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Abstract

The work detailed herein describes the development of electron-based
tandem mass spectrometric techniques for the structural elucidation of
small pharmaceutical molecules and peptides. Electron-induced
dissociation (EID), electron-capture dissociation (ECD) and, for the first
time, electron-transfer dissociation (ETD) have been shown to generate
complementary information to collision-induced dissociation (CID), for the

analysis of small pharmaceutical molecules and peptides.

For EID of phosphorylated small molecules, selecting precursor ions with
varying numbers of sodium atoms associated with the ion allowed for
targeted bond dissociation. When no sodium atoms were associated with
the precursor ion, EID induced bond dissociation at the non-
phosphorylated end of the precursor ion. When precursor ions with one or
two sodium atoms were selected for EID, the product ions formed were the

result of bond dissociation closer to, and on, the phosphate moiety.

For the first time, ETD has been successfully performed on small organic
molecules. Either proton-transfer or electron-transfer occurred following
interaction of a multiply protonated precursor molecule and an ETD
reagent radical anion. When electron-transfer occurred, product ions were
formed unique to ETD, providing complementary information to CID.

Following proton-transfer, limited bond dissociation was observed. By the



use of supercharging reagents (SCRs), small molecules added to the ESI
solution to aid in ionisation, the abundance of doubly protonated small
organic molecules was increased with respect to singly protonated small
organic molecules. The increased abundance of doubly protonated
molecules allowed for the use of ETD, where the ratio of multiply
protonated precursor molecules to ETD reagent radical anions is a key
factor in generating efficient ETD. The efficiency of ETD for analytes over
an ultra-high-performance liquid chromatography (UHPLC) gradient was
significantly improved by dynamically controlling the ion abundance of
multiply protonated precursor molecules, as the molecules eluted from
UHPLC column. The controlled precursor ion abundance enabled the ratio
of analyte to ETD reagent to remain relatively constant, resulting in more

efficient ETD across the entire UHPLC peak.
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1. Introduction

Mass spectrometry (MS) is an analytical technique utilised for its detection
and characterisation applications within many industries including food,
chemical and pharmaceutical. The basis of MS is the ionisation of a
molecule of interest, followed by the observation of how the subsequent
ions separate based on their individual mass-to-charge (m/z) ratio within a
mass analyser prior to detection. There have been many developments in
recent years of both instrumentation and applications, notably the advent
of new tandem mass spectrometric techniques. Tandem mass
spectrometry (MSMS) is a widely used technique that enables the
activation and subsequent dissociation of precursor ions to give
information about the structure of an ion. An integral part of this technique
is the many different fragmentation processes that exist, each designed for
a slightly different purpose and many giving unique and complementary
information. The main fragmentation techniques in use today are collision-
induced dissociation (CID) [1], electron-capture dissociation (ECD), [2],[3]
electron-induced dissociation (EID) [4] and electron-transfer dissociation

(ETD) [5].



1.1. Mass spectrometry in the pharmaceutical industry

The basis of the pharmaceutical industry is to conceive, develop, produce
and market medicinal drugs for use by the populous. There are many
analytical challenges during drug development and production that need to
be taken into account. Chief among them is the high sensitivity required to
analyse very small amounts of analyte, as a high cost can be associated
with the production of even a milligram of product. There are many different
methods by which new drugs can be discovered, from identifying the active
ingredients within natural products, to full synthesis of new molecules
specifically designed to target an exact biological entity such as a receptor.
Regardless of the origin of a chemical compound, analytical techniques are
required to identify constituents of raw materials, to characterise new
molecules of interest, or to identify the purity of synthetic target molecules,
all with limited samples available. Many different spectroscopic techniques
such as infrared spectroscopy (IR), Raman spectroscopy and nuclear
magnetic resonance (NMR) spectroscopy are employed, which work well
for molecule identification, can provide information about bond energies
and the chemical environment that various atoms within the molecule are
situated in. Mass spectrometry (MS) is a key tool adopted by the
pharmaceutical industry that has many benefits, in particular its high
sensitivity. The ability to detect ritonavir at 200 pg/mL by liquid

chromatography coupled mass spectrometry (LC-MS) exemplifies this. [6]



