere radius for an atom with a probability of an atomic
collision. The probability of a collision for an atom a with a buffer gas molecule is defined
(1,1)

as pa(T,x) as shown in Equation 1.14 where r=|x-ra| and qa,coll(T;rLJεLJ) =√𝜔𝑎

/𝜋 is the

atomic collision radius of atom a defined by the momentum transfer integral ωa(1,1) for an
isolated atom colliding with a buffer gas particle X. The interaction between the atom a,
and the buffer gas particle X can be modelled using a (12,6,4) potential using the
Lennard-Jones parameters rLJ and εLJ the well position and depth respectively.
(Equation 1.14)
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This in turn leads to the cumulative collision probability P(T,x) for a system of m atoms
can be defined as shown in Equation 1.15:
(Equation 1.15)
𝑚

𝑃(𝑇, 𝑥) = ∑ 𝑝𝑎 (𝑇, 𝑥)
𝑎=1

This is turn allows for the orientationally averaged projection area to be define as shown
in Equation 1.16:
(Equation 1.16)
𝑛

𝑚

𝑖=1

𝑎=1

1
〈𝛺𝑃𝑆𝐴 〉 = ∑ Ὥ𝑖 [∑ 𝑝𝑎 , (𝑇, 𝑥)]
𝑛

Whilst the above allows for the consideration of the size factor it does not account for
the shape factor. In order to do this a simple ratio is used comparing the effective surface
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area of the molecule (Amol) to the area of convex envelope of the molecule (ACE). This
ratio gives the shape factor (p) as shown below in Equation 1.17:
(Equation 1.17)
𝑝=

𝐴𝑚𝑜𝑙
𝐴𝐶𝐸

The combination of these two gives the overall projection superposition approximation
as define earlier in Equation 1.13.

1.9.

Protein MS:

One of the primary challenges in protein MS is the transfer of the protein to the gasphase. However this challenge has been addressed, mainly through the use of volatile
solvents such as ammonium acetate to assist the transfer of the protein of interest to the
gas-phase as well as other advances in the field mentioned earlier like nESI as an
ionisation technique. This selection of a MS compatible solvent allows for the use of MS
for the study of many proteins with relative ease. The only other issue it is important to
be wary of during protein MS is the concentration of the sample. High concentrations can
lead to non-specific binding events been observed and lead to difficulties in achieving a
stable electrospray of the protein as it may crystallise in the tip of the capillary.

1.9.1.

Soluble Protein MS:

Initial work using native MS for analysis of proteins focussed on soluble proteins due to
the relative ease of handling them compared to their insoluble counterparts. However
there are many questions with regard to the validity of the technique due to the
interaction between hydrophilic regions of the soluble proteins becoming exposed to a
vacuum inside the mass spectrometry. This is why many mass spectrometry experiments
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are done in conjunction with other experimental techniques such as cross-linking68, 69 and
x-ray crystallography70, 71 to corroborate the data.

1.9.2.

Membrane Protein MS:

The primary challenge one is faced with when performing MS of membrane proteins is
similar to the challenges faced for most other techniques used when working with
membrane proteins. This issue is their lack of solubility in typical aqueous solutions due
to the high degree of hydrophobicity of the membrane embedded part of the protein. In
order to overcome this problem there is a necessity for the use of a solubilising agent in
order to keep the membrane protein stable while in solution. This leads to a compromise
between choosing the best solubilising agent for stabilising the protein and choosing the
optimal solubilising agent for MS. Traditionally detergents have been used to solubilise
membrane proteins and were also used when the first mass spectra for a membrane
protein was recorded in 200825. However the problem that arose is the difficulty in
maintaining the correct protein stoichiometry whilst still removing the detergent bound
to the protein.
In an effort to find a way around this problem many alternative vehicles for membrane
protein MS have been used including bicelles, nanodiscs and amphipols32. However,
whilst these methods have some advantages over detergent with regard to creating a
more native like environment for the protein, they still require the characteristic high
energies in order to strip them away and reveal the naked membrane protein. There is a
brief discussion of current techniques that have been used for membrane protein MS
below including a small discussion on their relative advantages and disadvantages.
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1.9.2.1.

Detergents:

Initial studies showed that it was possible to get good quality mass spectra from some
detergent solubilised membrane proteins despite the high energies required to strip
away the micelle72. The detergents make use of their hydrophobic tails to stabilise the
transmembrane region of the protein shielding it from unfavourable interactions with
water (Figure 1-14). The hydrophilic heads of the detergent point outwards into the
solvent providing a favourable interaction allowing for the creation of stable proteindetergent micelle.

32

Figure 1-14: Cartoon illustrating a detergent solubilised membrane protein . The teal spheres represent the
hydrophilic head groups of the detergent whilst the grey spirals represent the hydrophobic tails. The membrane
protein itself is shown in red with the transmembrane region solubilised by the detergent.

The advent of new charge reducing detergents have made it easier to remove the
detergent micelle at much lower energies enabling the preservation of some of the noncovalent interactions present in membrane protein complexes73. For example it has been
shown that with the use of C8E4 instead of a more traditional detergent, such as DDM, it
is possible to see the apo protein for the multidrug and toxic compound extrusion
protein, from Pyrococcus furiosus, with as little as 10V applied in the collision cell. This is
far lower than the 100V that is normally required as a minimum for the same protein
using the more traditional DDM73.
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In spite of these advances enabling better quality data to be collected there remains
question marks over the suitability of detergents as a mimic for a lipid bilayer that a
membrane protein usually exists in. Detergents solubilise membrane proteins by creating
a micelle around them with the hydrophobic tails pointed in towards the transmembrane
region of the protein to allow for minimisation of unfavourable interactions of the
hydrophobic regions with water. This is very different to their native environment where
the lipids in the bilayer would be lined up parallel to the protein inserted inside it.

1.9.2.2.

Bicelles:

Bicelles are another of the vehicles that has been used to solubilise membrane proteins
and then utilised for MS. Bicelles are a form of model lipid bilayer where two different
lipids are used one which forms a bilayer around the membrane protein of interest and
the other which form amphiphatic caps on the ends of the bilayer more similar to a
detergent micelle (Figure 1-15). Here the lipids align alongside the transmembrane region
as opposed to having their hydrophobic tails pointing in forming a sphere around it like
detergents. Whilst the lipids line up differently the detergent caps point in to shield the
hydrophobic part of the bilayer in the same way as they shield the transmembrane region
of a membrane protein in a micelle.
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Figure 1-15: Cartoon illustrating a membrane protein solubilised inside a bicelle . The lipids forming the bilayer are
shown with purple head groups while the lipids forming the amphiphatic caps have blue head groups, again the
membrane protein is shown in red with the transmembrane region solubilised by being buried inside the lipid
bilayer.
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The obvious theoretical advantages of bicelles, over simple detergent solubilisation, is
that the environment the protein experiences is far more similar to the native
environment of a cell membrane, due to the fact that the protein has lipids aligned along
the transmembrane axis. However it has been demonstrated that these bicelles require a
large amount of energy in order to release the membrane protein for analysis in the gasphase32.

1.9.2.3.

Amphipols:

Amphipols are a class of surfactants that consist of a hydrophilic backbone with
hydrophobic sidechains grafted on giving them an amphiphilic quality74. Amphipols have
the benefit of stabilising membrane proteins in solution without the need for free
amphipols in solution (Figure 1-16)75, 76. They have been shown to be capable of
sustaining the activity of membrane enzymes in solution. Studies involving E. coli
diacylglycerol kinase have shown that the activity for the enzyme solubilised with just
amphipol have increased activity compared with the same membrane enzyme only
solubilised using detergent75. However despite their ability to successfully solubilise and
stabilise membrane proteins in solution sadly they are not ideal for MS. This is due to the
fact that very high collision energies are required in order to remove the amphipol from
the membrane protein making analysis difficult32.
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Figure 1-16: Cartoon illustration a membrane protein solubilised using amphipols . The membrane protein is shown
in red and is solubilised by rings of the amphipol shown in half grey half black rings. The grey half represent the
hydrophobic side chains grafted onto the surfactant and are on the inside stabilising the hydrophobic
transmembrane region whilst the black half represents the hydrophilic backbone which is free to interact favourably
with the water in solution.

1.9.2.4.

Nanodiscs:

Nanodiscs are made up of two components, a membrane scaffold protein (MSP), which
has a ring structure, and lipids which fill into the centre of the MSP creating a disc 77. Once
again a principle theoretical advantage of using a nanodisc is to get away from the use of
detergents and keep the protein solubilised with something more natural such as lipids.
The presence of a MSP to constrain the lipids also can allow for some lateral pressure to
be exerted in on the protein inserted replicating the normal environment in a lipid bilayer
(Figure 1-17).
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Figure 1-17: Cartoon representing a membrane protein solubilised using a nanodisc . The blue alpha helix rings
round the circumference of the disc represent the membrane scaffold protein, the purple denote the hydrophilic
heads of the lipids with the hydrophobic tails hidden from view inside the disc and the red showing the membrane
protein being solubilised.

Whilst the nanodisc seems a highly advantageous choice for MS, it requires high collision
voltages in order to eject the membrane proteins inserted. Secondly the methods used
for the preparation of the samples require the protein to be purified in detergent initially.
The detergent is removed afterwards in conjunction with inserting the protein in to the
nanodisc, meaning there are still concerns the interaction with the detergent could lead
to some loss of native structure before it reaches the nanodisc.

1.9.2.5.

Lipodisqs:

Lipodisqs closely resemble nanodiscs but with two major differences. Firstly instead of
using MSP to constrain the disc a polymer is used. One of the more commonly used
polymers is made of a mixture of styrene and maleic acid (SMA), and can stablilise a disc
similarly to the way in which MSP can. Secondly the addition of the co-polymer to cell
membranes will cause the co-polymer to act as a “cookie cutter” solubilising sections of
the membrane78.
The benefit of using lipodisqs over other techniques is clear as it has all the benefits of
nanodiscs, coupled with the possibility of directly extracting the protein of interest from
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its native environment including lipids. This benefit also means that the sample for MS
can be made in a completely detergent free method. This means that there is no reason
to believe that the protein should lose its native structure or stoichiometry. An example
of a membrane protein solubilised inside a lipodisq is shown in Figure 1-1833.
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Figure 1-18: Cartoon showing a membrane protein solubilised inside a lipodisq . The membrane protein is shown in
green with the lipids in grey and the co-polymer is shown in light blue.

This technique has been shown to be generally effective at stably solubilising membrane
proteins, with many membrane proteins already characterised inside these lipodisqs33, 79.
It has been shown to be applicable to a number of different membrane proteins so far
and it is wide applicability in combination with the ability to retain aspect of the native
environment makes it an incredibly attractive tool. The work in this thesis details the use
of this copolymer for membrane protein MS and addresses some of the challenges and
opportunities this presents.
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2.

Hydrodynamic Comparison of Solution and Gas-Phase Protein
Shape and Sizes:

2.1.

Introduction:

This chapter details the work comparing the shape and size of proteins in solution, obtained
using DLS, and in the gas-phase, using ion mobility. The significance of this work derives
from the increasing popularity of IM-MS as a tool for interrogating protein structures, due to
its ability to deduce information about a protein’s shape and size1, 2, 3. IM-MS has significant
advantages as a technique compared to traditional methods for obtaining low resolution
structural information. Compared to small angle x-ray scattering (SAXS), analytical
ultracentrifugation (AUC) and DLS, IM-MS has the benefit of requiring far less sample, only a
few microlitres of sample at micromolar concentration, coupled with a significantly shorter
timescale for the experiment.
The benefits in terms of speed and the reduction in the amount of sample required per
experiment, has led to an explosion in the prevalence of mobility data for proteins. This in
turn has caused more questions about its viability as a technique for interrogating proteins’
native structure. These concerns are typically around the effect of ionisation and
desolvation on the structure of a protein complex. However there have been studies to
show that proteins can remain stable in the gas-phase for periods of time longer than the
usual IM-MS experiment. It is important to note, however, that the gas-phase stability for
any protein ion is dependent on both the charge and protein in question 4, 5.
Despite the evidence that proteins can remain folded and stable during an IM-MS
experiment, there remains an issue in the different collision cross-sections obtained from
experimental data and from those obtained using known crystal structures coupled with
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computational methods. The best example of this can be seen in that despite the
development of many advanced computational methods which simulate IM-MS6, 7, 8, 9, 10 a
simple scaled projection is still generally accepted as the best method to accurately predict
the collision cross-section that will be measured experimentally11. A potential rationale for
the lack of agreement between the more rigorous computationally calculated cross-sections
and the experimentally obtained values would be a partial collapse of structure in the gasphase. If there was to be a slight structural alteration of the protein when moving from the
solution-phase to the gas-phase it would account for these discrepancies.

2.2.

