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ABSTRACT

The extraction of intact proteins directly from biological samples for analysis by mass

spectrometry shows great promise in the development of both diagnostic and stratification

techniques for human disease. Additionally, the ability to identify differentially expressed

proteins in disease can provide invaluable information for the development of new therapeu-

tics. In this thesis liquid extraction surface analysis (LESA) and desorption electrospray

ionisation (DESI) have been applied to the detection of intact proteins directly from thin

tissue sections of human liver. The cohort under analysis suffer from non-alcoholic fatty

liver disease (NAFLD), a disease of the liver with increasing health burden throughout the

world. Previous genetic studies have suggested that a variant of the liver fatty acid-binding

protein (FABP1) is associated with worse disease outcomes. Here, LESA coupled with pla-

nar high-field asymmetric waveform ion mobility spectrometry (FAIMS) and high resolution

mass spectrometry was applied to identification of FABP1 and its variant in a cohort of

42 human liver samples comprising a range of disease states. The presence of the protein

and/or its variant was confirmed by collision induced dissociation or electron transfer dis-

sociation mass spectrometry. A statistically significant differential expression of the variant

protein was shown between the disease and control cohorts. In the second part of this work,

DESI mass spectrometry imaging (MSI) was applied to 20 samples of human liver tissue,

including 15 NAFLD samples and 5 normal samples. These experiments made use of a

custom heated capillary and travelling wave ion mobility spectrometry (TWIMS). Intact

proteins were successfully detected and their distribution across the tissue visualised. A

heterogeneous distribution of proteins was observed in non-alcoholic steatohepatitis (NASH)

tissue in which the regenerative nodules and fibrotic tissue were clearly visible. A computa-
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tional workflow was developed to enhance the speed at which the MSI data be analysed and

was successfully demonstrated. In the final part of this work, LESA was combined with a

cylindrical FAIMS device and high resolution mass spectrometry with the aim of increasing

proteome coverage for intact proteins. Initial work in this area focused on development of a

data analysis workflow to estimate the number of intact proteins species across all FAIMS

settings and across the entire image using an MSI dataset generated from rat testes, kid-

ney, and brain. Subsequently, LESA FAIMS mass spectrometry images were obtained from

human liver tissue samples for three disease stages and the data analysis workflow applied.
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Chapter One

Introduction

In this thesis the development of mass spectrometry for the diagnosis and stratification of

non-alcoholic fatty liver disease (NAFLD) is explored. In Chapter 1, mass spectrometry

is introduced with a specific focus on techniques and technologies employed during this re-

search. Chapter 2 provides details on the methods utilised during subsequent chapters and

the materials which were used. Chapter 3 explores the use of liquid extraction surface analy-

sis (LESA) mass spectrometry as a high throughput sampling technique for the identification

of a liver fatty acid-binding protein (FABP1) variant featuring a threonine to alanine amino

acid substitution in human liver samples. This variant has been previously implicated in

NAFLD. The use of ion mobility spectrometry (IMS) in the form of a planar high-field

asymmetric waveform ion mobility spectrometry (FAIMS) device to enhance signal-to-noise

ratio (S/N) is investigated. Chapter 4 focuses on desorption electrospray ionisation (DESI)

mass spectrometry imaging (MSI) of twenty human liver samples. The sample cohort com-

prised both NAFLD patients and normal donor liver (NL) patients. Computational methods

were applied to the dataset in order to produce a high throughput analysis workflow. Chap-

ter 5 describes the development of a data analysis workflow for LESA FAIMS MSI using a

large dataset comprising mass spectrometry images of rat kidney, testes, and brain sections.

The data analysis workflow was subsequently applied to LESA FAIMS MSI data obtained
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Introduction

from human liver tissue with a range of NAFLD pathology. Chapter 6 provides concluding

details for each of the preceding data chapters with discussions of future work and concluding

thoughts on the use of mass spectrometry for the diagnosis and stratification of NAFLD.
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Introduction

1.1 Introduction to Mass Spectrometry

1.1.1 A Brief History

The first mass spectrometer (then called a parabola spectrograph) was developed by J. J.

Thompson whilst studying the nature of the particles and rays created during electrical

discharge within a vacuum [1]. This work followed the work of several other scientists at

the time who were advancing the early understandings of charged gaseous particles. In 1870

the English physicist William Crookes developed the Crookes tube which was based on the

design of a Geissler tube but featuring an improved vacuum [2]. A German scientist, Eugen

Goldstein, studying discharge tubes (using a Crookes tube) noted that when the cathode of

a discharge tube was perforated luminous rays are observed extending from the rear of the

cathode, Goldstein named these rays "Canal Rays" [3]. This body of work inspired J. J.

Thomson’s experiments which led to the discovery of the electron and the determination of

its electrical charge to mass (e/m) ratio, for which he was awarded the Nobel prize in physics

[4]. The aforementioned experiment involved deflecting cathode rays using an electric plate

on to a photographic plate which was used for detection. Thomson continued to develop his

instrument, eventually replacing the photographic plate with a Faraday cup connected to

an electroscope through which a beam deflected by a magnetic field could be directed and

its signal measured [5]. The signal measured by the Faraday cup could be plotted as ion

abundance versus relative mass and so the foundations of modern mass spectrometry were

laid.
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1.2 Ionization and Sampling

Analytes must be ionized prior to analysis in the mass spectrometer and this can be achieved

in a variety of ways with differing applications requiring different means, depending on the

type of analyte and the desired analytical information. Hard and soft ionization is used to

refer to the degree in which an ionized molecule is fragmented [6]. Hard ionization techniques

impart high residual energy to the analyte which leads to extensive fragmentation. Examples

such as inductively coupled plasma MS leads to the atomisation of the analyte [7]. In

contrast, electron ionization leads to the formation of multiple molecular fragments. Soft

ionization refers to ionization methods which impart low residual energy to analyte molecules

and hence do not typically lead to the fragmentation of the molecule. Soft ionisation methods

have found the most use within the field of biology due to their ability to preserve the intact

structure of bio-molecules such as lipids, metabolites, glycans, oligonucleotides, and proteins

[8–12]. Two of the most widely used soft-ionisation techniques are electrospray ionisation

(ESI) and matrix assisted laser desorption ionisation (MALDI).

1.2.1 Electrospray Ionization

Electrospray ionization (ESI) is a soft ionization source which operates by applying a strong

electric field between a liquid flowing through a capillary under atmospheric pressure and a

counter electrode [13]. The electric field leads to the accumulation of charge at the liquid

surface which causes the formation of a Taylor cone and subsequent fission of the liquid into

droplets (Figure 1.1). These droplets will undergo evaporation and further fission which

increases their charge per unit volume. There are three proposed mechanisms through which

ions are eventually released or ejected from a charged solvent droplet, the charged residue

model (CRM), chain ejection model (CEM) and, ion evaporation model (IEM) [14]. Figure
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1.2 depicts these three different mechanisms.

Figure 1.1: Schematic of a Taylor cone forming at the tip of an electrospray device (left).

The evaporation of solvent from the droplets increases the charge density of the droplet

which leads to the eventual fission. Cycles of evaporation and fission lead to increasingly

smaller droplets and eventually complete evaporation of the droplet.

The CRM model is proposed to be the mechanism through which large and globular

analytes enter the gas phase [14]. The mechanism involves the large analyte species being

trapped within the centre of the Rayleigh-charged droplet. The solvent shrinks around the

analyte through the process of coulombic fission and evaporation and as the final solvent

shell is lost the charges remaining within the solvent are transferred on to the analyte.

The CEM model is most relevant to the work presented in this thesis as it is the

proposed mechanism through which denatured protein species are ejected from the interior

of a Rayleigh-charged solvent droplet and convert from condensed-phase molecules to gas-

phase ions [14]. Proteins feature polar and non-polar regions which provide them with

their native solution phase structure. The denaturing of proteins in the condensed-phase

can occur through the addition of acid to the solvent which causes the previously compact

protein structure to unfold and expose hydrophobic structures to the solvent. This extended

hydrophobic character causes the denatured protein to migrate to the surface of the Rayleigh-

charged droplet. The terminus of the protein chain is ejected into the gas-phase and is

followed by continued ejection of the protein chain until the protein has been fully ejected

from the solvent droplet.
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Figure 1.2: Schematic of the CRM, CEM, and IEM for the desorption of an ionised species

from a charged droplet during ESI. In the CRM model, a large globular molecule remains

trapped in the center of the droplet until solvent evaporation occurs around it and transfer-

ring remaining surface charges to the molecule. In the CEM model a denatured and unfolded

protein with hydrophobic character is pushed to the edge of the droplet where it is extruded

with charges from the surface transferred on to the chain. In the IEM model a small and

ionised analyte migrates to the edge of the droplet before forming a solvent bridge with the

parent droplet and finally being ejected.
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In the IEM model a small, discrete ionised moiety experiences both push and pull

forces relative to the centre of the Rayleigh-charged droplet which are caused by the solvent

polarisation and the excess droplet charge respectively [14]. The ejection of the ion occurs

via the formation of a solvent bridge at the surface which collapses to leave the original

charged solvent droplet and an analyte-solvent cluster.

Large molecules with multiple sites of potential ionization, such as proteins, will

typically accumulate several charges when produced by ESI. This phenomenon is extremely

powerful as it permits the analysis of large proteins using instruments with low m/z detection

ranges e.g. a 10 kDa protein carrying an 5+ charge state could be detected on an instrument

with a mass range of 2 kDa [15]. liquid extraction surface analysis (LESA) and desorption

electrospray ionisation (DESI) are two sampling and ionisation methods which make use of

ESI and which are employed in this thesis. they are introduced in Sections 1.5.3 and 1.5.4

respectively.

1.2.2 Matrix Assisted Laser Desorption Ionisation

Matrix assisted laser desorption ionisation (MALDI) is an extremely popular and powerful

ionisation technique to produce intact gas phase ions [16–18]. MALDI is achieved by dissolv-

ing an analyte within an energy absorbing matrix or by depositing said matrix directly on to

a sample and allowing it to dry. During the drying process the matrix will begin to crystallise,

and analyte molecules will become embedded within this crystal matrix. The sampling step

typically takes place within a vacuum, an important distinction when comparing MALDI

with other ionisation techniques, and involves the use of a pulsed laser to irradiate the matrix

which absorbs the energy and is ablated from the surface, forming a plume of matrix and

analyte molecules (Figure 1.3) [19]. The orientation of the laser to the sample surface can be

varied and can be broadly categorised as transmission, reflection, and scanning micro-probe
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Figure 1.3: Schematic of a matrix assisted laser desorption ionisation source. A laser is fired

at the sample which has been coated in an energy absorbing matrix. The irradiation of the

matrix with the laser causes desorption of the matrix/analyte mixture from the surface.

matrix assisted laser desorption ionisation (SMALDI) [20]. In transmission mode MALDI

the laser is orientated 180◦ to the sample surface and the ion plume generated moves in the

direction of the laser propagation. Reflection MALDI occurs with a laser incident on the

sample with an angle between 1− 90◦ and ions are "reflected" from the surface. SMALDI is

performed with the laser source co-axial to the inlet of the mass spectrometer. The process

of ionisation is not fully understood but the current working and accepted model involves

two steps. Firstly, ions are formed in the ablation step when a laser is used to desorb matrix

material and embedded analyte. In the second step ion-molecule reactions in the ablation

plume lead to secondary ions which travel to the detector [21]. Regardless of the mechanism,

ions generated are typically singly-charged and hence MALDI is commonly coupled to time

of flight (ToF) mass analysers as this allows the detection of very large molecules which

would otherwise exceed the typical mass range of other mass analysers. A second reason for

the popularity of paired MALDI-ToF analysers is the pulsed nature of the laser event which

generates the ions and results in discrete ion packets rather than a continuous beam of ions.
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ToF analysers which operate in a pulse manner (discussed in Section 1.3.4) are timed to the

laser pulse. A variety of chemical have found use as MALDI matrix with the organic acids

2,5-dihydroxybenzoic acid (DHB) and α-cyano-4-hydroxycinnamic acid (CHCA) having seen

widespread use as matrices of choice for the analysis of peptides and proteins [22, 23]. The

choice of matrix used in MALDI can be tailored to the desired application and analyte under

investigation and matrices such as 2,4,6-trihydroxyacetophenone have been utilised for the

analysis of lipids and dithranol has been used for the analysis of lipids and small molecules

[24, 25]. Care must however be taken when analysing small molecules due to the potential

overlap of target analyte signal and matrix background signals in the low m/z range [26,

27]. Prior to analysis the sample must be prepared and embedded in the MALDI matrix

of choice. A simple approach is to mix the analyte/sample with the matrix and apply this

mixture to a target where it is allowed to dry, the so called "dried droplet" method. [28–30].

Although simple in principle, the size of the droplet and the associated drying time lead to

heterogeneity in the crystal morphology and analyte distribution which can lead to varied

analytical performance [31]. Devices to overcome these limitations have been introduced

which include matrix spraying/depositing robots [32, 33].

Although MALDI is typically performed within a vacuum, as discussed earlier, ambi-

ent pressure matrix assisted laser desorption ionisation (AP-MALDI) can be performed [34,

35]. MALDI 2 has been introduced to increase ion yield and involves the application of a

secondary laser pulse applied to the gas-phase plume of matrix and analyte generated by the

initial MALDI laser pulse [36].
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1.3 Mass Analysis

The work presented in this thesis makes use of four mass analysers. The linear ion trap

(LIT), quadrupole mass filter, time of flight mass analyzer (ToF), and the orbitrap mass

analyzer. Specifically, the instruments used in the work presented in this thesis are the

Orbitrap Elite, Orbitrap Fusion Lumos Tribrid, Orbitrap Eclipse Tribrid, and Synapt G2-Si

ToF.

1.3.1 Quadrupole Mass Filter

A quadrupole mass filter is a common component of many mass spectrometers due to its

ability to be used both as an ion guide in more complex systems (such as hybrid mass

spectrometers) and as a mass filter. Quadrupoles are comprised of four metallic rods (Figure

1.4) and operate using both a direct current (DC) and radio frequency (RF) component,

with opposing poles acting in pairs. The polarity of these pole pairs is inverted, typically in

the MHz range, such that an energy well is created within the centre of the device.

φ = U + V cosΩt (1.1)

Equation 1.1 describes the potential, φ at the surface of the rods. U and V are the DC

and RF components of the applied voltage respectively, Ω represents the driving frequency,

and t is time. As ions travel through the device they are subjected to an alternating electric

field with each pair of opposite poles oscillating between positive and negative voltages. A

positive ion will drift towards one of the negative poles during this time but if before impact

the pole reverses then the positive ion will be repulsed by the electric field and return to the

centre of the device. The stability of an oscillating ion is not absolute and is determined by
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Figure 1.4: Schematic of a quadrupole mass filter. Four metallic rods with cylindrical or

parabolic geometry are used with opposing rods paired. Each of the paired rods oscillates

between positive and negative polarity while 180◦ out of phase with the other pair. Ions are

transmitted along the z axis of the device.

the magnitude of the DC and RF voltages applied and is given in equations 1.2 and 1.3 where

r0 is the radius of the quadrupole trap, z is the charge, and m is the mass of the ion. The

solutions to these equations, known as the Mathieu equations, provides a region of stability

for an ion of given m
z
. Figure 1.5 shows the area of stability for three ions with a different

m according to the solutions of the Mathieu equations. By changing the magnitude of the

DC and RF voltages ions can be destabilised and consequently ejected from the quadrupole

and hence mass determination is made possible.

au =
8zeU

mr20Ω
2

(1.2)

qu = − 4zeV

mr20Ω
2

(1.3)
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Figure 1.5: A plot of the stability of ions mn according to the solutions of the Mathieu

equations. In order to transmit an ion values of U and V must be chosen such that au and

qu fall within the ions region of stability.

1.3.2 Ion Traps

Paul traps, also known as quadrupole ion traps or either 3D or 2D ions traps depending

on their geometry, are devices which use an oscillating electric field to trap ions between

electrodes [37–39]. The structure of the 3D ion trap features three electrodes shown in

Figure 1.6. Two symmetrical end cap electrodes which feature apertures for the injection

and removal of ions from the trap and a third symmetrical ring electrode with a hyperbolic

surface. Conceptually, the 3D ion trap can be thought of as a quadrupole mass filter bent in

on itself to form a closed loop [6]. The equations governing stability of ions within the 3D

ion trap are similar to the Mathieu equations (given in Section 1.3.1) used in the quadrupole

mass filter however and are given in Equations 1.4 and 1.5 where u is either r or z, the

cylindrical coordinates of the 3D ion trap [37].
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au =
−16zeU

m (r20 + 2z20) Ω2
(1.4)

qu =
8zeV

m (r20 + 2z20) Ω2
(1.5)

Figure 1.6: A schematic of a quadrupole ion trap or 3D ion trap. The ions are injected into

the device along the z axis through an aperture in one of the two end cap electrodes with

the exit end cap also featuring an aperture through which excited ions may exit towards a

detector. The end cap electrodes enclose a third ring electrode.

The 2D ion trap is also known as a linear ion trap (LIT). A LIT is included in the

Orbitrap Elite, Orbitrap Fusion Lumos, and Orbitrap Eclipse hybrid mass spectrometers

which were used in this work. The LIT shares many similarities with quadrupole devices

with the main difference being the use of a segmented quadrupole device which allows for

a DC voltage to be applied and trap the ions within the centre section of the device. Ions

are ejected sequentially from the device by ramping the RF voltage between two pairs of

rods which have slits cut in their centre. Figure 1.7 shows a typical LIT with slits cut in the

x-axis rods. Increasing the RF between these rods will cause ions to increase the radius of
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their resonance in the x-axis and once that resonance distance exceeds 2r the ions will be

ejected from the trap. In addition to their use as a mass detection device LIT are also used

in MSn experiments (see Section 1.6) as they are capable of trapping ions.

Figure 1.7: A schematic of a linear ion trap mass analyzer. Ions are injected into the device

along the z axis and are trapped by the two electrodes at the ends of the device to which a

DC voltage is applied. Ions are ejected from the trap through the slits in the electrode on

the x axis and into a conversion dynode.

14



Introduction

1.3.3 Orbitrap

The orbital trapping of ions in an electric field was introduced in 1923 by Kingdon [40].

Classically, a wire is stretched along the central axis of an outer cylinder with the ends

capped to enclose the trapping volume. Ions are introduced perpendicular to the central

electrode and will begin a stable orbital motion around the central electrode which is held at

a negative potential for positive ions (a positive potential is used for the trapping of negative

ions). A repulsive potential is applied to the capping electrodes to trap the ions axially. With

a DC voltage applied between the inner wire and outer cylinder electrodes of the Kingdon

trap the potential can be described by equation 1.6 where r is the radial coordinate and A

and B are constants [41].

Φ = A ln r +B (1.6)

The Knight-style Kingdon trap (or ideal Kingdon trap) was designed to introduce an

axial quadrupole term in addition to the radial logarithmic term [41, 42]. These modifications

were important steps towards the creation of the orbitrap as it allowed the frequency of the

oscillations confined to the central electrode to be used for the determination of the m/z ratio

of trapped ions. The cylindrically symmetrical electrostatic potential in the ideal Kingdon

trap is the combination of a quadrupolar potential given in equation 1.7 and the radial

logarithmic potential given in equation 1.6 to give the potential given in equation 1.8 where

r and z are cylindrical coordinates [41]. This modification allows orbital trapping of the

ions as in the conventional Kingdon trap while the quadrupolar potential confines the ions

axially and allows harmonic oscillation in the z axis.

Φ = A

(
z2 − r2

2

)
(1.7)
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Φ = A

(
z2 − r2

2
+B ln r

)
(1.8)

The orbitrap is a Fourier transform type mass analyzer in which the resonance of ions

creates an image current which is converted from the time domain and into the frequency

domain. Introduced by Makarov et al. [43, 44], the design of the orbitrap is based on that of

a Kingdon trap, featuring a central spindle shaped electrode housed within a barrel shaped

coaxial electrode (Figure 1.8) [40]. Ions are injected into the cavity tangential to the outer

electrode and begin to rotate around the central electrode while oscillating along its length.

In the positive mode the central spindle electrode is negatively polarised and the ions become

trapped in an orbit around this central electrode. Ions are introduced to the analyzer off

centre of the central electrode and spontaneously begin coherent axial oscillation. The outer

electrode is divided in the middle which allows the image current of the ion oscillation to be

collected and amplified.

The equation for the electrostatic potential inside the trap is given in equation 1.9

where r and z are cylindrical coordinates, k is the curvature of the field, Rm is the charac-

teristic radius, and C is a constant [43, 44].

U(r, z) =
k

2

(
z2 − r2

2

)
+
k

2
(Rm)2 ln(

r

Rm

) + C (1.9)

The motion of a stable ion within the electrostatic field involves both an orbital motion

around the central electrode in the r direction and an oscillation along the electrode in the

z direction. As can be seen in equation 1.9 there are no cross-terms and so the potential in

the z direction is quadratic. The oscillation, ω, of ions of with a mass to charge ratio m/z

along the electrode are given by equation 1.10. It can be seen from this equation that these

axial oscillations are proportional to m/z ratio of the ion.
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Figure 1.8: Schematic of an orbitrap mass analyzer. Ions are injected into the device and

begin to oscillate along the z axis of the device whilst orbiting the inner electrode. The outer

electrode is split in the centre and an image current generated by the movement of the ions

in the device is collected and amplified to generate the signal.

ω =
√

(z/m)k (1.10)

1.3.4 Time of Flight

Time of flight (ToF) instruments operate in a pulsed manner in which discrete packets of ions

are accelerated through a vacuum with a known distance and their arrival times measured.

With appropriate gating of the ions and careful timing and measurement the m/z of analytes

can be determined. The basic design of a ToF mass analyzer consists of an acceleration region

xa in which ions are subjected to a homogeneous electric field Ea and a field-free drift region s

in which the ions travel and become separated according to their m/z [45]. The acceleration

of ions within xa is inversely proportional to their mass and proportional to their charge and
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determined by the strength Ea described in equation 1.11:

b = qEa/m (1.11)

The final kinetic energy Ek of the ion leaving the acceleration region is given by

equation 1.12:

Ek = qU = xaqEa (1.12)

Where U denotes the acceleration potential. Once the ions have left the acceleration

region their velocity remains constant and is defined by equation 1.13:

v =

√
2Ek
m

(1.13)

The time taken to travel through the field free region ts of distance xs can be defined

using equation 1.14:

ts = xs/v (1.14)

Through substituting equation 1.13 and 1.12 into equation 1.14 we arrive at equation

1.15:

ts = xs

√
m

2qU
(1.15)

Solving equation 1.15 for m
q
yields equation 1.16 which relates the travel time of an

ion to its m/z ratio and reveals the quadratic relationship between an ions m/z and the time
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required to traverse the field-free region:

m

q
=

(
2U

x2s

)
t2 (1.16)

A key advantage to using ToF instruments is their theoretically limitless mass range

and relatively simple construction when compared to other technologies such as FT-ICR.

There are however some disadvantages to the use of a ToF instrument which are related

to the non-ideal nature of real world implementation and which lead to a finite thickness

of ion packets which impinge on the detector (Figure 1.9) and therefore an inaccuracy in

the measurement of m/z values limits the resolution that can be achieved. Two of the key

factors leading to inaccuracy are the finite thickness of the ion cloud in the acceleration

region and differences in initial velocity of those same ions (Figure 1.9) [46]. To overcome

these limitations and to increase the resolution of ToF instruments different strategies have

been implemented.

Figure 1.9: Depiction of uncertainty in ToF arrival time caused by differences in initial

velocity and position of ions of the same m/z in the acceleration region. Arrows depict

initial velocity and magnitude for each ion.

Two-stage ion sources were introduced in which two ion acceleration zones, Ea1 and

Ea2, are implemented. In Ea1 ions have a distribution of initial positions and velocities, the

time taken to correct the velocity of ions travelling away from the detector is known as the
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"turn-around time". Two-stage ion sources overcome this phenomenon by first correcting

for the turn-around time in Ea1 such that ions within the second acceleration region, Ea2,

can simply be considered to have a distribution of starting positions and acceleration in this

region reduces the differences in the velocity of the ions leading to a more focused ion packet

[47]. Another strategy to focus the arrival time of a packet of ions with a discrete m/z is

the reflectron [48]. The reflectron operates using a static electric field and deflects ion which

enter the device from the field free region towards the detector. Ions with the same m/z

but with different velocities will penetrate in to the reflection at different depths and upon

leaving the reflection will become focused and hence increase the resolution of the instrument

[49, 50]. An additional advantage of a reflectron is the associated increase in the time that

the ions spend in the field free region which allows for greater separation of ions and also

contributes to increased resolution.
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1.4 Ion Mobility

Ion mobility spectrometry (ion mobility spectrometry (IMS)) is a method of ion separation

complementary to mass spectrometry which has seen increasing use within the field of MS

due to its ability to provide information that is orthogonal to the traditional m/z [51–54].

IMS is able to separate ions in the gas phase based on properties related to their mobility

in an electric field. Coupled to a mass analyser, IMS allows for seperation of isomeric ions,

the calculation of ion collision cross section (CCS) values which are invaluable in the field

of native MS; and to increase the signal-to-noise ratio (S/N) by spatially or temporally

dispersing analyte ions prior to detection.

1.4.1 Drift Time Ion Mobility

Drift time ion mobility spectrometry (drift time ion mobility spectrometry (DTIMS)) is a

well-established IMS technology in which gas-phase ions are introduced to a series of stacked

ring electrodes with a static electric field created along the axis of the device [55]. The ions

are introduced to the IMS cell by a carrier gas while an opposing drift gas is injected with a

counter flow. Ions are carried through the cell by the electric field while collisions with the

counter gas lead to diffusion of the ions throughout the device according to their mobility

KMob defined in equation 1.17 where q is the charge of the ion, N is the number density of

the buffer gas, k is Boltzmann’s constant, T is the absolute temperature, m is the mass of

the buffer gas, M is the mass of the ion and Ω is the CCS of the ion [56].

KMob =

(
3q

16N

)(
2π

kT

)1/2(
m+M

mM

)1/2(
1

Ω

)
(1.17)

DTIMS has seen extensive use in the study of proteins where it is frequently used
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to study the gas-phase structure of proteins as well as protein-protein, and protein-ligand

interactions [57, 58]. Zheng et al. utilised DTIMS to investigate the application of this IMS

technique to the analysis of native proteins and native protein complexes using an extended

m/z range of 20000 [59]. Lai et al. studied what effect the binding of different ligands to

the chaperone protein DnaK had on the conformation of the protein [60].

1.4.2 Travelling Wave Ion Mobility

Figure 1.10: Schematic of a travelling wave ion mobility spectrometry device. Stacked ring

electrodes are used to create a travelling electric field which pushed ions through the device.

Collisions with neutral gas molecules impede the movement of ions in the device.

Travelling Wave Ion Mobility (TWIMS) is an ion mobility technique which employs

an array of ring electrodes through which ions travel. A series of electric waves propagate

through these electrodes and in doing so ions are pushed through the array. Collisions with

gas molecules impede the travel of ions through the cell and creates a gradient of arrival times

which arise as a consequence of the susceptibility of an ions to collisions and the influence it

feels from the travelling electric wave determine which determines its mobility. By adjusting

the strength and speed of the travelling wave the arrival time of ions can be tuned and

consequently mixtures of analytes can be separated broadly by their molecular classes e.g.

proteins, lipids. TWIMS has been used successfully to increase the peak capacity of liquid

22



Introduction

chromatography mass spectrometry (LCMS) experiments by providing an extra dimension

of separation within the instrument [61]. With careful calibration TWIMS can also be used

to determine CCS values for use in studying the structural biology of proteins [62].

1.4.3 High Field Asymmetric Waveform Ion Mobility

High Field Asymmetric Waveform Ion Mobility (FAIMS) separates ions at atmospheric pres-

sure on the basis of differences in their mobility in high and low electric fields. The ions are

passed between two parallel plates between which an asymmetric electric field is applied. The

ions are transported through the device perpendicular to the electric field by a carrier gas.

The separation of ions occurs due to their differential mobility in the high and low electric

fields. Should the mobility of an ion be identical in both high and low fields then the ion will

experience no net movement as it traverses the device. For an ion with different mobility in

these high and low fields the trajectory of the ion will shift towards one of the electrodes and

with each cycle of the field this change in trajectory will become more pronounced until the

ion reaches one of the two electrodes and is neutralised [63]. This behaviour is in contrast to

other IMS techniques as FAIMS acts more like a filter whereby selected ions are transmitted

and others are removed entirely and chosen analytes are delivered as a continuous stream of

ions rather than as discrete packages as is typically the case with other techniques previously

discussed. Furthermore, no current model exists which allows for the CCS of transmitted

ions to be determined by FAIMS although it can be included in tandem with other IMS

methods which can allow for such measurements.

The operating principle of FAIMS is shown in Figure 1.11. An asymmetric RF voltage

is applied across two electrodes in such a manner that VMax 6= VMin but is modulated such

that the sum of the applied field is zero i.e. VMax×TMax = VMin×Tmin [63]. VMax is referred

to as the dispersion voltage (DV) and the resulting electric field is known as the dispersion
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Figure 1.11: Schematic of a FAIMS device.

field (DF). Equation 1.18 describes the mobility of an ion, KMob. K0 is the mobility in a low

field, N is the number density of the gas, E the electric field strength and αn are parameters

which describe mobility as a function of E
N

[64]. A second DC voltage, the compensation

voltage (CV), is superimposed upon the asymmetric RF voltage generating the compensation

field (CF). The application of this CF acts to correct the movement of an ion within the DF

such that the ion is transmitted through the device. The CF can be swept through a range

of values in order to transmit ions of different mobility in the DF.

KMob = K0

{
1 + α2

(
E

N

)2

+ α4

(
E

N

)4

+ ...

}
(1.18)

The mobility of ions can both increase, decrease, and increase then decrease as the

strength of the applied electric field E increases. This behaviour is labelled A-type, C-

type, and B-type respectively [65]. Models exist to rationalise this behaviour for small

molecules and proteins. Three models have been proposed to explain the behaviour of ions

in the alternating high and low electric fields and the emergent differences in mobility which

accompany them. The clustering/de-clustering model proposes that during low-field portion
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of the wave ion-neutral clusters form and, with the greater CCS of the cluster, experience

reduced mobility. During the high-field portion of the wave these clusters dissociate and

consequently the mobility of the ion increases. This model explains A-type behaviour [66].

The hard sphere model or rigid scattering model occurs due to ion-neutral collisions and

mobility decreases with increasing electric field strength, accounting for C-type behaviour

[66]. For proteins a third model has been suggested. Shvartsburg et al. [67] propose that the

difference in behaviour is dependant on the size of the protein, regardless of charge state, and

is a consequence of dipole moments arising from the protein structure. In a high field, the

dipoles will align in parallel with the electric field and perpendicular to the direction of travel

in the gas. Depending on the collision cross section (CCS) of the ion in the plane of alignment

relative to the rationally averaged CCS, the ion may display A or B type behaviour. Dipole

alignment has been shown to occur for proteins > 27 kDa. As proteins traverse the FAIMS

device they are subjected to a high electric field which leads to collisional heating. The

impact of heating on the gas-phase conformation of folded proteins has been studied and

the increase in temperature experienced by an ion has been determined to be ∼ 50 K [68].

The heating of a protein ion as it traverses the device may cause the ion to adopt a new

conformational state, changing the mobility, leading to the loss of the ion. This is known as

the "self-cleaning" effect.

Much of the published work on the use of FAIMS in the analysis of proteins has

focused on bottom-up proteomics, i.e., analysis of proteolytic peptides. Venne et al. [69]

demonstrated that FAIMS coupled to a Q-ToF provided a > 10 fold increase in the S/N for

a range of multiply charged peptide ions. Similar work by Canterbury et al. [70] using LIT

mass spectrometry demonstrated the use of FAIMS for increasing the peak capacity in LCMS

experiments of tryptic digests. Saba et al. [71] demonstrated the use of a FAIMS device

for proteomics on an orbitrap mass spectrometer and reported both a > 10 fold increase in

limits of detection and an increase in the number of assigned MS/MS spectra of 55%.
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Much of the early work on the study of intact proteins focused on the analysis of

cytochrome C and ubiquitin conformers. Purves and Guevremont [72] demonstrated FAIMS

of intact proteins with cytochrome c and showed that different charge states of the protein

were transmitted at different CF indicating that the mobility of the ion in a high electric

field was sensitive to the structure of the ion. The transmission of ions in FAIMS, as well

as being influenced by the electric field, can be altered by the composition of the carrier gas

[73]. FAIMS has been combine with hydrogen/deuterium exchange for the study of protein

conformation and the two methods were found to be highly complementary with conformers

resolved using FAIMS having similar levels of hydrogen/deuterium exchange. Conversely,

conformers with significant differences in hydrogen/deuterium exchange are unresolved by

FAIMS [74]. Conventional IMS (using a drift tube) has ben coupled in tandem with a

FAIMS device which permitted the observation of conformational states not detectable using

either IMS technique alone [75]. In addition to the study of individual proteins and their

conformers, FAIMS has been used as a method for increasing S/N of intact proteins. Sarsby

et al. [76] utilised FAIMS and liquid extraction surface analysis (LESA) (see Section 1.5.3)

for the analysis of both thin tissue sections from mouse tissues and from E-coli colonies grown

on agar. The inclusion of FAIMS permitted the separation of molecular classes. Griffiths et

al. [77] utilised FAIMS for the separation of lipid and protein species in the LESA of blood

spots dried on to paper cards and showed that without the incorporation of FAIMS it was

not possible to detect both protein and lipid classes of analyte due to the high intensity of

haemoglobin subunit alpha (α-globin) and haemoglobin subunit beta (β-globin). Kocurek

et al. [78] demonstrated the use of FAIMS for increasing the number of detected proteins

from bacterial colonies grown on agar through the separation of background ions as well as

the separation of protein species with overlapping m/z.

Recently, a cylindrical FAIMS device with optimised aerodynamic properties was in-

torduced [79] and has been commercialised by ThermoFisher Scientific as the FAIMS-Pro.
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Hebert et al. [80] have demonstrated the use of this device with HPLC for bottom-up pro-

teomics with an increase in protein identifications achieved. Recent studies, published since

the start of the work presented in this thesis, have shown the suitability of the FAIMS-Pro

device for top-down proteomics. Hale et al. [81] utilised the device for the transmission of

native protein complexes and demonstrated that despite the heating effects of the device

non-covalent protein-protein and protein-ligand complexes remained intact through the de-

vice. Top-down proteomic studies performed by Fulcher et al. [82] with samples of explanted

human Alzheimer’s brain demonstrated a more than two fold increase in the number of non-

redundant proteoforms when using the FAIMS-Pro device. Gerbasi et al. [83] demonstrated

that the use of the FAIMS-Pro device coupled to HPLC for the analysis of protein mix-

tures extracted from human CD3+T cells resulted in a 62% increase in protein identification

without an increase in the analysis time.
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1.5 Mass Spectrometry Imaging

1.5.1 Overview

Mass Spectrometry Imaging (MSI) involves the analysis of a substrate using mass spectrom-

etetry with spatial information being retained. As the spatial location of analyte signals is

known, the distribution of these signals can be presented as a heat-map (Figure 1.12). There

are two modes of collecting MSI data named micro-probe and microscope mode [84]. Micro-

probe mode operates by collecting a mass spectrum at an array of predefined coordinates.