Low limits of detection and quantification (LLoD/LLoQ) are also important
analytical criteria that need to be considered when choosing an analysis
method for limited quantities of analytes. During both initial synthesis and
large-scale production, it is necessary to analyse the product to determine
the presence of, and identify and quantify contaminants, all of which are
likely to be at extremely low concentrations. These can be anything from
analogous by-products, traces of solvent, unreacted chemical precursor,
environmental contaminants and even dimers and isomers of the final
product. In general, it is greatly dependant on the type of contaminant as
to the type of analysis that needs to be undertaken. MS is ideally suited to
this application due to its high sensitivity, for example, organic
contaminants are assayed using LC-MS and are routinely at the attomole
level (10-'8 moles). This is highlighted by Reddy et al. who were able to
detect and characterise unknown contaminants in simvastatin using HPLC-

MSMS within a 0.1 mg/mL solution. [7]

The matrix an analyte is contained within also needs to be considered,
making the selectivity of a method important. One aspect of studying new
drugs that require high selectivity and separation is to determine how the
body will affect the drug post-administration. This can be affected by many
factors, such as how that drug is administered and the chosen dose. These
studies are known as pharmacokinetic (PK) studies. During these studies,
the characterisation of metabolites over time needs to be undertaken to
track how the molecule interacts within the body until excreted. Many

detection methods have been used for this purpose, including ultraviolet-



visible spectroscopy (UV-Vis), fluorescence spectroscopy, various
electrochemical methods and colourimetric techniques. Different types of
NMR spectroscopy, including 'H, '3C and '°F have also been used for this
purpose and been shown to give significant structural information for
metabolites. [8] Although these methods can give good results, they lack
the sensitivity for dealing with ever decreasing doses, and therefore
concentrations of drugs that are now being more commonly administered.
MS is ideal for this purpose, as it possesses the high sensitivity needed to
analyse very low concentrations over long periods of time. When coupled
to liquid or gas chromatography (LC-MSMS or GC-MSMS), MS has the
ability to deal with the complex biological matrices normally encountered in
this kind of study and shows high selectivity between analogous molecules.
Some studies have also used a mix of many techniques, such as HPLC-
NMR-MS, which offers an all-encompassing technique that provides
separation, data on chemical environments and mass information.
Hyphenated techniques like HPLC-NMR-MS bring high precision and
repeatability to measurements due to increased selectivity, in this case
based on chemical separation, chemical environments and mass.[9] All of
the analytical criteria need to be met for an analysis to be fit for purpose;
for example, MS would not be suitable for semi-quantitation of a mixture of

compounds without the separation offered by techniques such as HPLC.

GC and LC coupled MS allows compounds separated by differences such

as polarity, size and stability to be analysed by MS. Most techniques are



limited in the compounds they can analyse such as atomic absorption
spectroscopy (AAS) with metals. MS has somewhat overcome this
problem by using different ionisation procedures in order to create ions
within the gas phase to be separated and detected. Although there are
various techniques, electron ionisation (El) and electrospray ionisation
(ESI) are the most frequently used, with techniques such as matrix-assisted
laser desorption/ionisation (MALDI), atmospheric pressure solids analysis
probe (ASAP), atmospheric pressure chemical ionisation (APCI) and
chemical ionisation (CI) being implemented to a lesser degree. El produces
radical cations by colliding electrons, produced from a cathode, with
gaseous analyte molecules and is normally used for small, volatile, non-
polar organic molecules, although derivatised polar molecules can also be
ionised. [10] As El is a ‘hard’ technique, high dissociation is usually
observed meaning that complicated spectra can be displayed which may
not always be desirable. [11] ESI is a much ‘softer’ technique i.e. ESI
generally causes much less dissociation, giving rise to more simple
spectra. ESI works by spraying an analyte dissolved in a polar solvent
through a cone with a high voltage gradient that forms ions in solution, then
by way of a hot sheath gas, solvent evaporation occurs leaving behind
analyte ions. This technique works well for polar or ionic compounds, for

example many drugs, and can be easily coupled to LC. [12]



1.2. Instrumentation

Although all mass spectrometers follow the same analytical path, ie.
analyte ionisation, separation based on ions’ mass-to-charge ratio (m/z)
and detection, the way in which different instruments accomplish this may
vary. Due to the high number of techniques available, this section will focus

only on the instrumentation used for this work as shown in Table 1.1.