Experimental Outline:

In order to effectively probe whether protein structure is maintained after the proteins are
transferred to the gas-phase, it is important to utilise two techniques which give
comparable data. Given that the purpose of this work is to understand the relationship
between IM-MS cross-sections and similar resolution structural information from another
source, it is obvious to use IM-MS for the gas-phase technique. However, the choice of
technique to use for comparable data is not as straightforward, with a range of options to
choose from in analytical ultracentrifugation (AUC), small angle x-ray scattering (SAXS), and
dynamic light scattering (DLS).
The choice between AUC, SAXS and DLS comes down to a number of different factors. These
include ease of performing the experiments, as well as the levels of data it is possible to get
out of the experiments. Both the AUC and DLS experiments take place in solution with the
SAXS experiment being capable of running in solid or liquid form. All of these methods
available allow for the freedom to choose our preferred buffer for the experiment. This
means they can all be run in the same buffer that the IM-MS experiment is conducted in.
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This leaves the choice of technique being dependent upon their ability to easily separate out
the different oligomeric states of the proteins before the analysis takes place.
Using this rationale, it was decided to utilise DLS over AUC and SAXS, as it is possible to
couple DLS with size exclusion chromatography (SEC). The combination of these two
techniques has a double benefit: firstly, the use of SEC means that different oligomeric
states are separated out during the course of a run, and secondly by introducing the sample
eluting from the column directly into the DLS cell multiple data points can be collect from
each experiment. This leads to much easier identification of outliers and a much higher level
of confidence in the data acquired for each protein.
The DLS experiment allows us to gain multiple auto-correlation functions for each sample as
discussed in the Introduction. These in turn allow for the calculation of a number of
different Stokes radii for each sample in a single run as detailed earlier.
Experimental data was obtained during the course of a number of weeks. This lead to a
natural variation in the experimental conditions during each run. The standardisation of all
determined diffusion co-efficients eliminates any discrepancies which might arise from
these factors. This can be done simply by standardising them using Equation 2.1 where
Do20,w is the diffusion co-efficient at standard conditions of 20 degrees Celsius in water, Do is
the measured diffusion co-efficient, T is the temperature of the experiment in Kelvin, ηsoln,T
is the viscosity of the solvent at the temperature of the experiment, and η20,w is the viscosity
of water at 20 degrees Celsius.
(Equation 2.1)
293.15 𝜂𝑠𝑜𝑙𝑛,𝑇
𝐷∘20,𝑤 = 𝐷∘ (
)(
)
𝑇
𝜂20,𝑤
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These standardised diffusion co-efficients can then be used with the Einstein-Stokes
equation shown in Equation 2.212 to calculated standardised Stokes radii for the protein or
protein complexes.
(Equation 2.2)
𝑅𝑠 =

𝑘𝐵 𝑇
°
6𝜋𝜂𝐷20,𝑤

Whilst this gives us a Stokes radius for the proteins it is important to note that this is not the
same as the radius the protein will have in the gas-phase. While proteins are in solution they
will have an associated hydration shell of water molecules that will tend to move with the
proteins13. This effect is important as it affects the initial measurement of the diffusion coefficient underestimating it compared to the naked protein.
The radius of the anhydrous protein can then be calculated by making use of a hydration
factor (δ), the partial volume of the protein (𝑣̅ ) and the density of the solvent (ρ). The
hydration factor for a protein is defined as the grams of water association with a protein per
gram of protein. Using this relationship (Equation 2.4) and the volume of a sphere (Equation
2.3) in combination it is possible to define the radius of the anhydrous protein as given in
Equation 2.5:
(Equation 2.3)
𝑉=

4 3
𝜋𝑟
3
(Equation 2.4)

𝛿 = 𝑣̅ 𝜌 (

𝑉ℎ𝑦.
− 1)
𝑉𝑎𝑛ℎ𝑦.

54

(Equation 2.5)
𝑅𝑎𝑛ℎ𝑦𝑑. =

𝑅𝑠 𝑣̅ 𝜌
3

√𝑣̅ 2 𝜌2 (𝑣̅ 𝜌 + 𝛿)

Having derived a radius for the protein of interest, stripped of its hydration shell, it is then
possible to determine the expected collision cross-section (Ω) for this protein in the gasphase. This can be done simply using Equation 2.611 below which accounts for the radius of
the ion being analysed (Ri) as well as the buffer gas it interacts with (RHe) during the mobility
measurement. However, one other term is necessary to account for the inelastic ion/neutral
collisions - this is a drag enhancement term (ξ). Note this equation is only correct for when
the ion-mobility experiment uses helium as its buffer gas.
(Equation 2.6)
Ω = 𝜋(𝑅𝑖 + 𝑅𝐻𝑒 )2 × 𝜉

This drag factor has been determined empirically by Millikan to be 1.36, which according to
Epstein relates to the percentage (91%) of neutrals that interact with the ion as shown in
Equation 2.7.14, 15, 16
(Equation 2.7)
𝜉=

𝜋0.91
8

Through the use of all the experiments and equations described above it is possible to
calculate a collision cross-section for proteins in the gas-phase from their measure diffusion
co-efficients in solution:
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(Equation 2.8)
𝑘𝐵 𝑇 ̅
𝑣𝜌
6𝜋𝜂𝐷°20,𝑤

Ω=𝜋

3

(

2.3.

√𝑣
̅2 𝜌2 (𝑣
̅ 𝜌 + 𝛿)

2

+ 𝑅𝐻𝑒

×𝜉
)

Experimental Setup:

To perform the online SEC-DLS measurements all proteins detailed in Table 2-1 were
purchased as dry powders and prepared as detailed in Materials and Methods.
Protein

Mass (kDa)

n

Cytochrome C

11.8

1

Lysozyme

14.3

1

Myoglobin

17.7

1

Chymotrypsin

25.7

1

Ovalbumin

44.3

1

Transthyretin

55.1

4

Avidin

58.5

4

Bovine serum albumin

69.3

1

Alcohol dehydrogenase

147.4

4

Aldolase

157.5

4

Pyruvate kinase

232.6

4

Glutamate dehydrogenase

329.6

6

β-Galactosidase

475.6

4

Table 2-1: Summary of proteins used for the DLS experiments along with their masses and oligomeric states.

The prepared samples were then injected and then eluted using a SuperDex 75 10/300 as
describe in Materials and Methods and then analysed using a Dawn Heleos II modified with
an inboard quasielastic light scatterer. The UV absorbance, diffractive index and diffusion
co-efficient were all obtained as a function of time over each run. A cartoon depicting the
experimental setup is shown below (Figure 2-2)
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Figure 2-1: Cartoon schematic of the DLS experimental setup with the sample undergoing separation on the size
exclusion column before analysis by DLS and then UV/Vis to identify the elution time for each protein.

2.4.

Validation of Experimental Methodology:

A primary concern in performing this work was whether the different experimental
methodologies would have similar shape dependencies. If there was a significant difference
in the shape dependencies between the different methods, then despite no change in the
protein structure between the solution and gas-phase, it would still be possible that the
results would suggest that the structure was significantly different.
To validate this approach, formulae are needed to describe the relationship between shape
factors and increasing deviation from perfectly symmetrical shapes. This is done by
considering the change in shape factors for both oblate and prolate shapes as a result of
deviation from a sphere. For DLS it is possible to describe the shape and size relationships
using the Perrin translational friction factors, f(P) for two-component ellipsoids17, 18. The
term f(P) is a radial shape factor (Rsf) defining the relationship between apparent radius and
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ellipsoid axial ratio as shown in Equations 2.9 & 2.10,where q is the axial ratio of the semi
major and semi minor ellipsoid axes (a and b respectively) given by a/b for prolate ellipsoids
and b/a for oblate ellipsoids. The comparative effects of the deviation from sphericality for
DLS and IM-MS are plotted in Figures 2-3 and 2-4.
(Equation 2.9)
√1 − 𝑞 2

𝑓(𝑃) =
𝑞

1
2⁄
3 ln

+ √1 − 𝑞 2
𝑞
(Equation 2.10)

𝑓(𝑃) =

√𝑞 2 − 1
𝑞

2⁄
3 tan−1 √𝑞 2

−1

For the ion-mobility modelling the shape factors (Ωsf) for elliptical size and shape
relationships are estimated based on well-known relationships between the projected area
(PA) and the surface area (SA) for convex bodies as shown in Equation 2.11.
(Equation 2.11)
𝑆𝐴 = 4𝑃𝐴
Using Equation 2.11 it is possible to derive formulae for Ωsf for both oblate and prolate
ellipsoids as shown in Equations 2.12 and 2.13,where α is equal to the angular eccentricity
which for a prolate is arcos(a/b) and for an oblate is arcos (b/a):
(Equation 2.12)
𝑜𝑏𝑙𝑎𝑡𝑒
𝛺𝑠𝑓
=

𝑎𝑏𝛼
2𝜋 (𝑎2 + sin 𝛼 )
3

4𝜋 ( √3𝑉 ⁄4𝜋)
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2

(Equation 2.13)
𝑝𝑟𝑜𝑙𝑎𝑡𝑒
𝛺𝑠𝑓
=

𝑏2
1 + sin 𝛼
2𝜋 [𝑎2 + sin 𝛼 ln ( cos 𝛼 )]
2

3

4𝜋 (√3𝑉 ⁄4𝜋)

The equations for the volumes for an oblate and prolate respectively are given below in
Equation 2.14 and 2.15:
(Equation 2.14)
𝑉 𝑜𝑏𝑙𝑎𝑡𝑒 =

4 2
𝜋𝑎 𝑏
3
(Equation 2.15)

4
𝑉 𝑝𝑟𝑜𝑙𝑎𝑡𝑒 = 𝜋𝑏 2 𝑎
3
Through substitution of the volumes given above into the relevant equations for the
different shape factors it is possible to obtain Equation 2.16 and Equation 2.17. This defines
the shape factor for oblates and prolates solely in terms of a, b and α. This in turn allows for
the definition of the shape factor in terms of the axial ration for the ellipsoids in question.
(Equation 2.16)
𝑜𝑏𝑙𝑎𝑡𝑒
𝛺𝑠𝑓
=

𝑎𝑏𝛼
(𝑎2 + sin 𝛼 )
3

2( √𝑏 2 𝑎)

2

(Equation 2.17)
𝑝𝑟𝑜𝑙𝑎𝑡𝑒
𝛺𝑠𝑓
=

𝑏2
1 + sin 𝛼
[𝑎2 + sin 𝛼 ln ( cos 𝛼 )]
3

2( √𝑎2 𝑏)

2

In order to bring the shape factor for IM-MS in line with that for DLS it is rescaled to √Ωsf.
The plot for the shape factors against axial ratio is shown below in Figure 2-2:
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Figure 2-2: Shape factors for oblates are shown in blue whilst shape factors for prolates are shown in red. IM-MS shape
factors are represented as dotted lines whilst those for DLS are represented by solid lines.

Figure 2-2 demonstrates that there is relatively little difference between the shape factors,
provided the axial ratios are not too high. For this reason this study was undertaken using
predominantly globular proteins where the distortion away from a perfect sphere is kept as
minimal as possible. For simplicity the deviations for oblates and prolates between the
different experimental techniques are plotted below. Figure 2-3 demonstrates that even
with an axial ratio as high as three, where there is a distinct deviation from sphericality, the
difference between the two methods is less than 2.5%. This shows that for globular proteins
there is little to no difference between the shape factors observed for DLS and IM-MS. From
this it was concluded that making a direct comparison between IM-MS and DLS data is
appropriate, provided the proteins used are all spherical or reasonably close to it.

60

Figure 2-3: The percentage difference between the DLS and IM-MS shape factors defined as Rsf/√Ωsf. Deviations for
oblates are shown in blue and those for prolates are shown in red.

With that in mind the following proteins were selected for use in this work: Cytochrome C,
Myoglobin, Lysozyme, Chymotrypsin, Ovalbumin, Transthyretin, Avidin, Bovine Serum
Albumin, Alcohol Dehydrogenase, Aldolase, Pyruvate Kinase, Glutamate Dehydrogenase and
β-Galactosidase. These proteins have the benefit of all being commercially available in
addition to fulfilling the requirement of being close to spherical as can be seen in Figure 2-4:
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19

20

21

Figure 2-4: X-ray crystal structures of all proteins used (a) Cytochrome C , (b) Lysozyme , (c) Myoglobin , (d)
22
23
24
25
23
Chymotrypsin , (e) Ovalbumin , (f) Transthyretin , (g) Avidin , (h) Bovine Serum Albumin , (i) Alcohol
26
27
28
29
30
Dehydrogenase , (j) Aldolase , (k) Pyruvate Kinase , (l) Glutamate Dehydrogenase , (m) β-Galactosidase

62

2.5.

Results:

Results for this chapter are broken down into a number of constituent parts. The first details
with the initial results from the DLS experiment. The following section discusses how to put
these results into context by calibrating for the buffers used. The third subsection discusses
the raw ion-mobility results, before a complete discussion of the insights we can get about
ion-mobility data from the DLS data. Finally in the last subsection of the results I discuss the
way our results compare with the Millikan drag factor depending on the analysis
methodology used.

2.5.1.

DLS Results:

The diffusion co-efficients (D°) for each protein were obtained using SEC-DLS in 200 mM
ammonium acetate as described earlier. These diffusion co-efficients are determined from
the auto-correlation function from each protein. The setup used of an online DLS system
connected to the SEC column allows for values for g2(τ) to be taken every two seconds. This,
combined with all proteins being eluted over a volume of more than one ml, allows for over
100 independent values of D° to be collected per elution of protein or protein complex.
From the initial data sets acquired an initial filter was manually applied to remove the fringe
10% of values. This was done due to the lower concentration of protein present when the
DLS experiment was performed leading to a large variance in the values determined for D°
(Figure 2-5). In addition to this initial filter for each data set the mean and standard
deviation were then calculated and any data points that were more than three standard
deviations away from the mean were identified as outliers and removed from the
determination of the average diffusion co-efficient.

63

Figure 2-5: UV absorption for the elution peak for the alcohol dehydrogenase tetramer (red) with the diffusion
coefficients for each point shown. The peripheral values are excluded (hollow blue circles) with the remaining values
inside three standard deviations used (hollow green circles) whilst values outside three standard deviations (filled
purple squares) are considered outliers and removed from the dataset.

For each protein all the measured D° values need to be standardised to account for the
solvent viscosity and temperature. This can be done using Equation 2.1 which allows for this
conversion to take place, providing the temperature of the initial experiment and relevant
viscosities are known. However there is a well-documented link between viscosity and
temperature, so in order to effectively standardise the protein diffusion co-efficients a
calibration curve for viscosity of 200 mM ammonium acetate is required.
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2.5.2.