The image is created by plotting the intensity of a signal or signals against their position in

the array [85]. In contrast, microscope mode MSI operates by ionising an area and the ions

retain their spatial orientation as they are transferred to a position sensitive detector [86].

The MSI performed in this thesis uses the micro-probe mode of operation.

MSI has found broad application in multiple fields including the forensic analysis of

lipids and substances of abuse from latent fingerprints [87, 88]; in art and archaeology to

provide a deeper chemical understanding of artefacts and to provide molecular evidence of

how people lived [89, 90]; and in the life sciences for the study of drug metabolism, bio-

molecule distribution, and protein structure [91–93]. The following sections will introduce

common methods of acquiring mass spectrometry images and discuss their applications and

compare their strengths and drawbacks. Great care must be taken during the preparation

of samples for MSI and in the interpretation of the data as non-biological effects such as

analyte delocalisaion, ion suppression, and over sampling can impact the results of a MSI

experiment [94–97].
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Figure 1.12: An illustration of a mass spectrometry image. Each pixel in the x,y space

represents a full mass spectrum and the image is generated from the intensity of a chosen

m/z value.

1.5.2 Matrix Assisted Laser Desorption Ionisation

MALDI, introduced in Section 1.2.2, is a widely used technique utilised in MSI and has

found applications in almost all areas of study, as well as acceptance in industry. Some of

the earliest work involving the application of MALDI to IMS, particularly to imaging of

biological samples, can be traced to Caprioli et al. [98]. This early work demonstrated that

MALDI was capable of the analysis of complex biological samples such as whole thin tissue

sections of rat pancreas and pituitary gland and demonstrated the localisation of insulin

(m/z 5802) to a pancreatic islet. Since these early experiments MALDI has seen increasing

use in the analysis of bio-molecules in situ while retaining spatial information with lipids,

metabolites, and peptides and proteins being routinely analysed [17, 99, 100].

MALDI imaging is performed by ablating a matrix in a raster mode such that a grid

of sampling points is created and instrument scans can be correlated with the spatial grid.
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As MALDI is performed with a laser high spatial resolution can be achieved, for example,

spatial resolutions of < 10µm have been demonstrated for the imaging of single cells [101].

Conversely, examples in the literature also show that whole organisms such as mouse pups

have also been successfully imaged with spatial resolutions of < 50µm achieved [102].

1.5.3 Liquid Extraction Surface Analysis

Liquid extraction surface analysis (LESA) is an ambient electrospray ionisation sampling

method which involves the use of a pipette to dispense a volume of liquid, typically within

the range of 1-5 µL, on to a sample [103]. The formation of a liquid micro-junction (LMJ)

between the pipette and the sample surface allows analytes to dissolve into the solvent

and for the pipette to re-aspirate the sample volume and deliver it to an ESI source inlet

(Figure 1.13). LESA has been employed to identify numerous analyte types in several sample

mediums. These examples include: investigation of the depth of penetration of a topical drug

on porcine ear; elucidation of the spatial distribution of orally administered drugs and their

metabolites in rats; and investigation of lipid species from human atherosclerotic plaques

[104–106].

LESA MS of dried blood spots was demonstrated to be an effective, automated

method of identifying haemoglobin variants using top-down proteomics [77, 107]. The anal-

ysis of proteins directly from tissue has also been performed using LESA MS and both

bottom-up and top-down proteomics have been performed. Pathological (NASH) human

liver tissue was investigated and over 500 proteins were identified [108].

LESA is a technique well suited to the imaging of large molecules, such as proteins,

directly from tissue as it allows for the use of various solvent systems and modulated extrac-

tion times which can aid in the absorption of analyte material from complex samples [103].
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Figure 1.13: Schematic of a LESA robotic pipette.

A major drawback of LESA sampling, particularly when applied in an imaging context,

is the poor spatial resolution that can be achieved when compared to other methods such

as MALDI and DESI. By far the most common commercial LESA solutions is the robotic

pipette system marketed by Advion as the TriVersa Nanomate with a maximum achievable

spatial resolution of 1 mm using their proprietary control software, LESA Points. LESA

is a versatile sampling method not only due to the use of ambient ESI but the decoupled

method in which sampling and ionisation is preformed which allows the inclusion of offline

sample treatment such as LCMS [109]. LESA has also been shown to be compatible with

quantitative studies of both drug and intact stable isotope labelled proteins directly from

tissue [110, 111].

Griffiths et al. [112] demonstrated the use of LESA as an imaging platform for the

spatial profiling of intact proteins over thin tissue sections of mouse brain and liver tissue.

The incorporation of a planar FAIMS device permitted a greater number of proteins to

be observed. Further work using multiple FAIMS CF conditions enhanced the number of

proteins observed in thin sections of rat kidney tissue [113]. The number of proteins observed
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when utilising this multi CF approach led to a 6 to 16 fold increase in the number of proteins

observed when compared with no FAIMS field and a 2 to 3 fold increase over a static CF

value.

Efforts to increase the spatial resolution of LESA have included the use of electro-

focusing as demonstrated by Brenton et al. [114] which involved the use of electrostatic lenses

comprised of three electrodes which were employed to focus the liquid droplet formed at the

end of a plastic tip to a point which permitted sampling of a surface with greater resolution

than was otherwise achievable. Another attempt to increase the resolution/decrease sample

area using LESA was demonstrated by Randall et al. [115] who showed that so called

"contact" LESA could be performed wherby the sampling pipette was lowered until the

platic tip made contact with the sample surface and so reduced the size of the sample area

to the inner diameter of the pipette. In this study, the sample area was reduced from 3.68 mm

to 0.55 mm. Ryan et al. [116] utilised a Triversa Nanomate LESA platform with an added

liquid chromatography modification for the targetted sampling of on tissue trypsin digests.

Trypsin had been deposited through the use of a piezoelectric spotting system with regions of

interest defined by autofluorescent microscopy. The positions on the tissue which had been

subjected to trypsin digestion were sampled using LESA and these extracts were analysed

by bottom-up LCMS. The extraction of protein digest from the trypsin deposits effectively

increased the spatial resolution of the LESA platform without any physical modification of

the platform.

1.5.4 Desorption Electrospray Ionisation

Desorption electrospray ionisation (DESI) is an ambient ionisation method utilising a jet

of solvent which is electrosprayed on to an analyte containing surface. The micro-droplets

generated in the spray act as projectiles which lead to the desorption of ions via pneumatic
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and electrostatic forces [117]. The resulting gas-phase ions are introduced to the mass spec-

trometer via an atmospheric pressure ion transfer capillary (Figure 1.14). This method has

been used successfully for the analysis of complex samples and biological analytes such as

proteins, lipids, and peptides. The production of multiply charged proteins species strongly

suggests the dissolution of analytes within solvent droplets. One of the great advantages of

DESI sampling is the ability to manipulate the sample while acquisition is occurring. By

positioning a sample on a stage under the DESI spray source the positioning can be ma-

nipulated, and hence high throughput sampling is possible in addition to spatially resolving

analytes from complex surfaces.

Figure 1.14: Schematic of a DESI spray source

DESI is a technique well suited to MSI as the size of the sampling area can be relatively

small and the sample can be moved under the electro-spray which allows raster images to

be created. DESI MSI has been successfully applied to the analysis of both metabolites and

lipids directly from tissue samples [118, 119]. Despite these achievements in the analysis

of bio-molecules the application of DESI to the analysis of intact proteins directly from

biological substrates has remained challenging.

Bereman et al. [120] reported the coupling of a DESI source to a FT-ICR mass
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spectrometer and were able to demonstrate the analysis of polypeptides and proteins which

were deposited on to glass slides up to 5.7 kDa in mass and acquired with a resolving

power of up to 30000 FWHM. Shin et al. [121] demonstrated the applicability of DESI to

the analysis of intact proteins with a molecular mass exceeding ∼ 12 kDa. Several protein

standards ranging in molecular mass from cytochrome C (12.3 kDa) to bovine serum albumin

(66.4 kDa) were deposited on to glass slides and analysis was performed using DESI on a

quadrupole ion trap mass spectrometer. Several charge states for each protein standard were

observed and deconvolution of the mass spectra was successfully applied although the error

in measured mass increased as the intact mass of the protein increased and similar results

were seen for limits of detection which increased from ∼ 4 ng/mm2 for the cytochrome c

to ∼ 4000 ng/mm2 for the bovine serum albumin. This study provided evidence that the

analysis of intact proteins by DESI was feasible.

Ambrose et al. [122] applied DESI MS to the analysis of both soluble and membrane

proteins using native like conditions and were able to demonstrate the detection of protein-

protein and protein-ligand interactions. In order to preserve the native structure of the

proteins a nebulizing sprayer was used to deposit the protein standards on to a glass slide

and ionisation was achieved using a modified DESI source. Through the combination of

these techniques protein complexes are large as 800 kDa (GroEL14mer). While this study

demonstrates that DESI is applicable to the analysis of large and native protein complexes

the analysis was nevertheless performed on glass slides with carefully prepared and deposited

protein standards.

Despite the success in the analysis of intact proteins and protein complexes using

DESI it should be noted that these experiments required the preparation of protein stan-

dards and the doping of said standards on to clean surfaces such as glass slides prior to

analysis. The detection of intact proteins directly from complex biological substrates such

as tissue remains challenging. Work performed by Garza et al. [123] involved the inclusion
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of IMS by way of a planar FAIMS device into the sampling workflow. Initial experiments

were performed without the FAIMS device coupled to the instrument and instead relied

on tissue washing and careful optimisation of the DESI spray geometry to permit the suc-

cessful extraction and ionisation of protein species. The FAIMS device was incorporated

following these optimisations and permitted the detection of multiple protein species with a

greater S/N than previously achieved without the device due to the removal of interfering

ionic species such as solvent and lipid background signals. Work by Towers et al. [124]

also demonstrated the use of IMS as a method to enhance the detection of intact protein

species directly from tissue. In this work, a DESI source was modified with a heated inlet

capillary to enhance desolvation of the ions in the source which was shown to be essential

for the detection of protein species in this work. The addition of IMS by way of a TWIMS

device further improved the number of protein species identified by providing the orthog-

onal separation of isomeric protein species. These studies demonstrate that the extraction

of intact proteins directly from tissue can be performed by use of a DESI source and that

this method is compatible with MSI but requires both the careful optimisation of the DESI

source geometry and the inclusion of IMS.
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1.6 Top-down Proteomics & Tandem Mass Spectrometry

Tandem mass spectrometry is the process by which an ion is characterised according to its

fragments. A typical tandem experiment would involve the isolation of a precursor ion which

is then fragmented by one of a range of techniques and the m/z of the product ion is recorded

[125]. Multiple rounds of tandem mass spectrometry can be performed in which the product

ion is once again selected for further fragmentation. Such experiments are referred to as

MSn where n refers to the number of mass selective/analysis steps performed in the analysis.

Although there is no theoretical maximum number of MSn steps that can be performed, the

decrease in precursor ion numbers in each step and the complexity of the instrumentation

required to facilitate such experiments leads to a practical limit in the number of tandem

experiments. Proteins typically fragment at three locations on the peptide and are shown in

Figure 1.15.

Figure 1.15: A schematic of a peptide with the three possible locations of a peptide bond

cleavage illustrated.
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1.6.1 Collision Induced Dissociation

Collision induced dissociation (CID) is a method of fragmentation in which energy is im-

parted to ions by their collision with a neutral gas. This gas is introduced to a collision cell

positioned before a detector or an ion trap can be filled with a collision gas. Ions are accel-

erated into the gas and the collision leads to translational energy becoming redistributed as

internal energy throughout the molecule. If a sufficient amount of energy has been supplied

to the ion, it will dissociate into fragment ions [126]. CID is an ergodic fragmentation tech-

nique as the speed at which translational energy is redistributed throughout the molecule

as internal energy is much faster than dissociation and hence fragmentation is dependent

only on the energy imparted on the ion. As the collision energy is distributed with equal

probability across the ion and its vibrational modes fragmentation is likely to occur at the

weakest bonds. This predilection for fragmentation at weaker bonds unfortunately leads

to the loss of post-translational modifications and other labile adducts such as the neutral

loss of water and ammonia [127]. The mobile proton model provides a working framework

through which the fragmentation by CID can be rationalised [128, 129]. The mobile proton

model assumes that protons are located at basic sites on the polypeptide, such as the basic

amino acid side chains, and upon CID activation these protons migrate to less basic sites

such as the amide bond of the polypeptide. Rearrangement of the ion leads to the formation

of either b or y ions and a schematic of this unimolecular reaction is shown in Figure 1.16.

1.6.2 Electron Transfer Dissociation and Electron Capture Disso-

ciation

Electron transfer dissociation ETD was initially reported in 2004 by Syka et al., seven years

after the first report on electron capture dissociation (ECD) by Zubarev et al. in 1997
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Figure 1.16: The mobile proton model illustrated for a generic polypeptide. The Nterm and

Cterm indicate the N-Terminus and C-Terminus of the polypeptide respectively. The R group

represents any amino acid side chain.

[130, 131]. Whilst ETD and ECD share many similarities the use of the latter is typically

restricted to FT-ICR instruments. The reason for this restriction is due to the heating of the

injected electrons by the RF fields used in trap based mass analysers in contrast with the

static magnetic field used in FT-ICR instruments [132]. Although this limitation has been

overcome ECD is still mostly limited to FT-ICR instrumentation [132]. ETD is a mode of

fragmentation in which an electron is transferred from a radical anion, such as fluoranthene,

to a peptide/protein ion in the gas phase.

Several mechanisms of fragmentation have been suggested for ECD/ETD including

the Cornell mechanism and the Utah-Washington mechanism [131, 133, 134]. The Cornell

mechanism describes electron attachment via a protonated amine group followed by a hy-

drogen transfer to a amino acid amide oxygen. In contrast the Utah-Washington method

suggests capture of the electron to a Rydberg state and then a transfer to the π∗ anti-bonding

orbital of an amino acid amide group. Despite the differences between the mechanisms both

agree on the formation of a aminoketyl radical anion (Figure 1.17). Following the formation

of this intermediate the N Cα bond is cleaved to generate the c and z fragments (Figure
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1.15). ETD offers several advantages when compared with collision methods such as CID and

include greater fragment coverage owing to the non-ergodic nature of the reaction, cleavage

of disulphide bridges, and a lack of reactivity towards labile post-translational modifications

which makes it suitable, for example, in native proteomics [135].

Figure 1.17: c and z fragments are formed through an aminoketyl radical intermediate.
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1.7 Non-Alcoholic Fatty Liver Disease

1.7.1 Overview and Epidemiology

Non-alcoholic fatty liver disease (NAFLD) is a major cause of liver disease worldwide with a

global prevalence of 25%. It is becoming the leading cause of liver disease in the United States

of America and Europe (figure: 1.18) [136]. NAFLD has been described as the hepatic mani-

festation of the metabolic syndrome (MetS), the condition describing the complex metabolic

disorder which is typical in patients suffering from type 2 diabetes mellitus (T2DM), an

excess flux of free fatty acid (FFA), and visceral obesity [137–139]. NAFLD is an umbrella

term which encompasses the benign Non-Alcoholic Fatty Liver (NAFL) and the progressive

form, non-alcoholic steatohepatitis (NASH). NAFL is defined as the accumulation of fat

(steatosis) in the liver which exceeds 5% of its weight. NASH is defined histologically by

necrosis and inflammation of the liver cells in the presence of steatosis [140]. Patients with

NASH are at risk of developing cirrhosis and hepatocellular carcinoma [141], and the pres-

cence of extensive fibrosis in NASH carris as significant mortality risk [142]. In 2013 NASH

became the second most common etiology amongst liver transplant wait-list patients and

is expected to overtake hepatitis C virus (HCD) sufferers to become the number one cause

for transplant [143]. Additionally, NASH patients are less likely to receive a transplant and

more likely to die while waiting for a transplant when compared to HCV and alcoholic liver

disease (ALD) patients.

1.7.2 Pathogenesis

The presence of fat within hepatocytes is common to both NAFL and NASH and occurs

when the import and production of lipids within the parenchyma exceeds export and degra-
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Figure 1.18: Global prevalence of NAFLD [136].

dation [144]. Lipids are typically stored within hepatocytes in the form of triglyceride (TGA)

although other forms including FFA, diacylglycerol, free cholesterol, cholesterol esters, ce-

ramides, and phospholipids are also found [145]. It is proposed that the type of lipid stored,

not the quantity, is more important to pathogenesis and disease progression. The accumu-

lation of lipids can therefore be considered a “first hit” which leads to benign steatosis and

it is the fate of those lipids that acts as a “second hit” leading to NASH [146]. This oversim-

plification, however, is not sufficient to explain the multiple pathways that the disease can

progress towards. Instead, a “multiple hit” model should be considered in which genetics,

epigenetics, hormones, nutrition, gut microbiome, and insulin resistance influence the livers

response to insult from lipid accumulation [147]. The progression of steatosis to NASH likely

occurs due to oxidative and endoplasmic reticulum (ER) stress, lipotoxicity and hepatocyte

injury. These processes induce an inflammatory, wound healing response which leads from

simple steatosis to NASH.
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Figure 1.19: Schematic of the primary sources of fat influx and outflux from the liver.

1.7.3 Steatosis in NAFLD

One of the histopathological features of NASH is the accumulation of lipid droplets within

cytoplasm of hepatocytes and this accumulation represents a dysfunctional homeostasis of

lipid accumulation and utilisation [148]. Lipids are typically stored within the liver as TGA

and are sourced primarily from circulating FFA from lipolysis of adipose tissue (59%), dietary

fats (15%) and de novo lipogenesis (26%) (Figure 1.19) [144]. Dietary fats are digested,

absorbed and packaged into TG rich chylomicrons, 80% of which are taken up by adipose

tissue and the remaining 20% taken up by the liver. This indicates that a high-fat diet

may be responsible for steatosis within the liver which is consistent with the high-fat diets

used to induce NASH within animal models [149]. Circulating FFA taken up by hepatocytes

rely on transport proteins which include fatty acid transport proteins, fatty acid binding

proteins and fatty acid translocase [150]. The expression of these proteins is increased in

NAFLD which leads to greater uptake of FFA into the liver. de novo lipogenesis (DNL) is

also increased from <5% as observed in healthy individuals to 24% in NAFLD [144]. The

oxidation of FFAs and amino acids accounts for >90% of the basal hepatic energy demand

[151]. Fatty acid oxidation takes place primarily within the mitochondria via β-oxidation
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and also occurs to a lesser degree within peroxisomes and microsomes. The excess of FFAs

within the liver leads to increased mitochondrial metabolic activity and the production of

reactive oxygen species (ROS). Sustained ROS production leads to chronic organelle damage

and impaired mitochondrial respiration [152]. The modification of essential biomolecules by

ROS lead to their inactivation which can lead to cell death or to an attempt at adaptation

by the cell. The established role of oxidative stress in the pathogenesis of NASH involves

increased damage of lipids, proteins and DNA [152]. Studies have shown that in patients with

NASH, genes related to lipid metabolism are expressed in significantly higher levels. These

genes are involved in FFA uptake, DNL, oxidation, and VLDL secretion [146]. Additionally it

was found that the expression of genes relating to DNL were more significantly up-regulated

than those relating to VLDL and oxidation. Increased flux of FFA to the liver from both

exogenous sources and DNL without a balanced export or metabolic utilisation therefore

leads to the accumulation of FFA within the liver and the development of steatosis and the

ensuing pathological metabolic dysregulation.

These alterations in protein and lipid expression due to both metabolic demands and

inflammatory responses, including proteins released during apoptosis of inflamed hepatic

cells serve as a source of potential bio-marker material which could allow serum tests to

determine the stage and severity of the disease. Furthermore, identification of key proteins

up-regulated during steatosis and NASH and the elucidation of their protein maps will allow

the understanding of the hepatic response to steatosis and inflammation to be understood,

permitting the design of treatments both pharmaceutical and lifestyle management.

1.7.4 Diagnosis and Stratification

Many NAFLD patients are asymptomatic and routine liver function test (LFT) results are

the first indication of an undiagnosed disease. Abnormal LFT results in NAFLD are typ-
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ically reflected as slightly increased transaminases (ALT), aspartate transaminase (AST),

and gamma-glutamyl transferase levels. However, for 80% of patients ALT remains within

normal ranges and even when elevated, begins to fall as the disease progresses from fibro-

sis to cirrhosis [153]. Additionally, it has been shown that the entire histological disease

spectrum of NAFLD can be observed in individuals with normal ALT levels which makes

conventional LFT screening an unreliable method of detecting NAFLD [154]. Ultrasound is

a common method of further assessment for patients with abnormal LFT results. Ultrasound

is non-invasive, relatively cheap, portable, and simple to operate and interpret by a trained

clinician. Despite these advantages ultrasound is not capable of stratifying NAFLD and is

unable to distinguish between benign steatosis and progressive NASH [155, 156]. Further-

more, assessment via ultrasonography still relies on specialist training for both performing

the procedure and interpreting the results. Inter-observer and intra-observer variability have

also been shown to be high and the presence of obesity further impedes the procedure, an

important fact when the overlap between patients suffering from obesity and NAFLD is con-

sidered [157, 158]. Although radiological methods such as computed tomography (CT) and

magnetic resonance imaging (MRI) have been used as tools in the diagnosis and stratifica-

tion of NAFLD, the high cost of MRI precludes it from routine screening and CT has been

shown to be unreliable in the diagnosis of early and late stage NAFLD [159]. For all the

reasons previously discussed in this section, a liver biopsy remains the preferred procedure

for the diagnosis and stratification of NAFLD despite its highly invasive nature, including

non-trivial mortality risks, and requirements for specialists to both perform the procedure

and assess the results [160].
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1.7.5 Liver Fatty Acid Binding Protein

One of the aims of the work presented in this thesis was to identify new biomarkers for

either diagnostic or prognostic potential in NAFLD. However at the outset the Fatty acid

binding protein FABP1 was a protein of interest as it has been previously identified from thin

tissue sections using LESA [108]. FABP1 is a 14 kDa protein which is found in abundance

within the cytoplasm of hepatocytes and to a lesser extend within the nucleus and the outer

mitochondrial membrane [161]. FABP1 is also found in several other tissues although in lower

abundance. FABP1 is capable of binding to two long chain fatty acid (LCFA) molecules in

addition to several other ligands which include fatty acyl-CoAs, oxidised metabolites of fatty

acids, and other hydrophobic ligands [162]. The function of FABP1 has been described as

that of an "intracellular equivalent" of serum albumin, participating in the storage, transport,

compartmentalisation, and utilisation of LCFAs within the cell [163]. Figure 1.20 shows a

solution NMR structure of the FABP1 with two bound oleic acids [164]. In addition to the

binding and transporting of various ligands FABP1 is also involved in other cellular processes

such as liver regeneration and it has been suggested that FABP1 behaves as a cytoprotectant

by binding to potentially toxic ligands [161, 165]. Diseases of the liver such as NAFLD are

known to be associated with irregular lipid metabolism and MetS as discussed earlier in

this section and under these conditions changes in the levels of FABP1 are observed [166].

Of particular relevance to NAFLD, fatty acid binding protein 1 T94AFABP1T94A is genetic

variant of the wild type FABP1 featuring a threonine to alanine substitution at position 94

and was initially identified by Brouillette et al [167]. This variant has been associated with

elevated triacylglycerols and fasting serum cholesterol which are associated with an increase

the risk of MetS and its comorbidities [168]. As discussed earlier in this section NAFLD is

also associated with these abnormal metabolic conditions and a large study performed by

Peng et al. [169] involved > 1000 subjects and were enrolled confirmed a link between the

45



Introduction

variant and an increased risk of NAFLD.

Figure 1.20: Solution nuclear magnetic resonance structure of the FABP1 with two oleic acid

ligands contained within the binding pocket [164].
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1.8 Current Mass Spectrometric Approaches to Clinical

and Research Goals in Non-Alcoholic Fatty Liver Dis-

ease

Mass spectrometry has been used previously in the pursuit of both improved clinical out-

comes and to identify research outputs in order to both diagnose and stratify the disease

as well as to elucidate disease mechanisms and explore potential disease bio-markers and

druggable targets.

Metabolomics and lipidomics based mass spectrometetry studies have been performed

in pursuit of improving the understanding of NAFLD. Tu et al. [170] utilised GC and HPLC

coupled with ToF and QqQ-MS mass spectrometry to determine the systemic mechanisms

that lead to NAFLD in a non-obese NAFLD model. Moolla et al. [171] utilized GC mass

spectrometry to analyse the urinary steroid metabolome and through coupling a ML gener-

alised matrix learning vector quantitisation analysis were able to segregate control samples

from those with advanced NAFLD and were also able to segregate early and advanced

NAFLD. Ščupáková et al. [172] demonstrated MALDI MSI with MSn of NAFLD tissue in

order to determine the spatial distribution and heterogenous concentration of various lipid

species across thin tissue sections N = 23 of human liver tissue from obese patients.

Proteomic studies have been also performed. Niu and Geyer et al. [173] evaluated

a cohort of human patients (N = 48) both with and without cirrhosis or NAFLD. In this

study serum samples were enzymatically digested to produce proteolytic peptides which were

subsequently analysed using a HPLC coupled to an Orbitrap Q Exactive HF. This study

produced six proteins with significantly deferential expression. Hall et al. [174] employed

a LESA workflow to explore the lipid profiles of normal and NAFLD samples of human
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and mouse liver. LESA was compared to MALDI and LCMS. The generated lipid profiles

were capable of discriminating between normal samples and those with NAFLD. It was also

possible to segregate NAFL and NASH.
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1.9 Research Aims

The purpose of this research project was to develop MS as a technique to diagnose and

stratify NAFLD and to develop MS as a research tool for discovering new protein biomark-

ers of disease directly from tissue. Particular interest was taken in identifying FABP1 for

reasons described in Section 1.7.5, that is, the threonine to alanine substitution proteoform

FABP1T94A has been shown to confer susceptibility of NAFLD patients to worse disease

outcomes. Computational pipelines were developed in order to both contrast data generated

from different tissue samples and to assist in the analysis of the large data-sets that were

generated through the use of MSI and IMS.

1.9.1 Research Objectives

• Investigate tissue washing and FAIMS as methods of increasing S/N of protein signals

in LESA extracts directly from thin tissue sections (Chapter 3).

• Identify the presence or absence of FABP1 and/or FABP1T94A from a cohort of NAFLD

and donor NL tissues (Chapter 3).

• Investigate protein content of specific features of NAFLD/NASH (e.g. fibrotic tissues,

inflamed hepatocytes) to localise origin of biomarkers (Chapter 4).

• Implement computational methods to interpret complex proteomic datasets (Chapter

4).

• Develop a workflow to determine the number of non-redundant protein species identi-

fied by deconvolution in a MSI data set (Chapter 5).
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• Develop LESA MS and LESA MSI including ion mobility spectrometry to image and

predict the progression of disease in NAFLD (Chapter 5).
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Chapter Two

Materials and Methods

2.1 Materials and Tissue Processing

2.1.1 Materials

Acetonitrile, ethanol, methanol, mass spectrometry grade water, and formic acid were pur-

chased from Thermo Fisher Scientific. Glass slides were also purchased from Thermo Fisher

Scientific. Harris Haematoxylin, acid alcohol, Scott’s tap water substitute, and Eosin (1%

Aqueous) were purchased from pfm Medical UK. DPX was purchased from CellPath. All

human tissue used was collected at the Liver and Hepatobiliary Unit, Queen Elizabeth Hos-

pital, Birmingham, with prior written informed patient consent and local research ethics

committee approval (06/Q702/61). Normal tissue was surplus to requirement for trans-

plantation, whilst diseased tissue was collected from explanted livers upon transplantation

for cirrhotic liver diseases (primary biliary cholangitis (PBC), alcoholic cirrhosis (ALD),

and non-alcoholic steatohepatitis (NASH)). Tissue was immediately snap frozen in liquid

nitrogen and stored at −80 ◦C. Mouse liver tissue (extraneous tissue from culled wild-type

animals) was obtained from the Biomedical Services Unit, University of Birmingham and
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was the kind gift of Dr Caroline Chadwick. Mouse tissue was processed in the same manner

as human tissue.

Rat tissue described in Chapter 5 was the kind gift of Dr. Richard Goodwin (As-

traZenica). The testes, kidney, and brain of control Hans Wistar rats was obtained post-

euthanization. All tissue dissection was performed by AstraZenica staff (project license

40/3484, procedure number 10). Tissue was snap frozen in dry ice chilled isopentane and

stored at −80 ◦C. Tissue was cryosectioned to 10 µm using a CM1810 Cryostat (Leica

Microsystems) and thaw mounted on to glass slides [175].

2.1.2 Preparation and Processing of Tissue

The methods described below are applicable to the human tissue samples utilised in Chapters

3, 4, and 5.

Fresh frozen tissue samples of human liver were sectioned to 10 µm using a cryotome

(Leica Biosystems) and thaw mounted on to clean glass slides. The tissue was obtained

from Queen Elizabeth hospital Birmingham, with original tissue blocks fast frozen in liquid

nitrogen. Slide-mounted samples were wrapped in aluminium foil and stored in a freezer at

−80 ◦C until use. Prior to analysis, samples were allowed to defrost to room temperature be-

fore the removal of aluminium foil to prevent condensation wetting the tissue. Haematoxylin

and eosin H&E staining was performed according to in-house methods detailed in Table 2.1.

Bright-field imaging was performed at X10 or X20 magnification using a Zeiss Axio Scan.Z1

and data was visualised using ZEN 3.1 Blue Edition (both Carl Zeiss Microscopy).
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Table 2.1: In house method for performing hematoxylin and eosin staining. Repeated steps

occur in a new bath of listed solvent e.g. the first step involves the submersion of the glass

slides in two separate water baths, sequentially, for two minutes each.

Bath Time (minutes) Repeat

Water 2 1

Haematoxylin Harris 4 0

Water 2 1

Acid Alcohol 0.5 0

Water 2 1

Scott’s Tap Water Substitute 0.5 0

Water 2 1

Eosin 1 0

Water 2 1

Alcohol 2 3

Xylene 2 2

Mount in DPX N/A N/A
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2.2 Materials and Methods for Chapter 3

2.2.1 Mass Spectrometry Analysis

Analysis was performed on an Orbitrap Elite (Thermo Fisher) mass spectrometer operating

in positive ion mode. Pierce LTQ ESI Positive Ion calibration solution (Thermo Fisher) was

used for all calibrations of the instrument. MS1 scans were performed with the mass range

m/z 600− 2000 in the orbitrap mass analyzer with the automatic gain control (AGC) set to

on and a target of 1× 106 charges with a maximum fill time of 500 ms. The instrument was

operated with a resolving power of 120000 at m/z 400. The temperature of the ion transfer

tube was set to 250 ◦C. MS1 profile mass spectra were acquired for between 1− 5 minutes.

2.2.2 LESA Analysis of Thin Tissue Sections

Tissue was washed by submerging thin tissue sections mounted on glass slides in 80%

ethanol(aq) for 10 s before drying at ambient temperature and pressure prior to analysis.

liquid extraction surface analysis (LESA) was performed using a denaturing solvent system

comprised of 40% CH3CN(aq) and 1% formic acid. The Triversa Nanomate (Advion) robotic

pipette system aspirated 3 µL of solvent from a well before positioning the pipette over a

defined position on the tissue. The solvent was dispensed on to the tissue to form a micro-

junction which was maintained for 10 s to permit absorption of analytes into the solvent.

The solvent was re-aspirated into the pipette and positioned against a nano-electrospray

ionisation (nano-ESI) chip. Positive mode nano-ESI was facilitated by the application of a

source voltage (1.75 kV ) and backing pressure (0.25 PSI). Tissue washing was performed

according to previously established methods [176].
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2.2.3 Inclusion of High Field Asymmetric Waveform Ion Mobility

A chip-based planar high-field asymmetric waveform ion mobility spectrometry (FAIMS)

device (UltraFAIMS, Owlstone Medical), was coupled between the Advion Triversa Nano-

mate and the mass spectrometry (MS) inlet. The temperature of the ion transfer capillary

was increased from 250 ◦C to 300 ◦C when the FAIMS device was coupled and the The

target temperature of the FAIMS chip was set to 100 ◦C. The FAIMS device was operated

in two modes, static and 1D. In 1D mode the dispersion field (DF) was maintained at a

static field value (290.0 Td) and the compensation field (CF) was swept between a range

of values (2.0 − 4.0 Td) over a period of 300 s with a step size of 2.5 mTd. Initial values

for 1D experiments included in this chapter were informed from Sarsby et al. [76]. Static

experiments were performed at the CF value of 3.2 Td determined from the 1D experiments.

2.2.4 Fragmentation and Protein Identification

The most intense precursor ion peak was selected for fragmentation with a quadrupole iso-

lation window of 1.5 Th. Protein fragmentation was performed using both collision induced

dissociation (CID) (including higher energy collision dissociation (HCD)) and electron trans-

fer dissociation (ETD). The exact parameters such as fill time and micro-scan number were

varied according to instrument performance and signal availability on the day of analysis.

Typical values for fill times ranged from 0.5 − 2.0 s and micro-scans range varied from

1 − 10 µScans. The automatic gain control (AGC) target was set to 5 × 104 charges with

a maximum fill time of 2000 ms. HCD and CID normalised collision energies ranged from

20− 25 %. ETD reagent fill time was 10 ms. The mass range for MSn experiments was set

automatically by the instrument and defined as the 1/3 lower mass cut off for the orbitrap

mass analyzer.
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2.2.5 Data Analysis

Protein identification was performed using the ProSightPC 4.1 software package. The refer-

ence human proteome was downloaded as a .fasta file from UniProt (https://www.uniprot.org/

proteomes/UP000005640) and used to generate the search database. The parameters used

for the Thrash algorithm are shown in Table 2.2. ProSight searches were performed with

∆m mode active, this option allows for proteoforms with unknown PTMs to be identified.

Representative mass spectra were also assigned manually using fragmentation data obtained

from ProteinProspector [177].

Table 2.2: Thrash parameters used in ProSightPC 4.1 for protein fragment matching. Min-

imum signal-to-noise defines the minimum ratio that the THRASH algorithm will consider.

Maximum mass defines the largest precursor mass the THRASH algorithm will consider.