Instrument lon Source Mass Analyser
Synapt G2-S TriWave cell, orthogonal time-
Electrospray
(Waters Corp.) of-flight
LTQ-FT Linear ion trap, Fourier
(ThermoFinnigan Electrospray transform ion cyclotron
Corp.) resonance cell

Table 1.1. List of instruments used to show ionisation source and mass analysers.

1.2.1 lonisation sources

In order for an analyte molecule to be analysed by mass spectrometry, it
must first be ionised since neutral molecules are not affected by electric or
magnetic fields. Many techniques for molecule ionisation have been
conceived for use with mass spectrometry, with each method producing
ions with varying stabilities and types, e.g. odd-electron radical ions or
even-electron ions. Figure 1.1 compares some of the relevant and common

ionisation techniques. Techniques at the ‘softer’ end of the scale generally



do not cause bond dissociation, whereas techniques at the ‘harder’ end of

the scale often induce dissociation.

HARDER SOFTER

Electron  Chemical Atmospheric Atmospheric Matrix-Assisted Electrospray Nano-
lonisation lonisation  pressure Solids Pressure Chemical Laser Desorption / lonisation  Electrospray
(EI) (Cl) Analysis Probe lonisation lonisation (ESI) lonisation
(ASAP) (APCI) (MALDI) (nESI)

Figure 1.1. Various ionisation techniques ranked in order of ‘hardness’.

1.2.1.1. Electrospray ionisation

Electrospray ionisation (ESI) is one of the ‘softer’ ionisation techniques and
produces predominantly intact protonated molecules. This is beneficial for
large, fragile molecules that would otherwise dissociate easily. ESI is
utilised for both polar and ionic compounds, and with its ability to form ions
with multiple charges, large molecules can be analysed in an appropriate
m/z range for different instrument mass analysers. [13] Due to the way in
which the sample is introduced to the instrument, ESl is ideally suited to be
coupled with techniques such as LC and capillary electrophoresis.
However, the use of buffers and salts, such as those commonly used in
capillary electrophoresis, can greatly affect the ionisation processes,

routinely creating [M + Saltn]"*.

The theory behind ESI can be broken down into three distinct stages;
droplet formation, droplet shrinkage and ion desorption. First, analyte
molecules dissolved in a polar solvent are sprayed through a capillary
needle that has a high potential difference to a counter electrode creating

a strong electric field. This causes charges to accumulate at the surface of



the liquid near the end of the needle, affecting the flow of droplets by

forming a Taylor cone. [14] This process is represented in Figure 1.2.

Atmospheric Pressure Vacuum

Taylor Cone #;
Sheath Gas
+

Electrospray Needle

Figure 1.2. Diagram showing the electrospray process with a magnified view of the

needle.

The use of a hot desolvation gas, usually nitrogen, encourages solvent
evaporation from the droplet, increasing charge density until a point is
reached where the surface tension of the droplet is exceeded by coulombic
repulsion. This is known as the Rayleigh limit and can be defined by
Equation 1.1. [15] Once the Rayleigh limit has been reached, a coulombic
explosion, or fission occurs, which splits the droplet into smaller droplets.
This process happens repeatedly until only a small amount of solvent

remains, forming nanodroplets.

Gry = 8 (soYR®) /2
Equation 1.1. Rayleigh stability limit where gry = charge (C), €0 = permittivity of vacuum

(C2 N-* m2), Y = surface tension (N m-1) and R = droplet radius (m).