Creating a Calibration Curve:

To create a calibration curve the viscosity of 200 mM ammonium acetate was measured at
5°C, 15°C and 30°C using a rolling ball viscometer. Measurements for the viscosity at each
temperature were taken three times and then averaged. Then a calibration curve was
generated by making use of the relationship between the viscosity of the solvent and the
solution as shown in Equation 2.18 where ηAA,T is the viscosity of ammonium acetate at
temperature T, 𝜂𝐴𝐴,𝑇𝑐 is the viscosity of ammonium acetate at the calibration temperature,
𝜂𝐻2 𝑂,𝑇 is the viscosity of water at temperature T and 𝜂𝐻2 𝑂,𝑇𝑐 is the viscosity of water at the
calibration temperature.
(Equation 2.18)
𝜂𝐻 𝑂,𝑇
𝜂𝐴𝐴,𝑇
= 2
𝜂𝐴𝐴,𝑇𝑐 𝜂𝐻2 𝑂,𝑇𝑐
The viscosity of water can be calculated from the temperature as shown using Equation 2.19
and Equation 2.20. Equation 2.19 is used when the temperature is above 20°C and Equation
2.20 is used when the temperature is less than 20°C.
(Equation 2.19)
log10 𝜂𝑇 =

1301
− 1.30233
998.333 + 8.1855(𝑇 − 20) + 0.00585(𝑇 − 20)2
(Equation 2.20)

log10

𝜂𝑇 1.3272(20 − 𝑇) − 0.001053(𝑇 − 20)2
=
𝜂20
𝑇 + 105

The calibration curve is then generated by averaging the viscosity generated from each of
the three different calibration points. The calibration curve generated for 200 mM
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ammonium acetate is shown below in Figure 2-6 with a comparison with pure water shown
as well.

Figure 2-6: Calibration curve for viscosity of 200 mM ammonium acetate depending on temperature (green) is shown
with the standard deviation from the three different calibration temperatures (red) shown. Calibration viscosities are
also shown (black crosses) as well as the viscosity of water for comparison (blue)

Once the calibration curve was made, it was possible to combine the data obtained using
the DLS experiment with the calibration curve to derive standardised diffusion co-efficients
for each of the samples used. Combining the standardised diffusion co-efficients with
Equation 2.2 to get a Stokes radius for each hydrated protein or protein complex in this
work is detailed in Table 2-2:
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∘
𝐷20,𝑤

Protein

Mass (kDa)

n

Cytochrome C

11.8

1

13.0±1.6

1.62±0.2

Lysozyme

14.3

1

11.6±0.4

1.85±0.1

Myoglobin

17.7

1

11.7±1.1

1.83±0.2

Chymotrypsin

25.7

1

9.6±0.3

2.23±0.1

Ovalbumin

44.3

1

7.0±0.3

3.06±0.1

Transthyretin

55.1

4

6.3±0.1

3.38±0.1

Avidin

58.5

4

6.3±0.5

3.42±0.3

Bovine serum albumin

69.3

1

6.1±0.6

3.50±0.3

Alcohol dehydrogenase

147.4

4

4.8±0.2

4.48±0.2

Aldolase

157.5

4

4.9±0.2

4.34±0.3

Pyruvate kinase

232.6

4

4.1±0.2

5.17±0.2

Glutamate dehydrogenase

329.6

6

3.6±0.1

6.02±0.2

β-Galactosidase

475.6

4

3.4±0.1

6.35±0.1

RS (nm)

Table 2-2: Summary of data obtained from the DLS experiment. Protein masses and stoichiometries (n) were obtained
from previously reported values. D°20,w were determined experimentally in 200 mM ammonium acetate as described
earlier and given in Fick’s units. Stokes radii were calculated from the diffusion co-efficients using Equation 2.3. Errors
are ± one standard deviation of the mean.

2.5.3.

IM-MS Results:

Collison cross-sections were obtained via direct measurement on an in-house linear field
radiofrequency confined ion-mobility mass spectrometer, where they were unavailable
from literature. Drift times were obtained directly from the experiment and all of the
temperature, pressure and acceleration voltage were recorded. From the drift time
measured and knowing td0 for the instrument the mobility for each protein can be
calculated using Equation 1.4. The mobilities were then all standardised to obtain a K0 value
as shown in Equation 2.21.
(Equation 2.21)
𝐾0 = 𝐾 ×

273.15
𝑃
×
𝑇
760

From the standardised mobilities the collision cross-section can then be determined using
Equation 1.5. For each protein the collision cross-sections were averaged, both across all
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available charge states, and over all replicate experiments. The reported error was the
standard deviation of all the Ω values obtained. IM-MS shows one of its primary benefits
here as the presence of multiple charge states allows for multiple measurements of the
collision cross-section during the course of a single experiment.

Figure 2-7: Ion-mobility spectrum (upper) and mass spectrum (lower) for aldolase as recorded on the in-house linear
field synapt.

Each peak in the mobility spectrum was taken and fitted to a Gaussian distribution, as
shown in Figure 2-8. The mean value for the peak is then used for the drift time
measurement for each mobility calculation, and the standardised mobility constants are
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then used in conjunction with Equation 1.5 to calculate the collision cross-sections.

Figure 2-8: Example of the fitting of measured drift times to a Gaussian distribution for the 26+ charge state of aldolase.
The experimental drift times are shown in red whilst the Gaussian fit is shown in blue. The drift time used for the
collision cross-section is the centre of the Gaussian fit.

The collision cross-sections for the twelve different proteins used were obtained using the
experimental setup described previously or taken from literature where available11. The
results for these are shown in Table 2-3, along with their mass and the oligomeric state the
protein is observed in:
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Protein

Mass (kDa)

n observed

Ω (nm2)

Cytochrome C

11.8

1

12.6±0.311

Lysozyme

14.3

1

14.7±0.9

Myoglobin

17.7

1

16.7±0.111

Chymotrypsin

25.7

1

18.7±0.4

Ovalbumin

44.3

1

31.8±0.1

Transthyretin

55.1

4

34.0±0.211

Avidin

58.5

4

36.4±0.011

Bovine serum albumin

69.3

1

40.7±0.311

Alcohol dehydrogenase

147.4

4

68.6±1.011

Aldolase

157.5

4

80.1±0.5

Pyruvate kinase

232.6

4

102.2±1.211

Glutamate dehydrogenase

329.6

6

128.0±0.011

β-Galactosidase

475.6

4

155.2±0.5

Table 2-3: Summary of data obtained from the IM-MS experiment. Protein masses and stoichiometries (n) were
obtained from previously reported values. Ω is the mean experimental collision cross-section from all charge states.
Errors are ± one standard deviation of the mean. Values taken from literature are

2.6.

Comparison of DLS Data with IM-MS Data:

From the results above it is now possible to compare the predicted collision cross-section
for each protein based on the radius measured in solution. This can be done by using
Equation 2.6 with a value of 1.36 used for ξ. For this methodology, a series of predicted
cross-sections can be determined and compared directly with the experimentally
determined cross-sections as shown in Figure 2-9:
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Figure 2-9: Experimental collision cross-sections (red) compared to those calculated based on the Stokes radii obtained
via DLS (Blue).

This comparison above shows that the Ω values generated from the DLS experiment are
incompatible with those directly measured using ion-mobility. The DLS derived collision
cross-sections in blue are all significantly larger than those measured directly in the IM-MS
experiment. This could be interpreted as evidence supporting the theory that proteins
undergo collapse in the gas-phase leading to a reduction in the observed Ω values. However,
an alternative theory is that, by using raw Stokes radii for the proteins, the water associated
with them in solution leads to inflated radii compared to the gas-phase measurement.
In order to achieve a more realistic comparison between the DLS data and the IM-MS data
the next step is to try to take into account the hydration of the protein. In order to do this,
two possible approaches were considered in order to account for the hydration shell
surrounding the protein. The hydration shell is defined as the water that differs from the
bulk of the solution due to its interaction with the protein. The amount of water associated
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with the protein in solution (δ) can be estimated using the Kuntz method31. This
methodology works on the assumption that the hydration factor for any protein can be
determined as a combination of the hydration factors for all the constituent amino acids.
This is done as shown below using Equation 2.22 to generate a hydration factor for any
protein with a known amino acid sequence, where Hi is the hydration factor for amino acid
“i,” Ni is the number of amino acid “i” and Mr is the mass of protein.
(Equation 2.22)
𝛿=

18
∑ 𝐻𝑖 𝑁𝑖
𝑀𝑟

There are potential drawbacks to using this method, as there are concerns as to whether all
of the assumptions made in this methodology hold true. In particular, there is reason to
doubt the assumption that, regardless of the environment, all the amino acids are hydrated
to the same extent. This is unlikely as with larger proteins some amino acids will be buried in
an area less accessible to solvent, therefore those residues are very unlikely to be hydrated
as fully as those which are fully solvent accessible. This can be seen in that, for the proteins
with reported δ by Kuntz, the observed values are generally significantly lower than those
calculated31. The computer program SEDNTERP (http://www.rasmb.bbri.org/) combined
with the FASTA sequences available from the protein data bank for each protein used to
calculate the hydration factors is detailed below in Table 2-4:
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Protein

Mass (kDa)

PDB

δ (gwater/gprotein)
19

0.447

14.3

1HRC
code
1HEL20

Myoglobin

17.7

1WLA21

0.442

Chymotrypsin

25.7

1EX322

0.328

Ovalbumin

44.3

1OVA32

0.328

Transthyretin

55.1

1F4124

0.436

Avidin

58.5

1VYO25

0.366

Bovine serum albumin

69.3

3V0323

0.450

Alcohol dehydrogenase

147.4

2HCY26

0.398

Aldolase

157.5

1ADO27

0.411

Pyruvate kinase

232.6

1F3W28

0.408

Glutamate

329.6

1NR729

0.402

β-Galactosidase
dehydrogenase

475.6

1DP030

0.385

Cytochrome C

11.8

Lysozyme

0.338

Table 2-4: Data listing the hydration factors for each protein used in this work based upon the Kuntz method calculated
using the PDB IDs listed above and the SEDNTERP software.

The second option is to assume that the δ is similar for all proteins and use one value for all.
Values for δ have been reported as falling in between 0.2 and 0.5 across the literature, but
the use of an average value for δ simplifies accounting for hydration, given most proteins
with measured hydration factors fall inside the range of 0.2 to 0.4 for δ33, 34. There is a
significant difference in the end results of the theoretical cross-sections depending on the
method used for determining δ as can be seen in Figure 2-10.
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Figure 2-10: Figure showing the cross-sections calculated from the DLS data based on two different hydration factors
either the Kuntz method (blue) or the averaged value of 0.3 (red) as well as the cross-sections obtained directly from
ion-mobility measurements (green).

Figure 2-10 shows the difference between the ion mobility cross-sections and the ones
derived from the two different options for δ. One of the most interesting results from this is
that, independent of the methods used for determining the water associated with the
protein, for the majority of proteins the largest collision cross-section is observed directly
from the ion-mobility measurement. This result is particularly interesting since a main
criticism of MS as a technique is the concern that proteins in the gas-phase might undergo
collapse due to the hydrophobic environment in the vacuum, causing the protein to become
unstable. If this was the case the results should show a larger cross-section for the proteins
determined from their solution-phase properties. Whilst this was the case for the very initial
results as shown by Figure 2-9, to not take into consideration the water associated with the
protein in solution would be a considerable oversight.
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2.7.

Validation of the Millikan Drag Factor:

The final insight that this body of work can give with regard to comparisons of the solution
phase and gas phase protein structures comes in the validation of the Millikan drag factor.
This factor has been suggested in the past to have a value of 1.36, as discussed earlier in the
Experimental Outline. With the data gathered from the DLS experiment it is also possible to
experimentally determine a value for the drag factor by using Equation 2.6.
In order to do this, a comparison between the experimentally determined collision crosssections from the IM-MS experiments and the de-wetted Stokes radii of the proteins can be
made. Using Equation 2.6 and substituting in the radius for the de-wetted protein (Ranyd.) for
the radius of the ion (Ri) links together the experimentally determined collision cross-section
and the solution-phase determined de-wetted Stokes radii, leading to Equation 2.23 below:
(Equation 2.23)
𝛺 = 𝜋(𝑅𝑎𝑛ℎ𝑦𝑑. + 𝑅𝐻𝑒 )2 × 𝜉
From Equation 2.23, if we substitute in using the equation for Ranhyd. as given in Equation
2.5, we can directly link the calculated Stokes radii to the ion-mobility measurements as
shown in Equation 2.24.
(Equation 2.24)
𝑅𝑠 𝑣
̅𝜌

2

𝛺 = 𝜋 (3
+ 𝑅𝐻𝑒 ) × 𝜉
√𝑣̅2 𝜌2 (𝑣̅𝜌 + 𝛿)
In order to use Equation 2.24 it is important to note the specific partial volumes will be
specific to each protein used. For this work the individual specific partial volumes were
calculated from the protein sequences using the SEDNTERP computer program, allowing for
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accurate calculation of expected cross-sections based on each measurement for the Stokes
radius in solution.
In order to determine a value for the Millikan drag factor it is necessary to make a series of
plots of the expected radii of the proteins in solution against their cross-section values
available in the gas-phase. Figures 2-11, 2-12 and 2-13 show a range of plots, each of which
could be used to determine a value for the Millikan drag factor. Whilst Figure 2-11 shows a
simple plot of the experimentally determined Stokes radii against the collision crosssections, Figure 2-12 and 2-13 are for Stokes radii which have both attempted to
compensate for the dewetting of the protein as discussed earlier, covering both the Kuntz
method for accounting for protein hydration, as well as a simplified average of the hydration
factors for all proteins used.

Figure 2-11: Figure comparing the radii measured directly from DLS data with the measured collision cross-sections from
the ion-mobility experiment. In addition to the DLS data (red with black error bars), for reference a number of Millikan
drag factors are plotted using Equation 2.23 (represented with solid lines of differing colours). Additionally, the best fit
2
from minimising the R error this is shown in a dashed black line.
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Figure 2-11 shows that the calculated value for the Millikan drag factor is significantly at
odds with the conventional expectation. However, as explained earlier in this chapter, this is
not unexpected due to the significant effect of protein hydration. This merely reinforces the
fact that not taking into account this affect when interpreting the DLS data could lead to a
significant misinterpretation of the results.