Minimum RL defines the minimum confidence level. The maximum charge is the largest

charge the THRASH algorithm will assign to a peak and should be defined as the charge

state of the precursor ion.

Thrash Parameters Value

Minimum Signal-To-Noise 3

Maximum Mass 60000

Minimum RL Value 0.9

Maximum Charge Precursor Dependant

Mass spectra were visualised using the Thermo Xcalibur and Thermo FreeStyle 1.4

software packages. Deconvolution was performed using the built in Xtract algorithm within

both Xcalibur and FreeStyle with default settings used in both cases. Ion transition maps

were created using open source software developed by Griffiths et al. (https://github.com/

coopergroup-massspec/Matlab-code-for-FAIMS-transmission-map-generation.) [77]. Briefly,
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Thermo .raw files were converted to .mzML using the ProteoWizard software package [178].

The .mzML data files were further converted to .imzML files using imzMLConverter [179].
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2.3 Materials and Methods for Chapter 4

2.3.1 Sample Preparation

Tissue washing was performed utilising solvents which have previously been shown to enhance

protein signals and decrease lipid signals [180]. Washing was performed prior to DESI

analysis using three sequential steps and tissue was allowed to dry in a vacuum desiccator

for approximately 10 min preceding analysis [124]:

1. 70% Ethanol(aq) - 1 minute

2. 100% Ethanol - 1 minute

3. 100% Chloroform - 20 seconds

2.3.2 Methods for Desorption Electrospray Ionisation Mass Spec-

trometry Imaging

The following experiments were performed at the Waters Applications Laboratories in Wilm-

slow, United Kingdom in collaboration with Waters.

Mass spectrometry analysis was performed using a SYNAPTG2-Si (Waters) quadrupole

time of flight (Q-ToF) with travelling wave ion mobility spectrometry (TWIMS) enabled,

and equipped with a modified DESI source (Prosolia) and operated in positive ion mode.

The source was modified such that the body of the spray source was isolated from the voltage

applied to the solvent [124]. This design enhanced spray stability in solvent systems with

high aqueous content. Further modifications were made to the source in order to assist in
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desolvation of the secondary droplets in the form of a heated capillary. The heated capillary

consisted of a stainless steel inlet wrapped in a fibreglass jacket within which a nickel heating

wire was embedded. The temperature of the capillary during the experiments was set at

430 ◦C. The instrument was operated with a resolving power of > 10000 and operated in

sensitivity mode. The mass range of the experiment was 100 to 2000 m/z. Other key instru-

ment settings: Trap DC bias 45, ion mobility separation wave velocity linear ramp mode,

start velocity 1100 ms−1, end velocity 300 ms−1 and transfer wave velocity 137 ms−1 [124].

2.3.3 Data Processing for Mass Spectra and Single Ion Images

Mass spectrometry data were analysed using MassLynx 4.2 to visualise mass spectra and

chromatograms. DriftScope 2.4 was used to generate arrival time distribution plots and to

extract mass spectra while keeping either retention time or drift time information as desired.

Images were generated using both HDI 1.5 and SpectralAnalysis 1.4 [181]. To convert Waters

.raw files into open .mzml and .imzml files MSConvert 3.0 and imZMLConverter 1.3 were

used respectively [178, 179].

2.3.4 Signal Processing Workflow

A MATLAB script was created to smooth the mass spectrum, subtract the baseline, and

normalise the data to the base-peak. Firstly the mass spectrum is imported in to MATLAB

from a .csv file. The mass spectrum is linearly interpolated using a m/z bin width of 0.02.

The intensity data is subjected to two rounds of mean smoothing using a mass window of

60 bins. The baseline is subtracted from the smoothed spectra according to the method

outlined by Griffiths et al. [93]. The smoothed and baseline subtracted mass spectrum was

normalised to the base-peak.
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2.3.5 Multivariate Data Analysis

In house software was developed using both MATLAB and Python 3. PyimzML was used to

import .imzML data files into python (https://github.com/alexandrovteam/pyimzML). The

ScikitLearn library was used for the principal component analysis (PCA) and t-distributed

stochastic neighbour embedding (t-SNE) algorithms [182]. The uniform manifold approx-

imation and projection (UMAP) algorithm developed by McInnes et. al. [183] was used

for lower dimensional embedding of the data. The NumPy library was used for a variety

of mathematical operations upon the data [184]. The implementation of the Chan-Vese al-

gorithm used was from the SciKit-Image library [185, 186]. Image morphology algorithms

were from the SciPy library [187].

2.3.6 Deconvolution using MaxEnt and UniDec algorithms

Mass spectrometry data was processed using either the MaxEnt algorithm which is built

into the MassLynx data visualisation software or UniDec, an open source deconvolution

tool [188]. For MaxEnt, all parameters were left at their default with the exception of

deconvoluted mass range which was set between 2000 − 20000 Da. UniDec parameters are

described in Table 2.3. Parameters not described in the table were left as default.
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Table 2.3: UniDec parameters for deconvolution and peak picking. Parameters not shown

were left as default.

Parameter Value

Charge Range (Z) 1 - 30

Mas Range (Da) 1000 - 30000

Sample Mass Every (Da) 0.1

Smooth Charge State Distributions Yes

Use Automatic m/z width Yes

Smooth Nearby Points Some

Suppress Artifacts Lots

Peak Detection Range (Da) 10

Peak Detection Threshold (Da) 0.01
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2.4 Materials and methods for Chapter 5

2.4.1 Liquid Extraction Surface Analysis and Tissue Preparation

for Rat Tissue Studies

LESA was performed on 10 µm sections of kidney, brain, and testes tissue acquired from

rat (supplied by AstraZenica). Whole organs had been snap frozen in dry ice chilled isopen-

tane and stored at 80 °C. In order to remove abundant lipid species the brain sections were

washed in 70% aqueous ethanol for 10 s. As other tissue types do not have similarly high

levels of abundant lipids they were not washed. Tissue samples were loaded into an Advion

TriVersa Nanomate chip-based electrospray device for automated LESA sampling. A dena-

turing solvent system was used to extract protein from tissue and comprised of 40% aqueous

acetonitrile with 1% formic acid. LESA was performed in contact mode where the pipette

tip was positioned directly against the tissue surface. 4 µL of solvent was aspirated with

2 µL dispensed on to the tissue and held for 10 s before 2.5 µL was re-aspirated. Repeat

mixing was performed twice whereby the solvent was re-dispensed and then re-aspirated on

to the tissue according to the conditions above. Following this extraction procedure the

samples were introduced to the mass spectrometer using the TriVersa NanoMate with a

backing pressure of 0.3 psi and a spray voltage of 1.7 kV . All images were acquired using

1 mm × 1 mm spacing.
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2.4.2 High Field Asymmetric Waveform Ion Mobility Mass Spec-

trometry Imaging for Rat Tissue

The following data was collected by Dr. Rian Griffiths at the Thermo Fisher Scientific

laboratories in Boston, United States of America. The data was supplied for analysis by the

thesis author.

A Thermo Fisher FAIMS-Pro device was coupled to a Thermo Fisher Fusion Lumos

Tribrid mass spectrometer. The FAIMS DV was maintained statically at −5 kV and the

CV was varied according to results from optimisation experiments where the CV was swept

from −120 V to +50 V . The chosen CV values for each tissue type are shown in Table 2.4.

Each CV was maintained for 30 s and the application of CV was both preceded and followed

by 30 s of FAIMS voltages off. The mass spectra were acquired in full scan mode with a

resolving power of 120000 at m/z 200 within the m/z range 350− 2000. The AGC was set

to a target of 5× 106 charges with a maximum injection time of 100 ms. The purpose of a

high maximum charge target and low maximum fill time is to prevent the triggering of the

AGC varying the number of scans per pixel. The high target and low fill time effectively

means that the AGC threshold is never reached and so each scan has an identical fill time.

Each full scan was comprised of five co-added micro-scans.

Table 2.4: The FAIMS CV parameters which were applied during the analysis of the rat

tissue sections in sequential order.

Tissue FAIMS CV value (V)

Testes Off -70 -60 -50 -40 -30 -20 Off

Kidney Off -80 -70 -60 -50 -40 -30 Off

Brain Off -90 -80 -70 -60 Off - -
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2.4.3 Liquid Extraction Surface Analysis and Tissue Preparation

for Human Tissue Samples

LESA was performed on 10 µm sections of human liver tissue. Tissue samples were loaded

into an Advion TriVera Nanomate chip-based electrospray device for automated LESA sam-

pling. A denaturing solvent system was used to extract proteins from tissue and was com-

prised of 40% aqueous acetonitrile with 1% formic acid. LESA was performed in contact

mode with the pipette tip positioned directly in contact with the tissue sample. 4 µL of

solvent was aspirated with 2 µL dispensed on to the tissue and held for 10 s before 2.5 µL

was re-aspirated. Repeat mixing was performed twice whereby the solvent was re-dispensed

and then re-aspirated on to the tissue according to the conditions above. Following this ex-

traction procedure the samples were introduced to the mass spectrometer using the TriVersa

NanoMate with a backing pressure of 0.3 psi and a spray voltage of 1.7 kV . All images were

acquired using 1 mm × 1 mm spacing.

2.4.4 FAIMS Mass Spectrometry Imaging for Human Tissue Sam-

ples

A Thermo Fisher FAIMS-Pro device was coupled to a Thermo Fisher Orbitrap Eclipse Tribrid

mass spectrometer operated in positive ion mode and in standard pressure mode. The mass

spectrometer was calibrated using the Thermo Fisher FlexMix calibration solution. The

FAIMS DV was maintained at a constant −5 kV and the CV was varied in increments of

10 V from −80 V to −20 V with each CV held for 0.3 min including FAIMS voltages off.

The mass spectra were acquired in full scan mode with a resolving power of 120000 at m/z

200 within the m/z range of 400− 2000. The AGC threshold was set to a normalised value

of 150% with a maximum fill time of 100 ms.
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2.4.5 Data Processing

Mass spectra were visualised and/or processed using the Xcalibur, FreeStyle, and BioPhar-

mafinder software packages (all Thermo Fisher). BioPharmaFinder was used to deconvolute

all mass spectra using the Xtract algorithm in the batch processing mode. The source spec-

tra were deconvoluted using the "average over selected retention time" method in which the

retention time range for each CV was selected, averaged, and deconvoluted. This process

allows the deconvolution method to be applied per CV value, per pixel. The parameters

selected for the search were a S/N value of 3 for CV on ranges and 4 for CV off ranges.

The Xtract algorithm "fit factor" setting was set to 80% and all other parameters were left

as default. The output mass values are listed as zero charge mass, M. The results for each

individual deconvolution experiment are output into separate .csv files and so to collate the

results of the analysis a script was produced in MATLAB. The script operated by concatenat-

ing all results tables into a single dataset. Redundant species, those detected across multiple

pixels and/or CV, were binned together and the frequency of occurrence was recorded. M

values within a tolerance of 0.5 Da were averaged together to produce a single mass. Once

filtered by the mass tolerance window a noise floor was determined by taking the median of

the frequency values. A S/N of > 3 was applied to provide a conservative estimate of the

number of unique protein features detected across the entire imaging dataset.
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Chapter Three

Detection of FABP1 and FABP1T94A

from normal donor liver and

non-alcoholic fatty liver disease Tissue

using LESA FAIMS Mass Spectrometry

3.1 Introduction

liver fatty acid-binding protein (FABP1) is a 14 kDa protein which is found in abundance

within the cytoplasm of hepatocytes and to a lesser extend within the nucleus and the outer

mitochondrial membrane [161]. liver fatty acid-binding protein T94A (FABP1T94A) is genetic

variant of the wild type FABP1 [167]. This variant has been found to be associated with an

elevated risk of NAFLD in a large cohort study [169]. Although the mechanism of this sus-

ceptibility is not fully understood it has been shown that the FABP1T94A possesses abnormal

function when compared with the FABP1 [167, 168, 189–191]. FABP1 and FABP1T94A have

been previously identified by both LESA MS and by LCMS using top down and bottom
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up methods respectively in a small cohort of healthy (N = 2) and NASH (N = 2) huamn

liver samples [108]. Although that work demonstrated that identification of the protein was

possible by both approaches the successful detection of FABP1 using bottom up LCMS meth-

ods was less reliable, particularly in the case of the FABP1T94A variant. in seperate work,

Sarsby et al.[76] demonstrated the integration of FAIMS to the top down LESA workflow

which proved beneficial to the number of protein species successfully identified by removing

competing ions and improving the S/N of the analyte.

The aim of the work presented in this chapter was to extend the previous LESA

MS work to a larger cohort of human liver samples (N = 42), comprising a range of non-

alcoholic fatty liver disease (NAFLD) pathologies and healthy donor tissue (normal donor

liver (NL)). A high throughput methodology was developed for the identification of FABP1

and FABP1T94A directly from 10 µm tissue sections with minimal sample preparation. This

was achieved by employing LESA coupled to a chip-based FAIMS device. An aditional aim

of the work in this chapter was therefore to investigate whether LESA MS coupled with

FAIMS could be used as a high throughput method for detecting protein variants in clinical

samples, with subsequent potential for use in research or clinical settings.
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3.2 Methods for LESA MS & FAIMS Experiments

LESA MS was performed on thin tissue sections as described in Section 2.2. Briefly, 10 µm

sections of tissue thaw-mounted onto glass slides were placed on to the sampling stage of the

Triversa NanoMate pipette robot and LESA was performed. A denaturing solvent system

comprising 59.5 : 39.5 : 1 acetonitrile:water:formic acid was used for extraction. The Triversa

NanoMate was coupled to an Orbitrap Elite mass spectrometer. An Owlstone planar FAIMS

device was coupled to the inlet of the mass spectrometer. The FAIMS device was operated

both in static mode (constant dispersion field, DF, and constant compensation field, CF)

and in 1D mode where the DF was kept constant and the CF was swept between fixed values

over a specified period of time. The FAIMS device was operated at a temperature of 100 ◦C

and the ion transfer tube of the mass spectrometer was operated at 350 ◦C during these

experiments.

LESA analysis was performed on N = 42 sections of human liver tissue with the full

spectrum of NAFLD captured including non-alcoholic steatohepatitis (NASH) (N = 17),

Non-Alcoholic Fatty Liver (NAFL) (N = 5), and normal donor liver (NL) (N = 22). It

is important to clarify that although the NL samples used in this study did not present

a NAFLD phenotype, they were not necessarily disease free and may suffer an unrelated

pathology.
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Table 3.1: List of samples and their identification numbers used in this study organised

by their disease state. normal donor liver (NL). Non-Alcoholic Fatty Liver (NAFL). non-

alcoholic steatohepatitis (NASH).

NL NAFL NASH

5894 3146 5745

5882 3129 5431

5860 3126 5174

5428 2972 4869

5405 2903 4836

5401 4739

5238 4692

5030 2572

5028 2569

5027 2552

5008 2396

5007 1193

5003 1071

4965 0185

4936 0883

4892

4194

4031

2735

2583

2521

2487
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3.3 Initial LESA MS Experiments

LESA sampling was performed using the denaturing solvent system of 40% CH3CN and

1% formic acid in water. Figure 3.1.1 shows a LESA mass spectrum obtained from sample

2572 in the absence of any tissue washing or further preparation or on-line cleanup. The

mass spectrum is characterised by a high baseline of chemical noise derived from unresolved

protein species which are either too low in abundance to be resolved, not fully desolvated

or, possess chemical adducts such as sodium or potassium ions. This high level of chemical

noise is a general challenge for all LESA MS analyses of tissue sections because of the

inherent complexity of the extracted sample [63, 113]. The high baseline makes the confident

identification of distinct protein species by intact mass challenging, however, some species

can be observed and putative identities assigned. The expanded m/z region of Figure 3.1.2

shows three signals of interest at approximately 1081 m/z, 1084 m/z, and 1087 m/z. The

peak at 1081 m/z can be putatively assigned as the +14 charge state of α-globin. The peaks

at 1084 m/z and 1087 m/z can be putatively assigned as the +13 charge states of FABP1T94A

and FABP1 respectively with these assignments based on a priori knowledge of the expected

charge state and m/z values of proteins previously identified in the liver tissue [108]. Due to

the low S/N, there is insufficient isotopic resolution to confidently assign charge state from

a single isotope distribution and the S/N of other charge states of these proteins is too poor

to perform deconvolution. Hence the confident assignment of a protein identity for these

signals is not possible.

To enhance the S/N of protein signals from the analysis, it was determined that several

strategies should be employed. Firstly, tissue washing is a common method used to remove

chemical species which may compete for ionisation or otherwise interfere with the detection

of analytes of interest [123, 180, 192, 193]. It was therefore decided to investigate the effect

of tissue washing of these samples. Secondly, it has been demonstrated that the integration
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of high-field asymmetric waveform ion mobility spectrometry (FAIMS) improves S/N by

filtering chemical noise [76, 78]. Although FAIMS cannot prevent competition during the

ionisation process (as IMS techniques including FAIMS are downstream of the ion source)

it can be used to separate species with an isobaric and isomeric species and separate broad

molecular classes such as lipids, metabolites, and proteins [77, 123]. It was therefore decided

to investigate the integration of FAIMS for analysis of these samples.
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Figure 3.1: LESA MS of human liver tissue (sample number 2572) without washing or

FAIMS. The top plot shows the full range mass spectrum. The bottom plot shows an

enlarged region of the top plot in which three protein peaks can be observed with a low S/N.
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3.4 Investigation of Sample Washing as a Method of Im-

proving Signal-to-Noise Ratio

As previously shown in Figure 3.1.1, a high noise baseline confounded the confident assign-

ment of protein peaks and identity due to the associated low S/N. Both tissue washing and

FAIMS were explored as strategies to overcome the chemical noise detected in the mass spec-

tra. To decouple the effect of washing and FAIMS, an experiment was performed in which

serial sections were both sampled with and without FAIMS, and with and without washing.

Four mass spectra were collected: LESA FAIMS MS of washed tissue, LESA FAIMS MS

of unwashed tissue, LESA MS (no FAIMS) of washed tissue, and LESA MS (no FAIMS) of

unwashed tissues.

A serial section of the sample under analysis in Section 3.3 was subjected to tissue

washing according to the procedure described in Section 3.2. Briefly the washing procedure

involved the sequential immersion of the tissue in 70% ethanol(aq) for one minute, 100%

ethanol for one minute, and 100% chloroform for 20 seconds. The tissue was allowed to air

dry for several minutes before analysis. LESA was performed as previously described using

a denaturing solvent composition of 40% CH3CN(aq) and 1% formic acid.

The results of the tissue washing are shown in Figure 3.1.3. The mass spectra is

characterised by a high baseline amongst which several protein peaks can be observed. When

comparing the LESA mass spectrum obtained from unwashed tissue in Figure 3.1.1 to that

acquired after tissue washing had been performed in Figure 3.1.3, the impact of tissue washing

can be assessed. The high noise level has not been reduced and so confident assignment of

charge state and accurate mass to protein peaks is not possible. Furthermore, washing has

impacted the abundance of the charge state distribution of the putatively assigned α-globin

and FABP1 (wild type and variant) signals which were visible before washing was performed.
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Whilst the goal of tissue washing is to remove salts and lipids without excessively removing

proteins there will nevertheless be some loss of proteins as they are extracted into the washing

solution. It is clear when comparing the mass spectrum from the unwashed and washed

tissue that protein species have been removed from the tissue in such abundance as to be a

detriment to analysis. Protein removal occurred during this washing procedure to such an

extent that the protein peaks identified at approximately 1081 m/z, 1084 m/z, and 1087 m/z

in Section 3.3 were calculated to have a S/N of ∼ 1 which indicates that the protein signal

may not be present at all.
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3.5 Investigation of FAIMS as a Method of Improving

Signal-to-Noise Ratio

FAIMS has previously been used to separate analytes including lipids and proteins from

otherwise complex mixtures obtained following LESA sampling of blood and tissue [76,

77, 194]. The study by Griffiths et al. demonstrated how increasing the dispersion field

of the FAIMS device can be used to increase the separation of ions in the device such

that specific compensation field values can be chosen to selectively transmit ions of interest

whilst discarding the remainder. The aim here was to determine the applicability of FAIMS

to the separation of FABP1 from interfering ions such that more time consuming sample

preparation (such as HPLC) can be avoided. The study was also conducted to evaluate

FAIMS as an alternative to tissue washing which, as demonstrated in Section 3.4, was not

found to adequately improve the S/N of the analytes of interest (and further constitutes

an additional offline sample preparation step). A one dimensional FAIMS analysis in which

the DF is kept constant and the CF is swept across a range of values was performed in

order to determine which compensation fields would be most suitable for the transmission

of the protein ions of interest. The dispersion field (290 Td) was chosen to maximise the ion

separation within the FAIMS device and provide the greatest separation of protein signal

from other molecular classes and m/z isobaric species.

Figure 3.2 shows the total ion transmission plot of m/z plotted against compensa-

tion field obtained from a one dimensional sweep FAIMS analysis following LESA of sample

number 2572. The dispersion field was maintained at 290 Td throughout and the compen-

sation field was swept between 2.0 Td to 4.0 Td over 300 s. Several species were observed

transmitting in this CF range. Figure 3.3 shows three mass spectra that were acquired by

summing the signal over a range of compensation field values.
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Figure 3.2: Total ion transmission plot of m/z plotted against compensation field at a

dispersion field value of 290 Td, obtained from sample 2572. The transmission of several

protein species can be observed as streaks in the plot at specific m/z values.

Figure 3.3.1 shows the summed mass spectra between the compensation field values

of 2.0 Td to 2.2 Td. Multiple singly and doubly-charged ions are observed between 600 m/z

to 900 m/z. These signals are unidentified but likely represent various lipid species. Protein

signals are observed at 946.30 m/z (z = 16), 1009.32 m/z (z = 15), and 1081.34 m/z (z = 14).

This series of ionic species can be putatively assigned as the α-globin.

Figure 3.3.2 shows the summed mass spectrum between the compensation field values

of 3.0 Td to 3.2 Td. Multiple singly and doubly-charged ions are observed between the m/z

values of 600 m/z to 900 m/z. As discussed previously these signals, whilst unidentified,

likely represent lipid signals. Two series of protein signals can be observed within the mass

spectrum. The first series of ions occurs at 941.69 m/z (z = 15), 1008.88 m/z (z = 14),

and 1086.41 m/z (z = 13). This series of ions can be successfully deconvoluted from the

spectrum using the Xtract algorithm and the intact mass is assigned as 14110.24 Da which

can be assigned the identity of FABP1 (9.83 ∆ppm).The second series of ions occur at

939.68 m/z (z = 15), 1006.73 m/z (z = 15), and 1084.10 m/z (z = 15). This series of

ions can be successfully deconvoluted from the spectrum using the Xtract algorithm and the
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Figure 3.3: LESA FAIMS mass spectra obtained from sample number 2572. 1) Summed

mass spectra from compensation field range 2.0 − 2.2 Td. 2) Summed mass spectra from

compensation field range 3.0 − 3.2 Td. 3) Summed mass spectra from compensation field

range 3.4− 3.6 Td. Dispersion field was held constant at 290 Td.
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intact mass is assigned as 14080.23 Da which can be assigned the identity of FABP1T94A

(9.94 ∆ppm).

Figure 3.3.3 shows the summed mass spectra between the compensation field values

of 3.4 to 3.6 Td. As with previous examples there are multiple singly and doubly-charged low

m/z species likely representing various unidentified lipid signals. A series of ions occurring at

845.45 m/z (z = 10), and 939.28 m/z (z = 9) deconvolute according to the Xtract algorithm

to 8444.49 Da. The 845.45 m/z (z = 10) ion of the 8444.49 Da protein was chosen for MSn

using CID and multiple fragment ions were detected and submitted to the ProSight software

package for top-down analysis (see Section 2.2.4) but without a successful identification.

The differences between the three mass spectra shown in Figure 3.3 demonstrates

the ability of FAIMS to separate signals according to their molecular classes. Selecting

compensation field values which maximally transmit the signal of the protein species of

interest allows the S/N of that species to be improved when compared to analysis performed

without FAIMS. Performing one dimensional sweeps of the compensation field voltage allows

the determination of optimal values for transmission as demonstrated in Figure 3.2.
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3.6 FAIMS Subsequent to Tissue Washing

As shown in Section3.4, tissue washing in isolation did not improve the S/N of protein signals

when compared to the sampling and analysis of unwashed tissue. The integration of FAIMS

(without tissue washing) showed promising results for improving the S/N of protein peaks

as it is capable of separating ionised molecular classes in the gas phase. The rationale for

the tissue washing is to remove lipids and salts. Although FAIMS is capable of removing

lipids, protein adducts are unlikely to exhibit appreciably different mobility to the protonated

proteins in the FAIMS field and therefore are unlikely to be separated, whereas washing

may remove adducts. The combination of FAIMS and tissue washing may therefore further

improve S/N.

Figure 3.4 shows the total ion transmission plot, for sample 2552 post-washing. The

parameters for the one dimensional sweep were identical to those discussed previously in 3.5.

The DF was maintained at 290 Td while the CF was swept between 2.0 Td to 4.0 Td over

300 s. Once again several species can be observed to transmit through the device and these

are shown in Figure 3.5 in which three ranges of CF were averaged.

Figure 3.5.1 shows the summed mass spectra between the compensation field val-

ues of 2.0 Td to 2.2 Td. Several protein signals appear in the spectrum. A series of

charge states occur at 797.09 m/z (z = 19), 841.32 m/z (z = 18), 890.63 m/z (z = 17),

946.30 m/z (z = 16), 1009.38 m/z (z = 15), and 1081.34 m/z (z = 14). These signals

can be putatively assigned as the α-globin. Figure 3.5.2 shows the summed mass spectra

between the compensation field values of 3.0 Td to 3.2 Td. Two charge series were success-

fully deconvoluted by the Xtract algorithm from the mass spectra. The first series occurs at

941.68 m/z (z = 15), 1008.88 m/z (z = 14), and 1086.41 m/z (z = 13) and deconvolutes to

14110.21 Da which can be assigned the identity of FABP1 (12.04 ∆ppm). The second series
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Figure 3.4: Total ion transmission plot of m/z plotted against compensation field at a

dispersion field value of 290 Td, obtained from sample number 2572.. The transmission of

several protein species can be observed as streaks in the plot at specific m/z values.

occurs at 939.68 m/z (z = 15), 1006.73 m/z (z = 14), and 1084.10 m/z (z = 13) and de-

convolutes as 14080.20 Da which can be assigned the identity of FABP1T94A (12.07 ∆ppm).

Figure 3.5.3 shows the summed mass spectra between the compensation field values of 3.4 Td

to 3.6 Td. Two charge series were successfully deconvoluted by the Xtract algorithm. The

first series occurs at 845.55 m/z (z = 10), and 939.39 m/z (z = 9) and deconvolutes to

8445.48 Da. The second series occurs at 830.08 m/z (z = 12), and 905.45 m/z (z = 11) and

has been deconvoluted to 9948.88 Da.
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Figure 3.5: LESA FAIMS mass spectra. 1) Summed mass spectra from compensation field

range 2.0 − 2.2 Td. 2) Summed mass spectra from compensation field range 3.0 − 3.2 Td.

3) Summed mass spectra from compensation field range 3.4 − 3.6 Td. Dispersion field was

held constant at 290 Td. Mass spectra acquired from sample number 2572.
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3.7 Identification of FABP1 and FABP1T94A by MSn

3.7.1 Identification of FABP1T94A

Figures 3.6, 3.7, and 3.8 show the representative fragmentation mass spectra of the FABP1

using CID, HCD, and ETD respectively. LESA extraction was performed on arbitrary posi-

tions in the centre of the tissue sections to extract analyte for top-down protein fragmentation

experiments. Table 3.2 summarises the findings of the tandem MS experiments. The HCD

and CID experiments were performed on the same tissue sample, 2552. The ETD experi-

ments were performed on tissue sample 3126 for the fragmentation of the FABP1T94A and on

sample 5860 for the fragmentation of the FABP1. All experiments were performed by LESA

MS coupled to FAIMS which was operated with a constant dispersion and compensation

field of 290 Td and 3.2 Td respectively. Further experimental details can be found in Section

2.2. Initial fragmentation experiments were performed with both CID and HCD but as can

be observed in Figures 3.6, and 3.7 the cleavage between the T93 and A94 amino acid residues

is not present and so the T94A substitution can not be localised. The difficulty in acheiving

high sequence coverage using collisional activation methods such as HCD and CID can be

explained by the difference in time required for the fragmentation reaction to occur which

is slow compared to the time for the collisional energy to be redistributed throughout the

ion. As collisional energy is first redistributed across the ion the fragmentation will preferen-

tially occur at the weakest bonds which can lead to preferred backbone cleavages dominating

the spectrum [125]. The fragmentation process in ETD occurs with little redistribution of

energy and so a greater coverage of backbone cleavages can be expected. To provide con-

clusive evidence that the amino acid substitution occurs at residue 94, ETD was applied

to the top-down sequence identification of the protein. Figure 3.8 shows the results of the

ETD fragmentation of the FABP1T94A with the T94A substitution identified by the z34 and
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fragment with a ∆PPM error of 5.89.

Table 3.2: Summary of fragment ions observed and sequence coverage achieved for the top-

down identification of the FABP1T94A.

Fragmentation Precursor ion Fragments with: Sequence coverage

method (m/z ) ∆PPM ≤ 10 ∆PPM ≤ 5 (%)

ETD 1006.7 (Z = +14) 62 52 33

CID 1084.1 (Z = 13) 39 28 16

HCD 1084.1 (Z = 13) 62 44 31
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Figure 3.6: LESA FAIMS CID MS/MS spectrum of 13+ ions of FABP1T94A (m/z 1084.1)

obtained from sample 2552. Below: Sequence coverage obtained. Blue ticks indicate b and

y fragments. The highlighted red serine denotes an N-terminal acetylation.
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Figure 3.7: LESA FAIMS HCD MS/MS spectrum of 13+ ions of FABP1T94A (m/z 1084.1)

obtained from sample 2552. Below: Sequence coverage obtained. Blue ticks indicate b and

y fragments. The highlighted red serine denotes an N-terminal acetylation.
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Figure 3.8: LESA FAIMS ETD MS/MS spectrum of 14+ ions of FABP1T94A (m/z 1006.7)

obtained from sample 3126. Below: Sequence coverage obtained. Red ticks indicate c and z

fragments. The highlighted red serine denotes an N-terminal acetylation.
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3.7.2 Identification of FABP1

The identification of FABP1 and FABP1T94A was performed by using CID, HCD, and ETD.

The tandem mass spectra were processed using ProSight (as described in Section2.2) in order

to identify the protein. In addition to ProSight manual peak picking and identification was

performed on the fragment mass spectra in order to maximise coverage in representative

samples. Figures 3.9, 3.10, and 3.11 show the fragmentation mass spectra of the FABP1

using ETD, CID, and HCD respectively. Further experimental methods and rationale are

discussed in Section 3.7.1.

Table 3.3: Summary of fragment ions observed and sequence coverage achieved for the top-

down identification of the FABP1.

Fragmentation Precursor ion Fragments with: Sequence coverage

method (m/z ) ∆PPM ≤ 10 ∆PPM ≤ 5 (%)

ETD 1009.5 (Z = +14) 40 34 26

CID 1086.4 (Z = 13) 44 40 18

HCD 1086.4 (Z = 13) 45 38 18

The results above serves as a representative analysis of the MSn experiments per-

formed to confirm the identity of the FABP1 and FABP1T94A and to provide evidence of

the T94A substitution. The HCD and CID MSn experiments were performed on all tissue

samples involved in the study (Table 3.1) and the results are outlined in Appendix B.1. The

presence of the variant or wild type FABP1 is shown in table 3.4 and it can be seen that

samples can contain either both the FABP1 and FABP1T94A, FABP1 only, and FABP1T94A

only. A positive identification of either the FABP1T94A or the FABP1 by accurate mass was

achieved using the Xtract deconvolution algorithm with a minimum S/N of 3 and a ppm

error of ≤ 5.
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Figure 3.9: LESA FAIMS CID MS/MS spectrum of 13+ ions of FABP1 (m/z 1086.4) ob-

tained from sample 2552. Below: Sequence coverage obtained. Blue ticks indicate b and y

fragments. The highlighted red serine denotes an N-terminal acetylation.
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Figure 3.10: LESA FAIMS HCD MS/MS spectrum of 13+ ions of FABP1 (m/z 1086.4)

obtained from sample 2552. Below: Sequence coverage obtained. Blue ticks indicate b and

y fragments. The highlighted red serine denotes an N-terminal acetylation.
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Figure 3.11: LESA FAIMS ETD MS/MS spectrum of 14+ ions of FABP1 (m/z 1009.5)

obtained from sample 5860. Below: Sequence coverage obtained. Red ticks indicate c and z

fragments. The highlighted red serine denotes an N-terminal acetylation.
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Table 3.4: Tissue section ID, disease assignment, and presence of FABP1 and/or FABP1T94A.

Presence of protein denoted by X. MS1 denotes that the protein has been identified by

accurate mass. MS2 denotes that the protein has been identified from fragmentation mass

spectra.

Sample ID Disease assignment FABP1T94A FABP1 MS1 MS2

5745 NASH X X Yes Yes

5431 NASH X X Yes Yes

5174 NASH X X Yes Yes

4869 NASH X X Yes Yes

4836 NASH X - Yes Yes

4739 NASH X X Yes Yes

4692 NASH - X Yes Yes

2572 NASH X X Yes Yes

2569 NASH X X Yes Yes

2552 NASH X X Yes Yes

2396 NASH X - Yes Yes

1193 NASH - X Yes Yes

1071 NASH - X Yes Yes

0185 NASH - X Yes Yes

0883 NASH - X Yes No

3146 FL - X Yes Yes

3129 FL X X Yes Yes

3126 FL X - Yes Yes

2972 FL X X Yes No

2903 FL X X Yes Yes

5894 DL - X Yes No
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Continuation of Table 3.4

Sample ID Disease assignment FABP1T94A FABP1 MS1 MS2

5882 DL - X Yes No

5860 DL X X Yes No

5428 DL - X Yes Yes

5405 DL X - Yes Yes

5401 DL - X Yes No

5238 DL X X Yes No

5030 DL X X Yes Yes

5028 DL X X Yes Yes

5027 DL X X Yes Yes

5008 DL X - Yes Yes

5007 DL - X Yes Yes

5003 DL - X Yes Yes

4965 DL - X Yes No

4936 DL - X Yes No

4892 DL X X Yes No

4194 DL - X Yes No

4031 DL - X Yes No

2735 DL - X Yes Yes

2583 DL - X Yes Yes

2521 DL - X Yes Yes

2487 DL X - Yes No

End of Table
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Figure 3.12: Chart showing the frequency of either the presence or absence of the FABP1T94A

variant among the normal (NL), and disease (NAFLD) groups. The p value was calculated

using a two tailed Fisher’s exact test.