Figure 2-12: Figure comparing the radii measured directly from DLS data after dewetting the protein using the Kuntz
methodology for determining the δ with the measured collision cross-sections from the ion-mobility experiment. In
addition to the DLS data (red with black error bars), for reference a number of Millikan drag factors are plotted using
2
Equation 2.23 (represented with solid lines of differing colours). Additionally, the best fit from minimising the R error is
shown in a dashed black line.
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Figure 2-13: Figure comparing the radii measured directly from DLS data after dewetting the protein using a general δ
value of 0.3 with the measured collision cross-sections from the ion-mobility experiment. In addition to the DLS data
(red with black error bars), for reference a number of Millikan drag factors are plotted using Equation 2.23 (represented
2
with solid lines of differing colours). Additionally the best fit from minimising the R error is shown in a dashed black
line.

Figures 2-12 and 2-13 demonstrate that the Millikan drag factor is in close agreement with
the previously determined Millikan drag factor of 1.36. The value for the Millikan drag factor
was determined by minimising the sum of mean squared errors as shown in Equation 2.25,
where E is the difference between the expected value and the observed value, Ω is the
collision cross-section, ξ is the Millikan drag factor, RS, is the Stokes radii for the protein, and
RHe is the radius of helium:
(Equation 2.25)
𝐸 = √( Ω − 𝜉 ∗ 𝜋(𝑅𝑆 + 𝑅𝐻𝑒 )2 )2

Depending on the methodology used to account for the hydration of the protein, the value
calculated for the Millikan drag factor is calculated as either 1.48 using the Kuntz method for
protein hydration factors or 1.39 using an average value of 0.3. Given the rigorous
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investigations into the Millikan drag factor done previously, the much closer agreement with
the known value of 1.36, using a δ of 0.3 instead of one calculated using the Kuntz method,
suggests this is a better way to account for the hydration of the proteins in solution.

2.8.

Conclusions:

There are a number of conclusions that can be drawn from the work detailed in this chapter.
The first and most fundamental is that it is possible to obtain low resolution structural
information about the proteins of interest using DLS and IM-MS. Secondly, by modelling the
shape factors of the two different techniques we can see that it is possible to compare like
for like between DLS and IM-MS as long as the proteins used are relatively globular in their
structures.
When the DLS data is compared to the IM-MS data after appropriate steps have been taken
to account for the hydration of the protein and the solvent viscosity, we can see a
favourable comparison that suggests, within the resolution of the experiments, that the
proteins maintain their solution-phase structure during the course of the IM-MS
experiment. This work suggests that conclusions drawn from IM-MS data can be considered
to be applicable to the proteins in the solution-phase as well.
In the final section of this work the comparison of the experimentally determined Millikan
drag factors with the known values of 1.36 leads to one of two possible conclusions. The
first of these is that with a δ of 0.3 gwater/gprotein there is an excellent agreement with the
expected value for the Millikan factor. The alternative, albeit less likely, conclusion could be
that, in using a higher hydration factor (consistent with those calculated using the Kuntz
method as detailed in Table 2-4), a higher Millikan drag factor is required in order to
correlate the solution-phase and gas-phase data. The need for a higher Millikan drag factor
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when it is known to be 1.36 could be interpreted as evidence for collapse of proteins in the
gas-phase, as has been previously theorised. However, given that the Kuntz methodology is
not well suited for use with larger protein complexes, as previously discussed, if there is an
effect it is likely to small and not significant in terms of the overall protein structure.
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3.

Comparison of Computationally Calculated Collision Cross-Sections
with Experimentally Determined Collision Cross-Sections:

3.1.

Introduction:

This chapter builds on the work done in the previous chapter by introducing a comparison of
the experimental data with computationally derived data. With the growth in use of IM-MS
data there have been multiple attempts to model the ion-mobility experiment
computationally in order to have a comparison with known structures. These structures can
be obtained using a variety of techniques such as; x-ray crystallography, solution phase
NMR, solid state NMR and EM.
The comparison with computationally calculated data is particularly interesting given it
might be possible in this data to see if a protein is undergoing large changes going into the
gas-phase if it is possible to correctly predict the expected cross-section from structures in
solution. In order to investigate the differences between the different methods all the
proteins investigated in chapter two had their collision cross-sections calculated using a set
of four different computational methods and then compared with data from direct gasphase IM-MS collision cross-section data.

3.2.

Experimental Outline:

To perform the experimental calculations a suitable atomic structure for each protein used
needed to be found. In order to have consistency between the types of structures used for
each calculation and the much greater availability of x-ray crystal structures it was decided
to use structures that had been solved using that methodology. The PDB code for each
structure used is listed below in Table 3-1:
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Protein

Mass (kDa)

PDB code n in PDB
1

n observed

Cytochrome C

11.8

1HRC

1

1

Lysozyme

14.3

1HEL2

1

1

Myoglobin

17.7

1WLA3

1

1

Chymotrypsin

25.7

1EX34

1

1

Ovalbumin

44.3

1OVA5

4

1

Transthyretin

55.1

1F416

2

4

Avidin

58.5

1VYO7

2

4

Bovine serum albumin

69.3

3V038

2

1

Alcohol dehydrogenase

147.4

2HCY9

4

4

Aldolase

157.5

1ADO10

4

4

Pyruvate kinase

232.6

1F3W11

8

4

Glutamate dehydrogenase

329.6

1NR712

12

6

β-Galactosidase

475.6

1DP013

4

4

Table 3-1: Details of proteins used during these experiments, the pdb codes used for the structures and the oligomeric
states in the crystal structures and observed during IM-MS

Before any of these structures could be used for calculations there is a small amount of
manipulation to do in order to make sure we making a fair comparison. This
manipulation was necessary to obtain a structure that was reconcilable with the
observed oligomeric states in the IM-MS and DLS experiments. There were three stages
to this process, which was carried out by Erik Marklund: Firstly any atoms present in
the protein sequence but not accounted for in the structure were added using the
WHATIF server (http://swift.cmbi.ru.nl/servers/html/index.html). Secondly it was
necessary to take into account some missing residues and build them on to the
structures using ModLoop14. Finally in some cases it was necessary to actually alter the
oligomeric state for some of the structures as can be seen in Table 3-1, the necessary
adjustments were then made using UCSF Chimera15. Following this all structures were
then protonated before running them through MOBCAL to determine the collision
cross-sections for the PA16, EHSS17 and TJM18 methods. For the PSA19 method the
structures were submitted to the PSA web server at 300K in Helium. The errors
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reported for the calculations are one standard deviation from the mean for 16 different
calculations for all the MOBCAL determined cross-sections, whilst for the PSA the error
we record here is the same as taken directly from the report generated from the PSA
server.

3.3.

Computational Results:

All of the proteins listed in Table 3-1 went through the manipulation process described
in the experimental outline. The resulting computational calculations are tabulated
below in Table 3-2 with errors reported as described earlier. There are missing values
for ΩPSA for β-Galactosidase due to an error when running the calculation on the PSA
server:
Protein

Mass

ΩPA

ΩEHSS

ΩTJM

ΩPSA

Cytochrome C

10.9±0.1

13.5±0.0

13.5±0.1

13.2±0.1

Lysozyme

11.8
(kDa)
14.3

12.1±0.1

15.2±0.0

15.1±0.1

14.6±0.2

Myoglobin

17.7

14.0±0.1

17.6±0.0

17.7±0.1

17.3±0.2

Chymotrypsin

25.7

17.4±0.1

22.4±0.0

22.4±0.1

21.5±0.2

Ovalbumin

44.3

26.8±0.2

34.9±0.0

35.2±0.2

33.3±0.4

Transthyretin

55.1

32.1±0.3

41.6.±0.0

41.3±0.3

37.2±0.4

Avidin

58.5

32.0±0.2

41.7±0.0

41.7±0.3

38.8±0.3

Bovine serum albumin

69.3

38.7±0.3

51.0±0.0

50.8±0.3

47.2±0.5

Alcohol dehydrogenase

147.4

62.3±0.6

83.3±0.1

82.7±0.4

78.2±0.8

Aldolase

157.5

68.7±0.5

90.3±0.1

90.4±0.5

80.4±0.7

Pyruvate kinase

232.6

86.8±0.8

116.9±0.1

117.1±0.6 107.8±1.6

Glutamate dehydrogenase

329.6

112.0±0.8

149.7±0.1

148.8±0.7 169.7±2.3

β-Galactosidase

475.6

138.9±1.1

188.9±0.2

189.1±1.1 NA

Table 3-2: Summary of computationally calculated cross-sections for all the proteins used in this work.

The first and most immediate observation from these initial results is the difference
between the calculated cross-sections from different methodologies. The most dramatic
difference comes in the calculation based on the projection approximation. This is not
necessarily surprising in and of itself due to the relatively simplistic nature of the
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method. It has been shown previously that the best predictor for proteins collision
cross-sections in the gas phase is a scaled projection approximation. This is done using a
scaling factor of 1.14 which has been empirically derived from ion-mobility studies
done previously20.

Figure 3-1: Plot of the ln of the mass of the proteins studied against the ln of the cross-sections determined using the
computational methods described previously.

The second observation from this data is the relative consistency in terms of predicted
cross-sections for the protein complexes for the EHSS and the TJM methodologies. Given
the large differences in the computational power required to run the TJM compared to
the EHSS it is remarkable that almost all the data points for the EHSS in Figure 3-1, are
obscured by the corresponding value determined using the TJM. In addition to the very
high level of correlation between EHSS and TJM calculations the PSA calculations also
appear to be in close agreement with the PSA seeming to calculate a slightly lower value
for the cross-sections across the board with the sole exception of Glutamate
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Dehydrogenase where the PSA calculated is markedly larger than that determined with
the other methods.

3.4.

Comparison with DLS Experimental Data:

The comparison between the different computational methods and the experimentally
determined collision cross-sections from DLS can be seen in Figure 3-2. All four
computational methods are plotted alongside the experimental data, a scaled projection
approximation with a 1.14 scaling factor and a linear line of best fit for all the
experimental DLS data.

Figure 3-2: Graph showing the comparison between the various computational methods and the collision cross-sections
derived from the DLS data.

From first observation from Figure 3-2 is that the line of best fit for all the DLS data points
suggests that a scaled projection approximation most accurately predicts the collision crosssection expected for any protein using the methodology described in the previous chapter.
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However in spite of the close agreement in general for the line of best fit with the scaled
projection approximation some of the data points do fall outside the margin of error for the
experiment. These discrepancies between the computational methodology and the
experimental data are explainable in one of three potential ways:
Firstly it is possible that there is a difference between the protein structures used for the
computational calculations and the proteins structure in solution. The second explanation is
a shortfall in the computational methodology leading to the discrepancy between the
experimental data points and those determined computationally from known crystal
structures. The final explanation for the deviations observed could be explained due to flaws
in the methodology used to calculate the predicted gas-phase collision cross-section from
the solution-phased DLS experiment. It is possible that the deviation from perfect
correlation between the computationally calculated cross-sections and those calculated
from DLS could be down to any one of these factors or a combination of all three.

3.5.

Comparison with IM-MS Experimental Data:

In Figure 3-3 you can see the comparison between the collision cross-sections
measured directly using IM-MS and the computational methods described previously.
Similarly to Figure 3-2 all four computational methods are plotted alongside the
experimental data, a line of best fit for the experimental date as well as the scaled
projection approximation with a 1.14 scaling factor. It is worth noting that given the size
of the scaling factor was determined from direct ion-mobility measurements we would
expect to see a great deal of correlation between the IM-MS data and the scaled PA.
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Figure 3-3: Graph showing the comparison between the various computational methods and the collision cross-sections
from the IM-MS experiment.

The first observation to make is that similar to the DLS data the closest match between the
experimental data and the computational methods comes with the scaled projection
approximation. Despite the similarity with the DLS data, shown by the best fit still being the
scaled projection approximation, there is a difference here illustrated by better agreement
with the scaled projection approximation. This is evidenced by all bar one protein being
inside the margin of error of the experiment from the cross-section calculated using the
scaled projection approximation.
The second observation is that the next closest to fitting the ion-mobility data is the PSA
where the difference between the experimental data and the PSA calculations only falls
marginally outside the error of the experiment it does however still consistently
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overestimate the collision cross-section when compared with the experimentally
determined data.
There are a number of plausible explanations for the differences between the
computational methods and the ion-mobility collision cross-sections and those directly
determined from computational methodologies:
Firstly there is the possibility that during the ion-mobility experiment the structure of the
protein differs from the structure used for the computational calculations. This could be
down to either of two factors; that the protein might undergo collapse during the gas-phase
leading to the experimental measurement being lower than the computational predictions,
conversely it could be that the structure for the protein when crystallised differs slightly
from the structure in solution allowing for a small discrepancy between the predicted and
observed cross-sections.
Secondly there is the possibility that there is still a slight lack of understanding in all the
factors at work during the ion-mobility experiment. This could lead to the calculations not
including all relevant influences on the protein as it passes through the mobility cell and
hence not completely replicating experimental conditions. This result would be interesting
particularly in light of the most recently published PSA model providing the closest direct
predictions for the collision cross-sections.
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3.6.

Comparisons of Structure Solving Methodologies:

The majority of proteins with known structures were solved using x-ray crystallography as
shown in Figure 1-1. There is a possibility that the method used for solving the structure in
the PDB might be a cause of the differences between the computationally calculated crosssections and those from DLS and IM-MS. In order to investigate if the method used for
solving the protein structure does have a significant effect on the calculated cross-sections it
was decided to explore the results when the protein’s structure has been solved using
alternative methods.
X-ray crystallography is the primary method used for solving protein structures as
demonstrated earlier. However as the name suggests this requires the proteins to be
crystallised for the technique to be used, this in turn means the proteins are subjected to
non-physiological conditions in order to facilitate their crystallisation. In order to investigate
if these different conditions are the cause of the discrepancies noted earlier alternative
structures for the proteins used, but solved with alternative methods were searched for.
Following a search in the protein data bank21 structures for a few of the proteins were found
which had been solved using either solution-phase NMR or using cryo-EM.
Whilst proteins are often exposed to non-physiological conditions for crystallisation in
theory this can be avoided with cryo-EM and solution NMR. The most obvious difference is
for solution NMR structures the proteins can exist in their natural form as opposed to being
crystallised.
The potential advantages of cryo-EM over x-ray crystallography are similar to the
advantages of solution-phase NMR. Through the use of flash freezing the proteins and then
analysing them at cryogenic temperatures is believed to allow the proteins to maintain their
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native structure whilst undergoing analysis. There remains a significant drawback in using
cryo-EM for the solving of protein structures. The resolution of the cryo-EM experiment
compared to X-ray crystallography is much lower which, is a factor to be aware of when
using structures solved using this methodology.
For the thirteen proteins used in this study, only four of them have structures solved by an
alternate method for the same protein from the same organism. In addition, myoglobin has
an NMR structure available from a different organism with 88% sequence similarity. The
different proteins and their PDB codes are documented below in Table 3-3:
Protein

PDB code Method

n PDB

n observed

Cytochrome C

1HRC

X-Ray

1

1

Cytochrome C

1AKK22

NMR

1

1

Lysozyme

1HEL

X-Ray

1

1

Lysozyme

1E8L23

NMR

1

1

Myoglobin

1WLA

X-Ray

1

1

Myoglobin*

1MYF24

NMR

1

1

Glutamate dehydrogenase

1NR7

X-Ray

12

6

Glutamate dehydrogenase

3JCZ25

Cryo-EM

6

6

β-Galactosidase

1DP0

X-Ray

4

4

β-Galactosidase

3J7H26

Cryo-EM

4

4

Table 3-3: For the proteins used which have structures solved by an alternate method to x-ray crystallography detailing
what the alternate method is and the PDB reference for the structure.

The most immediate factor that stands out is the difference in oligomeric state for
glutamate dehydrogenase. The structure determined during Cryo-EM has the same
oligomeric state as observed during the IM-MS experiment. Whilst this is by no means
definitive evidence that cryo-EM structures are a more appropriate base from which to work
when attempting to predict gas-phase collision cross-sections it is an encouraging start
point. The structures used for each comparison are shown below with the x-ray crystal
structures on the left and the alternately solved structures on the right:
93

1

22

Figure 3-4: Cartoons of the X-ray crystal (a) and solution NMR (b) structures for cytchrome C using the PDB codes
listed in Table 3-5 above and then processed before running the computational methods.

2

23

Figure 3-5: Cartoons of the X-ray crystal (a) and the full ensemble of solution NMR (b) structures for lysozyme using
the PDB codes listed in Table 3-5 above and then processed before running the computational methods.
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3

24

Figure 3-6: Cartoons of the X-ray crystal (a) and the full ensemble of solution NMR (b) structures for myoglobin using
the PDB codes listed in Table 3-5 above and then processed before running the computational methods.

12

25

Figure 3-7: Cartoons of the X-ray crystal (a) and the cryo-EM (b) structures for glutamate dehydrogenase using the
PDB codes listed in Table 3-5 above and then processed before running the computational methods. Each chain is
coloured individually for ease of comparison between the two structures.
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13

26

Figure 3-8: Cartoons of the X-ray crystal (a) and the cryo-EM (b) structures for β-galactosidase using the PDB codes
listed in Table 3-5 above and then processed before running the computational methods. Each chain is coloured
individually for ease of comparison between the two structures.

It can be seen in Figures 3-4 – 3-8 that there is relatively little difference between the crystal
structures and those solved using alternative methods. This is encouraging as we would
anticipate the structures to be without any significant differences, any differences easily
observable by eye would suggest too big a discrepancy to suggest both structures are of the
protein in the same conformation.
Figures 3-5 (b) and 3-6 (b) demonstrate that there are multiple possible conformers for both
lysozyme (50) and myoglobin (12). There are two possible options for dealing with these
structures with multiple conformers; firstly an average structure could be determined by
averaging the positions for each atom, alternatively each computational method could be
applied to each conformer and then an average taken at the end. Whilst opting to use and
averaged structure would reduce the computational demands, by only requiring one
calculation for each protein per method, averaging the structure in this way has potential
drawbacks. This is because there is no guarantee that an average of all of the structures in
the ensemble would provide and accurate representation of the structure of the protein.
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Due to concerns about the validity of generating average structures for the ensemble the
more computationally rigorous approach of determining cross-sections was chosen. This
meant running all the methods for each conformer making up the ensemble and then
averaging the results to calculate the collision cross-section.
Before any of these structures can be used to calculate collision cross-sections they were all
manipulated as described earlier to account for missing atoms or residues. There was no
need to adjust for the correct oligomeric state due to all of these structures having matching
oligomeric states between their solved structures and the observed during IM-MS. The
structures were then protonated as described previously to account for the full protein
structure. Theoretical collision cross-sections were then determined as done previously for
the x-ray crystal structures allowing for the generation of cross-sections based on the PA,
EHSS and TJM methods as shown in Table 3-4 below. The PSA was not calculated for this
work due to technical difficulties with the PSA web server:
Protein

Method

ΩPA

ΩEHSS

ΩTJM

Cytochrome C

X-Ray

10.9±0.1

13.5±0.0

13.5±0.1

Cytochrome C

NMR

11.7±0.1

14.6±0.1

14.3±0.1

Lysozyme

X-Ray

12.1±0.1

15.2±0.0

15.1±0.1

Lysozyme

NMR

14.0±0.2

17.4±0.2

16.9±0.2

Myoglobin

X-Ray

14.0±0.1

17.6±0.0

17.7±0.1

Myoglobin*

NMR

14.4±0.2

18.0±0.3

18.0±0.2

Glutamate dehydrogenase

X-Ray

112.0±0.8 149.7±0.1 148.8±0.7

Glutamate dehydrogenase

Cryo-EM

107.6±1.1 145.2±1.7 144.7±0.9

β-Galactosidase

X-Ray

138.9±1.1 188.9±0.2 189.1±1.1

β-Galactosidase

Cryo-EM

140.0±1.6 188.6±2.5 187.3±1.1

Table 3-4: Comparison between the calculated cross-sections derived from a variety of experimental methodologies.

The comparisons between the collision cross-sections determined from conventionally
solved structures (using X-Ray crystallography) and structures solved with solution NMR
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(Figure 3-9) and cryo-EM (Figure 3-10) are shown below. Values from direct IM-MS
measurements and the DLS derived cross-sections are also included for reference.

Figure 3-9: Summary of the computationally derived collision cross-sections for x-ray structures (light) and solution NMR
structures (dark) for reference the directly measured ion-mobility cross-sections (yellow) and DLS derived cross-sections
(pink) are shown.

Comparison between the NMR structures and x-ray crystallography structures all show a
significant increase in the calculated cross-sections. With an average increase of 8% of the
cross-section when determined from solution NMR compared to the x-ray. This is a
significant increase and is difficult to rationalise given the stark contrast to the
experimentally determined data. The computational data suggests that with either method
for solving the protein structures the more rigorous TJM and EHSS methods significantly
overestimate the cross-section when compared to the experimental data.
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Figure 3-10: Summary of the computationally derived collision cross-sections for x-ray structures (light) and cryo-EM
structures (dark) for reference the directly measured ion-mobility cross-sections (yellow) and DLS derived cross-sections
(pink) are shown.

Comparisons for the two proteins with structures solved using cryo-EM with their x-ray
analogues shows some interesting features. Overall there is a 2% drop in the calculated
collision cross-section for the cryo-EM structures compared with those solved by the more
traditional methodology. There is a difference for the two proteins however with GDH
showing a marked drop in in the calculated cross-sections whereas the β-galactosidase
returns virtually identical cross-sections. Whilst the data does show a slight decrease in the
measured cross-sections it is only marginal and with the relative scarcity of proteins solved
using multiple methods it is not practical to draw any significant conclusions from the data
available.

3.7.

Conclusions:

This work was done in an effort to rationalise the discrepancies between calculated collision
cross-sections, based on solved protein structures, and the experimentally measured crosssections, both from IM-MS and those derived from DLS measurements. Areas of interest in
particular was investigating the relationship between the DLS derived cross-sections and the
range of computational methods available.
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Initial results seen previously where directly measured cross-sections from IM-MS are lower
than all cross-sections determined using computational methods apart from the projection
approximation. Furthermore, in comparison to the DLS measurements, all of the
computational techniques, PA aside, calculate a significantly larger collision cross-section
than is determined by a calculation based off the DLS determined protein radius. This leaves
a significant disconnect between the computational methodologies currently available and
the IM-MS experiment.
The hypothesis that a potential shortfall might not be in the computational methods, was
then investigated, however, there is still a lack of readily available proteins whose structures
have been solved by a wide range of methods. With the limited availability of proteins for
investigation some interesting results were still yielded. NMR solved structures resulted in a
significant increase in the collision cross-sections in contrast to the x-ray structures.
Conversely the cryo-EM derived structures saw a mild decrease in collision cross-section
when contrasted with the conventional x-ray structures.
Whilst the results are of interest, showing that one of the greatest differentiators for the
final calculated cross-sections can be the method used in determining the structure, there is
not currently a large enough library of structures for conclusive results to be obtained. At
the time of writing just over 1,200 proteins have structures solved using at least two of cryoEM, NMR and x-ray crystallography27. Whilst this would provide a significant number of
proteins with which to perform a study, upon further investigation many of these in one
method are solved under non-native conditions or have significant differences in sequence
or host organism. In spite of that this work demonstrates there is potential for future
investigation down this avenue to provide a more comprehensive overview.
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4.

Novel Vehicles for Membrane Protein Mass Spectrometry:

4.1.

Introduction:

The hydrophobic portion of membrane proteins that sits embedded inside the cell
membrane bilayer (Figure 4-1) has always posed difficulties in the handling of this type of
protein1. The same properties that are essential for a membrane protein to function in the
membrane, also form significant challenges when trying to analyse them as this requires
them to be handled in an aqueous environment.

Figure 4-1: Bacteriorhodopsin (purple) inside a lipid bilayer (grey) as it would exist in the cell. Structure taken from PDB
2
ID 4DM2 (currently unpublished but structure available from the PDB ) and inserted into a membrane using MemProt
3
MD

To study membrane proteins requires solubilisation of the protein from the cell membrane,
using an excess of detergent under ill-defined conditions. This process causes the
membranes to break up as they become solubilised into detergent micelles4. However,
selecting conditions and a detergent that maintains the protein’s stability and authentic
conformation is challenging.
Whilst the process described above is an effective way to solubilise membrane proteins into
a form where purification for other components can take place easily with chromatography,
there are some drawbacks.
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Firstly, with detergents not being naturally present in the cell, there are concerns that they
can distort the structure or inhibit the function of the protein. Secondly, the detergents
have a delipidating effect on proteins5, which, whilst necessary for their solubilisation from
the membrane, can cause changes in the proteins structure6, 7, 8. Finally another significant
difference between a detergent solubilised membrane protein and one in the cell
membrane is the lack of membrane lateral pressure.
As a result of these pitfalls associated with using detergents, a number of alternative
methodologies have been developed, with the idea of keeping the protein in a more nativelike environment9, 10. Generally speaking these split into one of two approaches; either using
lipid vehicles to solubilise the membrane protein, or, the creation of an artificial vehicle
designed to closely mimic the native lipid environment without lipids.
With the first approach the main methods used are liposomes, bicelles, nanodiscs and
lipodisqs as shown in Figure 4-2. The proteins are initially solubilised using detergent and
then exchanged into protein-lipid complexes. Nanodiscs are made up of three components,
(Figure 4-2 (a)) the membrane scaffold protein (blue), the lipids (purple) and the membrane
protein (red). Similarly Lipodisqs (Figure 4-2 (b)) are also made up of three components
except the membrane scaffold protein is replaced with a non-protein scaffold, e.g. a
polymer (blue). The membrane protein (green) is still surrounded by lipids (grey). Bicelle
solubilisation consists of three components as well, as seen in Figure 4-2 (c), the membrane
protein (red) is embedded in a mini bilayer composed of lipids (purple), with the ends of the
bilayer capped with detergent molecules (blue). In the case of liposomes, as seen in Figure
4-2 (d), the entire vehicle consists of lipids (blue) with the membrane protein (green)
embedded inside.
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Figure 4-2: Examples of membrane proteins solubilised using lipids (a) membrane protein (red) solubilised in a nanodisc
11
taken from Hopper et al. (b) membrane protein (green) solubilised inside a lipodisq taken from Orwick-Rydmark et
12
11
al. (c) membrane protein (red) solubilised inside a bicelle taken from Hopper et al. (d) membrane protein (green)
13
solubilised inside a liposome taken from Claxton et al.