3.8 Statistical Analysis of FABP1 Proteoform Prevalence

In order to determine if there is a statistically significant difference in the distribution of

the FABP1T94A variant among patients with or without NAFLD a two tailed Fisher’s exact

test was performed using a 95% confidence interval. The cohort was separated into two

groups of NL and NAFLD with the latter group comprising both NAFL and NASH. Figure

3.12 shows a bar chart with normal patient samples (NL) and diseased samples (NAFLD)

which includes both NAFL and NASH patients. The distribution of the FABP1T94A protein

between these two groups is statistically significant (p =< 0.05) which is in agreement with

the results found by Peng et al. who used genotyping methods on a large cohort (N = 1106)
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[169]. Whilst it would be interesting to consider the NAFL and NASH patients as separate

groups the low number of NAFL samples (N = 5) makes achieving statistical significance

impossible. Increasing the number of NAFL samples could allow the difference in FABP1T94A

distribution between all three groups possible and could inform on the impact the variant

protein has on predisposing patients to NAFL.
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3.9 Conclusion & Future Work

The work presented in this chapter demonstrates that LESA mass spectrometry coupled

with FAIMS allows for the high throughput detection of protein variants directly from tis-

sue sections, including clinically relevant samples of human liver tissue. The inclusion of

FAIMS allowed tissue sampling to be performed without the need for sample preparation

(tissue washing) or other conventional methods of sample preparation (e.g. LCMS). This

was achieved because of the removal of competing analytes such as metabolites, lipids, and

unresolved protein species. Optimised FAIMS settings for the transmission of FABP1 and

FABP1T94A were determined to be a compensation voltage of 3.2 Td and a dispersion volt-

age of 280 Td. Fragmentation of the FABP1 and FABP1T94A proteins was performed using

CID, HCD, and ETD. Using ProSight and/or manual assignment it was possible to confirm

the identity of the protein as either the variant or the wild type. A cohort of 42 human

liver samples which were either normal donor liver or non-alcoholic fatty liver disease were

analysed using the workflow developed and the prevalence of the FABP1T94A variant was

determined among the sample cohort. The two tailed Fisher’s exact test was used to deter-

mine statistical significance and a value of p = 0.0334 was calculated. The future direction

of this work would be to attempt detection of the FABP1T94A protein variant directly from

less invasive patient samples such as from serum/blood. The detection of the FABP1 and

FABP1T94A could also be attempted from biopsy needle samples which are currently collected

for histology within clinical settings.
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Chapter Four

Desorption Electrospray Ionisation Mass

Spectrometry Imaging of Non-Alcoholic

Fatty Liver Disease Tissue

4.1 Introduction

The aim of the work presented in this chapter was to apply desorption electrospray ionisa-

tion (DESI) mass spectrometry imaging (MSI) of intact proteins, previously described by

Towers et al.,[124] to non-alcoholic fatty liver disease (NAFLD) tissue sections. Additionally,

based on the results of Chapter 3, a further aim of this chapter was to map the distribution

of FABP1 and FABP1T94A across the tissue to determine if the presence of these proteins

together or individually tracked disease progression and, in particular, if the FABP1T94A

variant was associated with regions of greater liver injury. DESI has been successfully ap-

plied to the MSI of lipids directly from tissue with many lipid classes analyzed from a range

of different tissue types [119]. Until recently, however, the application of DESI to the analy-

sis of intact proteins directly from biological substrates has remained challenging. Through
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coupling to IMS, DESI has shown great promise in the field of intact MSI proteomics with

both TWIMS coupled to a ToF mass analyzer demonstrated by Towers et. al. [124] and a

planar FAIMS device being used on an orbitrap mass analysers demonstrated by Garza et.

al.[123]. In this chapter N = 20 sections of human liver tissue were analysed to demonstrate

the ability of DESI to perform as a high-resolution and high-throughput MSI platform for

intact proteins. The generation of large MSI datasets provides a challenge to the analyst as

the detailed analysis of even a single mass spectrometry image is time consuming. Multiple

mass spectrometry imaging datasets each require careful analysis to identify candidate pro-

tein signals from within the spectra and to map those species across the image. Comparing

results between images is then further complicated by the tendency of instrument perfor-

mance to vary over time as components become contaminated with the biological matrix of

previous experiments. This chapter also covers the development of computational workflows

which aim to streamline the process of identifying heterogeneous protein distributions within

tissue. The application of machine learning (ML), particularly unsupervised learning, has

been shown to be indispensable when attempting to process the large datasets that are pro-

duced during MSI experiments in a similarly high throughput manner to their acquisition

[195].
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4.2 Methods for The Desorption Electrospray Ionisation

Mass Spectrometry Imaging of Human Liver Tissues

DESI MSI was performed on thin tissue sections of human liver tissue as described in Section

2.3. Briefly, 10 µm sections of tissue thaw mounted onto glass slides were placed on a moving

stage and rastered under a DESI emitter. A denaturing sampling solvent comprising of

80 : 19.8 : 0.2 acetonitrile:water:formic acid was utilised. A modified heated capillary

was used to facilitate the transfer of desorbed material to the inlet of the mass spectrometer

[124]. The heating of the capillary was performed to aid desolvation of the liquid droplets

generated during DESI. The DESI device and heated capillary were coupled to a Synapt G2-

Si mass spectrometer operating in sensitivity mode with resolution of >10000 Full Width at

Half Maximum (FWHM) and with TWIMS enabled. An image of the slide mounted tissue

sections both pre and post-analysis can be seen in Appendix C.1.

DESI analysis was performed on N = 20 sections of human liver tissue which repre-

sented the full spectrum of disease which occurs in NAFLD including NAFL (N = 5) and

NASH(N = 10). Control (NL) tissue from patients not suffering from NAFLD were also

included in the study (N = 5). It is important to clarify that although the NL samples used

in this study did not present a NAFLD phenotype they were not necessarily disease free and

instead may suffer an unrelated pathology. Table 4.1 gives a summary of tissues analysed

and their disease state.
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Table 4.1: List of tissue samples analysed in this chapter using DESI MSI. normal donor

liver (NL), non-alcoholic steatohepatitis (NASH), Non-Alcoholic Fatty Liver (NAFL).

Sample ID Disease Assignment

5894 NL

5860 NL

4752 NL

3146 NL

3126 NL

5882 NL

5433 NASH

2719 NASH

2572 NASH

2569 NASH

2552 NASH

2396 NASH

1193 NASH

1071 NASH

0883 NASH

0185 NASH

5238 NAFL

3192 NAFL

2972 NAFL

2903 NAFL
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4.3 Representative Non-Alcoholic Steatohepatitis Sam-

ple sample: Sample 1193

This section and those following will concentrate on the in-depth analyses of three samples,

one NASH (Sample 1193), NL (Sample 5860), and NAFL (Sample 3192) shown in Figure 4.1.

These samples were chosen to demonstrate the analysis workflow as each sample is a good

example of its etiology. The NASH sample shows extensive fibrosis and inflammation within

regenerative nodules. The NAFL sample contains a high degree of steatosis with both macro

and micro vesicular steatosis present. Finally, the NL sample does not contain widespread

steatosis or inflammation. These respective features are consistent with the phenotype of

each disease state [148].

Figure 4.1: H&E stained sections of the three representative sampled discussed in the fol-

lowing sections. Green arrows show macrovesicular steatosis, red arrows show microvesicular

steatosis, yellow arrows show inflammation, blue arrows show fibrosis, black arrows show a

central vein and black asterisk show a portal triad.

DESI MSI was performed on a section of human NASH tissue using the methods

described in Section 2.3. Figure 4.2 shows the total ion chromatogram obtained in which

each individual mass spectrometry scan represents a single pixel. The regular peaks and

troughs of the chromatogram are correlated with the movement of the sampling capillary
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over the tissue (peaks) and the glass (troughs). The reason for this increase and decrease in

signal is due to the abundance of analytes extracted from the tissue increasing the ion current

whilst when moving over the clean glass the signal is primarily derived from the solvent

system. The image was collected as a unidirectional raster scan with fly-back behaviour and

the DESI probe was moved off tissue during this manoeuvre to prevent additional unwanted

sampling. Scan acquisition was automatically paused by the control software during fly-

back. The chromatogram features a baseline throughout the image which can be attributed

to the solvent and glass background signals. This baseline appears to increase in height over

the experiment and this could be explained by an increasing background of ionised material

contaminating the instrument and sampling components as the experiment proceeds.

Figure 4.2: Total ion chromatogram of the entire image for NASH sample 1193. The peaks

and troughs of the ion chromatogram can be attributed to the sampling of tissue and glass

respectively as the probe was rastered over the sample.

The chromatogram in Figure 4.2 shows the total ion current over time as the image is

collected. Although the intensity of each m/z bin may vary over time an average or averaged

mass spectrum can be created by adding individual mass spectra together or finding the mean

of each m/z bin. This spectral summing or averaging allows weak but consistent signal to

be co-added which when compared to random noise will lead to analyte signals emerging
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Figure 4.3: The averaged mass spectrum of the NASH image (sample 1193). 1) Mass

spectrum shows the entire mass range acquired during the experiment. A series of intense

singly charged peaks are visible in the low m/z range of the mass spectrum. 2) Zoomed

region of the above mass spectrum. Protein signals can clearly be observed in the higher

m/z range of the spectrum and a pair of dominant charge series in the spectrum can be

deconvoluted as the β-globin and α-globin.
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Figure 4.4: Expansion of the α-globin 17 + peak showing isotopic resolution.

clearly in the mass spectrum. Attempts to identify analyte signals can then be performed.

Figure 4.3.1 shows the average mass spectrum across the entire DESI image. A series

of singly-charged species can be observed in the low m/z region of the spectrum below

approximately 800 m/z. Whilst these species have not been identified by fragmentation it

can be assumed based on their mass and charge state that they are a combination of solvent

ions, lipids, and metabolites. Protein signals can be clearly observed in the mass spectrum

beyond 800 m/z and is shown in the expanded mass spectrum in Figure 4.3.2. Upon closer

inspection of the data it becomes clear that although there are several intense peaks with

clear isotopic resolution there are many more lower intensity peaks which have poor or no

isotopic resolution between the more intense signals. The lack of isotopic resolution may

be due to either poor S/N, low signal or due to a higher charge state which produces more

numerous isotopologues with a smaller difference in mass between each peak and which

requires a greater instrument resolving power to resolve. Figure 4.4 shows an example of the

isotopic resolution achieved for the 17+ charge state of the β-globin seen in Figure 4.3.2.

Deconvolution is a common tool utilised in mass spectrometry for determining the
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intact mass species spread across multiple charge states and within those charge states [196–

198]. The maximum entropy (MaxEnt) algorithm is one such deconvolution tool which can

be used to simplify mass spectra by de-charging signals and reporting the zero-charge mass,

that is, the molecular mass of the ionic species present in the mass spectrum [199]. The

MaxEnt algorithm was applied to the averaged mass spectrum of the whole image with

a minimum zero-charge mass of 2000 Da to exclude the low mass singly-charged species

observed in the mass spectrum. Several species were detected and are listed in Table 4.2.

The zero charge spectrum and de-isotoped mass spectrum are shown in Appendix C.2. The

relative abundance of each peak observed in the deconvolution is listed in the table. There

was no threshold chosen to exclude or include peaks and instead deconvoluted mass values

were chosen according to a priori knowledge of proteins which have been observed during

LESA experiments or signals for which the charge state distributions and isotopologues had

been clearly observed in the spectrum. The most intense signals detected were those of

the 15.868 kDa and 15.127 kDa species which can be putatively assigned as the β-globin

and α-globin proteins respectively. These proteins signals have been observed previously

in studies performed on liver sections using LESA [108]. The low ppm error between the

theoretical and observed mass of the β-globin and α-globin proteins offers confidence in their

assignment. The second protein with a low ppm error between intact and theoretical mass

is the 14.120 kDa species which has been assigned as the FABP1, this species has also been

previously observed by LESA [108].

The 10.843 kDa species has been putatively assigned the identity of the 10 kDa

heat shock protein (HSPE1). This assignment has been suggested as this protein has been

observed previously by top-down LESA within rat liver tissue sections [113]. The human

HSPE1 sequence was downloaded from the UniProt database with the initiator methionine

removed and an N-acetyation. The PPM error between the theoretical average mass of

HSPE1 and the deconvoluted experimental value was −49.8 ppm. The HSPE1 is a protein
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present in the cytosol, cell surface, extracellular surface space and, among other functions,

has been shown to have immunomodulatory activity [200, 201].

Table 4.2: MaxEnt results for the average mass spectrum of the NASH image 1193. The

minimum deconvolution value was set at 2000 Da and the maximum 20000 Da. Where a

protein can be putatively identified from the accurate mass the theoretical mass, protein

gene name, and PPM error are provided.

MaxEnt (Da) Theoretical (Da) PPM Error Putative Assignment Relative abundance

15868.20 15868.35 -9.53 β-globin 41.8%

15127.40 15127.49 -5.72 α-globin 100.0%

14120.20 14120.36 -11.09 FABP1 0.8%

10842.00 10842.54 -49.8 HSPE1 3.8%

8804.60 - - - 4.4%

4.3.1 Single Line Scan and Single Scan Derived Mass Spectra

The mass spectrum discussed previously and shown in Figure 4.3 is the average mass spec-

trum of approximately 125 minutes of data and constitutes the entire dataset for sample

1193. The averaging of such a long acquisition will aid in the elucidation of weak but consis-

tent signals over equally intense but random noise. It is important to consider the appearance

of data on shorter time scales, particularly scan by scan, as it is on this time scale that indi-

vidual pixels are recorded. Figure 4.5.1 shows the summed mass spectrum from a single line

scan through the image. The selection of the line scan was arbitrary and the protein signals

which were observed in the full image may not be present at all within this line scan. As

with the averaged mass spectrum of the whole image, a series of singly-charged species can

be observed in the low m/z region of the spectrum below approximately 800 m/z. Protein
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signals can be clearly observed in the mass spectrum beyond 800 m/z. Figure 4.5.2 shows

an expansion of the protein region in which the protein signals can be more easily discerned.

Figure 4.5: Averaged mass spectrum of a single line scan from the NASH image (sample

1193). This line scan is comprised of 69 averaged scans. 1) Mass spectrum showing the

complete mass range collected. 2) Mass spectrum showing an expansion of the mass spec-

trum above 800 m/z and several peaks putatively assigned as the α-globin and β-globin are

labelled. The in-set mass spectrum shows the 17+ peaks of α-globin in detail.

As previously the MaxEnt algorithm was applied to this region and the results are

shown in Table 4.3. Once again the putative β-globin and α-globin are observed but with

higher ppm errors than previously which can be attributed to the reduced number of individ-

ual scans used to create the average mass spectrum used in the deconvolution step. Other

protein species which were observed the averaged mass spectrum of the entire image and

detailed in Table 4.2 are absent from the line scan mass spectrum which could be due to

106



Desorption Electrospray Ionisation Mass Spectrometry Imaging of Non-Alcoholic Fatty
Liver Disease Tissue

several reasons. One such reason has been discussed above, that is, the line scan was chosen

arbitrarily and so there is a possibility that proteins observed elsewhere in the tissue will not

be captured by this line-scan. Additionally, the line-scan represents a much smaller subset

of the data and so fewer signals will be averaged together than with the whole data set.

Table 4.3: MaxEnt results for the average mass spectrum of the single line scan from the

NASH image 1193. The minimum deconvolution value was set at 2000 Da and the maxi-

mum 20000 Da. Where a protein can be putatively identified from the accurate mass the

theoretical mass, protein gene name, and PPM error are provided.

MaxEnt (Da) Theoretical (Da) PPM Error Putative Assignment Relative abundance

15867.00 15868.35 -85.16 β-globin 40.5%

15126.40 15127.49 -71.83 α-globin 100.0%

5048.60 - - - 7.4%

3787.00 - - - 5.7%

Following the analysis of the averaged mass spectra of both the full image and a single

line scan it follows that the information contained within a single scan should be investigated.

This is particularly important as each scan within the chromatogram translates to a single

pixel within the image and so when an image is created it is the information contained

within a single scan that is used to generate the resulting heat-map of intensity values for a

specified m/z. Figure 4.6 shows a single scan mass spectrum which was chosen at the apex

of intensity within the line scan used in the previous discussion. This mass spectrum shows

characteristics expected from intact protein analysis, that is, a region of intense signals above

600 m/z which likely corresponds to isotopically unresolved protein signals. Due to the short

acquisition time of this scan (150 ms) and the small volume of material analysed (150 µm

lateral movement over acquisition period) the mass spectrum does not contain clear charge

state distributions or isotopologues of proteins.
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Figure 4.6: Mass spectrum of a single scan. As each scan represents a single pixel in the

image, this mass spectrum also reveals the information contained within a single pixel. taken

from within the same line scan mass spectrum as Figure 4.5. The mass spectrum shows the

complete m/z range collected.

MaxEnt was applied to the mass spectrum and results in hundreds of intense but

almost certainly spurious deconvoluted signals. This assertion is made with the knowledge

of the limitation of the deconvolution algorithms which do not perform well when applied to

data with low S/N. Additionally, manual analysis of the mass spectrum in Figure 4.6 reveals

no resolved protein signals although several singly charged species are present in the lower

(m/z ∼ 600) range of the mass spectrum. So far the analysis of these mass spectra had

proven challenging due to the high intensity of the singly charged species in the lower m/z

regions of the mass spectrum and the intense α-globin and β-globin signals in the higher

m/z range.

4.3.2 Integration of Ion Mobility Separation

Ion mobility spectrometry in the form of TWIMS was used in this experiment to add an

orthogonal dimension of data which permits the separation of protein species from other
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more abundant analytes (e.g. lipids) which could otherwise obscure the detection of the

former. The arrival time distribution of ions travelling through the TWIMS device allows

isobaric species to be separated on the basis of their mobility and measured independently.

The arrival time distribution of ions is displayed as a drift plot in which the arrival time is

binned to generate a "drift time" axis which is plotted against m/z. A heat-map is then

generated from these axes to display the intensity for an ion of specific arrival time and

m/z. Figure 4.7 shows the drift plot obtained from the imaging dataset for sample 1193

using a logarithmic intensity scale. Dark spots in the drift plot correspond to ionic species.

Two major regions can be observed. Region A contains low m/z and singly-charged species.

Region B is comprised of protein species with the most intense protein signals appearing in

region C and which are putatively identified as the α-globin and β-globin.

Figure 4.7: Drift plot obtained from the imaging dataset obtained for sample 1193 NASH.

Three regions are highlighted: A - singly-charged small molecule species; B - multiply-

charged protein species; C - Series of α-globin and β-globin multiply charged protein signals.

The drift plot reveals multiple isobaric species and highlights the benefit of utilising

ion mobility to increase the number of distinct species detected. The inclusion of ion mobility

has also allowed solvent and singly-charged species to be separated from protein analytes.
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The separation of solvent and singly-charged analytes is important due to their high intensity

and ubiquitous appearance throughout the imaging experiment. Without removal of these

singly-charged signals their presence would mask the signals of protein species which appear

at lower intensities, particularly in the range 600 − 1000 m/z where the overlap of intense

singly-charged species and protein species can clearly be seen to occur in the drift plot. In

addition to overlap in the m/z domain it should also be considered that instrument detectors

possess a maximum dynamic range, that is, detectors are limited to the range of ion currents

they can simultaneously detect. Without the orthogonal separation of a highly abundant

species and a low intensity species the former may make detection of the latter impossible.

The removal of these interfering signals aid in further analysis of the mass spectra

both manually and using software methods by simplifying the mass spectra and reducing

the number of peaks that must be considered. Mobility filtering can be performed by cre-

ating/drawing a region of interest in the drift plot. This region can then be selected to the

exclusion of all else, or removed with all other signals remaining. Once a region has been

selected the coordinates of the region of interest can be exported as a .rul file for future use

or reference, e.g. applying to all pixels in an imaging dataset. The selected region of interest

can also be exported. When exporting the region of interest from the mobility plot, only the

chromatographic retention time or the arrival time (as drift bins) can be saved along with

the m/z values and intensities. If the intention of the export is to explore the spectrum and

distribution of ions according to their arrival time distribution then the new spectrum must

be saved with drift times retained. When regions of interest are exported for the creation

of images the chromatographic information must be retained to allow imaging software to

correctly align individual scans against spatial information. The regions A and B shown

in Figure 4.7 were chosen to separate singly-charged species and proteins. A third region,

C, was chosen to isolate the trend-line of the putative α-globin and β-globin peaks. These

peaks dominate the protein region (B) of the drift plot and the resulting spectrum that can
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be created from the extraction of this region (Figure 4.8.1).

4.3.3 Processing of Mass Spectra for Image Creation and Deconvo-

lution

Figure 4.8.1 shows the averaged mass spectrum of region B from Figure 4.7. The mass

spectrum is characterised by a high baseline and several multiply charged species can be

observed. To identify protein species from this extracted mass spectrum two methods were

used. The use of both methods was not performed as a formal comparison but instead to

provide complimentary information and to ensure that a method of analysis which did not

require access to proprietary software was developed. Firstly, the MaxEnt algorithm was

applied to the data within the MassLynx software. Secondly, open source software (UniDec)

was utilised [188].

The MaxEnt algorithm was found to perform adequately for data with a high S/N it

was found to perform poorly with data featuring peaks with a low S/N ratio. Various signal

processing methods were performed to enhance the S/N of observed peaks. Signal processing

was employed which included smoothing and background subtraction and is described in

Section 2.3.4. Briefly, The smoothing of the signal was performed with a averaging window

which suppresses random noise that is smoothed into the baseline. Protein signals with

isotopologues spread over small m/z windows will be smoothed together into a single peak

and in contrast to the noise will be boosted. It can be considered that the ion current

which is represented by the area under each peak, and for a multiply charged protein is

spread among several isotopologues, is brought under a single peak. Baseline subtraction is

a more straightforward procedure with the simple goal of returning the signal trend-line to

the origin of the intensity axis. In order to perform this signal processing the mass spectra

are exported as comma-separated values from MassLynx and imported into MATLAB. The
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array of intensities is then subjected to several transformations. Firstly the data is linearly

interpolated to ensure equal m/z bin widths. The purpose of this step is to allow the

smoothing algorithm to perform correctly when calculating a new intensity value from a

window. Vendor m/z values are not equally spaced as to reduce the computer storage

cost of the mass spectrum. Operating a sliding window over a dataset with unequal m/z

distributions could lead to relatively distant m/z values appearing within the same window.

The processed mass spectra were used as input data in UniDec which was used for all

deconvolutions discussed below.

Images were created using SpectralAnalysis 1.4.0, an open source mass spectrometry

image processing and visualisation suite [181]. In order to make use of this software the data

must first be converted from the proprietary .raw format into the open mass spectrometry

data format, .mzml and then converted once more into the open mass spectrometry imaging

data format, .imzml [202, 203]. To convert data from the .raw to .mzml format the MSCon-

vert software package was used [178]. To convert the data between .mzml and .imzml the

imzMLConverter software package was used [179].

4.3.4 Mass Spectra & Composite Ion Images of the Representative

non-alcoholic steatohepatitis (NASH) Sample 1193

Figure 4.8.1 shows the averaged mass spectrum of region B from Figure 4.7. Two series

of protein peaks dominate the spectra. Deconvolution with UniDec leads to a series of

charge states are observed beginning with the 797.0 m/z (z = 19) peak and ending with

1891.7 m/z (z = 8) with a calculated intact mass of 15126.5 Da which can be putatively

assigned as the α-globin (∆ 59.4 ppm). A second series of charge states is observed beginning

with the 934.4 m/z (z = 17) peak and ending with 1984.3 m/z (z = 8) with a calculated intact

mass of 15867.5Da which can be putatively assigned as the β-globin (∆ 50.4 ppm). Figure 4.9
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Figure 4.8: Averaged mass spectrum of extracted region from Figure 4.7 drift plot region A &

B of the NASH sample 1193. 1) Drift plot region B. Signals corresponding to the putatively

assigned α-globin and β-globin (discussed above) are clear in the mass spectrum. 2) Singly

charged signals from the drift plot region A.
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Figure 4.9: H&E stained section of the NASH sample 1193 at increasing magnifications.

Macrovesicular and microvesicular steatosis are visible (green and red arrows respectively).

Fibrosis and inflammation are shown with purple and yellow arrows respectively. Large

hepatic veins are visible in the image.
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shows the H&E staining applied to a serial section of the 1193 sample. The staining of a serial

section allows mass spectrometry images to be correlated with histological structures such

as blood vessels, functional tissue, structural tissue, and other fine tissue structures. Within

this H&E image several notable features can be observed and have been labelled including

portal veins, macro and micro-vesicular steatosis, parenchymal tissue and structural tissue

(including pathological fibrotic tissue).

Figure 4.10 shows the distribution of the β-globin and α-globin species (15.867 kDa

and 15.126 kDa respectively) in the tissue. Both images are composites of each individual

charge state such that each image represents the sum of the intensities of each charge state of

the respective protein. The scale is linear and normalised. Both images show a high degree

of agreement in distribution of the two haemoglobin sub-units. This is unsurprising as each

haemoglobin tetramer is comprised of two αβ-globin dimers [204]. The bright spots on the

image identify blood vessel features such as the portal veins or arteries or the portal triad.

The localisation of the haemoglobin proteins to blood vessels has been previously observed

using LESA [112]. Figure 4.11 shows an example of these mass spectrometry derived signals

correlated with H&E histology.
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Figure 4.10: Composite ion images of the 15.126 kDa (α-globin) and 15.867 kDa (β-globin)

species in the NASH sample 1193. The 15.126 kDa image is comprised of the +19 to +8

charge states summed. The 15.867 kDa image is comprised of the +17 to +8 charge states

summed.
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Figure 4.11: Correlation of blood vessel features in the H&E stained serial section (Top,

black arrows) with bright spots in the mass spectrometry image of the 15.126 kDa species

(putatively α-globin) in the NASH sample 1193.
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As previously discussed the two series of peaks corresponding to β-globin and α-

globin dominates the mass spectrum. Several peaks are however visible between these series

in Figure 4.8.1 but due to the difference in intensity are not easily deconvoluted by UniDec

or MaxEnt. These so far unidentified peaks are also visible in the drift plot shown in Figure

4.7 and appear in different drift bins to the β-globin and α-globin at similar m/z values.

Extracting the protein region (region B) while excluding the haemoglobin sub-units (region

C) allows these less intense signals to be analysed without interference from the intense

haemoglobin sub-units.

Figure 4.12: Averaged mass spectrum of drift plot (Figure 4.7) region B with region C

subtracted. The selective removal of signals allows species isobaric in m/z to be observed in

the spectrum.

Figure 4.12 shows the averaged mass spectrum obtained from the drift plot shown in

Figure 4.2 region B with region C subtracted. The resulting mass spectrum does not contain

peaks corresponding to β-globin and α-globin, and is characterised by a high baseline with

protein peaks difficult to identify against the noise. In this case, processing of the mass

spectrum to remove the baseline and smooth the individual isotopic peaks of a single ionic

species together to enhance S/N is important. Deconvolution was performed using UniDec

to reveal the presence of six protein species which are detailed in Table 4.4. The processed
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mass spectum and charge series identified by the UniDec algorithm are shown in Appendix

C.4. Three deconvoluted mass values were assigned identities, the FABP1, HSPE1, and

the 4963.50 Da species was assigned the identity of thymosin beta-4 (TMSB4X). TMSB4X

is a protein which has been previously observed by top-down LESA experiments in mouse

tissues [205]. The human TMSB4X sequence was downloaded from UniProt with the initiator

methionine cleaved and an N-acetylation. The PPM error between the theoretical average

mass of TMSB4X and the deconvoluted experimental value was 80.5 ppm. The high PPM

error may be attributed to the low S/N in the mass spectrum. TMSB4X is a protein involved

in tissue repair and regeneration, anti-inflammatory activity, and possesses a cytoprotective

and anti-apoptotic roles [206].

Composite images of the species detailed in Table 4.4 were generated from multiple

individual charge states to provide greater signal. The spatial distributions of these proteins

are markedly different to those of the α-globin and β-globin shown previously. These pro-

teins are more evenly distributed within the functional tissue, however are absent from the

non-functional fibrotic tissue which suggesting that they are proteins expressed within hep-

atocytes and other parenchymal cells rather than within the fibrotic regions. The exception

is the protein of mass 10.3 kDa which while more evenly distributed than the haemoglobin

signals, does still appear to have some hot spots which correlate with those haemoglobin

signals.
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Figure 4.13: Composite ion images of several species identified by deconvolution in the NASH

sample 1193. Each image is on a linear intensity scale and is a composite of several charge

states (listed above respective image).
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Table 4.4: Protein species identified by deconvolution using UniDec from the mass spectrum

shown in Figure 4.12. Where a protein can be putatively identified from the accurate mass

the theoretical mass, protein gene name, and PPM error are provided.

UniDec (Da) Theoretical (Da) PPM Error Putative Assignment Relative abundance

4963.1 4963.50 80.5 TMSB4X 100.0%

7803.0 - - - 44.7%

8804.5 - - - 86.7%

10332.5 - - - 20.0%

10841.1 10842.54 129.1 HSPE1 87.8%

14119.0 14120.36 96.3 FABP1 64.7%
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4.4 Representative Normal Liver Image: Sample 5860

Figure 4.14: H&E stained section of the NL sample 5860 at increasing magnifications. Black

arrows indicate central veins (hepatic venules) and asterisk indicate the portal triad. Large

hepatic veins are also visible in the image indicated with blue arrows.

The purpose of this work was to investigate the use of DESI MSI across a cohort

of NAFLD patients. Previously, in Section 4.3, the workflow for the analysis of DESI MSI

datasets was discussed and applied to a representative NASH sample. In this section the

application of the same workflows to the analysis of a representative NL section is described.

The analysis of this dataset aims to determine what differences, if any, occur both with

regards to protein species identified and their spatial distribution across the tissue section

with regards to comparing normal and diseased tissue samples.

Figure 4.14 shows the H&E stained section of the NL sample 5860. The image reveals

liver structures such as the portal triad, central veins, and branches of the portal vein and
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hepatic lobes can be distinguished. In contrast with Figure 4.10 there is no obvious fibrosis

or inflammatory regions and there is also no widespread macro or micro vesicular steatosis.

The absence of these pathological features is consistent with the phenotype of a NL.

4.4.1 Integration of Ion Mobility Separation

Figure 4.15: Drift plot of the 5860 NL image. Two regions are highlighted: A - singly-charged

small molecule species; B - multiply-charged protein species.

When comparing the drift plot of the NASH sample (Figure 4.7) to the drift plot

of the NL sample (Figure 4.15) several differences can be observed. The most obvious

difference is the lower relative intensity of the putative α-globin and β-globin signals which

are the dominant species in the NASH sample. Another difference between the drift plots

previously discussed is the way in which they are divided into different regions. The NASH

drift plot (Figure 4.7) protein region was subdivided into two regions (B & C) such that the

putative haemoglobin sub-units could be investigated separately to other protein signals. As

can be seen in Figure 4.15, the relative intensity of protein signals has a smaller range and

so it is unnecessary to subdivide the protein region further.
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4.4.2 Mass Spectra & Composite Ion Images

As previously, the region of the drift plot containing protein signals was isolated and extracted

to remove background and interfering signals (mostly likely lipid and small molecules) from

the dataset. These mobility-filtered mass spectra were then averaged to provide the overall

mass spectrum of the image which is shown in Figure 4.16. As with the averaged mass

spectrum of sample 1193 (Figure 4.8) there is a high baseline and a high noise level which

complicates the identification of protein signals from the mass spectrum. The mass spec-

trum was smoothed such that random noise was suppressed and protein isotopologues are

smoothed together which has the effect of increasing their S/N. The processed mass spec-

trum shown in Figure 4.16 was interrogated using UniDec and MaxEnt to determine protein

signals and their intact mass values from their charge state distributions.

Table 4.5: Protein species identified by deconvolution using UniDec from the mass spectrum

shown in Figure 4.16. Where a protein can be putatively identified from the accurate mass

the theoretical mass, protein gene name, and PPM error are provided.

UniDec (Da) Theoretical (Da) PPM Error Putative Assignment Relative abundance

6107.5 - - - 5.3%

8804.0 - - - 100%

10842.3 10842.54 -22.1 HSPE1 11.5%

15126.7 15127.4 -46.2 α-globin 45.3%

15871.6 15868.3 207.9 β-globin 8.2%

Five images were produced from proteins which were revealed by deconvolution (Table

4.5). The processed mass spectum and charge series identified by the UniDec algorithm

are shown in Appendix C.5. A common feature of these images is a mostly homogeneous

distribution, particularly when compared to the distribution of proteins in the NASH sample,
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Figure 4.16: Averaged mass spectrum acquired from the extracted mobility region B in

Figure 4.15. This was chosen to closely match the region identified in Figure 4.7 which

contained protein signals.

and the presence of several "holes" which comparison with the H&E image suggests are due

to large blood vessel features. It would be expected that blood vessel features would contain

β-globin and α-globin signals, however, it is not unexpected that in these samples which have

been subjected to washing that these signals would be absent from large vessel features where

the material was not retained on the slide. Whist these images show a mostly homogenous

distribution of proteins it should be noted that there is a noticeable difference in protein

distribution which likely correlates with the location of the hepatic nodules, this distribution

is most noticeable in the image of the 8.804 kDa protein.

In the field of protein MSI the typical aim is to demonstrate the spatial distribution of

proteins across the surface of a biological sample. In many cases a homogeneous distribution

is considered uninteresting, however, for the distribution of abundant proteins in a healthy

sample of liver to be homogeneous is interesting when compared to the distribution of proteins

in samples of diseased tissue.
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Figure 4.17: Composite ion images of several species identified by deconvolution from the

NL sample 5860. Each image is on a linear intensity scale and is a composite of several

charge states (listed above respective image).
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4.5 Representative NAFL Image: Sample 3192

NAFL is a disease state characterised by liver steatosis of > 5% and when suffered chron-

ically is the precursor to the development of NASH. The ability to better understand the

biological mechanisms of NAFLD development as well as its biological consequences will aid

the development of both diagnostic tools and pharmaceutical treatments. Here, DESI was

applied to a thin tissue section of NAFL and images of protein distributions were created.

Figure 4.18: H&E stained section of the NAFL sample 3192 at increasing magnifications.

Macrovesicular and microvesicular steatosis are visible in the tissue.

Figure 4.18 shows the H&E stained NAFL section of sample 3192 and various magnifi-

cations. It is clear from these images that the liver is highly steatotic and both macrovesicular

and microvesicular steatosis (green arrow and red arrow respectively) can be observed in the

tissue. Whilst large blood vessel features such as branches of the portal vein can be observed

it is difficult to identify hepatic lobules due to the disturbed tissue structure.
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4.5.1 Integration of Ion Mobility Separation

The drift plot of the NAFL sample 3192 is shown in Figure 4.19 and shows the intensity of

a given ionic species plotted against both its m/z and arrival time (binned into drift time).