The main benefit of these methods using lipids as the solubilisation agent for the membrane
proteins is the prospect of keeping the protein in a native-like environment. Further to the
initial benefits, three of these methods; nanodiscs, lipodisqs and liposomes, provide
external pressure to the protein similar to a natural membrane. In the case of nanodiscs and
lipodisqs, this is provided by the component that constitutes the exterior of the vehicles
circumference, the membrane scaffold protein in nanodiscs and the polymer in lipodisqs14.
The curvature of the liposomes provides the tension in for membrane proteins solubilised
inside them. This is an important factor, as it has been suggested that some membrane
proteins need this tension, in order to retain their functionality. In contrast, membrane
proteins solubilised inside a bicelle will not experience any tension, which is a potential
drawback to this solubilisation technique.
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Unfortunately, apart from lipodisqs, in the aforementioned techniques, all the membrane
protein comes into contact with detergent before being solubilised with lipid. This means
there is potential for the detergent to cause delipidation of the membrane protein,
potentially causing the loss of lipids which are structurally significant. One final pitfall is that
for membrane proteins solubilised into liposomes, there is a significant chance of
incorporating more than one protein in each liposome15.
The main methodologies using artificial means to solubilise the proteins instead of lipids are;
detergent solubilisation, using amphipols16 or artificially created lipopeptides17, 18, 19, 20 as
shown in Figure 4-3. Detergent solubilisation works with the hydrophobic hydrocarbon tails
pointing in to the hydrophobic region of the membrane protein, while the hydrophilic head
groups point out into the solvent as seen in Figure 4-3 (a). Amphipol solubilisation takes
advantage of the fact that amphipols are designed with a hydrophobic side and a
hydrophilic side10. This can be seen in Figure 4-3 (b) with the hydrophilic side, shown in
black, exposed to the bulk solvent and with the hydrophobic side, shown in grey, coiling
around the hydrophobic transmembrane region of the protein. Lipopeptide solubilisation
combines a detergent with a small peptide to try and get close to replicating a bilayer. The
hydrophobic hydrocarbon section of the lipopeptide lines up parallel to the hydrophobic
region of the membrane protein, aligning similarly to way the lipid bilayer in the cell
membrane does, whilst the hydrophilic alpha helical peptide is exposed to the solvent.
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Figure 4-3: Examples of proteins solubilised without using lipids (a) membrane protein (red) solubilised inside a
11
detergent micelle, (b) membrane protein (red) solubilised inside amphipols both taken from Hopper et al. , (c)
17
membrane protein (green) solubilised inside lipopeptides taken from McGregor et al.

There is a significant drawback in all of these methods, in that whilst they all attempt to
mimic the native environment of the membrane protein, they are all artificial molecules.
This leads to debate about whether the protein can be considered to be truly in a native-like
state. The relative expense of amphipols and lipopeptides, compared with detergents,
means that amphipol and lipopeptide solubilised membrane proteins are usually extracted
with detergent before being exchanged into the preferred solubilisation vehicle
afterwards10, 21.
The second drawback for these methods, in common with the lipid based methods
described earlier, is the issue of replicating the tension the protein experiences in the
membrane. Neither detergent, nor lipopeptide solubilisation, can offer a comparable mimic
for the tension experience in the cell membrane. In contrast, amphipols due to their nature
coiling around the transmembrane region, they can provide tension, similar to that
experienced in their native environment.
Many of these methods of solubilising membrane proteins have been used in conjunction
with mass-spectrometry11. Detergents remain the most common method for solubilising
membrane proteins however their drawbacks when it comes to mass spectrometry are well
documented22. In addition to potential worries with regard to the preservation of crucial
lipid interactions, the process of removing the micelle often requires large amounts of
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energy to be added to the system, causing concern that the protein may undergo unfolding
or other structural alterations before the micelle can be fully stripped away.
So far, alternative methods for solubilising membrane proteins have not managed to
overcome this problem. The methods used by Hopper et al.11 all require significantly more
energy to release the protein from the vehicle they are solubilised in when compared to
detergent. It is however promising that it is possible to release membrane proteins from a
range of different vehicles during a mass spectrometry experiment:

4.2.

Initial Experiment:

In the initial experiments conducted, I looked to use SMA-bound lipodisqs in the hope these
“native nanodiscs” might allow for some insights to specific protein-lipid interactions. The
logic behind this hypothesis is that with no need to use detergent at any point, no
delipidation of the protein should occur.
For the use of lipodisqs with MS, there needs to be a significant advantage to their use
compared to more traditional MS vehicles. For the purpose of this work, the initial aim was
to achieve any of the following:
i.

Protein-lipid interactions being maintained after the release of the protein from the
lipodisq.

ii.

Preservation of oligomeric states that are not captured during more traditional
membrane mass spectrometry.

iii.

A reduction in the energy required to release the protein from its vehicle.

The biggest potential benefit from using lipodisqs for MS is the ability to retain all of the
lipids associated with the protein. Given the extraction process removes all the lipids in
proximity to the protein at the time of extraction23, where the lipids have a strong
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interaction with the protein, it should be possible to observe if an effect of this type is
present. Whilst this has the capacity for significant insights into the role lipids play, with
regard to protein function, structure and oligomerisation there is an associated pitfall. Due
to the heterogeneous make-up of the cell membrane there is a risk that using lipodisqs
consisting of entirely native lipids will result in an overcomplicated mass spectrum,
preventing analysis occurring.
In a bid to allow for easy “proof of principle” for lipodisqs as a vehicle for MS, lipodisqs were
explored in which only DMPC was the lipid component. This decision was taken as making
the lipid component of the lipodisq homogenous should allow for easy analysis, establishing
if the protein can be released from the vehicle during the MS experiment. Additionally the
low lipid-protein ratio in the purple membrane means additional lipid is required to
facilitate the formation of lipodisqs.
For the initial work the membrane protein bacteriorhodopsin (BR), from Halobacterium
Salinarum, was chosen as a test case. The choice of protein was governed again essentially
on the ease of extraction and purification of the protein from the membrane. With BR being
the only protein present in the purple membrane24, this allows for simple purification, in
addition to its purple appearance, which allows for simple visual tracking of whether the
protein is present in the lipodisq after extraction.

4.3.

Initial Results:

The initial work involved the study of BR solubilised into a DMPC lipodisq. The DMPC was
doped into the lipodisq by addition of an excess of DMPC to the lipodisq formed from the
initial addition of the SMA co-polymer, as described in materials and methods. Spectra were
acquired in 200 mM ammonium acetate pH 8. The initial results from the first spectra were
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acquired using BR in DMPC lipodisqs on a Waters Synapt HDMS, modified to use a linear field
ion-mobility cell, are shown in Figure 4-4:

Figure 4-4: Initial spectra from BR out of DMPC lipodisqs. Spectra taken at increasing collision voltages applied in the
collision cell, protein peaks can first be detected at 40V. The naked BR can be seen (blue) as well as BR with DMPC
bound (yellow and green)

The initial results are promising for two reasons; the relatively low energies required to eject
BR from the lipodisq and the observation of lipid bound peaks in the spectra. Whilst the
initial data is promising there are also some potential problems identified simultaneously. In
spite of the homogeneous make-up of the lipids inside the lipodisqs used, the initial peaks
seen are not assignable, despite their obvious presence in the spectra acquired at a collision
energy of 20V (Figure 4-4 top left panel). Secondly the intensity of the lipids masks the
signal for the protein ejected, the bottom right panel in Figure 4-4 shows the full spectra
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acquired where the signal for the protein being studied only exists in very low relative
intensity peaks. Finally, given native BR is known to exist in the membrane as a trimer25,
there is a concern that this technique does not capture the trimeric form of BR.
The final issue with the oligomeric state not being correctly reflected in the MS results could
be explained by the doping in of DMPC. If the endogenous lipids play a vital role in the
stabilisation of the trimer, addition of an excess of DMPC could well lead to the loss of the
trimeric state. Were this to be the cause then the loss of the native trimeric state, whilst still
disappointing, is explicable.

4.4.

Comparison with Detergent Data:

For a reasonable evaluation of the benefits of lipodisqs compared with more traditional
solubilisation vehicles to be appropriate, it is important to also acquire data for the same
protein using the traditional methods. Therefore BR was solubilised using octyl glucoside, a
detergent commonly used for membrane protein MS, and elctrosprayed under the same
conditions, and on the same modified Waters Synapt, as the lipodisq solubilised BR (Figure
4-5). The main points of comparison to look for are; the ease of release of the BR from its
solubilisation vehicle, protein oligomeric state, preservation of protein-lipid interactions,
and, the observed charge states of the protein. Ideally for lipodisqs to be an advantageous
technique they need to show at least equivalence in some of these categories to merit use
over traditional detergent methods:
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Figure 4-5: Comparison between MS of detergent (OG) solubilised BR (blue) and lipodisq solubilised BR (red). The blue
dots highlight the naked BR peaks in both series of spectra, whilst the yellow peaks show the BR associated with a single
DMPC lipid.
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From the comparison between the techniques it can be seen that there is a twofold benefit
here from using lipodisqs, in contrast to a more traditional detergent based solubilisation
technique. Firstly, the collision energy required in order to release the protein from the
solubilisation vehicle is much greater in the case of the detergent micelle. The first peaks
associated with BR are seen in the spectra for the OG solubilised protein at a collision
voltage of 75V, requiring an additional 35V more than for the lipodisq solubilised protein.
The second noticeable difference comes in the observed charge states for the BR, after it
has been ejected from the solubilisation vehicle. For the detergent solubilised spectra, the
observed charge states are significantly higher than in the lipodisq solubilised spectra. The
detergent solubilised protein has peaks from the nine plus and ten plus charge states,
whereas the lipodisq solubilised protein has peaks from the five plus to eight plus charge
states.
The final difference can be observed in the overall appearance of the spectra. The spectra
from detergent solubilisation only have peaks corresponding to the naked protein, whilst
the spectra from the lipodisqs solubilisation have peaks corresponding to binding of
multiple DMPC lipids. Whilst it is unlikely to see DMPC bound to BR in its native
environment, given it is only introduced to the protein in the preparation of the lipodisq
sample, the lack of any peaks demonstrating lipids bound to the protein illustrate the
delipidating effect of the detergent during membrane protein extraction.
These initial results show there is a lot of potential for the use of lipodisqs as a vehicle for
membrane protein MS. In addition to the benefit of retaining the protein-lipid interactions,
which, whilst possible in some cases during detergent solubilised membrane protein MS 6,
the ability to release the protein at lower collision energies, and with lower charge states, is
significant. The higher the collision energy used to release the protein using CID, the more
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likely the protein may become unfolded, and less native like. Similarly, the lower the charge
states for the membrane protein, the more likely it is to retain the folding, and other
characteristics, associated with the protein in its native state26. Work has been done
previously, highlighting the benefits of reducing the charge on a protein, leading to a greater
ease of observation of non-covalent interactions27. It can be seen in Figure 4-5 that, at a
collision energy of 80V, it is only the much lower charge states of the 6+ and 5+ ions that
have maintained the protein-lipid interaction, seen more extensively in the lower collision
energy spectra. Given the promising nature of these initial results, it naturally follows that it
is worth investigating further with additional proteins to see if the advantages shown here
with BR are generally reproducible across a range of membrane proteins.

4.5.

Secondary Experiments with Lipodisqs:

The Mechanosensitive channel of large conductance (MscL), from Mycobacterium
tuberculosis, and the multidrug and toxic compound extrusion protein (MATE), from
Pyrococcus furiosus, membrane proteins were chosen for use in confirming if membrane
protein MS utilising lipodisqs is more generally applicable than simply working with BR. The
selection of these proteins provided additional challenges, when compared to the
somewhat simplified system from which BR is extracted. With these two proteins there is
now a need to separate the protein of interest in the membrane from every other protein
that is present inside the membrane.
Traditionally, this purification step is relatively simple, with the use of a recognisable tag on
the protein that can be cleaved at a later point, if desired, to leave behind the protein of
interest. This process has been used previously to isolate both of these proteins in
detergent28 and allowed for the acquisition of their spectra. However, there were initial
problems during early attempts at the purification process for the lipodisq solubilised
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proteins. After the addition of the SMA to the homogenised membranes, as detailed in
chapter 5, the resulting mixture was run on a HisTrap column. The protein failed to bind to
the column initially with no peak appearing in the UV trace even at high concentrations of
imidazole. However, with an extended incubation period with the affinity media, the protein
bound to the column, and a peak was observed upon elution. It is believed that the problem
in the early attempts at purification arose due to an interaction between the co-polymer
and the tag designed to bind to the column. This interaction seems to significantly slow the
process of binding to the column, but does not prevent the addition of the imidazole
causing elution.
Initially work was done with MscL in DMPC doped lipodisqs, and after early success, work
was carried out on both MscL and MATE solubilised in native lipodisqs. Native lipodisqs are
those lipodisqs which have not had their lipid composition artificially altered, after the initial
extraction of the protein, from the membranes using SMA. With taking the step forward
using native lipodisqs, there is a potential for great insights to be gained, about the specific
interactions between lipids, and the membrane proteins embedded inside them. This could
be hugely significant if it is possible to interrogate the data sufficiently to identify which
lipids are involved in specific, as opposed to non-specific, non-covalent interactions.

4.5.1.

DMPC Doped Lipodisqs:

The first spectrum for a protein, other than BR, was for GFP tagged MscL protein as shown
in Figure 4-6 and Figure 4-7. Figure 4-6 shows the energy ramp from low energy (40V),
where there are a series of features present, to higher energy (140V) where the MscL-GFP
monomer can first be observed. Figure 4-7 shows the best spectrum acquired for the MscLGFP monomer at a slightly higher energy, where the spectrum is much cleaner and better
resolved.
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Figure 4-6: Spectra showing an energy ramp at 20V intervals from 40V to 140V for a Lipodisq of MscL-GFP with DMPC
lipids doped in. The spectra inset are a zoomed in look of the 1,500 – 4,000 m/z region. With peaks corresponding to the
MscL-GFP monomer marked in purple and an unassignable species thought to be a precursor marked in green.

There are a number of interesting features that appear consistently throughout most of the
energy-ramp. Whilst the only peaks that were assignable to a protein were for the MscL-GFP
monomer (purple dots in Figure 4-6), there is evidence of some form of precursor in the
non-resolved peaks at 2,600 and 3,000 m/z (green dots in Figure 4-6). However these peaks
are incredibly broad, with both peaks spanning over 100 m/z units, making the conclusive
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assignment of them to any species impossible. The presence of the small humps in both the
40V and 60V spectra above is of interest. These could potentially represent the intact
lipodisq before the collision energy increased to the point they are no longer observed.

Figure 4-7: Mass Spectrum of MscL-GFP at 160V shows a monomer released from the lipodisq (purple) as well as large
peaks for DMPC (green) and a large hump in the high mass region which is unassignable.

The spectrum above shows the best resolved spectrum obtained for the MscL-GFP, with
nine charge states observable for the protein. It is clear that we can see the monomer here.
However, there are a few drawbacks from this work already seen in three main areas; firstly,
the oligomeric state observed does not correspond with its state in the membrane, secondly
the lack of observable protein-lipid interactions, and finally, the intensity of the peaks
corresponding to the protein.
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The difference between the oligomeric state of MscL after extraction from the membrane,
where it is observed as a pentamer28, and the MscL-GFP mass spectra, where it is only
observed as a monomer, could be caused by a couple of factors. Potentially the GFP-tag not
being cleaved from the main body of the protein could hinder the ability of the protein to
oligomerise. This however seems unlikely as work done by Reading et al.28 has shown that in
spite of the presence of a GFP-tag onto MscL it is possible to observe oligomerisation in a
detergent environment suggesting the lack of observation of higher oligomers could be
down to the lipodisq itself.
Alternatively, there is a reasonably high possibility that the observed peaks for MscL-GFP
correspond to a highly charged monomer, which has been ejected from the main body of
the protein complex. For this to be true, there has to be a parent ion, which is breaking
apart into a highly charged monomer, and leaving behind a charge stripped partial parent
ion.
In Figure 4-8, a magnified view of the lowest energy spectrum shown in Figure 4-6, there
are two broad peaks in the spectrum, as well as the two non-resolved peaks shown in green.
For the dissociation pathway suggested above, the parent ions would originate in the broad
peak annotated in orange and dissociates to a charge stripped oligomer in the broad peak
annotated in purple and the non-resolved peaks in green. The non-resolved peaks then
release a highly charged monomer upon increased activation.
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Figure 4-8: Magnified view of the spectrum of MscL-GFP in DMPC lipodisqs at 40V in the collision cell. The broad peak
annotated in orange is a potential precursor, whilst the broad peak annotated in purple could correspond to a charge
stripped product ion from CID.

The lack of observed peaks, corresponding to the protein bound to lipids, is a disappointing
result; especially given the protein has been solubilised using lipids. However, given the high
energy required to liberate the MscL-GFP monomer from the lipodisq the breaking of the
protein-lipid interaction is understandable. The non-resolved peaks seen in the lower energy
spectra could be caused by an ejected MscL-GFP complex with different lipids, or chain
lengths of SMA bound to it.
Without further experiments it is impossible to conclude what the make-up of the observed
non-resolved peaks actually is. MS-MS experiments were done in addition, selecting the
non-resolved peaks marked by green dots in Figure 4-6 and Figure 4-8, hoping to
interrogate these peaks and determine their composition. Unfortunately the MS-MS
experiments yielded no results on either of the two non-resolved peaks, with negligible total
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ion counts recorded. It is believed that this is because these peaks are only observable once
some energy is applied to the collision cell. For the lowest collision energy used (not shown)
all that is observed is a broad peak in the higher m/z region. With the instrumentation
available at the time of the work it was not possible to apply sufficient energy to the sample
before selection by the quadrupole to allow for effective MS-MS of the desired peaks in this
experiment.
The final issue noted during the work on the MscL-GFP construct in DMPC doped lipodisqs,
was the difficulties in observing the protein peaks. In the optimised spectrum, shown in
Figure 4-7, the peaks are still of low intensity making assignment difficult. This with low
signal intensities could also be masking some of the problems in observing protein-lipid
interactions. There is a possibility, that there are lipid bound peaks, which are of such low
intensity they are lost amongst the noise in the baseline. In order to combat this issue many
of the future experiments were also run on a modified Orbitrap instrument, where the
increased sensitivity should allow for detection of any such peaks if they are present.

4.5.2.

Native Lipodisqs:

Following the initial success seen in the release of the MscL-GFP protein from the DMPC
doped lipodisqs the obvious next step forward was, to see if it was still possible to release a
membrane protein from a native lipodisq. The native lipodisqs results proved to be
significantly harder to interpret than the DMPC doped lipodisqs used initially. This does not
come as a surprise, given that this will introduce a high level of heterogeneity to the
composition of the lipids. Whilst software has been developed designed for the
deconvolution of complex MS data29, allowing for interpretation of the complex data, often
obtained for membrane proteins still inside nanodiscs, this is not possible with lipodisqs.
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This problem arises because, where nanodiscs have a protein of a known mass, acting as the
belt of the disc, in lipodisqs the belt is formed by the co-polymer. This is problematic, as the
co-polymer does not have a fixed mass, meaning there are now two sources of
heterogeneity inside the sample, greatly increasing the difficulty of analysis.
The first experiments with native lipodisqs were done using the same MscL-GFP protein as
for the DMPC doped lipodisqs. The results from the experiments with the MscL-GFP inside
native lipodisqs are shown in Figure 4-9:

Figure 4-9: Energy ramp of MscL-GFP inside a native lipodisq. Poorly resolved peaks are observed in when the energy
applied in the HCD cell of the Q-Exactive. These poorly resolved peaks can be used to determine an approximate mass
for the complex corresponding to 55kDa for the peaks in pink and 101kDa for the peaks in blue.
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The data acquired for MscL-GFP inside the native lipodisqs is not conclusive in determining
that lipodisqs can be used universally for membrane protein MS. Whilst at higher collision
energies poorly resolved peaks are eventually seen, due to their breadth, any mass
assignment can only be an approximation. With these caveats in mind the two masses
measured from the peaks still do not correspond to anything anticipated based on the mass
of the monomeric unit of the protein.
However, one way to rationalise the data from this experiment, given the masses
corresponding to the observed peaks, is the presence of some lipids or polymer to a block of
protein released from the main body of the lipodisq. The width of the peaks in the spectra
acquired suggests that; either the protein is particularly salty, or there is a range of lipids or
some of the co-polymer with varying masses bound to the protein. The masses theoretically
could correspond to monomer and dimer of the protein an additional 10 kDa of either lipids
or co-polymer attached.
In addition to the work for MscL-GFP, the same experiment was performed using MATEGFP. The results for this are shown in Figure 4-10, an energy ramp showing the evolution of
the spectra acquired with increased energy being applied to the system, revealing a number
of interesting features in the spectra:

123

Figure 4-10: Spectra showing the energy ramp whilst trying to release the MATE-GFP protein from a native lipodisq.
Eventually a clean set of peaks (yellow) is observed being released from the main body of the hump in the spectra.

There are a number of features of interest in the above series of spectra which are
noteworthy. Firstly, the most obvious difference, when contrasted with spectra obtained for
lipodisqs where DMPC lipids have been doped in, can be seen in the low m/z region.
Typically for the DMPC doped lipodisqs, as shown in Figure 4-7, in the low m/z region only
two peaks are observed, corresponding to one or two DMPC lipids with peaks at 678 and
1,356 respectively. Whereas, in the native lipodisqs a whole range of lipids are present, as
shown by the level of population in the low mass region under 2000 m/z. Secondly, there is
a series of peaks which arguably are present in all the spectra, but only become fully
observed at higher collision energies. Finally, there is a low intensity series of non-resolved
peaks that appear at the highest collision energy between 5,000 and 8,000 m/z. Zoomed in
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views of both observed charge series at 200V are shown in Figure 4-11 and Figure 4-12
below:

Figure 4-11: Spectrum of MATE-GFP acquired at 200V magnifying the 9,000 – 11,000 m/z region

Figure 4-12: Spectrum of MATE-GFP acquired at 200V magnifying the 5,000 – 8,000 m/z region
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There appears to be a common theme with the native lipodisq data acquired, in that it is
very difficult to obtain clean spectra, seemingly due to the added complexity from the
heterogeneous make-up of the lipid component. From the sequence of the MATE-GFP the
anticipated mass is 78 kDa whilst the two masses observed in the spectra deviate
significantly from this value.
Firstly, the lower mass species of around 98 kDa, annotated in green in Figure 4-12, could
only reasonably be a monomeric unit of the protein, with some additional mass, either
from; lipids or the SMA, contributing to the mass measurement. Whilst this is theoretically
possible the data obtained from experiments so far prove to be inconclusive, given the low
intensity and lack of resolution of the peaks seen here. The easiest way to confirm this
would be through increasing the energy of the instrument until it was possible to see the
naked protein once the additional species are stripped away. Unfortunately, the only
spectra where these are visible are at the highest energy settings available on the
instrument.
The second charge series corresponding to the higher mass species of approximately 460
kDa is also difficult to rationalise. In literature most of the evidence strongly suggests that
MATE exists only as a monomer in the cell membrane30. The mass of a pentamer of MATEGFP would only be equal to 390k Da, leaving it 70k Da short of the species observed in the
spectra above. There is a possibility that this additional mass could be explained by a
number of lipids or copolymer molecules being associated with the MATE-GFP. The lack of
resolution for these peaks adds credibility to the hypothesis that they could correspond to
proteins with lipids bound. However, without further experiments to corroborate, and given
the lack of other evidence for MATE existing in higher oligomeric states, it is most likely this
was an artificial artefact of the experiment.
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4.6.

Further Investigation of Bacteriorhodopsin in DMPC Lipodisqs:

The data obtained so far using lipodisqs with only native lipids, and no alteration of the lipid
composition of the lipodisq, has proved to be too complex for conclusive analysis. Whilst it
is often possible to speculate as to the identity of the species it is currently not been
possible to conclusively prove these hypotheses. The challenges currently faced in
performing MS on membrane proteins solubilised in native lipodisqs may well be solved in
the future, either with developments in instrumentation, or with developments in the
techniques used for analysis. However, at present the results obtained for native lipodisqs
suggest that, the optimal way to use lipodisqs for membrane protein MS is by doping DMPC
into the lipodisq, after the initial extraction of the protein using the co-polymer. For this
reason the final data presented here is all from DMPC doped lipodisqs, where the removal
of the heterogeneous lipids makes analysis possible.
Using this principle it is possible to observe similar spectra for BR when retinal has been
removed after growing the protein in the presence of nicotine, and also when a deuterated
sample is used.
Firstly, in the case of the BR experiment with nicotine, this is designed to show the effect of
the addition of nicotine whilst growing cells. This has been shown to inhibit the production
of retinal which, in turn, should allow for the observation of a reduced mass species of BR
owing to the absence of retinal. When retinal is added back in to the sample this should
allow for the observation of a charge series corresponding to BR as shown earlier. For
comparison the spectra for BR grown in nicotine before the addition of nicotine and after
the addition of nicotine are shown together:
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Figure 4-13: Comparison of the spectra for BR grown in nicotine (top) and then the same sample after retinal was readded (bottom). Both spectra were acquired on a QToF Synapt at 100V collision energy.

The first thing immediately apparent in the spectra from the BR grown in the presence of
nicotine is that no peaks are observed. This is in spite of the collision energy being well in
excess of that usually required to liberate BR from a DMPC lipodisq, with an energy of 100V
being applied in the CID cell. Spectra were acquired up to the maximum energy of the
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instrument and still no peaks were observed for the BR, without the addition of retinal to
the sample.
However, the most interesting data can be observed in the lower panel of Figure 4-13. Here,
in the magnified section, not only can a charge series be observed for the conventional BR
peaks, as seen previously (green dots), but a second series is also visible (blue dots). The
second series of peaks correspond to the approximate mass of the BR without the retinal.
The only plausible explanation for the lower mass series of peaks is the loss of the retinal
with the reduction of observed mass being of the correct order to correspond to the retinal
molecule.
This is particularly interesting, given that despite multiple attempts it was never possible to
obtain a spectrum showing the lower mass species from the sample, without retinal added.
Whilst not all the retinal has fully bound back to the protein, it would appear that it offers a
stabilisation effect, which makes the release of the protein from the lipodisq possible,
where it was not previously. This result suggests that the loss of the retinal has a significant
structural effect on BR, particularly on the way it interacts with it lipids, causing them to
become harder to remove in the sample with no retinal present.
The final experiment was conducted on a deuterated sample for BR. Whilst this sample has
not undergone any alterations apart from the deuteration, the experiment was simply to
determine if the protein can still be liberated from the lipodisq.
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Figure 4-14: Spectrum of deuterated BR acquired at 100V on a QToF.

The spectra acquired shows, once again, the ease with which the BR can be released from
the lipodisq. There are the same features in the spectra as seen with the non-deuterated
samples. A charge series can be observed in purple showing the increased mass for the
deuterated BR with the sample measuring in at 3,000 Daltons heavier than the nondeuterated sample. There is a significant amount of DMPC also present in the spectrum,
annotated in yellow, consistent with the data collected for a normal BR sample showing
small lipid clusters corresponding to 1-3 lipids.
Finally there is also an observable peak at a slightly higher m/z for both the 6+ and 7+
charge states (green dots in Figure 4-14). These small peaks correspond to the presence of
lipid, yet to be stripped from the protein during the MS experiment.
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In summary, it has been shown here that when coupled with BR, the lipodisq system is an
effective vehicle for MS. In a range of conditions, and sample types, it remains possible to
liberate the protein during the course of an MS experiment without the requirement of
extreme collision voltages to do so. Whilst data set all relates to one protein the versatility
of the technique with protein expressed in a range of conditions suggests that the technique
could become more versatile, with further research and optimisation for membrane protein
MS.

4.7.