As has been previously observed in Figure 4.7 the drift plot features three regions in which

different species can be grouped. The small molecule region featuring mainly singly-charged

species likely (lipids, metabolites, and solvent molecules) (region A) and a protein region

(region B). The protein region is subdivided into two regions, one which contains the trend-

line for the putative α-globin and β-globin signals (region C), the remaining containing

several other protein signals at a lower intensity when compared to the haemoglobin sub

units.

Figure 4.19: The drift plot of the 3192 NAFL image. Two regions are highlighted: A -

singly-charged small molecule species; B - multiply-charged protein species.
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4.5.2 Mass Spectra & Composite Ion Images

Figure 4.20 shows the mass spectrum generated by the extraction of region B from the drift

plot shown in Figure 4.19. The extracted mass spectra are averaged together to create the

single mass spectrum. This mass spectrum features a high baseline with noise which could

make the identification of low signal analytes difficult.

Figure 4.21 shows the mass spectrum generated in the same way as discussed above

for region B of the drift plot (Figure 4.19). Again, the baseline is both high and suffers from

a high degree of noise which can make the identification of protein peaks challenging. The

same workflow as described above was performed to smooth the mass spectrum and remove

the baseline.

Figure 4.20: Averaged mass spectrum acquired from the extracted mobility region A in

Figure 4.19.

Seven intact species were identified from deconvolution of the mass spectrum shown

in Figure 4.21 using the Unidec and MaxEnt algorithms. Two of these species were identified

from region B of the extracted drift plot (Figure 4.19) and are shown in Figure 4.22 and

described in Table 4.6. The processed mass spectum and charge series identified by the

UniDec algorithm are shown in Appendix C.6 . The 15.127 kDa species can be putatively
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Figure 4.21: Averaged mass spectrum of drift plot region B with region C removed. The

selective removal of signals allows species isobaric in m/z to be observed in the spectrum

assigned as the α-globin protein and the 15.868 kDa species can be putatively assigned as

the β-globin protein. The distribution of these proteins is heterogeneous across the tissue

with spots of high intensity occurring in locations which can be correlated with blood vessel

features in the H&E.

Table 4.6: Protein species identified by deconvolution using UniDec from the mass spectrum

shown in 4.20. Where a protein can be putatively identified from the accurate mass the

theoretical mass, protein gene name, and PPM error are provided.

UniDec (Da) Theoretical (Da) PPM Error Putative Assignment Relative abundance

15127.5 15127.4 6.6 α-globin 100%

15868.5 15868.3 12.6 β-globin 33.1%

Five images were produced from protein species revealed through the use of the

UniDec and MaxEnt algorithms when applied to the mass spectrum in Figure 4.21 and

are detailed in Table 4.7.The processed mass spectum and charge series identified by the

UniDec algorithm are shown in Appendix C.7. These images are similar to those obtained

from the NL sample (Figure 4.17) in that the spatial distribution of the proteins is mostly
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Figure 4.22: Composite ion images of two species identified by deconvolution from the NAFL

sample 3192. Images of the 15.127 kDa (α-globin) species and the 15.868 kDa (β-globin)

species. Each image is a composite of several charge states. The intensity is normalised and

presented on a linear scale.

homogeneous. The 6.653 kDa and 10.335 kDa species are the exception to this statement

and their distribution within the tissue appears to match that of the α-globin and β-globin

species observed in Figure 4.22.
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Figure 4.23: Composite ion images of several species identified by deconvolution from the

NAFL sample 3192. Each image is on a linear intensity scale and is a composite of several

charge states (listed above respective image). The 14.086 kDa and 14.120 kDa species have

been putatively assigned the identity of FABP1T94A and FABP1 respectively.
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Table 4.7: Protein species identified by deconvolution using UniDec from the mass spectrum

shown in 4.23. Where a protein can be putatively identified from the accurate mass the

theoretical mass, protein gene name, and PPM error are provided.

UniDec (Da) Theoretical (Da) PPM Error Putative Assignment Relative abundance

6653.0 - - - 38.9%

8804.2 - - - 67.3%

10335.2 - - - 42.0%

14086.0 14089.2 -227.1 FABP1T94A 1.65%

14120.0 14120.3 -21.2 FABP1 12.2%
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4.6 Computational Processing of Mass Spectrometry Imag-

ing Data

The manual analysis of imaging datasets can be a difficult and time consuming process even

when applied to a single image and the existence of multiple imaging datasets only exacer-

bates this problem further. These issues would not necessarily be a problem if each image

were to be a bespoke research project but it is clear that MSI is increasingly being devel-

oped for high throughput imaging [207, 208]. The ability to quickly process MSI datasets is

required to enable concurrent, high throughput data analysis. Statistical/machine learning

(ML) methods are increasingly developed and applied to MS and MSI for the analysis [195].

The advantage of using these methods is that large and complex datasets can be processed

rapidly (when compared to manual analysis) and the speed of analysis can be increased by

increasing the amount of hardware resources available to process the data.

4.6.1 Preprocessing Mass Spectrometry Data

When MS data is acquired during an experiment it is typically saved in a format which

is proprietary with each vendor using their own data format. Whilst there are advantages

to these formats such as compression and compatibility with vendor software these formats

are not compatible with open source or in-house developed software and so must either be

converted to a more universal format or agreements must be reached with vendors to allow

proprietary code to be shipped alongside open source software (e.g. with origami [209]). One

of the most widely used open source data formats is the .mzml which is modelled after the

.xml data format [202] and is used in this work.

The .imzml format is an extension of the .mzml format and allows MSI imaging
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data to be stored in an open format. In order to create an .imzml file containing from the

proprietary Waters .raw file format several steps were required. Firstly, the region of the drift

plot containing protein signals was identified and extracted with chromatographic retention

time retained. It is not currently possible to export both chromatographic retention time

and arrival time simultaneously using Driftscope which means that some information (the

arrival time) is lost. Once the region of interest has been extracted from Driftscope into a

.raw file it can be converted into an .mzml file. The conversion software used for this process

was the ProteoWizard MSConvert tool [178]. A .mzml does not however contain the spatial

information needed for the reconstruction of a MSI and must be converted into an .imzml

file with the spatial information provided by the user. The conversion software used in this

work to convert .mzml to .imzml was the imzMLConverter tool [179].

4.6.2 Linear Interpolation

In order to apply statistical algorithms to mass spectrometry data the mass bins must be

aligned, that is, the range of mass values and the number of individual bins for each mass

spectrum must be the same. Problematically, vendor data is often formatted such that only

mass bins for which a signal was recorded are stored, this behaviour is to reduce the file

size of mass spectra. In order to process the DESI MSI dataset in which each image is

comprised of thousands of individual mass spectra with ML algorithms the mass domain

must be aligned. One method to achieve this alignment of mass bin which can be achieved

through the application of linear interpolation to the mass domain. Linear interpolation is

an algorithm which can determine new data points between a range of known data points.

Linear interpolation algorithms are provided in both MATLAB and Python (within the

NumPy library) which make their implementation simple. Both algorithms require the

original X and Y data points as well as the new interpolation points Xi, defining the width
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of the new mass bin.

4.6.3 Normalisation

Normalisation is often performed in MSI as ion suppression and extraction efficiency can

vary between regions for the same analyte and so the ion current of an analyte may vary

even when its actual concentration in the sample matrix does not change [210, 211]. Without

normalisation it can be challenging to determine if the differences observed in the relative in-

tensity of an analyte between two locations in the tissue are due to differences in the analytes

distribution in the tissue or simply due to the absence of competing analytes, a change in

extraction efficiency (for example, between fibrotic and functional tissue), or varying instru-

ment performance over time. The goal of normalisation then, is to compensate for perceived

changes in analyte intensity that are unrelated to the analytes actual concentration in the

sample under analysis. There are several methods which can be employed to normalise tissue

including TIC, median normalisation, normalisation to an internal or external standard, and

other novel methodologies.

4.6.4 Image Masking

Image masking can be used to focus analysis efforts on the differences (or lack of) in signals

within tissue and not on the differences between the glass/background and tissue. By choos-

ing to focus on the tissue only, computation time can be reduced due to the smaller sample

under analysis and various ML algorithms will not cluster dissimilar tissue signals together

simply because they are more similar than non-tissue signals. Selection of the tissue from

the background can be achieved manually by drawing or otherwise specifying a region of

interest around the tissue. The ability to create regions of interest for are common in MSI
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visualisation software and are avialable both in commercial software such as HDImaging

(Waters) and open source software [212]. Whilst the creation of regions of interest can easily

be applied to a single tissue slice when multiple images are to be considered this method

can become laborious. Detecting the tissue can be approached using two different methods:

Differences in intensity, and difference in ion species. The first approach is the most simple

and relies on a greater recovery of ions from the tissue compared to the glass. The other

method is more complex and instead attempts to classify a pixel as on tissue or off tissue

according to the ion species detected.
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4.7 Multivariate Data Analysis Using t-SNE & UMAP

The creation of single ion images is a labour intensive process and the identification of

heterogeneous protein distributions requires careful manual analysis of the data. MSI data

is comprised of multiple mass spectra (at least one for each pixel) which can range from

the hundreds to the hundreds of thousands [102] depending on the spatial resolution of the

image, and the physical size sample under analysis. Each mass spectrum can also contain

thousands to hundreds of thousands of m/z bins depending on the resolving power of the

instrument used for acquisition. The use of ML algorithms can allow the dimensionality

of mass spectrometry data to be reduced/embedded to a lower dimension which can make

discovering trends in the data easier by reducing the number of images that need to be

considered. For example, t-SNE has been used as a method of reducing dimensionality in

matrix assisted laser desorption ionisation (MALDI) MSI of the brain and displaying the

data in the RGB space [213]. principal component analysis (PCA) has been used to reduce

the dimensionality of MSI and so capture the majority of the variance in the data even

for very large datasets which exceed the memory capacity [214]. The work presented in

this section aims to apply computational methods to both intuitively visualise the spectral

differences within the image and to provide a method of identifying and extracting those

spectral differences for analysis.

The imaging data was converted from the Waters .raw format into the .imzML format

and the data was linearly interpolated to ensure consistent m/z bin widths and length.

Further pre-processing steps employed included TIC normalisation before the image data was

segmented using the Chan-Vese algorithm [185] to remove off-tissue (glass) pixels from the

dataset, as shown in Figure 4.24. The removal of these off-tissue pixels allows computational

efforts to be concentrated on the analysis of the tissue signals. Without the removal of off-

tissue pixels the greatest variance in the data will be found between the background signals

138



Desorption Electrospray Ionisation Mass Spectrometry Imaging of Non-Alcoholic Fatty
Liver Disease Tissue

occurring on the glass slide and the biological signals encountered while analysing the tissue.

Both TIC and PCA images were used as the input for the segmentation algorithm.

Using the TIC image as the input to the Chan-Vese algorithm was found to perform

well for many of the samples. The signal intensity for on-tisue pixels was often higher than

that of pixels where only the glass was sampled and so adequate contrast between the glass

and tissue was provided. This contrast was not universal, however, as some images featured

regions of low intensity on tissue, holes in the tissue (such as large blood vessels), and high

signal intensity on pixels acquired off-tissue. These samples proved challenging to segment

and an example of one such challenging segmentation can be seen in Figure 4.25 where it

can be observed in the TIC image that there is a high level of signal on the glass which may

have been caused by analyte rich solvent residue running off the tissue during the washing

procedure.

This off-tissue signal has a greater intensity that many locations on-tissue which

makes segmentation by TIC challenging. By comparison segmentation based on PCA yields

a more accurate identification of the tissue-glass boundary. The advantage of segmentation

based on the PCA image is that the segmentation can be performed on the TIC normalised

image. This is because, in this case, the PCA image is generated from differences in spectral

identity and not spectral intensity. Since glass and tissue have large differences in spectral

content with glass being mostly background signal and solvent ions while the tissue signal

contains protein material and other biological species the first principal component itself

offers excellent segmentation of the tissue from glass. It should be noted, however, that

some samples with similar off-tissue signal contamination similar to Figure 4.25 still offered

a great challenge during segmentation which required tuning of both the Chan-Vese algorithm

hyper-parameters [215] (Table 4.8) and tuning of morphological image operations such as

erosion and opening. For some images it was not possible to remove all off-tissue pixels

without application of large morphological erosion operations. The use of large erosion
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Figure 4.24: Total ion current and principal component based image segmentation performed

on four different tissue samples. The total ion current image is shown on the left and reveals

the heterogeneity in the tissue and the presence dynamic noise levels.
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Figure 4.25: The effect of applying the Chan-Vese segmentation algorithm to a tissue sample

with significant off tissue signals. The total ion current image shows the MSI image. The

outline of the tissue can be seen and on the left of the tissue section intense signals can be

observed. Segmentation using the first principal component is able to accurately identify

the glass and tissue. Segmentation using total ion current is unable to correctly segment the

tissue and glass.
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operations is an imperfect solution as whilst it can guarantee the removal of off-tissue pixels

it will inevitably lead to the removal of on-tissue pixels and hence the removal of biological

signal.

Table 4.8: Chan-Vese segmentation algorithm hyperparameters. Initial level set: Defines the

initial boundary. µ: Length penalty. A small µ provides more accurate fitting of the object

boundary. A large µ gives smoother contours. [215]

Parameter Value

Initial level set disk

µ 0

4.7.1 Data Reduction Pre-Embedding

Both t-SNE and UMAP were investigated for their ability to provide methods through which

the high-dimensional mass spectrometry data could be embedded into a lower dimension

for visualisation purposes. It was found early on during this work that using either of

the aforementioned algorithms could lead to two problems. First, the embedding of the

large dataset was a memory intensive process and secondly the algorithms performed poorly

when applied directly to the large dataset which resulted in poor embedding. In order to

reduce the number of dimensions used as the input to the two embedding algorithms data

reduction was performed. PCA was chosen for this purpose as it is able to capture the

majority of the variance within the data in a few principal components. By using PCA to

first reduce the dimensionality of the data from tens of thousands to only tens or hundreds

permits both higher embedding speed and improved performance of the t-SNE and UMAP

algorithms. Figure 4.26 shows the impact of different numbers of principal components on

the performance of the t-SNE and UMAP algorithms. It can be observed from Figure 4.26
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that when no data-reduction method is applied and instead the data is applied directly to

the embedding algorithms that poor performance can be observed. For the UMAP algorithm

this is observed as horizontal "streaks" on the processed image. For the t-SNE image the

poor performance is more obvious in that the image observed appears homogeneous with

several hot spots of colour. The t-SNE algorithm begins to perform poorly using this dataset

when the number of principle components = 250.
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Figure 4.26: The impact of different numbers of PCs (Principal components) on the images

generated by the embedding algorithms t-SNE and UMAP.
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4.7.2 K-Means Clustering of Embedded Space

Embedding the images using either the t-SNE or UMAP algorithm has been demonstrated

to provide excellent segmentation of the tissue into different regions driven by differences

in spectral identity. These algorithms do not however provide insight into what differences

present in the mass spectra led to the separation of different regions in the embedded space.

The objective of this work is to aid discovery of protein biomarkers directly from tissue

and hence the identity of mass spectrometry signals which are present with heterogeneous

distributions throughout the tissue must be identified. The K-means algorithm is capable of

separating data intoN classes [216]. Bisecting k-means clustering has been used previously to

cluster gastric cancer samples following embedding using the t-SNE algorithm [217]. . Figure

4.27 shows the K-means algorithm applied to the UMAP embedded data reconstructed into

an image to show regions of similarity. The UMAP image in this example used 50 principal

components and the full protein region (Figure 4.7 region B) was used as the input mass

spectrum. Figure 4.27 shows how the data can be segmented into 2-4 clusters. For the 2

cluster image, it can be seen, by comparison with the H&E stained section that functional

and fibrotic tissue are successfully segmented. This can be evaluated by comparing the

regions. For the 3 cluster image, regions associated with intense α-globin and β-globin

signals (refer to Figure 4.10) are now segmented in to cluster 3. The 4 cluster image now

includes a region bordering the functional and fibrotic tissue regions (cluster 1) which could

indicate spectral differences in the border region between fibrotic and functional tissue or be

caused by concurrent analysis of both functional and fibrotic tissue within the same pixel.

4.28 provides and enlarged image of the three cluster image and the H&E stained section for

easier comparison of the regions identified using k-means and the structure of the tissue.

Whilst multivariate analysis can permit intuitive visualisation of spectral differences

in an image or be used to segment and cluster tissue according to those same differences it is
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Figure 4.27: K-means clustering of UMAP image derived from 50 principal components.

The UMAP image was used as the input for the K-means algorithm with either 2, 3, or 4

clusters specified as the desired output.

Figure 4.28: Comparison between the K-means clustered image and the H&E stained serial

section. Comparisons of the image reveal that cluster 1 is associated with regions of fibrosis.

Cluster 2 is associated with regenerative nodules/functional tissue. Cluster 3 appears to be

associated with blood vessel features which were shown in Figure 4.11. 1) K-means cluster

image with 3 clusters. 2) H&E serial section of sample 1193.
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not possible from these operations to determine which signals influence these algorithms. A

simple way to interrogate the difference in spectral content which leads to the clustering seen

in Figure 4.27 is to create the averaged mass spectrum for each clustered region. Once these

mass spectra have been created they can be visualised. Figure 4.29 shows the averaged mass

spectra for each of the clustered regions identified in Figure 4.27 for the three cluster image.

The three derived mass spectra have been further processed by the methods described in

Section 2.3.4, to smooth the spectra and subtract the baseline. Figure 4.29 D, E, and F show

these processed spectra. Using UniDec the processed mass spectra can be deconvoluted and

the results are shown in Table 4.9.

Figure 4.29: A, B, and C) Mass spectra derived from the clustered regions of Figure 4.28

using three clusters. D, E, and F) The result of applying the signal processing method

described in Sections 2.3.4 and 4.3.3 on the mass spectrum shown above.

The results shown in Table 4.9 show that the mass spectrum derived from the clus-

tering can be processed and submitted for deconvolution using UniDec. While clusters 1

and 3 show only β-globin and α-globin as high scoring deconvolutions it can be seen that

FABP1 has been detected in cluster 2 which is the cluster associated with functional tissue

and is in agreement with the distribution of FABP1 as shown in Figure 4.13. The mass spec-
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Table 4.9: Table of deconvoluted mass values determined by UniDec from the processed

spectra in Figure 4.29D, E, and F. A DScore of 60 was used as the threshold for a confident

deconvolution. Where a protein can be putatively identified from the accurate mass the

theoretical mass, protein gene name, and PPM error are provided.

Cluster Mass Intensity DScore Putative Assignment PPM

1 15126.59 100.0 84 α-globin 59.49

1 15867.50 53.9 71 β-globin 53.56

2 14119.10 6.5 64 FABP1 77.90

2 15126.50 100.0 85 α-globin 65.44

2 15867.60 55.4 68 β-globin 47.26

3 15126.50 100.0 88 α-globin 65.44

3 15867.29 48.8 80 β-globin 66.80
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trometry data analysed in this workflow comprised the entire protein region which included

the α-globin and β-globin region as discussed in Section 4.4.1. Excluding the region of the

drift plot featuring the intense α-globin and β-globin signals may permit the identification

of different regions of tissue or the detection of different intact masses by deconvolution.

Figure 4.30 shows the result of the computational workflow for the mass spectrum

obtained by excluding the α-globin and β-globin signals. Figure 4.31 A, C, and D show the

averaged mass spectrum of clusters 1, 2, and 3. As with the three cluster image shown in

Figure 4.27 the image can be seen to be segmented in to three regions with the Cluster 1

representing the fibrotic tissue region. Cluster 2 shows the functional region of the tissue and

cluster 3 appears to indicate a transitional region as it borders both regions 1 and 2. Table

4.10 shows the result of the UniDec deconvolutions performed on the processed mass spectra

shown in Figure 4.31 with the deconvoluted mass values obtained from UniDec. Surprisingly,

when compared with the results shown in Table 4.9 the FABP1 is most confidently observed

in the fibrotic tissues. Whilst the PPM error is very large (∼ 100 PPM) the 14118.50 Da

and 14118.90 Da species in clusters 2 and 3 respectively are also likely to be the FABP1.

The TMSB4X protein is identified in all tissue regions which is consistent with the role of

this protein in inflammation and wound healing [218, 219].
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Figure 4.30: The result of UMAP embedding followed by k-means clustering with three clus-

ters. The fibrotic regions (cluster 1) can be seen between the functional tissue/regenerative

nodules (cluster 2). A border region (cluster 3) between these two tissue types may indicate

a transitional region but may also be caused by the concurrent analysis of both fibrotic and

functional tissue by the probe.

Figure 4.31: A, B, and C) Average mass spectra of the clusters shown in Figure 4.30. D, E,

and F) The result of applying the signal processing method described in Sections 2.3.4 and

4.3.3 on the mass spectrum shown above.
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Table 4.10: Table of deconvoluted mass values determined by UniDec from the processed

spectra in Figure 4.31B, D, and F. A DScore of 60 was used as the threshold for a confident

deconvolution. Where a protein can be putatively identified from the accurate mass the

theoretical mass, protein gene name, and PPM error are provided.

Cluster Mass Intensity DScore Putative Assignment PPM

1 4362.79 62.0 62 - -

1 4963.50 100.0 82 TMSB4X 0.0

1 10089.00 39.0 63 - -

1 14119.70 52.4 71 FABP1 35.41

1 17605.69 37.6 61 - -

2 4362.89 21.9 60 - -

2 4963.89 44.5 71 TMSB4X 78.5

2 7801.79 41.5 73 - -

2 8804.10 77.4 71 - -

2 9954.20 21.9 73 - -

2 10840.70 69.2 62 HSPE1 169.7

2 14118.50 100 66 FABP1 131.7

3 4362.70 30.9 73 - -

3 4963.50 95.1 78 TMSB4X 0.0

3 7801.10 37.4 66 - -

3 10840.40 70.7 63 HSPE1 197.3

3 14118.90 100 67 FABP1 103.4

3 16540.00 19.5 67 - -
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4.8 Conclusions and Future Work

In this chapter the analysis of a large DESI IMS MSI dataset was performed. This dataset

provided a challenge both in the number of samples analysed and the complexity of each

individual dataset. DESI has been successfully applied to the imaging of intact proteins from

human tissue sections of NAFL and NASH as well as control NL samples. Several proteins

species can be observed in the spectra and identities can be putatively assigned based on a

priori knowledge of proteins species observed in the human liver during experiments earlier

in this work (Chapter 3). The use of IMS allows competing analytes to be filtered from

the mass spectra which enhances the signals of protein analytes which would otherwise be

obscured by species isobaric in m/z. Computational annotation of tissue has been achieved

through the use of spectral pre-processing methods and the application of ML algorithms

such as PCA, K-means clustering, t-SNE, and UMAP. The use of these algorithms allows the

high throughput analysis of MSI datasets such as those presented in this chapter. Regions

of tissue heterogeneity can be identified and the signals in the mass spectra responsible for

these differences can be extracted. Further data analysis should focus on the creation of a

computational workflow for comparing all acquired datasets against each other in order to

attempt classification of each sample in to either the disease or control group. Further de-

velopment of instrumentation and optimisation of sampling must also be performed in order

to increase the number of protein species identified directly from the tissue. The identity

of proteins in this chapter has used a priori knowledge and intact of proteins previously

observed in the liver from techniques such as LESA with accurate mass measurements used

to cross reference protein identity. Methods for top-down tandem mass spectrometry of pro-

teins observed in DESI mass spectra should be developed to provide protein identifications

corroborated by sequence data which will could allow MSI and top-down fragmentation to

occur within a single experiment.
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Chapter Five

Cylindrical-Geometry High Field

Asymmetric Waveform Ion Mobility

Spectrometry for Intact Protein LESA

Mass Spectrometry Imaging

Parts of the work presented in this chapter have been published in "Comprehensive LESA

Mass Spectrometry Imaging of Intact Proteins by Integration of Cylindrical FAIMS" Grif-

fiths, R.L. Hughes, J.W. Hughes, S.E. Abbatiello, M.W. Belford, I. B. Styles, and Helen

J. Cooper, Analytical Chemistry, 2020, 92, 2885-2890. A copy of the article is available in

Appendix A.

153



Cylindrical-Geometry High Field Asymmetric Waveform Ion Mobility Spectrometry for
Intact Protein LESA Mass Spectrometry Imaging

5.1 Introduction

Work presented so far in this thesis has explored how top down mass spectrometry and mass

spectrometry imaging (MSI) can be used to gain insight into non-alcoholic fatty liver disease

(NAFLD). In this Chapter, the integration of ion mobility spectrometry (IMS), specifically

high-field asymmetric waveform ion mobility spectrometry (FAIMS) by use of the cylindrical

geometry FAIMS-Pro device, into intact protein IMS has been explored. The integration of a

planar FAIMS device in MSI using LESA has been previously demonstrated and enabled the

detection of 59 proteins in rat kidney sections and 75 proteins in rat testes tissue [113]. In the

first half of this work, LESA MSI was integrated with the FAIMS-Pro on a Thermo Orbitrap

Fusion Lumos and applied to thin tissue sections of rat kidney, testes, and brain. The data

was collected by Dr Rian Griffiths, at the Thermo laboratories in Boston. Analysis of this

dataset required the development of data analysis workflows which are presented here. These

experiments and data analysis workflows were subsequently applied to the LESA FAIMS MSI

of human liver tissue representing a range of NAFLD pathologies. The latter experiments

were performed on a Thermo Orbitrap Eclipse mass spectrometer.
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5.2 Development of Methods for the Identification of Non-

Redundant Protein Species Across FAIMS MSI

LESA MSI utilising a FAIMS-Pro device on an Orbitrap Fusion Lumos was performed as

described in Section 2.4. Briefly, 10 µm sections of rat testes, kidney, and brain were thaw

mounted onto clean glass slides. The brain tissue was washed with 70% aqueous ethanol for

10 s to remove abundant lipid species. Testes and kidney tissue sections were not washed

prior to analysis. A solvent system comprising 40% aqueous acetonitrile with 1% formic

acid was used for LESA extraction in contact mode. The cylindrical FAIMS-Pro device was

coupled to an Orbitrap Fusion Lumos mass spectrometer which was operated in 1-D mode in

which the dispersion voltage (DV) was kept constant at 5 kV and the compensation voltage

(CV) was varied through a range of values shown in Table 5.1. That is, at each location

(pixel), LESA extraction was performed and the mass spectrometry method scrolled through

a series of CV values (and FAIMS voltages off). The above experiments were performed by

Dr. Rian Griffiths. A data analysis workflow was developed as described in the following

sections.

Table 5.1: Experimental workflow: Sequential compensation voltage settings employed fol-

lowing each LESA sampling event i.e. at each pixel. Data were acquired for 30 s at each

setting.

Tissue FAIMS CV value (V)

Testes Off -70 -60 -50 -40 -30 -20 Off

Kidney Off -80 -70 -60 -50 -40 -30 Off

Brain Off -90 -80 -70 -60 Off - -

In the second set of experiments, the data analysis workflow was applied to LESA
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FAIMS MSI data acquired from human liver tissue with a range of pathologies. LESA

FAIMS MSI experiments were performed as described in Section 2.4.3. Briefly 10 µm sec-

tions of NASH, NAFL, and NL human liver tissue were thaw mounted on to clean glass

slides. Analysis was performed without any further sample preparation. The LESA system

comprised 40% aqueous acetonitrile with 1% formic acid. The FAIMS-Pro device was cou-

pled to an Orbitrap Eclipse mass spectrometer which was operated in 1-D mode with a static

DV (= 5 kV ) and the CV varied through the range −80 V to −20 V in 10 V increments

for a total of 7 distinct settings, including FAIMS voltages off (no DV or CV applied). Each

CV setting, including FAIMS voltages off, was collected for 0.3 min.
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5.3 Manual Analysis of Representative Pixels from Each

of the Animal Tissues

The three MSI datasets obtained from rat testes, kidney, and brain tissue comprised 156,

117, and 84 pixels respectively. The data associated with each pixel is additionally comprised

of mass spectra acquired at several discrete CV values (and with the FAIMS voltages off).

A representative pixel (taken arbitrarily from the centre of each image) is examined below.

Following this manual comparison the data were processed in bulk using a combination of

the BioPharmaFinder software (which makes use of the Xtract deconvolution algorithm) and

the workflow developed to interpret this data.

Figure 5.1: Chromatogram of pixel 44 from the rat testes dataset. The CV value applied

during the scan acquisition is shown along the top of the plot. Inflections in ion current can

be observed in the chromatogram as the CV is varied.

Figure 5.1 shows the total ion chromatogram obtained for a representative pixel (pixel

44) within the testes dataset. Six different CV values were applied following a period at the

start of the acquisition where the analysis was performed with the FAIMS voltages off. (It

should be noted that setting the device to off, where no DV is applied, is not the same as
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setting the CV value to 0 V where a DV of 5 kV is still applied to the electrodes). The

mass spectrum acquired with the FAIMS voltages off therefore demonstrates the expected

analytical result that would occur under the same conditions without the use of a FAIMS

device. One caveat to that is the reduced signal intensity that is expected to occur due to the

physical obstruction of the mass spectrometer inlet by the FAIMS electrodes (although the

geometry of the cylindrical electrodes have been designed to mitigate this effect [79]). It can

be observed in Figure 5.1 that the ion current falls rapidly at the beginning of the analysis

which can be explained as by electro-spray stabilising as the analysis begins. The ion current

remains steady following the initial drop for half a minute before the first CV is applied.

Once again, the ion current is reduced following the application of the CV = −70 V . This

reduction in signal is expected as ions are filtered according to their mobility in the electric

fields. This observation can be made throughout the chromatogram where inflections in the

ion current reflect changes in the applied CV.

Figure 5.2 shows the averaged mass spectrum for all scans collected at each individual

CV value of Figure 5.1 and the averaged mass spectrum collected with the FAIMS electric

fields off. Each averaged mass spectrum is comprised of ∼ 0.5 min of acquired data. The

averaged mass spectrum of the obtained with the FAIMS voltages off contains several intense

singly-charged ions which likely correspond to lipid species. These signals are most intense

at < 600 m/z but also occur at higher m/z values in the same range that protein signals

are expected to occur. Table 5.2 shows species detected by deconvolution of this mass

spectrum using the Xtract algorithm. These protein species are multiply charged with the

highest observed charge state being z = 22 for the 15.187 kDa species. The most intense

proteinaceous peak observed was the z = 11 charge state of a 8.559 kDa species which

possesses a S/N of 48.2 for the most intense isotopologue.

For comparison, consider the averaged mass spectrum obtained at cv = −70 V . The

previously abundant singly-charged species are observed in the mass spectrum obtained with
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Figure 5.2: Mass spectra obtained at each different CV for a representative pixel (pixel 44)

from the rat testes dataset. The CV value applied during the scan acquisition is shown along

the top of the plot.
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Table 5.2: Monoisotopic intact masses obtained through deconvolution of the FAIMS off

mass spectrum shown in Figure 5.2.

Intact Mass (Da) Relative Abundance (%)

8559.308 100.0

9931.744 48.5

15187.160 38.4

4960.299 37.9

4933.333 34.5

15809.180 24.2

15142.191 17.4

11729.649 13.9

13678.545 10.7

6643.564 5.3
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the FAIMS voltages off are absent at cv = −70 V and instead numerous multiply charged

species are observed. In addition, the S/N is enhanced when compared to the off condition.

In contrast to the S/N of 48.2 observed for the most abundant protein peak with FAIMS

voltages off, at CV = −70 V , the most abundant protein peaks has S/N 913.5. The remaining

mass spectra shown in Figure 5.3 further illustrate the advantages of including FAIMS in

LESA MSI. Clearly, different species are detected at different CVs and improvements in S/N

are observed. Figures 5.3 and 5.4 show the averaged mass spectreum for each CV value and

FAIMS off for the kidney and brain dataset respectively.

As observed for the testes dataset, there are distinct spectral differences between

each mass spectrum. In order to interrogate these empirical observations the average mass

spectrum was created for each CV setting for each pixel and t-SNE embedding was performed

in order to visualise differences or similarities. Figure 5.5 shows the t-SNE embedding for the

three tissue types. It can be seen from Figure 5.5 (Testes) that each FAIMS condition creates

a distinct cluster which suggests that across the image similar ionic species are transmitted

and detected within a CV value. The central cluster (approximate coordinates 0, 0 within the

plot) which has overlap with all CV values likely corresponds to the pixels where sampling

occured on the glass slide where discrete signals are absent and noise derived from the solvent

and/or glass dominates the mass spectra across all CV conditions. Figure 5.5 (Kidney)

shows clear separation of different CV conditions into clusters but also indicates that some

similarity between CV conditions may exist. The CV = −50 V and −60 V clusters, for

example, are directly adjacent to each other and could be described as one single composite

cluster. This observation can also be made for the CV = −80 V and −70 V clusters and the

CV = −40 V , −30 V and off conditions. The similarities between clusters may suggest that

some protein species can be transmitted over more than one CV condition and may suggest

fewer conditions are required to capture the majority of unique protein signals.

Although the difference in spectral appearance can be visually observed for all tissue
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[H]

Figure 5.3: Mass spectra obtained at each different CV for a representative pixel (pixel 22)

from the rat kidney dataset. The CV value applied during the scan acquisition is shown

along the top of the plot.
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[H]

Figure 5.4: Mass spectra obtained at each different CV for a representative pixel (pixel 45)

from the rat brain dataset. The CV value applied during the scan acquisition is shown along

the top of the plot.
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Figure 5.5: t-SNE embedding for each pixel of the respective image. Each CV setting per

pixel has been plotted independently.
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types across different CV values and those differences have been confirmed through the use

of t-SNE embedding which shows clustering of similar CV values together and proximity

of adjacent CV settings so far the extent to which different CV values transmit different

proteins, and what overlap and redundance is unknown. In order to answer and quantify

these questions deconvolution was performed on the entire dataset.
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5.4 Automated Deconvolution Using BioPharmafinder Soft-

ware

The imaging datasets under present a challenge as the aim is that the whole dataset is

fully interrogated and all the observed proteins in all pixels and across all CV settings are

determined. For example, the testes image is comprised of 156 pixels and each of those

pixels includes 6 different CV values and the FAIMS off control condition for a total of

7 different mass spectra (after averaging scans of each condition). This dataset therefore

contains 1092 unique averaged mass spectra which would have to be characterised for a

complete analysis. This is incompatible with manual methods which would require the

analyst to manually perform deconvolution on each averaged mass spectrum and confirm the

results. The BioPharmaFinder software package allows for the automated deconvolution of

detected species using the Xtract algorithm and the creation of reports detailing the findings.

BioPharmaFinder allows files to be analysed either individually (as a batch) or in "Multi-

Consensus" mode which combines the results for up to ten data files. Since the number of

mass spectra under interrogation exceeds the number that can be processed together under

Multi-consensus the each mass spectrum in the dataset must be interrogated individually as

a batch.

In order to process the mass spectra, the BioPharmaFinder software suite was utilised

using the Top-Down deconvolution tools and the Xtract algorithm. The source mass spec-

tra were averaged using the Average over selected retention time mode which averaged the

scans of each individual FAIMS CV (and FAIMS off ) condition. This means that for each

individual pixel, several deconvolutions were performed corresponding to each FAIMS condi-

tion, e.g. for the testes dataset 7 separate deconvolutions were performed. The parameters

chosen for the Xtract algorithm were S/N of 3 for FAIMS on conditions and S/N of 4 for
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the FAIMS off condition due to the intense baseline of unresolved protein/chemical species

present when FAIMS voltages are off. All other settings for the Xtract algorithm were left

at their default value. BioPharmaFinder provides .csv files of deconvoluted mass values for

each condition as an output with intact mass values reported as the neutral species M.
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5.5 Interrogation of BioPharmafinder Data

As discussed in the previous section, the FAIMS MSI dataset produced thousands of unique

mass spectra with each comprising many individual scans from several FAIMS conditions.

The results of the BioPharmaFinder search using the Xtract algorithm produced an identical

number of .csv files containing the neutral deconvoluted species (M ). The research question

to be answered was what is the total number of unique proteins observed across the entire

dataset and to what extent are proteins shared between different FAIMS conditions. To

address this, the first strategy may simply be concatenation of each of the BioPharmaFinder

results files for the entire dataset. Doing so produces a table of unique values which con-

tains ∼ 50000 unique M values. This number of identified species outperforms bottom-up

and other methods of top-down and middle-down proteomics performed with offline sample

preparation, purification, and concentration and also twice as large as the rat genome [220].

It is clear that this table represents an inflated number of M species and on inspection

it is clear that the same M value is reported multiple times with small ppm mass dif-

ferences. For example, M values are reported at 1800.0000, 1800.0010, 1800.0020, 1800.0040,

and 1800.0050 which are all within 2.8 ppm of each other, whereas for example, 1800.0050 Da

and 1823.9960 Da, two consequtive M values differ by 13153 ppm, and clearly correspond to

different species. It is therefore possible to filter this dataset such that proteins with small

mass/ppm errors are averaged together into a single mass value.

To approach an estimate of the number of unique M values observed in the dataset

it was decided to use a broad window of 0.5 Da to group M values. The reason a broad

window was chosen rather than a smaller Da value or ppm value was to provide a conservative

estimate, rather than an optimistic estimate, of the number of unique M values observed. A

script was produced in MATLAB to compile and filter the M values according to the above

rule. The effect of this algorithm is to findM values within a tolerance window and determine
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a new mean M value. Filtering the data in this manner reduces the number of unique M

values from ∼ 50000 (see above) to ∼ 5000 in the testes dataset. During this data filtering

step, the frequency that a M value was observed was recorded and used to provide further

confidence in the estimation of the number of unique M values observed. Upon investigation

it was found that many M values were observed with low frequency and it was decided that

these values likely represent baseline of noise generated during the deconvolution step. The

M values were therefore filtered according to the S/N ratio of their frequency where the noise

was determined to be the median of the frequency value of the observed M values and values

with a S/N ≤ 3 were discarded. The culmination of these filtering steps provided 975 unique

M values across all pixels and FAIMS CV values within the testes data set. The filtering of

the mass list both by combining mass values with small mass differences and further filtering

according to a frequency S/N threshold provides greater confidence that the reported M

values are derived from signals consistently observed within the mass spectra. It should

however be recognised that these two filtering methods do not account for post translational

modifications/proteoforms or other species derived from common adducts such as potassium

or sodium. Further filtering of M values could be performed by imposing minimum m/z

domain distances between values or minimum relative abundance thresholds however with

no ground truth to compare results against threshold could easily become over-conservative.
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As described above, for the testes dataset a total of 975 non-redundant protein features

were detected across the whole image and across all FAIMS CV values (excluding FAIMS

off ). Figure 5.6 shows an UpSet plot [221] which shows both the set size of the different

CV (that is, the number of protein features deconvoluted for each CV) and the size of

the intersections of different CV values. The plot shows that the set size for each CV is

similar with the largest set being the CV = −20 V with 638 deconvoluted protein features

detected, 65.4% of the total number of deconvoluted masses. The smallest set size is the CV

= −40 V with 526 deconvoluted protein features detected. The largest intersection for the

testes dataset is between the CV = −20 − 30 − 40 and− 50 V values with a commonality

of 72 protein features, 7.3% of the total. The greatest intersection, between all CV values,

contains 56 protein features which represents 5.7% of the total.

Figure 5.6: UpSet plot for the testes dataset showing the size of intersection of filtered

deconvoluted protein values from all pixels and across all CV values. The size of the set is

also shown. The largest intersection is between the CV = −20 − 30 − 40 and− 50 V values

and yields 72 masses. The greatest degree of intersection yields 56 masses.
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Figure 5.7 shows the UpSet plot for the kidney dataset in which 981 non-redundant

protein features were detected across the whole image and across all FAIMS CV values

(excluding FAIMS off ). The largest set is the CV −50 V with 519 deconvoluted protein

features detected, 52.9% of the total number of deconvoluted masses. The smallest set size

is the CV −80 V with 424 deconvoluted protein features. The largest intersection for the

kidney dataset is between the CV = −30 −40 and−50 V values with a commonality of 203

protein features, 20.6% of the total. The intersection of all CV values has a commonality of

9 proteins, 0.9% of the total. Notably, this is different to the testes dataset which contained

over five times as many proteins in the same intersection. This difference is seen again when

comparing the number of proteins observed in the largest intersection (72 versus 203 for the

testes and kidney respectively).

Figure 5.7: UpSet plot for the kidney dataset showing the size of intersection of filtered

deconvoluted protein values from all pixels and across all CV values. The size of the set is

also shown. The largest intersection is between the −30 − 40 and − 50 V CV values and

yields 203 masses. The greatest degree of intersection yields 9 masses.
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Figure 5.8 shows the UpSet plot for the brain dataset in which 249 non-redundant

protein features were detected across the whole image and across all FAIMS CV values

(excluding FAIMS off ). The largest set is the CV −60 V with 156 deconvoluted protein

features detected, 62.6% of the total number of deconvoluted masses. The smallest set size

is the CV = −80 V with 31 deconvoluted protein features. The largest intersection for the

brain dataset is between the CV = −60 and− 70 V values with a commonality of 45 protein

features, 18.0% of the total. There are no protein features that are common to all four CV

values.

Figure 5.8: UpSet plot for the brain dataset showing the size of intersection of filtered

deconvoluted protein values from all pixels and across all CV values. The size of the set is

also shown. The largest intersection is between the −60 and − 70 V CV values and yields

45 masses.
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5.6 Development of Methods for the Analysis of Human

Liver Tissue Sections Using the FAIMS-Pro on an

Orbitrap Eclipse

Following the success of the animal tissue imaging experiments in section 5.3 and the high

number of unique deconvoluted protein features observed it was decided to apply this tech-

nique to the imaging of human liver samples. Three tissue samples were analysed in these

experiments and are detailed in Table 5.3. Three samples were chosen to provide both an

example of NAFL and NASH with a control NL sample for comparison.

Table 5.3: List of samples under analysis and associated etiology.

Sample Name Etiology

5882 Normal donor (HCC)

3126 Fatty donor

4836 NASH

A cylindrical FAIMS-Pro device was coupled to a Thermo Orbitrap Eclipse instru-

ment. Three LESA MSI datasets were generated from the NASH, NAFL, and NL tissue

samples. The FAIMS device was operated in 1-D mode with a static DV of 5 kV and the

CV was varied between −80 V to −20 V in increments of 10 V . The CV settings were in-

formed by observations made in Section 5.4 where numerous non-redundant protein species

were observed to transmit in this range. Data were also acquired with the FAIMS voltages

off. The aim of this study was to implement the data analysis workflow developed from the

rat tissue study to clinically relevant tissue and to determine if the FAIMS-Pro device can

provide information regarding the differential expression of proteins between the different

disease states of NAFLD contrasted against a control NL donor sample.
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5.7 FAIMS-Pro MSI of non-alcoholic fatty liver disease

and normal donor liver tissue.

As shown in Section 5.3 the application of the cylindrical FAIMS-Pro device to the imaging

workflow leads to the generation of a large dataset in which each pixel is comprised of multiple

scans at different CV values which provides several averaged mass spectra per pixel. Figures

5.9, 5.10, and 5.11 show the averaged mass spectra of representative pixels at each CV value

from the NL, NAFL, and NASH samples respectively. It is clear that different signals are

present in the mass spectra acquired at different CV values, both between CV values and

between the FAIMS off setting. Figure 5.12 shows the t-SNE embedding for a representative

pixel of each tissue type. Each point in the plot corresponds to an averaged mass spectrum

of a given CV for each pixel. For each of the tissue types clustering of the CV values can be

seen in the plot which indicates that there are quantifiable differences in the mass spectra.

The proximity of clusters indicates the similarity of the mass spectra and some clusters show

proximity that is maintained between tissue types. The clearest overlap is between the CV

= −30 V and the FAIMS off setting which suggests the most abundant proteins in the mass

spectrum, those detected without the application of FAIMS, transmit at the CV = −30 V

CV setting. The CV = −80 and − 70 V conditions and the CV = −60 and − 50 V also

cluster in proximity to each other.
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Figure 5.9: Sample 5882 (NL): The averages mass spectra of each compensation field for a

representative pixel (pixel 65).
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Figure 5.10: Sample 3126 (NAFL): The averages mass spectra of each compensation field

for a representative pixel (pixel 46).
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Figure 5.11: Sample 4836 (NASH): The averages mass spectra of each compensation field

for a representative pixel (pixel 65).
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Figure 5.12: tsne embedding for each pixel of the respective image. Each CV setting per

pixel has been plotted independently.
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The workflow described in Section 5.4 and in Methods Section 2.4.5 was applied to the

NL, NAFL, and NASH imaging datasets. Figure 5.13 shows the UpSet plot for the 5882 NL

tissue sample dataset in which 1515 non-redundant protein features were detected across the

whole image and across all FAIMS CV values (excluding FAIMS off ). The largest set is the

CV = −40 V with 1117 deconvoluted protein features detected, 73.7% of the total number

of deconvoluted masses. The smallest set size is the CV = −80 V with 316 deconvoluted

protein features. The largest intersection for the 5882 NL tissue sample dataset is between

the CV = −20 − 30 and− 40 V values with a commonality of 146 protein features, 9.6% of

the total. The intersection of all CV values has a commonality of 86 proteins, 5.6% of the

total.

Figure 5.13: UpSet plot for the 5882 dataset showing the size of intersection of filtered

deconvoluted protein values from all pixels and across all CV values. The size of the set is

also shown. The largest intersection is between the CV = −20 − 30 and− 40 V values and

yields 145 masses. The greatest degree of intersection yields 86 masses.
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Figure 5.14 shows the UpSet plot for the 3126 NAFL tissue sample dataset in which

1528 non-redundant protein features were detected across the whole image and across all

FAIMS CV values (excluding FAIMS off ). The largest set is the CV = −20 V with 947

deconvoluted protein features detected, 61.9% of the total number of deconvoluted masses.

The smallest set size is the CV = −80 V with 164 deconvoluted protein features. The

largest intersection for the 3126 NAFL tissue sample dataset is between the CV values

= −20 and − 30 V with a commonality of 286 protein features, 18.7% of the total. The

intersection of all CV values has a commonality of 39 proteins, 2.5% of the total.

Figure 5.14: UpSet plot for the 3126 dataset showing the size of intersection of filtered

deconvoluted protein values from all pixels and across all CV values. The size of the set is

also shown. The largest intersection is between the −20 and − 30 V CV values and yields

286 masses. The greatest degree of intersection yields 39 masses.
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Figure 5.15 shows the UpSet plot for the 4836 NASH tissue sample dataset in which

1644 non-redundant protein features were detected across the whole image and across all

FAIMS CV values (excluding FAIMS off ). The largest set is the CV = −40 V with 1141

deconvoluted protein features detected, 69.4% of the total number of deconvoluted masses.

The smallest set size is the CV = −80 V with 257 deconvoluted protein features. The largest

intersection for the 4836 NASH tissue sample dataset is between the CV = −20 − 30 and−

40 V values with a commonality of 351 protein features, 21.3% of the total. The intersection

of all CV values has a commonality of 61 proteins, 3.7% of the total.

Figure 5.15: UpSet plot for the 4836 dataset showing the size of intersection of filtered

deconvoluted protein values from all pixels and across all CV values. The size of the set is

also shown. The largest intersection is between the CV = −20 − 30 and− 40 V values and

yields 351 masses. The greatest degree of intersection yields 61 masses.

The number of proteins detected in the human tissue is greater than that detected

in the rat tissue dataset. Whilst this increase could be for a number of reasons it should

be noted that the Orbitrap Eclipse on which the human samples were analysed is a newer

and more sensitive instrument than the Orbitrap Fusion Lumos and that may impact the
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number of detected species. The number of protein features detected in this work approaches

the number of proteoforms that have been observed using top-down HPLC [222]. Greater

numbers of proteins have been identified by bottom-up proteomics in which the FAIMS-

pro is coupled to an Orbitrap Lumos. For example, Hebert et al. [80] demonstrated the

identification of ∼ 1000 proteins in one hour from a single-shot analysis and ∼ 8000 from

a four hour single-shot experiment representing a ∼ 50% and ∼ 25% increase, respectively,

over experiments performed without FAIMS. These experiments are however incompatible

with imaging owing to the need for offline sample preparation such as tryptic digestion and

HPLC separation.
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5.8 Conclusion

The inclusion of a cylindrical FAIMS-Pro device coupled to either an Orbitrap Fusion Lumos

or an Orbitrap Eclipse mass spectrometer increases the number of intact protein features ob-

served in a single imaging experiment. This improvement was achieved without the need for

lengthy off-line separation techniques such as HPLC or by using sample preparation methods

such as on-tissue digestion. Further analysis of the human dataset should include determining

overlap of detected protein features in a similar manner to the way the overlap of individual

CV values has been performed. With knowledge of which protein features show differential

expression between disease and control tissue more targeted top-down experimentation could

be performed to reveal the identity of these species.

Despite the success of these experiments and the promise that the cylindrical FAIMS

device shows there are shortcomings that must be addressed. Although a great number of

protein features have been identified by deconvolution there is no simple method available to

determine false discovery rate or statistically rank the quality of the deconvolution. While

other deconvolution methods are available that provide scoring functions such as UniDec

and Respect these algorithms are not designed for high resolution mass spectrometry data

such as that generated in this study. While algorithms such as Xtract perform well the

analyst typically has the liberty of manually assessing results and comparing the output of

the deconvolution algorithm with the input data. The sizes of the datasets generated within

this chapter make such manual verification impossible in any reasonable time-frame. Further

advances in deconvolution algorithms for high resolution data and the development of false

discovery rate and/or scoring functions for deconvolution will aid in providing confidence

to numbers derived from similar studies. The deconvoluted masses of the protein features

are from high resolution data and therefore can be matched to proteins according to accu-

rate mass and with calculated PPM errors. This however requires a priori knowledge of
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proteins expected in the analysis and is confounded by elements such as post-translational

modifications or common mass spectrometry adducts such as sodium and potassium. It is

still preferable to perform MSn experiments in top-down studies to determine protein iden-

tification with confidence. Further work on developing FAIMS for IMS should involve the

inclusion of instrument methods such as top-N as is already common in many proteomics

workflows utilising HPLC. Whilst this would represent a great investment of time, as each

top-down method would need to be run against each CV and for each pixel the information

that could be obtained from such a workflow could be remarkable. Top-down MSn methods

would also provide the greatest evidence of protein coverage.
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Chapter Six

Conclusions and Future Work

The prevalence of non-alcoholic fatty liver disease (NAFLD) continues to rise as a result of

the obesity epidemic and represents the hepatic manifestation of the metabolic syndrome

(MetS). NAFLD is a prevalent problem particularly in developed countries with an estimated

global prevalence of 24 % which, without lifestyle adjustment or medical intervention, can

lead to cirrhosis and hepatocellular carcinoma (HCC). Currently, there is no pharmaceutical

intervention for NAFLD and non-alcoholic steatohepatitis (NASH), a severe form of the

disease, causes irreversible damage to the liver through the mechanism of inflammation and

fibrosis. NAFLD is now the second most likely indicator for a liver transplant in the United

States of America. In addition to the lack of available pharmaceutical treatment, there is a

need for enhanced NAFLD detection and stratification both in NAFL and NASH. Currently

only the liver biopsy is considered viable for the conclusive diagnosis and stratification of

disease progression although great efforts are being made to develop non-invasive diagnostic

routines [160, 223, 224]. The work presented in this thesis is focused on the development of

mass spectrometry as a tool for the diagnosis and stratification of NAFLD and as a tool for

the study of top-down proteomics in tissue samples.
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6.1 Use of LESA FAIMS Profiling for the Detection of

FABP1 and the FABP1T94A Variant in Tissue Sec-

tions (Chapter 3)

Initial work focused on the detection of liver fatty acid-binding protein (FABP1) from fresh

frozen thin tissue sections of liver from individuals with NAFLD,including the NAFL and

NASH disease states and normal donor liver (NL) control samples (Chapter 3). FABP1

has been previously shown to possess a threonine to alanine single nucleotide polymorphism

(SNP) at position 94 in the amino acid chain [167, 168, 191, 225]. Previous genetic studies

have suggested that this liver fatty acid-binding protein T94A (FABP1T94A) variant may

predispose patients to NAFLD and lead to worse disease outcomes, that is, patients with

the FABP1T94A variant are at greater risk of progressing to NASH [169]. liquid extraction

surface analysis (LESA) mass spectrometry (MS) was performed on these samples using

denaturing solvent conditions in order to extract proteins from tissue.

Due to the high abundance of other biological species such as lipids, metabolites, and

other abundant protein species, the identification of FABP1 and the FABP1T94A variant was

not reliable. Tissue washing was explored as a method for the removal of undesired biological

analytes that may impede analysis. The washing of the tissue was found to be an unreliable

method of improving the signal-to-noise ratio (S/N) of the FABP1 and FABP1T94A. The

coupling of a planar high-field asymmetric waveform ion mobility spectrometry (FAIMS)

device to the mass spectrometer was investigated as a method to filter analytes in the

gas phase. The inclusion of FAIMS was found to adequately separate undesired biological

analytes such as lipids and metabolites as well as separating other abundant protein signals

such as haemoglobin subunit alpha (α-globin) and haemoglobin subunit beta (β-globin).

LESA FAIMS MS was shown to provide the reliable detection of either FABP1, FABP1T94A
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or both.

While accurate mass can provide confidence in the identification of a protein, tandem

mass spectrometry (MSn) remains the gold standard for top-down protein identification. In

order to confirm the observed proteins were FABP1 and FABP1T94A, MSn experiments were

performed using collision induced dissociation (CID) and higher energy collision dissociation

(HCD). Both methods of fragmentation were able to provide adequate coverage of the amino

acid sequence and therefore provide confident assignment of protein identity; however, CID

and HCD did not provide a sequence fragment at the site of the amino acid substitution

(amino acid 94). electron transfer dissociation (ETD) was investigated with the aim of

increasing the sequence coverage and was found to provide the sequence fragment at the site

of the substitution and was shown to increase sequence coverage when compared to CID

and HCD. The frequency of the FABP1 and FABP1T94A among all samples was determined

in a high throughput manner by accurate mass measurement to determine the substitution

of the amino acid threonine with alanine. CID was used to provide sequence fragments to

confirm the protein identity as the FABP1 (wild type or variant). A summary of the results

are shown in Table 6.1.

Table 6.1: Summary of the presence or absence of the FABP1T94A variant in either the

normal donor NL samples or the disease NAFLD samples (including NAFL and NASH.

Fisher’s exact test was performed and a statistical significance between the two groups was

found (P < 0.05)

Sample eitiology FABP1 only FABP1T94A present

NL 13 9

NAFLD 5 15

The current paradigm of NAFLD diagnosis involves the collection of a tissue biopsy for

histopathological analysis by a clinician. In future work it should be investigated whether an
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off-cut of this sampled tissue is an adequate sample size for analysis by mass spectrometry

using LESA. Clinical guidelines recommend the use of a 16-gauge needle and a 20 mm

deep extraction of tissue [226]. This volume of tissue should provide a more than adequate

sample for rapid top-down analysis by FAIMS mass spectrometry. The challenges associated

with this proposed application would be ensuring the inclusion of a new analysis technique

does not overtly interfere with the established diagnostic protocol in the clinical setting.

Alternatively, as the FABP1 is a circulating serum protein [227, 228], top-down protoemics

performed by liquid chromatography mass spectrometry (LCMS) may provide a route to

characterising the proteoform of the FABP1 for a patient of interest without the need for an

invasive biopsy.
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6.2 DESI MSI of Proteins in NAFLD Liver Tissue and

Control Donor NL Samples (Chapter 4)

The ability to localise proteins across tissue can provide invaluable information regarding

their role in health and disease particularly if the distribution of the protein differs in the

former and latter. The work within this chapter focused on the continued development

of desorption electrospray ionisation (DESI) coupled to travelling wave ion mobility spec-

trometry (TWIMS) as a mass spectrometry imaging (MSI) method to provide untargeted

detection of intact proteins across tissue. ion mobility spectrometry (IMS) was integral in

order to enhance the signal of protein species by separating lipid, metabolite, and isomeric

proteins in the gas phase.

Analysis initially focused on the visualisation of single proteins (using multiple charge

states of a single protein) across the tissue to determine their distribution within tissue

structures and to assess if there were any differences in the distribution between diseased

(NAFL and NASH) and donor (NL) samples. Deconvolution was performed to determine

the intact mass of protein species observed in the mass spectra. These putative protein

species were then mapped across the tissue in different samples to determine if heterogeneous

inter-sample distribution can be observed. The results showed species such as α-globin

and β-globin being distributed mainly within blood vessel features when observing intra-

sample distributions which is in line with previous findings and what is expected biologically,

indicating that DESI MSI of intact proteins is capable of localising deferentially expressed

protein species within the tissue.

Inter-sample distributions highlighted the heterogeneous distribution of proteins in

functional and fibrotic tissue in NASH samples when the same protein species could be

observed to posses an otherwise relatively homogeneous distribution in donor NL samples.
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Whilst these initial results were promising the manual analysis of each sample was time

consuming. Computational methods were therefore explored with the aim of streamlining

the analysis into a potentially high throughput process. Computational methods of data

analysis were implemented to reduce the dimensionality of each MSI pixel within each dataset

so that it could be visualised in a way that could be easily interpreted. This lower dimension

embedding was also further used to provide intra-sample classification using the k-means

algorithm and averaged mass spectra were generated for each class. Through this method

the heterogeneous distributions of fibrotic and parenchymal tissue in NASH samples could

be rapidly visualised and the signals in these distinct tissues could be visualised to inform

the analyst as to which proteins were present in each region.

Further development of both the IMS and mass spectrometer will enhance the per-

formance of top-down MSI. Since the collection of the data discussed in this chapter, two

new instrument developments have been introduced. The cyclic IMS device operates in a

similar fashion to the TWIMS device used in this work with the addition that multiple

passes of the cell are permitted by the cyclic geometry of the device. This IMS device allows

for greater separation of analytes by increasing the length of the ion mobility cell [229]. A

new instrument, the Multi Reflecting ToF, has been announced by the Waters Corperation.

This instrument implements multi-reflecting ToF technology and encoding/decoding of the

ToF pusher cycle which leads to both higher mass resolution and a greater duty cycle of the

instrument [230]. Continued improvements in instrumentation will enhance sensitivity and

resolution which will aid in overcoming some of the issues currently experienced in intact

imaging of proteins from tissue.
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6.3 Increasing Proteome Coverage Through Integration

of Cylindrical FAIMS (Chapter 5)

So far the results have shown that integration of IMS performed either, FAIMS or TWIMS,

in the MS workflow enhances the number of proteins observed and/or simplifies the chemical

background upon which they are observed through the removal of intense or isomeric analyte

signals. The ability to separate analyses in the gas phase on time scales compatible with

MSI methodologies makes their application to this type of analysis highly favourable. The

work within this chapter aimed to assess the performance of a cylindrical-geometry FAIMS

device coupled to Orbitrap Tribrid mass spectrometers (the Lumos Fusion or the Eclipse).

LESA FAIMS MSI data obtained from sections of rat kidney, testes, and brain re-

vealed both a high number of proteins which could be distinguished through the use of

deconvolution and clear differences in the character of these species observed under various

CV settings. In order to quantify the difference in protein transmission between CVs, batch

deconvolution was performed using the BioPharmaFinder software suite. The results of this

analysis provided many thousands of deconvoluted protein masses per tissue. Many of these

mass values possessed ≤ 5 ppm mass differences to their neighbour. Since small differences

in mass for the same protein species are neither unexpected during data acquisition or during

deconvolution these similar mass values were averaged together according to a broad mass

windows of 0.5 Da. Following this, the frequency that each deconvoluted mass was found by

the Xtract algorithm over the dataset was used to further threshold the mass values. The

result suggests that for the testes and kidney dataset nearly 1000 deconvoluted masses were

reported and in the brain dataset 249 deconvoluted masses were reported.

Following the success of the cylindrical FAIMS device in enhancing the transmission

of protein species in top-down MSI, a small cohort of human tissues were analysed by LESA
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FAIMS MSI including NAFLD samples, a NAFL and NASH sample and a control donor NL

sample. The FAIMS device was coupled to an Oribrap Eclipse Tribrid mass spectrometer.

Following image collection the data analysis workflow developed for the rat tissue samples

was applied to the human tissue data with further improvements to the number of protein

species observed. The number of deconvoluted protein species observed were 1515, 1528,

and 1644 for the donor NL, NAFL, and NASH samples respectively.

The large number of protein species identified by deconvolution following threshold is

impressive however it should be noted that this value will include proteoforms and protein

species possessing common mass spectrometry adducts such as sodium and potassium [231]

and hence the true number of unique protein species is likely lower than the above numbers

suggest. Future work should focus on the development of an imaging workflow and instru-

ment method which could include, for example, data dependent MSn of protein signals in

order to provide conclusive identification of protein species present in the mass spectra. This

dataset also highlights the need for false discovery rate estimations and/or scoring of decon-

volutions to be implemented in deconvolution. These techniques are not currently available

in BioPharmaFinder using the Xtract algorithm. Since the publication of this work, Marty

and co-workers have described the inclusion of a universal score for deconvolution for intact

and native protein mass spectrometry data [232]. As instrument performance increases and

data-sets grow to sizes that preclude careful manual analysis by an individual analyst, so

must the software that is used to analyse, characterise, and where necessary, score the data.
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with liquid chromatography tandem mass spectrometry (LC
MS/MS), by improving signal to noise and extending
proteome coverage.9,10 Here, we have performed LESA
FAIMS MSI of intact proteins in thin tissue sections of rat
testes, kidney, and brain by use of the FAIMS Pro coupled with
a Thermo Fusion Lumos mass spectrometer and demonstrate
significant improvements in the numbers of proteins detected.
The results are applicable not only for mass spectrometry
imaging of intact proteins but also more generally for top
down proteomics experiments11,12 in which complex mixtures
of intact proteins isolated from cell lines or homogenized tissue
are analyzed by liquid chromatography tandem mass
spectrometry.

■ METHODS
Samples. Rat tissue was the kind gift of Dr. Richard

Goodwin (AstraZeneca). Brain, testes, and kidney tissues were
obtained from control (vehicle dosed) male Hans Wistar rats.
Animals were euthanized by cardiac puncture under isofluor
ane anesthetic 2 h post dose. All tissue dissection was
performed by trained AstraZeneca staff (project license 40/
3484, procedure number 10). Tissues were snap frozen in dry
ice chilled isopentane and stored at −80 °C. Tissues were
subsequently cryosectioned at a thickness of 10 μm using a
CM1810 Cryostat (Leica Microsystems, Wetzlar, Germany)
and thaw mounted onto glass slides.
Acetonitrile, ethanol, water (all Optima LC/MS grade), and

formic acid were purchased from Fisher Scientific (Waltham,
MA).
LESA. Rat brain sections were prewashed in 70% ethanol for

10 s (to remove abundant lipid species) before air drying and
loading onto a universal LESA adapter plate. Other tissue
sections (which do not contain similarly high levels of lipids)
were not prewashed. Samples were placed into the TriVersa
Nanomate chip based electrospray device (Advion, Ithaca,
NY). The extraction/ionization solvent comprised 40:60
acetonitrile:water with 1% formic acid. Contact LESA13 was
performed as follows: 4 μL of solvent was aspirated, and 2 μL
was dispensed onto the sample for 10 s before 2.5 μL was
reaspirated. Samples were mixed twice and introduced into the
mass spectrometer via the TriVersa NanoMate with gas
pressure of 0.3 psi and tip voltage of 1.70 kV. All MSI
experiments were acquired at 1 mm × 1 mm spacing.
FAIMS Mass Spectrometry Imaging. The Triversa

Nanomate was coupled to a Thermo Fisher FAIMS Pro
device (Thermo Fisher Scientific, San Jose, CA) which was
coupled to a Thermo Fisher Fusion Lumos mass spectrometer
(Thermo Fisher Scientific, San Jose, CA). The FAIMS
dispersion voltage (DV) was −5 kV. For each tissue type,
optimization experiments were performed in which the
compensation voltage (CV) was stepped in 10 V increments
from −120 to +50 V. For each imaging experiment, multistep
compensation workflows (optimized for tissue type) were
applied. At each location in the testes imaging data set, data
were acquired for 30 s with the FAIMS voltages off, followed
by 30 s at each of CV = −70, −60, −50, −40, −30, and −20 V,
and a final 30 s with the FAIMS voltages off, for a total
acquisition time of 4 min. For the kidney data set, data were
acquired for 30 s with the FAIMS voltages off, followed by 30 s
at each of CV = −80, −70, −60, −50, −40, and −30 V, and a
final 30 s with the FAIMS voltages off, for a total acquisition
time of 4 min/location. For the brain data set, data were
acquired for 30 s with the FAIMS voltages off, followed by 30 s

at each of CV = −90, −80, −70, and −60, and a final 30 s with
the FAIMS voltages off, for a total acquisition time of 3 min/
location. Mass spectra were recorded in full scan mode at a
resolution of 120 000 at m/z 200 in the m/z range of 350−
2000. To avoid imaging bias introduced by use of automated
gain control (AGC), an AGC target of 5 × 106 charges and a
maximum injection time of 100 ms was applied. (The
combination of extremely high AGC target and moderate
injection time ensures that the AGC target is never reached,
and each scan comprises identical accumulation times (i.e., 100
ms)). Each scan was comprised of five coadded microscans.
For top down MS/MS experiments, electron transfer high
energy collision induced dissociation (EThcD) was performed.
For precursor m/z 661, the ETD reaction time was 20 ms, and
HCD was performed at 15% normalized collision energy
(NCE). The MS/MS spectrum comprises 80 scans. For
precursors m/z 706 and 558, the ETD reaction time was 10
ms, and HCD was performed at 30% NCE. The MS/MS
spectra comprise 20 and 12 scans, respectively. For precursor
m/z 1036, the ETD reaction time was 20 ms, and CID was
performed at 30% NCE. The MS/MS spectrum comprises 15
scans.

Data Analysis. Data were analyzed by use of Xcalibur
software and BioPharma Finder 3.1 (both Thermo Fisher
Scientific). All mass spectra were deconvoluted using the
Xtract algorithm in BioPharma Finder in the batch processing
mode. Source spectra were defined by the “Average Over
Selected Retention Time” method in which the RT range
correlated with the data acquisition time at each CV. That is,
for each pixel, multiple deconvolutions were performed, each
of which corresponded to a particular CV. The parameters for
the search were a minimum signal to noise ratio of 3 (“FAIMS
on”) or 4 (“FAIMS off”) and a fit factor of 80%. All other
settings were left as default. Output masses were reported as
the neutral species M. The resulting output files were collated
in MATLAB (version 2013a, The MathWorks Inc., Natick,
MA) such that a list of all unique detected masses and their
frequency of occurrence was produced (see File S1, File S2,
and File S3 of the Supporting Information). Masses detected
across multiple CV steps and/or locations and within a
tolerance of 0.5 Da were considered as a single (mean) mass.
The noise level was determined using the median of the
frequency, and masses which had a signal to noise ratio ≤3
were discarded.
For image generation, single location .raw data files were

converted to .mzML using MS convert and then converted to
the imzML format and loaded into MATLAB using
imzMLConverter14 and SpectralAnalysis software.15 t SNE
plots were generated using Python 3.7 and the SciKitLearn
library.16 Prior to embedding, spectra were linearly interpo
lated and median normalized. t SNE parameters were as
follows: perplexity = 35, initialization = random, learning rate =
500, early exaggeration = 10. The distance metric was
Euclidean. UpSet plots were created using the UpSet R
package.17

Top down protein identification was performed with
ProSightPC software, version 3.0 (Thermo Fisher Scientific,
Bremen, Germany). MS/MS spectra were deconvoluted by the
THRASH algorithm at a signal to noise ratio of 3 and matched
against the Rattus norvegicus database available via UniProt.
Putative protein assignments were confirmed by manual
analysis, in which experimental fragment m/z values were
compared with theoretical m/z values calculated by Protein
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Prospector (http://prospector.ucsf.edu/) and sequence cover
ages calculated.