Conclusions:

The overall conclusion of this body of work is that the potential for MS using lipodisqs is
significant; however there are still significant practical challenges to overcome in this area.
Presently a gap exists between the complexities of native lipodidsq samples, and the
instrumental and analytical techniques available in the field. There has been progress in the
field in this area since the time this work was undertaken, with the development of
techniques for the removal of the solubilisation vehicle in the source region on new
instrumentation31. Developments such as this may allow for either, the acquisition of
spectra with reduced complexity allowing for conclusive assignment of the observed peaks,
or more multi-level experiments allowing for the interrogation of peaks seen during energy
ramps, that were previously not selectable for MS-MS. Alternatively future breakthroughs in
analytical techniques may allow for the deconvolution of spectra, allowing for some insights
to be gleaned from the data currently available.
Away from the native lipodisqs, there is significant opportunity for the use of lipid-doped
lipodisqs as a vehicle for membrane protein MS. Whilst in this chapter the main focus of the
work was on trying to obtain data using native lipodisqs, preliminary experiments using
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DMPC-doped lipodisqs showed a number of promising results. There is no doubt that the
ideal result would be to analyse the proteins directly from the native lipodisqs. This would
allow for easy determination of which lipids interact most strongly with the protein inside
the membrane, and could provide invaluable information. Despite the setback that data
acquired using native lipodisqs is currently too complex to interpret it does not mean there
is still no valuable information to be obtained using lipodisqs where a lipid of choice has
been doped in.
There is no reason to believe that with careful control of the doping in of the lipid to replace
the bulk lipid that some information about the native lipid interactions cannot be gained.
Similarly given the success already seen with BR and MscL it would appear that with a
relatively homogeneous lipid composition of the lipodisq that liberation of the protein from
the lipodisq is possible. Currently unpublished work from a collaboration between the
Robinson group and the Watts group following on from this project has confirmed that this
is possible. Data has been acquired for the membrane protein archaerhodopsin 4, and
others, not only showing the release of the protein from a DMPC doped lipodisq, but also
seeing both DMPC and an additional lipid bound thought to be from the cell membrane as
shown below in Figure 4-15, acquired by Robinson group member Kin Hoi:
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Figure 4-15: The first mass spectrum of the arachearhodopsin 4 protein 5+ charge state, developed and obtained from
lipodisqs. A number of DMPC lipids bound (purple) in addition to a native lipid are observed (red). Spectrum acquired by
Kin Hoi work currently unpublished.

In conclusion, lipodisqs have been demonstrated to offer a plausible alternative to more
traditional solubilisation vehicles for MS. Their biggest advantage is the removal of the need
for any detergent use, preventing either the delipidation of the protein, or the deformation
of the proteins native structure. In addition to this the ability to observe some protein-lipid
interactions makes it a very powerful technique for membrane protein analysis. Coupling
this with the ability to dope out native lipids for lipids of choice might allow for a measure of
the strength of different protein-lipid interactions to be assessed in the future. Overall the
advantages of the technique outweigh some of the practical difficulties encountered when
preparing the sample for MS inside the lipodisq and suggest an excellent way forward for
studying membrane proteins in their native lipid environment.
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5.

Materials and Methods:

5.1.

Sample Preparation for DLS:

Proteins used in the DLS experiments, detailed in Table 2-1 were purchased as lyophilized
powders (Sigma Aldrich). Each protein was then dissolved in 200 mM ammonium acetate at
concentrations between 2-10 mg/ml. Due to the relationship between intensity of light
scattering and particle size the smaller proteins such as myoglobin and cytochrome C where
dissolved at higher concentrations than the larger glutamate dehydrogenase and βGalactosidase.
The protein samples were then filtered using a 4 mm 0.22 μm Millex filter (Millipore) in
order to remove protein aggregates and any other undissolved impurities still present.
500μl of each protein was then injected onto a SuperDex 75 10/300 size exclusion column
pre-equilibrated, using one and a half column volumes, in 200 mM ammonium acetate at 4
°C at a flow rate of 0.3 mL/min. Samples were passed into a Dawn Heleos II modified with an
inboard quasi-elastic light scatterer (Wyatt Tech.) upon elution for the acquisition of the DLS
data. Data was then analysed as described earlier in chapter two.

5.2.

Calculating Collision Cross-Sections:

Ion-mobility data was acquired using an in house RF-confining linear field ion-mobility mass
spectrometer1 for aldolase, chymotrypsin, lysozyme, ovalbumin and β-galactosidase.
Samples were prepared by dissolving the lyophilized proteins in 200 mM ammonium
acetate to a final protein concentration of 10 μM. Proteins were then filtered using a 4 mm
0.22 μm Millex filter (Millipore) before being desalted using P6 Micro Bio-Spin columns (BioRad), which were pre-equilibrated in 200mM ammonium acetate.
137

Collision cross-sections were then obtained in positive ion mode using helium as the gas in
the drift cell. Drift times (td) were measured at six different acceleration voltages, between
75V and 200V for each protein, at a pressure of approximately 2.5 Torr in the drift cell.
From these measurements the cross-section was then calculated using the gradient of a plot
of td against 1/V as shown in Equation 1.5. For each protein a minimum of two replicates
were obtained for the avoidance of error. All reported values area an average across each
charge state for each protein.

5.3.

Expression of Membrane Proteins:

The following membrane proteins were expressed during the course of this work; MscL-GFP
and MATE-GFP in addition to the acquisition of BR which was expressed by a collaborator
from the Watts group. The mechanosensitive channel of large conductance MscL from
Mycobacterium tuberculosis and was fused to GFP in the C-terminus. In additionthe
construct had a six histidine tag and a TEV cleave site for ease of purification as in Reading
et al2. The MATE used was from Pyrococcus furiosus, and was also fused to GFP and a six
histidine tag as in Reading et al3 .
For both proteins the plasmids encoding them were then transformed into Escherichia coli
BL21 (DE3) cells (Agilent). After the transformation the cells were grown on LB-Agar (20g
Agar, 10g Sodium Chloride, 10g Peptone 140, 5g yeast extract per litre) plates in the
presence of amphicilin (100mg/ml). Several colonies were then added to 50 ml of LB media
containing 50mg/ml Amphicilin and grown overnight at 37°C under mild agitation. 1L of LB
media containing 50mg/ml of Amphicilin was then inoculated with 7ml of the overnight
culture and grown at 37°C under mild agitation until the OD600 reached 0.6. Cells were than
induced with IPTG was then added to the media to a final concentration of 0.5mM then
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grown for another 3 hours. Subsequently cells were harvested by centrifugation at 5,000g
for 10 minutes at 4°C and resuspended in 20 ml of lysis buffer (300mM sodium chloride,
20mM 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris), 5mM β-mercaptoethanol (BME), a
complete protease inhibitor tablet (Roche), pH 7.4).
The resuspended cells were then lysed by passing them through an M-110 PS microfluidizer
(Microfluidics) at 19,000 psi several times. After lysis cell debris was removed by pelleting it
at 20,000g for 30 mins at 4°C. The supernatant was centrifuged at 100,000g for 2 hours at
4°C to collect the membranes. The membranes were then resusupended in ice-cold
membrane resuspension buffer (100 mM sodium chloride, 20% glycerol, 5 mM BME and
20 mM Tris, pH 7.4). Membranes were homogenised using a Potter-Elvehjem Teflon pestle
and glass tube ready for solubilisation.
BR was expressed by a collaborator in the Watts group as described by Oesterhelt et al4.

5.4.

Solubilisation of Membrane Proteins in Lipodisqs

Solubilisation of membrane proteins into lipodisqs was done by the addition of 3:1 SMA copolymer (Malvern Cosmeceutics Ltd.) to the homogenised membranes5. For the formation
of native lipodisqs 2.5% (w/v) SMA was added in a 1:1 ratio to the homogenised membranes
and left to incubate for an hour. OD600 measurements were taken at 15 minute intervals to
track the solubilisation.
For DMPC doped lipodisqs DMPC vesicles were formed by hydrating a lipid film in 50 mM
Tris, 300 mM NaCl, at pH 8, to a final concentration of 30 mM followed by 10× freeze− thaw
cycles. These were then extruded using a 400 nm filter multiple times to break up the larger
vesicles. Pelleted membranes were then resuspended in the DMPC vesicles and sonicated
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for 30 minutes with gentle heating. Then 2.5% (w/v) SMA was added in a 1:1 ratio to
resuspended protein as for the native lipodisqs they were then left to incubate for an hour
and OD600 measurements were taken at 15 minute. Then for both methods after
solubilisation all insoluble particles were removed by pelleting using centrifugation at
40,000g for 30 minutes at room temperature.

5.5.

Solubilisation of Membrane Proteins Using Detergent

Solubilisation of membrane proteins into detergent micelles took place by adding 1%
(weight/volume) DDM overnight to the homogenised membranes while being gently
agitated. Then all insoluble particles were removed by pelleting using centrifugation at
20,000g for 30 minutes at 4°C.

5.6.

Purification of Membrane Proteins in Lipodisqs

All Lipodisqs containing membrane proteins were purified using SEC on a Superdex 200
10/300 column (GE Healthcare). In addition in the case of the MATE and MscL they were
initially purified using a HisTrap column (GE Healthcare).
For the two Histidine-tagged proteins the lipodisqs samples were incubated overnight on a
5ml HisTrap HP column. The loaded column was then washed with 50 mM Tris, 300 mM
NaCl 20 mM imidazole at 2 ml/min until a flat baseline was established allowing for the
removal of all the initially unbound material. This was then followed by a stepwise addition
of the same buffer with a 500mM imidazole concentration allowing the elution of the bound
protein as shown in Figure 5-1:
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Figure 5-1: Example of a trace from a FPLC purification of a His-tagged protein (MscL) on a HisTrap column. The
absorbance is shown in red whilst the concentration of the high imidazole buffer is shown in green.

For the SEC 500μl of the Lipodisq solubilised protein was injected onto the column
prequilibrated in 200mM ammonium acetate pH 7.8. The sample was then eluted at 0.3
ml/min and the resulting trace collected as shown in Figure 5-2 below:
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Figure 5-2: Example of a SEC trace for a lipodisq solubilised protein (BR). The absorbance is shown in red as a function of
the elution volume.

The final step of the purification using SEC allows for the exchange of the sample into the
ammonium acetate buffer to be used for MS. Following the SEC purification all lipodisq
samples were also sized using DLS as shown in Figure 5-3:

Figure 5-3: Example of DLS results for a lipodisq solubilised membrane protein (BR)
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5.7.

Purification of Membrane Proteins in Detergent:

Membrane proteins in detergent were purified as described by Laganowsky et al6. Briefly
the solubilised proteins were initially purified using a 5 ml HisTrap column. The detergent
solubilised protein was loaded onto the HisTrap column, pre-equilibrated in 200 mM sodium
chloride, 20 mM imidazole, 0.025% DDM, and 50 mM Tris, pH 7.4, at 0.5 ml/min to allow the
tag to bind. The protein was then washed with the same buffer to remove all non-bound
material until a stable baseline for absorbance was obtained. Protein was then eluted over
two column volumes using a linear gradient from 20mM to 500mM imidazole.
The main peak was then pooled, concentrated and then injected onto a Superdex 200
Increase 10/300, pre-equilibrated in 200 mM sodium chloride, 20 mM imidazole, 0.025%
DDM, and 50 mM Tris, pH 7.4. Protein was then eluted at 0.3 ml/min as for the lipodisq
solubilised proteins and the main peak collected.
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6.

Conclusions:

The effect environment has on gas-phase protein structure is significant in a number of
ways. Probing the contrast between the collision cross-sections determined experimentally
in the gas-phase contrasted to those derived from solution-phase and solid-phase data
yielded significant results. Results obtained using DLS in the solution-phase allowed for
rationalisation of experimental collision cross-sections obtained from IM-MS.
Diffusion co-efficients from the DLS experiment compared well with ion-mobility crosssections, after factoring in hydration affects. This demonstrates that the environment
experienced by the protein in solution is the one that governs the gas-phase structure
observed. This coupled with the agreement of the experimental data with the known value
for the Millikan drag factor adds weight to the body of evidence showing IM-MS data
provides insights into protein structure in solution.
Comparison of the computationally derived theoretical collision cross-sections from x-ray
crystal structures to both DLS derived cross-section and those measured directly using IMMS showed a surprising lack of correlation. For all the more rigorous methodologies (EHSS,
TJM and PSA) the calculated values are significantly greater than those measured using IMMS or those derived from DLS data whilst the simpler methodology (PA) calculated
significantly lower values.
The possibility that the structures from x-ray do not correlate with those seen in solution
was also investigated. Comparison of the collision-cross sections calculated from protein
structures solved with cryo-EM and NMR as opposed to those solved by x-ray yield some
results of interest. Whilst none of the three methods offer computational values that
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correlate well with IM-MS data the difference in values obtained demonstrates the effect
the environment has on the proteins structure. Whilst this hasn’t allowed for a decisive
insight into the optimal protein solution method for correlation with IM-MS data it has
suggested that it is an area meriting future research.
Finally the investigation into the use of lipodisqs as method for membrane protein mass
spectrometry yielded some promising results. The use of a vehicle that mimics the native
environment of the protein has great potential for future insights. The holy grail for
membrane protein MS is the observation of the protein in the gas-phase along with its
native interaction. Whilst this work falls short of that ultimate aim it does represent a
significant step forward in the journey towards it.
The use of lipodisqs for membrane protein MS allowed for the first spectra of membrane
proteins which had never been exposed to a detergent environment. This is a groundbreaking development as the protein is not exposed to delipidating conditions at any point
allowing for the conservation of the native environment. Whilst the acquisition of conclusive
spectra was not possible for proteins inside the native lipodisqs the results demonstrate
significant potential of the technique, especially in the light of new instrumental
developments.
Lipodisqs with doped lipid components consistently gave promising data. BR can be
liberated from the lipodisq environment repeatedly and protein-lipid interactions can be
observed as well. Liberation of MscL-GFP from this environment as well shows the promise
of the technique. Additionally projects in the Robinson group in collaboration with the
Watts group following on from this work demonstrate the release of additional members of
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the rhodopsin class of membrane proteins highlighting the potential for lipodisqs when lipid
heterogeneity is reduced.
Lipodisqs represent a significant step forward in the range of techniques available for
membrane protein MS. The ability for a detergent-free method from expression to analysis
coupled with the option to control the make-up of the lipid component of the lipodisq adds
a number of avenue for future research as this technique becomes more widely used.
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