■ RESULTS AND DISCUSSION

Thin tissue sections of rat testes, kidney, and brain were
subjected to LESA FAIMS MSI. The workflow is shown in
Figure S1 of the Supporting Information. For each dataset, the
mass spectra obtained at each CV value at each location (pixel)
were deconvoluted using the Xtract algorithm in the
BioPharma Finder software resulting in multiple lists of intact
protein masses associated with each CV/location. To
determine the total number of intact protein masses detected
across the entire image, or within a single pixel, masses
detected within multiple CV steps and/or locations that fell
within a tolerance of 0.5 Da were considered as a single
(mean) mass. (Although the Biopharma Finder software does
offer the facility for Multiconsensus reporting, i.e., merging the
deconvolution results from multiple raw files, which would in
principle remove the requirement for this step, it is limited to a
maximum of 10 data files. This limit is incompatible with a
FAIMS MSI data set. For example, the kidney image data set
comprised 117 pixels, with six CV steps, i.e., a total of 702 data
files). Concatenated mass lists (either entire image or single
pixel) were filtered such that all masses that were detected with
a frequency S/N of ≤3 were discarded. Noise levels differed
between tissue types and for the FAIMS data were determined

to be 4 (testes), 8 (kidney), and 1 (brain). For “FAIMS
voltages off” data, the noise levels were 1 (testes), 2 (kidney),
and 2 (brain). It is important to note that the Xtract algorithm
does not take into account the presence of adducts; therefore,
the numbers of proteins reported herein include both
proteoforms and any adducts thereof (e.g., sodium or
potassium adducts) that may be present. A potential solution
would be software that enables removal of adducts by
consideration of exact mass shifts, an approach that is
commonly applied in metabolomics studies; however, this
approach would require retention of accurate masses in the
deconvolution step. We have used a broad tolerance (±0.5 Da)
to prevent overestimation of protein numbers; however,
further development of the deconvolution software itself (i.e.,
raising the limit of data files allowable for multiconsensus
reporting) might enable this approach to be implemented.
The total number of proteins detected across the entire

testes imaging data set (FAIMS on) was 975, with a mean of
517 proteins detected at each CV. The number of proteins
detected across the imaging data set when the FAIMS voltages
were off was 48. (It is worth noting that in a previous study of
LESA planar FAIMS MS of fresh frozen rat testes the number
of proteins detected when the FAIMS voltages were off was
five.6 The improvement observed here when the FAIMS
voltages were off is due to the improved performance of the
mass spectrometer). The molecular weight range was from 1.8

Figure 1. LESA FAIMS MSI of thin tissue sections from testes, kidney, and brain. (A), (D), (G) Distribution of protein masses across CV values.
(B), (E), (H) t-SNE plot of LESA FAIMS MSI data. Each point corresponds to a pixel at a particular CV value. (C), (F), (I) Overlay of the mass
spectra obtained at the different CV values for pixel 59 (testes), pixel 70 (kidney), and pixel 35 (brain).
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to 21 kDa (File S1, Supporting Information). The distribution
of proteins across CV values is shown in Figure 1a. The
overlap in protein masses at the various CV values is shown in
the UpSet plot in Figure S2 of the Supporting Information.17

The greatest overlap was 72 proteins, corresponding to 7.4% of
the total proteins, detected at CV = −20, −30, −40, and −50
V. The majority of the proteins (54%) were observed at ≤3
CV values. The complementarity of the various CV steps and
therefore the benefits of FAIMS integration can be further
visualized by t distributed stochastic neighbor embedding (t
SNE) (Figure 1b). Each point corresponds to a pixel at a
particular CV value, or in the absence of FAIMS. There is clear
separation between the CV values. The various CV values are
also generally clearly separated from the “FAIMS voltages off”
data, with some similarity between “FAIMS voltages off” and
CV = −30 V and CV = −40 V. Figure 1c shows an overlay of
the mass spectra obtained at the different CV values for a
representative pixel (pixel 59). For that pixel, the total number
of proteins detected was 382 (FAIMS voltages on) and 5
(FAIMS voltages off).
Similar analyses were performed for the kidney and brain

imaging data sets (Figure 1d−i). For kidney, a total of 981
proteins were detected across the entire imaging data set with
the “FAIMS on” compared with 44 with the “FAIMS off”. The
molecular weight range was from 1.7 to 18 kDa (File S2,
Supporting Information). The UpSet plot (Figure S3,
Supporting Information) reveals that the majority of the

proteins (90%) were detected at three or fewer CV values, and
the greatest overlap was 203 proteins (21% of total proteins
detected) observed at CVs = −30, −40, and −50 V. t SNE
reveals clear separation between the CV values, and the
greatest similarity between the “FAIMS off” and CV= −40 V.
For brain, a total of 249 proteins were detected across the
entire imaging data set with FAIMS voltages on, and 21
proteins were detected with FAIMS voltages off. The
molecular weight range was from 2.2 to 19 kDa (File S3,
Supporting Information). The UpSet plot (Figure S4,
Supporting Information) reveals that 65% of proteins were
detected at individual CV values. The greatest set overlap
(18%) was observed for CVs = −60 and −70 V. t SNE reveals
clear separation between the various CV values and the
“FAIMS voltages off” data. Within CV values, CVs = −60 and
−70 V are clearly separated, and CVs = −80 and −90 V show
the greatest similarity.
A well established advantage of mass spectrometry imaging

is its broad specificity: There is no requirement for a priori
knowledge of the analyte to be imaged, and ion images may be
generated for any ion detected. Clearly, the greater the
sensitivity of the imaging technique is, the greater the
possibilities are for mining the imaging data set (i.e., the
greater the number of analytes that can be imaged). To
illustrate, Figure 2 shows a mass spectrum obtained at CV =
−60 V from a single location within the testes data set,
together with example ion images. As mentioned above, the

Figure 2. LESA FAIMS MSI of section of testes. Mass spectrum obtained at CV = 60 V for pixel 58. Inset: example ion images and photograph of
tissue section after LESA sampling.
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Appendix Two

Appendix for Chapter 3

B.1 Fragmentation tables

B.1.1 Sample number: 0185

Table B.1: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y14 1645.0039 1644.9993 -2.8030

y17 1991.1350 1991.1239 -5.5762

y18 2092.1827 2092.1724 -4.9083

y19 2205.2667 2205.2459 -9.4519

End of Table

B.1.2 Sample number: 1073 FABP1
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Appendix for Chapter 3

Table B.2: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3759 -6.5107

b8 952.4654 952.4543 -11.6939

b8 952.4654 952.4568 -9.0470

b9 1080.5240 1080.5119 -11.1936

b9 1080.5240 1080.5132 -9.9609

b10 1167.5560 1167.5453 -9.1816

b12 1424.6572 1424.6443 -9.0934

y10 1258.8237 1258.8119 -9.3913

y11 1373.8507 1373.8408 -7.2162

y12 1430.8721 1430.8581 -9.7898

y13 1543.9562 1543.9453 -7.0656

y14 1645.0039 1644.9940 -6.0322

y15 1776.0444 1776.0285 -8.9080

y16 1877.0920 1877.0674 -13.1416

y17 1991.1350 1991.1102 -12.4557

y18 2092.1827 2092.1577 -11.9454

y18 2092.1827 2092.1589 -11.3709

y19 2205.2667 2205.2340 -14.8354

y19 2205.2667 2205.2378 -13.1032

y20 2318.3508 2318.3183 -14.0052

y39 4420.4879 4420.4632 -5.5835

y55 6136.3643 6136.3171 -7.6941

y56 6265.4069 6265.3271 -12.7331

y61 6868.6279 6868.5529 -10.9111
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Continuation of Table B.2

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y62 6925.6493 6925.5918 -8.3078

y62 6925.6493 6925.5927 -8.1812

y65 7272.8338 7272.7779 -7.6865

y93 10326.5000 10326.3997 -9.7090

y112 12424.6132 12424.4699 -11.5361

y113 12571.6816 12571.5855 -7.6482

y115 12814.7671 12814.5985 -13.1563

y115 12814.7671 12814.6817 -6.6690

y116 12942.8257 12942.7168 -8.4137

y117 13029.8577 13029.6732 -14.1596

y118 13157.9163 13157.7639 -11.5828

y118 13157.9163 13157.7749 -10.7507

y119 13271.0004 13270.8467 -11.5777

y119 13271.0004 13270.8597 -10.5980

y123 13747.2387 13747.0768 -11.7772

y124 13834.2707 13834.0716 -14.3915

End of Table

B.1.3 Sample number: 1193 FABP1

Table B.3: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3733 -9.5964

b8 952.4654 952.4548 -11.1070
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Continuation of Table B.3

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b8 952.4654 952.4574 -8.4392

b9 1080.5240 1080.5135 -9.7314

b9 1080.5240 1080.5156 -7.7981

b10 1167.5560 1167.5455 -8.9863

b12 1424.6572 1424.6485 -6.1306

b116 12851.5580 12851.6646 8.2940

y10 1258.8237 1258.8087 -11.9191

y12 1430.8721 1430.8624 -6.8238

y13 1543.9562 1543.9454 -7.0041

y14 1645.0039 1644.9889 -9.0754

y15 1776.0444 1776.0229 -12.1117

y16 1877.0920 1877.0673 -13.1848

y18 2092.1827 2092.1647 -8.5853

y18 2092.1827 2092.1650 -8.4261

y19 2205.2667 2205.2375 -13.2410

y62 6925.6493 6925.5663 -11.9883

y115 12814.7671 12814.5970 -13.2748

y117 13029.8577 13029.6716 -14.2881

y123 13747.2387 13747.0753 -11.8897

y124 13834.2707 13834.0700 -14.5077

End of Table

B.1.4 Sample number: 2396 FABP1T94A
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Table B.4: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3225 -0.3936

b7 839.3814 839.3856 5.0990

b8 952.4654 952.4690 3.7314

b9 1080.5240 1080.5294 4.9902

b14 1685.7685 1685.7701 0.9290

b33 3783.8818 3783.8808 -0.2601

b35 4025.0608 4025.0469 -3.4412

b37 4181.1506 4181.1642 3.2357

b48 5448.8179 5448.8352 3.1655

b49 5595.8864 5595.9064 3.5774

b50 5696.9340 5696.9453 1.9751

b51 5810.0181 5809.9840 -5.8614

b61 6837.5479 6837.5391 -1.2817

b63 7085.6640 7085.6539 -1.4189

b64 7184.7324 7184.7180 -1.9995

b69 7731.8908 7731.8559 -4.5186

b98 10946.6543 10946.6630 0.7972

b103 11475.9291 11475.9002 -2.5120

b104 11589.9720 11589.9543 -1.5251

b106 11762.0204 11761.9967 -2.0144

b106 11762.0204 11762.0126 -0.6657

b107 11875.1045 11875.0459 -4.9299

b107 11875.1045 11875.0782 -2.2151

b108 11988.1885 11988.1498 -3.2289
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Continuation of Table B.4

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b108 11988.1885 11988.1670 -1.7992

b109 12089.2362 12089.1814 -4.5350

b110 12203.2791 12203.2717 -0.6127

b111 12304.3268 12304.2612 -5.3336

y10 1258.8237 1258.8286 3.8639

y11 1373.8507 1373.8557 3.6496

y12 1430.8721 1430.8739 1.2209

y13 1543.9562 1543.9627 4.2236

y14 1645.0039 1645.0079 2.4255

y16 1877.0920 1877.0900 -1.0745

y17 1991.1350 1991.1280 -3.5226

y18 2092.1827 2092.1817 -0.4445

y18 2092.1827 2092.1839 0.5831

y19 2205.2667 2205.2581 -3.8988

y19 2205.2667 2205.2585 -3.7202

y20 2318.3508 2318.3484 -1.0145

y21 2433.3777 2433.3822 1.8308

y22 2490.3992 2490.3998 0.2702

y23 2604.4421 2604.4453 1.2279

y62 6895.6388 6895.6456 0.9827

y62 6895.6388 6895.6471 1.2044

y117 12999.8472 12999.7948 -4.0258

End of Table
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B.1.5 Sample number: 2521 FABP1

Table B.5: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3864 5.9842

b7 839.3814 839.3866 6.2510

b8 952.4654 952.4670 1.6274

b8 952.4654 952.4670 1.6284

b9 1080.5240 1080.5306 6.1109

b10 1167.5560 1167.5616 4.7629

b12 1424.6572 1424.6615 2.9986

b14 1685.7685 1685.7773 5.1941

b33 3783.8818 3783.8858 1.0629

b35 4025.0608 4025.0518 -2.2176

b48 5448.8179 5448.8228 0.8844

b49 5595.8864 5595.8934 1.2607

b51 5810.0181 5809.9915 -4.5761

b59 6594.4624 6594.4827 3.0852

b60 6708.5053 6708.4861 -2.8710

b61 6837.5479 6837.5479 -0.0051

b63 7085.6640 7085.6631 -0.1263

b65 7241.7539 7241.7344 -2.6920

b69 7731.8908 7731.8959 0.6613

b98 10976.6649 10976.6502 -1.3364

b98 10976.6649 10976.6855 1.8763

b107 11905.1150 11905.1040 -0.9264
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Continuation of Table B.5

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b109 12119.2468 12119.1850 -5.1012

b111 12334.3374 12334.3960 4.7503

y9 1145.7397 1145.7438 3.6422

y10 1258.8237 1258.8299 4.9221

y11 1373.8507 1373.8533 1.9260

y12 1430.8721 1430.8796 5.1856

y13 1543.9562 1543.9645 5.3473

y14 1645.0039 1645.0098 3.5714

y15 1776.0444 1776.0516 4.0990

y16 1877.0920 1877.0923 0.1215

y17 1991.1350 1991.1371 1.0783

y17 1991.1350 1991.1375 1.2902

y18 2092.1827 2092.1840 0.6462

y18 2092.1827 2092.1865 1.8230

y19 2205.2667 2205.2687 0.9214

y20 2318.3508 2318.3514 0.2696

y21 2433.3777 2433.3853 3.1372

y22 2490.3992 2490.4023 1.2363

y22 2490.3992 2490.4031 1.5873

y23 2604.4421 2604.4320 -3.8853

y23 2604.4421 2604.4488 2.5660

y24 2717.5262 2717.5176 -3.1595

y26 2947.6164 2947.6278 3.8665

y35 3966.1976 3966.1888 -2.1998
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Continuation of Table B.5

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y36 4065.2660 4065.2691 0.7808

y39 4420.4879 4420.5066 4.2242

y41 4592.5363 4592.5505 3.0891

y45 5061.7900 5061.7957 1.1298

y52 5803.2284 5803.2360 1.3055

y55 6136.3643 6136.3799 2.5393

y56 6265.4069 6265.3916 -2.4362

y57 6378.4909 6378.5146 3.7106

y60 6739.5853 6739.5841 -0.1810

y62 6925.6493 6925.6386 -1.5448

y62 6925.6493 6925.6662 2.4339

y63 7024.7178 7024.7351 2.4626

y64 7125.7654 7125.7576 -1.1042

y65 7272.8338 7272.8388 0.6852

y81 9073.7861 9073.7802 -0.6444

y93 10326.5000 10326.4702 -2.8896

y112 12424.6132 12424.6515 3.0814

y115 12814.7671 12814.7712 0.3185

y116 12942.8257 12942.8581 2.5003

y117 13029.8577 13029.8943 2.8057

y118 13157.9163 13157.9014 -1.1322

y118 13157.9163 13157.9062 -0.7684

y119 13271.0004 13270.9858 -1.0999

y123 13747.2387 13747.2195 -1.3958
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Continuation of Table B.5

Name Theoretical Mass Observed Mass Mass Difference (ppm)

End of Table

B.1.6 Sample number: 2552 FABP1T94A

Table B.6: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3254 3.6692

b7 839.3814 839.3841 3.2595

b8 952.4654 952.4702 5.0469

b61 6837.5479 6837.5734 3.7294

b62 6984.6163 6984.6457 4.2137

y10 1258.8237 1258.8267 2.3371

y12 1430.8721 1430.8797 5.2933

y13 1543.9562 1543.9646 5.4574

y14 1645.0039 1645.0099 3.6833

y15 1776.0444 1776.0518 4.2122

y16 1877.0920 1877.0925 0.2355

y17 1991.1350 1991.1374 1.1938

y18 2092.1827 2092.1902 3.5862

y18 2092.1827 2092.1940 5.4049

y19 2205.2667 2205.2690 1.0375

y19 2205.2667 2205.2740 3.3116

y20 2318.3508 2318.3601 4.0339

y116 12912.8151 12912.8396 1.8953
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Continuation of Table B.6

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y117 12999.8472 12999.8605 1.0279

End of Table

B.1.7 Sample number: 2552 FABP1

Table B.7: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3256 3.9251

b7 839.3814 839.3843 3.5395

b8 952.4654 952.4674 2.0400

b10 1167.5560 1167.5620 5.0953

b12 1424.6572 1424.6661 6.2233

b61 6837.5479 6837.5756 4.0569

b63 7085.6640 7085.6663 0.3239

b107 11905.1150 11905.1094 -0.4748

y10 1258.8237 1258.8304 5.2660

y12 1430.8721 1430.8801 5.5505

y13 1543.9562 1543.9650 5.7249

y14 1645.0039 1645.0104 3.9593

y15 1776.0444 1776.0467 1.3074

y16 1877.0920 1877.0930 0.5317

y17 1991.1350 1991.1312 -1.8828

y18 2092.1827 2092.1874 2.2517

y18 2092.1827 2092.1907 3.8395
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Continuation of Table B.7

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y19 2205.2667 2205.2618 -2.2428

y19 2205.2667 2205.2697 1.3595

y20 2318.3508 2318.3440 -2.9318

y56 6265.4069 6265.3943 -2.0075

y114 12685.7245 12685.7160 -0.6737

y116 12942.8257 12942.8639 2.9498

y117 13029.8577 13029.9002 3.2564

y123 13747.2387 13747.2256 -0.9509

End of Table

B.1.8 Sample number: 2569 FABP1T94A

Table B.8: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3232 0.5567

b7 839.3814 839.3813 -0.1239

b8 952.4654 952.4699 4.7456

b10 1167.5560 1167.5584 2.0479

b12 1424.6572 1424.6613 2.8519

b61 6837.5479 6837.5711 3.3952

b63 7085.6640 7085.6354 -4.0335

b107 11875.1045 11875.0909 -1.1453

b111 12304.3268 12304.3388 0.9744

y10 1258.8237 1258.8264 2.1004
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Continuation of Table B.8

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y11 1373.8507 1373.8570 4.5929

y12 1430.8721 1430.8793 5.0382

y13 1543.9562 1543.9596 2.2138

y14 1645.0039 1645.0095 3.4061

y15 1776.0444 1776.0400 -2.4617

y15 1776.0444 1776.0570 7.1147

y16 1877.0920 1877.0919 -0.0634

y17 1991.1350 1991.1300 -2.4976

y18 2092.1827 2092.1837 0.5019

y18 2092.1827 2092.1860 1.6203

y19 2205.2667 2205.2604 -2.8486

y19 2205.2667 2205.2670 0.1447

y20 2318.3508 2318.3424 -3.5995

y21 2433.3777 2433.3939 6.6439

y56 6235.3963 6235.4027 1.0339

y63 6994.7072 6994.6913 -2.2697

y64 7095.7549 7095.7711 2.2824

y65 7242.8233 7242.8113 -1.6589

y115 12784.7566 12784.7716 1.1757

y117 12999.8472 12999.8082 -2.9976

y118 13127.9058 13127.9112 0.4151

End of Table
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B.1.9 Sample number: 2569 FABP1

Table B.9: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.381365 839.381515 0.178703038

b8 952.465425 952.470251 5.066850589

b63 7085.663995 7085.637945 -3.67643738

y10 1258.823735 1258.82671 2.363317371

y12 1430.872135 1430.871542 -0.41443256

y13 1543.956195 1543.955465 -0.47281134

y14 1645.003875 1645.004917 0.633433159

y15 1776.044365 1776.046214 1.041077597

y16 1877.092045 1877.086361 -3.02808806

y17 1991.134975 1991.123922 -5.55110534

y18 2092.182655 2092.179497 -1.50942844

y19 2205.266715 2205.261195 -2.50309859

y20 2318.350775 2318.343251 -3.24541052

y62 6925.649345 6925.667122 2.566835125

y117 13029.85775 13029.84797 -0.7502768

y123 13747.23872 13747.17149 -4.89007294

y124 13834.27075 13834.25264 -1.3087065

End of Table

B.1.10 Sample number: 2572 FABP1T94A
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Table B.10: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3213 -2.0427

b7 839.3814 839.3815 0.1585

b8 952.4654 952.4639 -1.5633

b12 1424.6572 1424.6576 0.2513

b61 6837.5479 6837.5239 -3.5093

b111 12304.3268 12304.2987 -2.2817

y10 1258.8237 1258.8199 -3.0346

y12 1430.8721 1430.8715 -0.4340

y13 1543.9562 1543.9600 2.4845

y15 1776.0444 1776.0462 1.0219

y16 1877.0920 1877.0863 -3.0478

y17 1991.1350 1991.1239 -5.5702

y18 2092.1827 2092.1783 -2.0730

y18 2092.1827 2092.1795 -1.5285

y19 2205.2667 2205.2533 -6.0809

y19 2205.2667 2205.2612 -2.4986

y20 2318.3508 2318.3432 -3.2648

y63 6994.7072 6994.6937 -1.9343

y64 7095.7549 7095.7473 -1.0650

y116 12912.8151 12912.7922 -1.7799

y117 12999.8472 12999.8126 -2.6597

y118 13127.9058 13127.9157 0.7547

y123 13717.2281 13717.1998 -2.0633

y124 13804.2602 13804.1970 -4.5733
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Continuation of Table B.10

Name Theoretical Mass Observed Mass Mass Difference (ppm)

End of Table

B.1.11 Sample number: 2572 FABP1

Table B.11: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3828 1.7120

b8 952.4654 952.4650 -0.4053

b8 952.4654 952.4655 0.0976

b10 1167.5560 1167.5587 2.2491

b12 1424.6572 1424.6605 2.2813

b14 1685.7685 1685.7591 -5.5921

b33 3783.8818 3783.8869 1.3610

b35 4025.0608 4025.0426 -4.5244

b48 5448.8179 5448.7887 -5.3687

b51 5810.0181 5809.9738 -7.6316

b59 6594.4624 6594.4645 0.3250

b61 6837.5479 6837.5277 -2.9568

b63 7085.6640 7085.6355 -4.0233

b63 7085.6640 7085.6408 -3.2698

b107 11905.1150 11905.0661 -4.1142

b111 12334.3374 12334.3080 -2.3803

y9 1145.7397 1145.7411 1.2245

y10 1258.8237 1258.8263 2.0186
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Continuation of Table B.11

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y11 1373.8507 1373.8448 -4.2581

y12 1430.8721 1430.8744 1.5830

y13 1543.9562 1543.9582 1.3083

y14 1645.0039 1645.0025 -0.8450

y15 1776.0444 1776.0430 -0.7900

y15 1776.0444 1776.0486 2.4020

y16 1877.0920 1877.0824 -5.1271

y17 1991.1350 1991.1259 -4.5572

y18 2092.1827 2092.1768 -2.8172

y18 2092.1827 2092.1812 -0.6806

y19 2205.2667 2205.2548 -5.4130

y19 2205.2667 2205.2591 -3.4649

y20 2318.3508 2318.3443 -2.7722

y21 2433.3777 2433.3773 -0.1689

y22 2490.3992 2490.3946 -1.8471

y23 2604.4421 2604.4361 -2.3207

y23 2604.4421 2604.4392 -1.1215

y39 4420.4879 4420.4851 -0.6422

y55 6136.3643 6136.3652 0.1507

y56 6265.4069 6265.3760 -4.9304

y57 6378.4909 6378.4981 1.1247

y59 6610.5427 6610.5217 -3.1710

y60 6739.5853 6739.5163 -10.2399

y62 6925.6493 6925.6201 -4.2275
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Continuation of Table B.11

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y65 7272.8338 7272.8149 -2.6010

y93 10326.5000 10326.4805 -1.8832

y115 12814.7671 12814.6850 -6.4100

y116 12942.8257 12942.7701 -4.3001

y117 13029.8577 13029.8051 -4.0435

y118 13157.9163 13157.8639 -3.9823

y119 13271.0004 13270.9487 -3.8926

y123 13747.2387 13747.1287 -8.0029

y124 13834.2707 13834.2091 -4.4553

End of Table

B.1.12 Sample number: 2583 FABP1

Table B.12: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3834 2.4685

b8 952.4654 952.4663 0.9040

b8 952.4654 952.4665 1.1171

b10 1167.5560 1167.5579 1.6068

b12 1424.6572 1424.6647 5.2335

b14 1685.7685 1685.7762 4.5137

b33 3783.8818 3783.8970 4.0350

b48 5448.8179 5448.8185 0.1099

b59 6594.4624 6594.5010 5.8607
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Continuation of Table B.12

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b61 6837.5479 6837.5425 -0.7974

b63 7085.6640 7085.6574 -0.9327

b63 7085.6640 7085.6709 0.9776

b65 7241.7539 7241.7285 -3.5074

b107 11905.1150 11905.0944 -1.7361

b111 12334.3374 12334.3337 -0.3007

b111 12334.3374 12334.3394 0.1626

y10 1258.8237 1258.8258 1.6452

y11 1373.8507 1373.8563 4.1213

y12 1430.8721 1430.8787 4.5588

y13 1543.9562 1543.9589 1.7196

y14 1645.0039 1645.0086 2.8997

y15 1776.0444 1776.0447 0.2083

y16 1877.0920 1877.0848 -3.8815

y17 1991.1350 1991.1222 -6.4255

y18 2092.1827 2092.1827 0.0272

y18 2092.1827 2092.1849 1.0640

y19 2205.2667 2205.2592 -3.4159

y19 2205.2667 2205.2660 -0.3405

y20 2318.3508 2318.3411 -4.1775

y21 2433.3777 2433.3834 2.3186

y22 2490.3992 2490.4011 0.7593

y23 2604.4421 2604.4384 -1.4180

y23 2604.4421 2604.4466 1.7194
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Continuation of Table B.12

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y39 4420.4879 4420.4753 -2.8479

y55 6136.3643 6136.3753 1.7890

y56 6265.4069 6265.3869 -3.1944

y60 6739.5853 6739.5788 -0.9676

y62 6925.6493 6925.6607 1.6365

y63 7024.7178 7024.7294 1.6596

y64 7125.7654 7125.7518 -1.9129

y93 10326.5000 10326.5335 3.2454

y103 11464.1030 11464.0705 -2.8338

y116 12942.8257 12942.8477 1.6953

y117 13029.8577 13029.8838 1.9979

y118 13157.9163 13157.8955 -1.5801

y123 13747.2387 13747.2086 -2.1900

End of Table

B.1.13 Sample number: 2735 FABP1

Table B.13: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3788 -3.0963

b8 952.4654 952.4606 -5.0270

b10 1167.5560 1167.5555 -0.4402

b12 1424.6572 1424.6574 0.1088

b61 6837.5479 6837.4980 -7.2925
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Continuation of Table B.13

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b62 6984.6163 6984.5935 -3.2683

b63 7085.6640 7085.6105 -7.5451

b104 11619.9826 11619.9090 -6.3299

b107 11905.1150 11905.0153 -8.3756

b111 12334.3374 12334.2099 -10.3320

y10 1258.8237 1258.8231 -0.4814

y11 1373.8507 1373.8456 -3.7202

y12 1430.8721 1430.8713 -0.5773

y13 1543.9562 1543.9552 -0.6399

y14 1645.0039 1644.9996 -2.6097

y15 1776.0444 1776.0402 -2.3248

y16 1877.0920 1877.0799 -6.4888

y17 1991.1350 1991.1236 -5.7304

y18 2092.1827 2092.1662 -7.8793

y18 2092.1827 2092.1719 -5.1568

y19 2205.2667 2205.2529 -6.2450

y19 2205.2667 2205.2609 -2.6432

y20 2318.3508 2318.3344 -7.0787

y22 2490.3992 2490.3842 -6.0300

y56 6265.4069 6265.3479 -9.4096

y61 6868.6279 6868.6004 -4.0008

y62 6925.6493 6925.6154 -4.9005

y63 7024.7178 7024.7089 -1.2573

y64 7125.7654 7125.7046 -8.5439
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Continuation of Table B.13

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y115 12814.7671 12814.6768 -7.0505

y116 12942.8257 12942.7622 -4.9054

y117 13029.8577 13029.8455 -0.9363

y118 13157.9163 13157.8080 -8.2355

y123 13747.2387 13747.1191 -8.7024

End of Table

B.1.14 Sample number: 2903 FABP1T94A

Table B.14: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3874 7.2375

b8 952.4654 952.4710 5.8847

b8 952.4654 952.4725 7.4092

b9 1080.5240 1080.5291 4.6968

b10 1167.5560 1167.5628 5.8267

b12 1424.6572 1424.6629 4.0227

b14 1685.7685 1685.7790 6.1788

b48 5448.8179 5448.8277 1.7976

b60 6708.5053 6708.5643 8.7857

b61 6837.5479 6837.5788 4.5117

b62 6984.6163 6984.6256 1.3325

b65 7241.7539 7241.7947 5.6334

b107 11875.1045 11875.1918 7.3516
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Continuation of Table B.14

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b111 12304.3268 12304.3526 2.0935

y10 1258.8237 1258.8279 3.2824

y11 1373.8507 1373.8586 5.7670

y12 1430.8721 1430.8810 6.2088

y13 1543.9562 1543.9706 9.3306

y14 1645.0039 1645.0114 4.5623

y15 1776.0444 1776.0477 1.8783

y16 1877.0920 1877.0941 1.0783

y17 1991.1350 1991.1390 2.0184

y18 2092.1827 2092.1862 1.6753

y18 2092.1827 2092.1884 2.7483

y19 2205.2667 2205.2696 1.3128

y19 2205.2667 2205.2708 1.8306

y20 2318.3508 2318.3535 1.1625

y22 2490.3992 2490.4053 2.4558

y39 4390.4773 4390.4846 1.6436

y55 6106.3537 6106.3565 0.4513

y56 6235.3963 6235.4313 5.6178

y57 6348.4804 6348.4937 2.1055

y59 6580.5321 6580.5448 1.9274

y63 6994.7072 6994.6991 -1.1564

y114 12655.7140 12655.7159 0.1484

y115 12784.7566 12784.7858 2.2894

y116 12912.8151 12912.8496 2.6678
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Continuation of Table B.14

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y117 12999.8472 12999.8706 1.7982

y118 13127.9058 13127.9744 5.2275

y119 13240.9898 13241.0749 6.4247

y123 13717.2281 13717.2603 2.3443

y124 13804.2602 13804.2580 -0.1563

y125 13951.3286 13951.3476 1.3628

End of Table

B.1.15 Sample number: 2903 FABP1

Table B.15: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

B6 711.322785 711.325918 4.404470187

B7 839.381365 839.387274 7.039708345

B8 952.465425 952.47083 5.674746671

B8 952.465425 952.47234 7.260106056

B10 1167.556035 1167.562646 5.662255002

B12 1424.657205 1424.666752 6.701261164

B14 1685.768545 1685.778627 5.980654954

B33 3783.881755 3783.902529 5.490129276

B61 6837.547905 6837.577177 4.281066898

B63 7085.663995 7085.693817 4.208779872

B106 11792.03098 11792.03673 0.487702247

B107 11905.11504 11905.11173 -0.277863757
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Continuation of Table B.15

Name Theoretical Mass Observed Mass Mass Difference (ppm)

B111 12334.33739 12334.3517 1.160419045

Y10 1258.823735 1258.831037 5.800653258

Y11 1373.850675 1373.862212 8.39756475

Y12 1430.872135 1430.876656 3.159611463

Y13 1543.956195 1543.965712 6.164034984

Y14 1645.003875 1645.016113 7.439496153

Y15 1776.044365 1776.053009 4.866995538

Y16 1877.092045 1877.093676 0.868897188

Y17 1991.134975 1991.138565 1.802991784

Y18 2092.182655 2092.191709 4.327538028

Y18 2092.182655 2092.195195 5.993740542

Y19 2205.266715 2205.269202 1.127754744

Y19 2205.266715 2205.270252 1.603887628

Y20 2318.350775 2318.361389 4.578254557

Y21 2433.377715 2433.386902 3.775410592

Y22 2490.399175 2490.404691 2.21490597

Y56 6265.406865 6265.396021 -1.730773473

Y59 6610.542705 6610.568106 3.842498435

Y61 6868.627885 6868.65515 3.969497323

Y62 6925.649345 6925.670789 3.096316162

Y65 7272.833845 7272.843485 1.325480577

Y115 12814.76714 12814.77965 0.976841786

Y117 13029.85775 13029.90278 3.456522772

Y118 13157.91633 13157.96349 3.584686119
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Continuation of Table B.15

Name Theoretical Mass Observed Mass Mass Difference (ppm)

Y123 13747.23872 13747.22868 -0.729892031

End of Table

B.1.16 Sample number: 3126 FABP1T94A

Table B.16: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3874 7.2232

b8 952.4654 952.4742 9.1751

b10 1167.5560 1167.5628 5.8190

b61 6837.5479 6837.5786 4.4925

b107 11875.1045 11875.1477 3.6385

y10 1258.8237 1258.8312 5.9627

y12 1430.8721 1430.8851 9.0637

y13 1543.9562 1543.9614 3.3641

y15 1776.0444 1776.0533 5.0556

y16 1877.0920 1877.0940 1.0628

y17 1991.1350 1991.1390 2.0019

y18 2092.1827 2092.1921 4.4967

y18 2092.1827 2092.1956 6.1974

y19 2205.2667 2205.2629 -1.7463

y19 2205.2667 2205.2760 4.2086

y20 2318.3508 2318.3534 1.1431

y116 12912.8151 12912.8968 6.3202
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Continuation of Table B.16

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y117 12999.8472 12999.8703 1.7783

y118 13127.9058 13127.9741 5.2073

y123 13717.2281 13717.2103 -1.2986

y124 13804.2602 13804.2577 -0.1757

y125 13951.3286 13951.3473 1.3447

End of Table

B.1.17 Sample number: 3129 FABP1T94A

Table B.17: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3260 4.5718

b7 839.3814 839.3848 4.1173

b8 952.4654 952.4742 9.1709

b10 1167.5560 1167.5659 8.4073

b12 1424.6572 1424.6670 6.8697

b61 6837.5479 6837.6033 8.1061

b65 7241.7539 7241.7945 5.6084

b72 8075.0652 8075.0570 -1.0155

b109 12089.2362 12089.2435 0.6007

b111 12304.3268 12304.3964 5.6548

y10 1258.8237 1258.8346 8.6501

y11 1373.8507 1373.8586 5.7539

y12 1430.8721 1430.8769 3.3287
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Continuation of Table B.17

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y13 1543.9562 1543.9706 9.3157

y15 1776.0444 1776.0477 1.8603

y15 1776.0444 1776.0590 8.2447

y16 1877.0920 1877.0940 1.0591

y17 1991.1350 1991.1390 1.9979

y18 2092.1827 2092.1921 4.4943

y18 2092.1827 2092.1956 6.1931

y19 2205.2667 2205.2707 1.8079

y19 2205.2667 2205.2760 4.2058

y20 2318.3508 2318.3534 1.1387

y116 12912.8151 12912.8493 2.6434

y117 12999.8472 12999.8223 -1.9108

y118 13127.9058 13127.9741 5.2027

End of Table

B.1.18 Sample number: 3129 FABP1

Table B.18: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3872 6.8920

b8 952.4654 952.4707 5.4868

b10 1167.5560 1167.5626 5.6160

b12 1424.6572 1424.6707 9.4612

y12 1430.8721 1430.8806 5.9251
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Continuation of Table B.18

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y13 1543.9562 1543.9701 9.0184

y15 1776.0444 1776.0584 7.8939

y16 1877.0920 1877.0933 0.6856

y17 1991.1350 1991.1382 1.6006

y18 2092.1827 2092.1875 2.3081

y19 2205.2667 2205.2697 1.3663

y115 12814.7671 12814.7823 1.1843

y116 12942.8257 12942.8574 2.4475

y117 13029.8577 13029.9070 3.7812

y123 13747.2387 13747.3213 6.0082

End of Table

B.1.19 Sample number: 3146 FABP1

Table B.19: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3847 3.9136

b8 952.4654 952.4740 8.9547

b8 952.4654 952.4746 9.5909

b10 1167.5560 1167.5657 8.2386

b12 1424.6572 1424.6708 9.5426

b14 1685.7685 1685.7838 9.0683

b48 5448.8179 5448.8456 5.0807

b51 5810.0181 5810.0376 3.3582
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Continuation of Table B.19

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b61 6837.5479 6837.6017 7.8685

b106 11792.0310 11792.0798 4.1364

b107 11905.1150 11905.1554 3.3880

y10 1258.8237 1258.8344 8.4738

y11 1373.8507 1373.8622 8.3794

y12 1430.8721 1430.8807 6.0075

y13 1543.9562 1543.9749 12.0975

y14 1645.0039 1645.0211 10.4899

y15 1776.0444 1776.0586 8.0353

y16 1877.0920 1877.0998 4.1277

y17 1991.1350 1991.1452 5.1579

y18 2092.1827 2092.1951 5.9655

y18 2092.1827 2092.1976 7.1413

y19 2205.2667 2205.2756 4.0154

y19 2205.2667 2205.2780 5.1327

y20 2318.3508 2318.3613 4.5472

y22 2490.3992 2490.4140 5.9621

y39 4420.4879 4420.5240 8.1575

y56 6265.4069 6265.4175 1.7041

y59 6610.5427 6610.5444 0.2552

y60 6739.5853 6739.6126 4.0554

y62 6925.6493 6925.6958 6.7065

y63 7024.7178 7024.7652 6.7543

y65 7272.8338 7272.8704 5.0240
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Continuation of Table B.19

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y115 12814.7671 12814.8261 4.6038

y116 12942.8257 12942.9137 6.7991

y117 13029.8577 13029.9504 7.1135

y118 13157.9163 13157.9631 3.5526

y123 13747.2387 13747.2781 2.8668

y124 13834.2707 13834.3099 2.8292

y125 13981.3392 13981.4212 5.8701

End of Table

B.1.20 Sample number: 4692 FABP1

Table B.20: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3214 -1.9794

b7 839.3814 839.3784 -3.5645

b8 952.4654 952.4597 -6.0412

b10 1167.5560 1167.5536 -2.0813

b33 3783.8818 3783.8767 -1.3317

b35 4025.0608 4025.0466 -3.5267

b51 5810.0181 5809.9800 -6.5652

b53 5982.1029 5982.0933 -1.6009

b60 6708.5053 6708.4740 -4.6747

b61 6837.5479 6837.5102 -5.5184

b63 7085.6640 7085.6224 -5.8774
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Continuation of Table B.20

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b65 7241.7539 7241.6917 -8.5905

y9 1145.7397 1145.7362 -3.0600

y10 1258.8237 1258.8206 -2.4976

y11 1373.8507 1373.8460 -3.3788

y12 1430.8721 1430.8716 -0.3949

y13 1543.9562 1543.9550 -0.7617

y14 1645.0039 1645.0040 0.0802

y15 1776.0444 1776.0446 0.1593

y16 1877.0920 1877.0781 -7.4408

y17 1991.1350 1991.1144 -10.3273

y18 2092.1827 2092.1727 -4.7658

y18 2092.1827 2092.1761 -3.1317

y19 2205.2667 2205.2492 -7.9315

y19 2205.2667 2205.2675 0.3378

y20 2318.3508 2318.3384 -5.3551

y21 2433.3777 2433.3709 -2.8142

y22 2490.3992 2490.3879 -4.5226

y23 2604.4421 2604.4321 -3.8550

y42 4721.5789 4721.5680 -2.3047

y55 6136.3643 6136.3110 -8.6835

y56 6265.4069 6265.3606 -7.3796

y62 6925.6493 6925.6151 -4.9424

y62 6925.6493 6925.6274 -3.1645

y63 7024.7178 7024.6693 -6.8975
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Continuation of Table B.20

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y65 7272.8338 7272.7957 -5.2422

y115 12814.7671 12814.7456 -1.6839

y116 12942.8257 12942.7840 -3.2268

y117 13029.8577 13029.8191 -2.9666

y124 13834.2707 13834.2238 -3.3930

End of Table

B.1.21 Sample number: 4739 FABP1T94A

Table B.21: Fragment list generated by ProSight PC on CID fragmentation data.

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3193 -4.8389

b7 839.3814 839.3810 -0.4611

b8 952.4654 952.4597 -6.0412

b12 1424.6572 1424.6536 -2.5529

b33 3783.8818 3783.8623 -5.1365

b35 4025.0608 4025.0329 -6.9266

b37 4181.1506 4181.1342 -3.9398

b45 5036.5957 5036.5685 -5.4013

b51 5810.0181 5809.9800 -6.5650

b53 5982.1029 5982.0933 -1.6004

b54 6039.1243 6039.1024 -3.6345

b58 6466.4038 6466.3668 -5.7281

b59 6594.4624 6594.4245 -5.7435
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Continuation of Table B.21

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b60 6708.5053 6708.4740 -4.6745

b61 6837.5479 6837.5337 -2.0703

b61 6837.5479 6837.5349 -1.9001

b62 6984.6163 6984.5799 -5.2139

b62 6984.6163 6984.5937 -3.2337

b65 7241.7539 7241.7186 -4.8671

b69 7731.8908 7731.8469 -5.6874

b106 11762.0204 11761.9446 -6.4476

b106 11762.0204 11761.9525 -5.7735

b107 11875.1045 11874.9809 -10.4013

b110 12203.2791 12203.2604 -1.5347

b111 12304.3268 12304.2494 -6.2926

y9 1145.7397 1145.7391 -0.4957

y10 1258.8237 1258.8240 0.1907

y11 1373.8507 1373.8499 -0.5714

y12 1430.8721 1430.8716 -0.3963

y13 1543.9562 1543.9550 -0.7623

y14 1645.0039 1645.0040 0.0796

y15 1776.0444 1776.0333 -6.2256

y16 1877.0920 1877.0842 -4.1570

y17 1991.1350 1991.1211 -6.9458

y18 2092.1827 2092.1727 -4.7673

y18 2092.1827 2092.1761 -3.1317

y19 2205.2667 2205.2492 -7.9315
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Continuation of Table B.21

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y19 2205.2667 2205.2546 -5.4782

y20 2318.3508 2318.3384 -5.3551

y21 2433.3777 2433.3709 -2.8138

y22 2490.3992 2490.3879 -4.5222

y23 2604.4421 2604.4220 -7.7199

y62 6895.6388 6895.6094 -4.2589

y63 6994.7072 6994.6532 -7.7120

y114 12655.7140 12655.7260 0.9467

y115 12784.7566 12784.6555 -7.9014

y116 12912.8151 12912.7644 -3.9325

y117 12999.8472 12999.7842 -4.8450

y123 13717.2281 13717.1224 -7.7105

y124 13804.2602 13804.1687 -6.6274

End of Table

B.1.22 Sample number: 4739 FABP1

Table B.22: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3784 -3.5490

b8 952.4654 952.4660 0.5879

b35 4025.0608 4025.0467 -3.5078

b51 5810.0181 5809.9801 -6.5442

b61 6837.5479 6837.5103 -5.4976

256



Appendix for Chapter 3

Continuation of Table B.22

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b63 7085.6640 7085.6225 -5.8560

b65 7241.7539 7241.6918 -8.5686

b106 11792.0310 11791.9616 -5.8854

y10 1258.8237 1258.8240 0.2042

y12 1430.8721 1430.8716 -0.3809

y13 1543.9562 1543.9504 -3.7236

y14 1645.0039 1645.0040 0.0960

y15 1776.0444 1776.0447 0.1762

y16 1877.0920 1877.0781 -7.4232

y17 1991.1350 1991.1212 -6.9272

y18 2092.1827 2092.1727 -4.7529

y18 2092.1827 2092.1761 -3.1125

y19 2205.2667 2205.2493 -7.9111

y19 2205.2667 2205.2547 -5.4628

y20 2318.3508 2318.3384 -5.3340

y21 2433.3777 2433.3709 -2.7924

y22 2490.3992 2490.3880 -4.5005

y23 2604.4421 2604.4221 -7.6976

y55 6136.3643 6136.3111 -8.6615

y56 6265.4069 6265.3608 -7.3603

y62 6925.6493 6925.6024 -6.7846

y62 6925.6493 6925.6153 -4.9181

y115 12814.7671 12814.6989 -5.3209

y116 12942.8257 12942.7366 -6.8818
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Continuation of Table B.22

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y124 13834.2707 13834.2241 -3.3720

End of Table

B.1.23 Sample number: 4836 FABP1T94A

Table B.23: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3193 -4.9078

b7 839.3814 839.3809 -0.5373

b8 952.4654 952.4659 0.4893

b10 1167.5560 1167.5475 -7.3256

b12 1424.6572 1424.6535 -2.6224

b14 1685.7685 1685.7658 -1.6254

b33 3783.8818 3783.8764 -1.4247

b50 5696.9340 5696.9000 -5.9657

b58 6466.4038 6466.3662 -5.8230

b59 6594.4624 6594.4239 -5.8306

b59 6594.4624 6594.4313 -4.7156

b61 6837.5479 6837.5096 -5.6070

b62 6984.6163 6984.5793 -5.3037

b65 7241.7539 7241.6910 -8.6816

b69 7731.8908 7731.8461 -5.7822

b87 9689.8938 9689.8435 -5.1907

b97 10818.5593 10818.5096 -4.5978

258



Appendix for Chapter 3

Continuation of Table B.23

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b99 11033.6863 11033.6099 -6.9314

b106 11762.0204 11761.9058 -9.7428

b106 11762.0204 11761.9435 -6.5379

b110 12203.2791 12203.2593 -1.6268

b111 12304.3268 12304.2483 -6.3851

y9 1145.7397 1145.7390 -0.5577

y10 1258.8237 1258.8239 0.1255

y11 1373.8507 1373.8459 -3.4480

y12 1430.8721 1430.8715 -0.4655

y13 1543.9562 1543.9549 -0.8349

y14 1645.0039 1644.9988 -3.0675

y15 1776.0444 1776.0388 -3.1108

y16 1877.0920 1877.0779 -7.5212

y17 1991.1350 1991.1210 -7.0287

y18 2092.1827 2092.1687 -6.6830

y18 2092.1827 2092.1725 -4.8356

y19 2205.2667 2205.2490 -8.0185

y19 2205.2667 2205.2545 -5.5485

y20 2318.3508 2318.3382 -5.4444

y21 2433.3777 2433.3706 -2.9058

y23 2604.4421 2604.4218 -7.8151

y55 6106.3537 6106.3211 -5.3464

y62 6895.6388 6895.6087 -4.3571

y63 6994.7072 6994.6526 -7.8019
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Continuation of Table B.23

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y93 10296.4894 10296.3928 -9.3800

y117 12999.8472 12999.7830 -4.9355

y123 13717.2281 13717.1709 -4.1759

y124 13804.2602 13804.1675 -6.7167

End of Table

B.1.24 Sample number: 4869 FABP1T94A

Table B.24: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3193 -4.9134

b7 839.3814 839.3809 -0.5444

b8 952.4654 952.4596 -6.1304

b10 1167.5560 1167.5535 -2.1489

b14 1685.7685 1685.7658 -1.6325

b33 3783.8818 3783.8763 -1.4353

b35 4025.0608 4025.0325 -7.0183

b37 4181.1506 4181.1338 -4.0333

b48 5448.8179 5448.7938 -4.4305

b57 6353.3197 6353.2825 -5.8547

b58 6466.4038 6466.3661 -5.8337

b59 6594.4624 6594.4239 -5.8397

b61 6837.5479 6837.5095 -5.6165

b62 6984.6163 6984.5792 -5.3134
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Continuation of Table B.24

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b63 7085.6640 7085.5955 -9.6601

b65 7241.7539 7241.6909 -8.6915

b69 7731.8908 7731.8460 -5.7928

b72 8075.0652 8075.0039 -7.5798

b87 9689.8938 9689.8073 -8.9305

b106 11762.0204 11761.9512 -5.8798

b106 11762.0204 11761.9866 -2.8722

b111 12304.3268 12304.2481 -6.3952

y9 1145.7397 1145.7361 -3.1281

y10 1258.8237 1258.8171 -5.2573

y11 1373.8507 1373.8459 -3.4531

y12 1430.8721 1430.8633 -6.2039

y13 1543.9562 1543.9549 -0.8407

y14 1645.0039 1644.9988 -3.0742

y15 1776.0444 1776.0388 -3.1182

y15 1776.0444 1776.0445 0.0738

y16 1877.0920 1877.0779 -7.5292

y17 1991.1350 1991.1210 -7.0367

y18 2092.1827 2092.1725 -4.8414

y18 2092.1827 2092.1759 -3.2253

y19 2205.2667 2205.2490 -8.0276

y19 2205.2667 2205.2609 -2.6468

y20 2318.3508 2318.3297 -9.1022

y21 2433.3777 2433.3706 -2.9157
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Continuation of Table B.24

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y23 2604.4421 2604.4318 -3.9602

y55 6106.3537 6106.3154 -6.2677

y55 6106.3537 6106.3210 -5.3549

y57 6348.4804 6348.4554 -3.9384

y62 6895.6388 6895.6087 -4.3684

y63 6994.7072 6994.6525 -7.8115

y117 12999.8472 12999.7829 -4.9454

y123 13717.2281 13717.1210 -7.8089

y124 13804.2602 13804.1673 -6.7263

End of Table

B.1.25 Sample number: 4869 FABP1

Table B.25: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b72 8075.0652 8074.9757 -11.0724

y12 1430.8721 1430.8675 -3.2211

y14 1645.0039 1644.9990 -2.9501

y15 1776.0444 1776.0447 0.2033

y16 1877.0920 1877.0782 -7.3960

y17 1991.1350 1991.1212 -6.8996

y18 2092.1827 2092.1762 -3.0848

y19 2205.2667 2205.2572 -4.3251
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Continuation of Table B.25

Name Theoretical Mass Observed Mass Mass Difference (ppm)

End of Table

B.1.26 Sample number: 5003 FABP1

Table B.26: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3862 5.7626

b33 3783.8818 3783.9008 5.0440

b51 5810.0181 5809.9956 -3.8781

b60 6708.5053 6708.4923 -1.9334

b61 6837.5479 6837.5535 0.8142

b63 7085.6640 7085.6673 0.4697

b65 7241.7539 7241.7377 -2.2341

b106 11792.0310 11792.0362 0.4400

y10 1258.8237 1258.8283 3.6542

y12 1430.8721 1430.8804 5.7860

y13 1543.9562 1543.9646 5.4386

y14 1645.0039 1645.0092 3.2249

y15 1776.0444 1776.0557 6.3996

y16 1877.0920 1877.0898 -1.1795

y17 1991.1350 1991.1337 -0.6644

y18 2092.1827 2092.1856 1.4114

y18 2092.1827 2092.1893 3.1670

y19 2205.2667 2205.2632 -1.6130
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Continuation of Table B.26

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y19 2205.2667 2205.2747 3.6209

y20 2318.3508 2318.3531 0.9835

y22 2490.3992 2490.3944 -1.9342

y56 6265.4069 6265.4001 -1.0815

y62 6925.6493 6925.6461 -0.4678

y63 7024.7178 7024.7139 -0.5540

y115 12814.7671 12814.7799 0.9998

y116 12942.8257 12942.8185 -0.5571

y117 13029.8577 13029.8538 -0.3064

y118 13157.9163 13157.9130 -0.2537

y123 13747.2387 13747.2303 -0.6091

y124 13834.2707 13834.2611 -0.6946

End of Table

B.1.27 Sample number: 5007 FABP1

Table B.27: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3860 5.5422

b33 3783.8818 3783.8998 4.7758

b61 6837.5479 6837.5517 0.5590

y10 1258.8237 1258.8315 6.1518

y12 1430.8721 1430.8801 5.5819

y13 1543.9562 1543.9597 2.2501
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Continuation of Table B.27

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y14 1645.0039 1645.0139 6.0796

y16 1877.0920 1877.0894 -1.4118

y17 1991.1350 1991.1332 -0.9035

y18 2092.1827 2092.1852 1.2102

y18 2092.1827 2092.1888 2.9223

y19 2205.2667 2205.2626 -1.8642

y20 2318.3508 2318.3525 0.7259

y62 6925.6493 6925.6695 2.9164

y63 7024.7178 7024.6863 -4.4795

y115 12814.7671 12814.7766 0.7418

y116 12942.8257 12942.8151 -0.8164

y117 13029.8577 13029.8984 3.1222

y118 13157.9163 13157.9583 3.1916

End of Table

B.1.28 Sample number: 5008 FABP1T94A

Table B.28: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3856 5.0490

b8 952.4654 952.4680 2.7056

b8 952.4654 952.4696 4.3823

b10 1167.5560 1167.5603 3.6178

b12 1424.6572 1424.6575 0.1853
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Continuation of Table B.28

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y10 1258.8237 1258.8277 3.1633

y11 1373.8507 1373.8537 2.2375

y12 1430.8721 1430.8755 2.3335

y13 1543.9562 1543.9590 1.8161

y14 1645.0039 1645.0080 2.5289

y15 1776.0444 1776.0487 2.4470

y16 1877.0920 1877.0883 -1.9887

y17 1991.1350 1991.1319 -1.5263

y18 2092.1827 2092.1801 -1.2064

y18 2092.1827 2092.1844 0.8446

y19 2205.2667 2205.2610 -2.5693

y19 2205.2667 2205.2669 0.1061

y56 6235.3963 6235.3855 -1.7370

y61 6838.6173 6838.5858 -4.6031

y62 6895.6388 6895.5954 -6.2899

y62 6895.6388 6895.6277 -1.6000

y64 7095.7549 7095.7434 -1.6158

y114 12655.7140 12655.7086 -0.4215

y115 12784.7566 12784.7237 -2.5682

y115 12784.7566 12784.7577 0.0849

y116 12912.8151 12912.7449 -5.4401

y117 12999.8472 12999.8114 -2.7546

y118 13127.9058 13127.8792 -2.0207

y122 13660.2067 13660.1909 -1.1589

266



Appendix for Chapter 3

Continuation of Table B.28

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y123 13717.2281 13717.2293 0.0811

y124 13804.2602 13804.2776 1.2631

y125 13951.3286 13951.3384 0.7029

End of Table

B.1.29 Sample number: 5027 FABP1T94A

Table B.29: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3858 5.2443

b33 3783.8818 3783.9128 8.2114

b61 6837.5479 6837.5741 3.8262

b62 6984.6163 6984.6199 0.5146

b65 7241.7539 7241.7601 0.8650

b72 8075.0652 8075.0510 -1.7531

b107 11875.1045 11875.1367 2.7153

y10 1258.8237 1258.8244 0.5171

y12 1430.8721 1430.8797 5.3080

y13 1543.9562 1543.9592 1.9651

y14 1645.0039 1645.0134 5.7848

y15 1776.0444 1776.0548 5.8664

y16 1877.0920 1877.0950 1.5556

y17 1991.1350 1991.1393 2.1520

y18 2092.1827 2092.1953 6.0530
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Continuation of Table B.29

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y19 2205.2667 2205.2697 1.3495

y19 2205.2667 2205.2736 3.1361

y117 12999.8472 12999.9066 4.5696

y118 13127.9058 13127.9616 4.2527

y123 13717.2281 13717.2009 -1.9838

y124 13804.2602 13804.2477 -0.9002

End of Table

B.1.30 Sample number: 5028 FABP1T94A

Table B.30: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b63 7085.6640 7085.6655 0.2070

y10 1258.8237 1258.8315 6.1470

y12 1430.8721 1430.8801 5.5777

y13 1543.9562 1543.9643 5.2229

y14 1645.0039 1645.0088 3.0030

y15 1776.0444 1776.0553 6.1693

y16 1877.0920 1877.0832 -4.6998

y17 1991.1350 1991.1332 -0.9070

y18 2092.1827 2092.1815 -0.5478

y19 2205.2667 2205.2626 -1.8673

End of Table
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B.1.31 Sample number: 5028 FABP1

Table B.31: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y10 1258.8237 1258.8249 0.9596

y12 1430.8721 1430.8763 2.9136

y13 1543.9562 1543.9646 5.4321

y14 1645.0039 1645.0092 3.2176

y15 1776.0444 1776.0500 3.1992

y16 1877.0920 1877.0898 -1.1880

y17 1991.1350 1991.1269 -4.0555

y18 2092.1827 2092.1893 3.1575

y19 2205.2667 2205.2631 -1.6229

y62 6925.6493 6925.6712 3.1626

End of Table

B.1.32 Sample number: 5030 FABP1T94A

Table B.32: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3860 5.5267

b33 3783.8818 3783.8997 4.7546

b51 5810.0181 5810.0152 -0.5028

b60 6708.5053 6708.5386 4.9619

b61 6837.5479 6837.5516 0.5392
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Continuation of Table B.32

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b62 6984.6163 6984.6222 0.8492

b63 7085.6640 7085.6653 0.1898

b65 7241.7539 7241.7356 -2.5171

b69 7731.8908 7731.8940 0.4048

b87 9689.8938 9689.9033 0.9754

b99 11033.6863 11033.6779 -0.7618

b106 11762.0204 11762.0242 0.3236

b109 12089.2362 12089.1991 -3.0674

y10 1258.8237 1258.8315 6.1399

y12 1430.8721 1430.8801 5.5686

y13 1543.9562 1543.9642 5.2126

y14 1645.0039 1645.0139 6.0644

y15 1776.0444 1776.0553 6.1569

y16 1877.0920 1877.0955 1.8550

y17 1991.1350 1991.1264 -4.3031

y18 2092.1827 2092.1852 1.1968

y18 2092.1827 2092.1887 2.9037

y19 2205.2667 2205.2614 -2.4147

y19 2205.2667 2205.2626 -1.8832

y20 2318.3508 2318.3524 0.7061

y21 2433.3777 2433.3856 3.2605

y22 2490.3992 2490.4031 1.5588

y23 2604.4421 2604.4479 2.2404

y62 6895.6388 6895.6327 -0.8797
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Continuation of Table B.32

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y62 6895.6388 6895.6516 1.8558

y63 6994.7072 6994.6957 -1.6485

y116 12912.8151 12912.8427 2.1331

y117 12999.8472 12999.9110 4.9068

y122 13660.2067 13660.2229 1.1887

y123 13717.2281 13717.2552 1.9712

End of Table

B.1.33 Sample number: 5030 FABP1

Table B.33: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3278 7.0657

b7 839.3814 839.3840 3.1261

b7 839.3814 839.3862 5.7721

b8 952.4654 952.4688 3.5382

b37 4181.1506 4181.1606 2.3706

b56 6254.2513 6254.2621 1.7286

b56 6254.2513 6254.2733 3.5109

b57 6353.3197 6353.3148 -0.7717

b58 6466.4038 6466.4580 8.3812

b59 6594.4624 6594.4742 1.7912

b61 6837.5479 6837.5536 0.8271

b62 6984.6163 6984.6107 -0.7992

271



Appendix for Chapter 3

Continuation of Table B.33

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b62 6984.6163 6984.6243 1.1402

b63 7085.6640 7085.6413 -3.1997

b65 7241.7539 7241.7378 -2.2205

y9 1145.7397 1145.7432 3.0775

y10 1258.8237 1258.8317 6.3496

y11 1373.8507 1373.8507 -0.0095

y12 1430.8721 1430.8804 5.7937

y13 1543.9562 1543.9646 5.4470

y14 1645.0039 1645.0092 3.2340

y14 1645.0039 1645.0164 7.5872

y15 1776.0444 1776.0501 3.2173

y15 1776.0444 1776.0557 6.4092

y16 1877.0920 1877.0899 -1.1688

y17 1991.1350 1991.1269 -4.0349

y18 2092.1827 2092.1856 1.4186

y18 2092.1827 2092.1893 3.1790

y19 2205.2667 2205.2632 -1.6003

End of Table

B.1.34 Sample number: 5174 FABP1T94A

Table B.34: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3874 7.2399
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Continuation of Table B.34

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b8 952.4654 952.4739 8.9473

b106 11762.0204 11762.0574 3.1460

y10 1258.8237 1258.8319 6.4775

y12 1430.8721 1430.8814 6.4995

y13 1543.9562 1543.9708 9.4873

y14 1645.0039 1645.0165 7.6754

y15 1776.0444 1776.0589 8.1569

y16 1877.0920 1877.0937 0.8630

y17 1991.1350 1991.1316 -1.6985

y18 2092.1827 2092.1869 2.0099

y18 2092.1827 2092.1947 5.7763

y19 2205.2667 2205.2695 1.2797

y20 2318.3508 2318.3604 4.1495

y117 12999.8472 12999.9093 4.7773

End of Table

B.1.35 Sample number: 5174 FABP1

Table B.35: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3848 4.1280

b8 952.4654 952.4708 5.6328

y10 1258.8237 1258.8319 6.4719

y12 1430.8721 1430.8814 6.4932
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Continuation of Table B.35

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y13 1543.9562 1543.9708 9.4802

y15 1776.0444 1776.0588 8.1490

y16 1877.0920 1877.0936 0.8540

y17 1991.1350 1991.1316 -1.7076

y18 2092.1827 2092.1868 2.0036

y18 2092.1827 2092.1947 5.7667

y19 2205.2667 2205.2695 1.2692

y19 2205.2667 2205.2765 4.4566

y20 2318.3508 2318.3604 4.1387

y22 2490.3992 2490.4032 1.6202

y23 2604.4421 2604.4586 6.3430

y62 6925.6493 6925.6930 6.3066

End of Table

B.1.36 Sample number: 5428 FABP1

Table B.36: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3873 7.0647

b8 952.4654 952.4689 3.6358

b8 952.4654 952.4706 5.4249

b9 1080.5240 1080.5298 5.3909

b9 1080.5240 1080.5309 6.3913

b12 1424.6572 1424.6673 7.0564
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Continuation of Table B.36

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b14 1685.7685 1685.7839 9.1074

y9 1145.7397 1145.7487 7.8665

y10 1258.8237 1258.8318 6.3877

y11 1373.8507 1373.8628 8.8226

y12 1430.8721 1430.8772 3.5070

y13 1543.9562 1543.9660 6.3609

y14 1645.0039 1645.0162 7.5070

y15 1776.0444 1776.0528 4.7718

y16 1877.0920 1877.0933 0.6510

y17 1991.1350 1991.1311 -1.9306

y18 2092.1827 2092.1942 5.5268

y19 2205.2667 2205.2689 1.0108

y19 2205.2667 2205.2763 4.3287

y20 2318.3508 2318.3597 3.8622

y22 2490.3992 2490.3930 -2.4631

y23 2604.4421 2604.4477 2.1575

y62 6925.6493 6925.6647 2.2165

y62 6925.6493 6925.6659 2.3905

y64 7125.7654 7125.8093 6.1547

y115 12814.7671 12814.8172 3.9060

y116 12942.8257 12942.8078 -1.3832

y117 13029.8577 13029.9028 3.4571

y123 13747.2387 13747.2697 2.2527

y124 13834.2707 13834.2659 -0.3488
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Continuation of Table B.36

Name Theoretical Mass Observed Mass Mass Difference (ppm)

End of Table

B.1.37 Sample number: 5431 FABP1T94A

Table B.37: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3756 -6.8419

b8 952.4654 952.4602 -5.5362

y10 1258.8237 1258.8152 -6.7809

y12 1430.8721 1430.8620 -7.1103

y13 1543.9562 1543.9495 -4.3427

y14 1645.0039 1644.9884 -9.4164

y15 1776.0444 1776.0222 -12.4845

y17 1991.1350 1991.1092 -12.9549

y18 2092.1827 2092.1565 -12.4960

y19 2205.2667 2205.2365 -13.7095

y62 6895.6388 6895.5517 -12.6226

y115 12784.7566 12784.6587 -7.6556

y116 12912.8151 12912.6455 -13.1349

y117 12999.8472 12999.7117 -10.4184

y124 13804.2602 13804.1706 -6.4924

End of Table

276



Appendix for Chapter 3

B.1.38 Sample number: 5431 FABP1

Table B.38: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b6 711.3228 711.3169 -8.3338

b7 839.3814 839.3734 -9.4546

b8 952.4654 952.4607 -4.9482

b61 6837.5479 6837.4762 -10.4843

b63 7085.6640 7085.5619 -14.4125

b106 11792.0310 11791.9040 -10.7639

y10 1258.8237 1258.8122 -9.1784

y12 1430.8721 1430.8625 -6.7337

y13 1543.9562 1543.9456 -6.8901

y14 1645.0039 1644.9892 -8.9410

y15 1776.0444 1776.0288 -8.7594

y16 1877.0920 1877.0676 -13.0047

y18 2092.1827 2092.1593 -11.1759

y18 2092.1827 2092.1652 -8.3659

y20 2318.3508 2318.3270 -10.2668

y62 6925.6493 6925.5933 -8.0898

y116 12942.8257 12942.6734 -11.7673

y117 13029.8577 13029.7079 -11.4977

y123 13747.2387 13747.0752 -11.8932

End of Table
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B.1.39 Sample number: 5745 FABP1T94A

Table B.39: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3735 -9.3783

b8 952.4654 952.4546 -11.3726

b8 952.4654 952.4590 -6.7876

b9 1080.5240 1080.5132 -9.9794

b10 1167.5560 1167.5423 -11.7493

b12 1424.6572 1424.6444 -8.9586

y10 1258.8237 1258.8120 -9.3278

y11 1373.8507 1373.8409 -7.1027

y12 1430.8721 1430.8624 -6.7861

y13 1543.9562 1543.9456 -6.8817

y14 1645.0039 1644.9893 -8.8808

y15 1776.0444 1776.0290 -8.6344

y16 1877.0920 1877.0680 -12.8305

y18 2092.1827 2092.1585 -11.5583

y19 2205.2667 2205.2388 -12.6774

y19 2205.2667 2205.2408 -11.7741

y20 2318.3508 2318.3278 -9.8941

y62 6895.6388 6895.5594 -11.5141

y119 13240.9898 13240.8718 -8.9163

y122 13660.2067 13660.0023 -14.9654

y124 13804.2602 13804.1357 -9.0206

y125 13951.3286 13951.1564 -12.3404
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Continuation of Table B.39

Name Theoretical Mass Observed Mass Mass Difference (ppm)

End of Table

B.1.40 Sample number: 5745 FABP1

Table B.40: Fragment list generated by ProSight PC on CID fragmentation data..

Name Theoretical Mass Observed Mass Mass Difference (ppm)

b7 839.3814 839.3702 -13.2788

b8 952.4654 952.4568 -9.0869

b8 952.4654 952.4568 -9.0859

b9 1080.5240 1080.5148 -8.5172

b9 1080.5240 1080.5158 -7.6111

b10 1167.5560 1167.5451 -9.3914

b12 1424.6572 1424.6478 -6.6269

b116 12851.5580 12851.6554 7.5799

y10 1258.8237 1258.8150 -6.9787

y12 1430.8721 1430.8617 -7.3214

y13 1543.9562 1543.9446 -7.5391

y15 1776.0444 1776.0331 -6.3360

y16 1877.0920 1877.0661 -13.8235

y17 1991.1350 1991.1087 -13.2045

y18 2092.1827 2092.1522 -14.5771

y18 2092.1827 2092.1560 -12.7518

y19 2205.2667 2205.2359 -13.9720

y19 2205.2667 2205.2395 -12.3536
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Continuation of Table B.40

Name Theoretical Mass Observed Mass Mass Difference (ppm)

y93 10326.5000 10326.3916 -10.5002

y115 12814.7671 12814.5879 -13.9871

y116 12942.8257 12942.6604 -12.7766

y117 13029.8577 13029.7082 -11.4784

y123 13747.2387 13747.1135 -9.1108

End of Table
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C.1 Tissue Sections Mounted on the Sample Plate of the

DESI MSI Platform

Figure C.1: Four tissue sections (two per glass slide) mounted on the DESI MSI sample

platform. The spray head and heated capillary are visible in the top left of the image. Two

tissue sections have been analysed and the material has been ablated from the surface of the

slide (red outline).
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C.2 Deconvolution of the Averaged Mass Spectra for the

entire 1993 NASH sample dataset

Figure C.2: Top: Deconvoluted mass values for the averaged mass spectrum of the 1993

NASH image. Bottom: De-isotoped mass spectrum of the averaged mass spectrum of the

1993 NASH image.
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C.3 Deconvolution of the Mobility Filtered Mass Spectra

for the 1993 NASH Sample

Figure C.3: Top: Averaged mass spectrum for the mobility filtered region C of Figure 4.7.

Middle: Averaged mass spectrum following processing as described in Section 2.3.4. Bottom:

Inset table shows the deconvoluted mass values, intensity, and DScore for species identified

by the UniDec algorithm. Charge series for each deconvoluted mass are labelled in the mass

spectrum.
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Figure C.4: Top: Averaged mass spectrum for the mobility filtered region B of Figure 4.7.

Middle: Averaged mass spectrum following processing as described in Section 2.3.4. Bottom:

Inset table shows the deconvoluted mass values, intensity, and DScore for species identified

by the UniDec algorithm. Charge series for each deconvoluted mass are labelled in the mass

spectrum.
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C.4 Deconvolution of the Mobility Filtered Mass Spectra

for the 5860 NL Sample

Figure C.5: Top: Averaged mass spectrum for the mobility filtered region B of Figure 4.15.

Middle: Averaged mass spectrum following processing as described in Section 2.3.4. Bottom:

Inset table shows the deconvoluted mass values, intensity, and DScore for species identified

by the UniDec algorithm. Charge series for each deconvoluted mass are labelled in the mass

spectrum.
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C.5 Deconvolution of the Mobility Filtered Mass Spectra

for the 3192 NAFL Sample

Figure C.6: Top: Averaged mass spectrum for the mobility filtered region C of Figure 4.19.

Middle: Averaged mass spectrum following processing as described in Section 2.3.4. Bottom:

Inset table shows the deconvoluted mass values, intensity, and DScore for species identified

by the UniDec algorithm. Charge series for each deconvoluted mass are labelled in the mass

spectrum.
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Figure C.7: Top: Averaged mass spectrum for the mobility filtered region B of Figure 4.19.

Middle: Averaged mass spectrum following processing as described in Section 2.3.4. Bottom:

Inset table shows the deconvoluted mass values, intensity, and DScore for species identified

by the UniDec algorithm. Charge series for each deconvoluted mass are labelled in the mass

spectrum.
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