Several different mechanisms can describe the ESI process, including the
ion evaporation model (IEM), the charge residue model (CRM) and the
chain ejection model (CEM). The CRM hypothesises that Rayleigh-
charged solvent nanodroplets containing one analyte molecule continue to
evaporate; as the last of the solvent shell evaporates, the charge held by
the solvent transfers to the analyte leaving a charged analyte molecule.
[16-19] This is the mechanism by which large molecules, such as proteins,
are transported into the gas phase. [18-20] This is supported by the
correlation between that the average charge-state of a protein following
ESI and the Rayleigh charge of the smallest water droplet that could
feasibly contain one protein molecule (Equation 1.1). [16, 19, 21, 22] This
is further reinforced by molecular dynamics calculations which show
proteins are held in the centre of a water droplet due to hydration at the

protein surface. [23-25]

The IEM describes a process whereby the analyte, charged in solution with
the aid of an organic acid, is directly desorbed from a small solvent droplet
into the gas phase. This is achieved by solvated ions being ejected from a
Rayleigh-charged nanodroplet due to the electric field surrounding it, with

the ejection rate described by Equation 1.2. [19, 26, 27]

k_kBT (—AG*)
= h Pkt

Equation 1.2. Transition state theory where k is the equilibrium constant, ks is the
Boltzmann constant, AG* is the activations barriers height, T is the temperature and his

Planck’s constant.



The initial IEM hypothesised that the activation barrier for ion ejection,
pictorially shown in Figure 1.3, was due to attraction and repulsion of an
ion’s charge to the nanodroplets charge. However, the IEM has advanced
following molecular dynamics modelling, focusing on droplets composed
of water and methanol. [28] Rather than focusing on purely aqueous
droplets, the mix of methanol and water was chosen due to the
destabilising effect methanol has on droplet structure due to reduced
hydrogen bonding and differing surface tension. [29, 30] Demixing, when
a droplet is composed of water and methanol, has been shown to result in
the outer layer of the droplet being composed of mainly methanol, giving
one explanation as to why less hydrophobic analytes are more easily
transported into the gas phase. [30-32] The IEM describes a process where
the analyte ion remains connected to the droplet by a string of solvent
molecules. This ‘solvent bridge’ eventually ruptures as the analyte ion is
released into the gas phase. [28] This model is generally accepted as
accurate for low molecular weight species, such as drugs [28, 33]. It also
has been argued for larger molecules such as proteins, [34, 35] to which

hybrids of IEM and CRM have been proposed. [36]

10



lon pushed away from the
droplet by droplet surface
charge

lon pulled into the droplet by
image charge caused by
solvent polarisation

Figure 1.3. Initial IEM.

The CEM has been shown, by molecular dynamics calculations, [25, 37] to
apply to proteins which have become unfolded, allowing many hydrophobic
regions of the molecules to have access to solvent molecules. [38, 39]
Whereas globular proteins can follow the CRM due to the majority of
hydrophobic moieties being protected from solvent interaction, the
increased accessibility of these groups in unfolded proteins result in the
protein moving to droplet surface where one termini is ejected from the
charged nanodroplet. Sequential ejection events then occur until the
unfolded protein is free from the droplet in the gas phase. These three
models are summarised in Figure 1.4. Following ionisation, ions are drawn
into the mass spectrometer through influences of an electric field (typically

applied to the entrance cone) and the vacuum of the instrument.

11



Figure 1.4. Representation of IEM, CRM and CEM.

12



1.2.2. Mass analysers

Mass analysers are utilised after the ionisation of analyte molecules has
taken place. It is the device within the mass spectrometer that is
responsible for separating ions in space or time by their mass-to-charge
ratios (m/z). Many different varieties of mass analyser are available, all of
which separate ions in a different way. The capabilities of a mass analyser
can be measured and compared with the most important being sensitivity,
resolving power (mass separation), mass accuracy and duty cycle. The

different types used in this report are described below.

1.2.2.1. Quadrupoles

A simple quadrupole is a device made up of either four cylindrical, or four
identically hyperbolic metal rods, with each opposing pair directly parallel
to one another. The rods are connected in a circuit as shown in Figure 1.5
where one pair of rods has a potential of (U + Vcos wt) and the other has
a potential of (- (U + Vcos wt)) where U is a direct current (DC) voltage

and Vcos wt is a radio frequency (RF) voltage.

13



Figure 1.5. Quadrupole circuit diagram with an ion’s path illustrated.

The RF voltages applied to each pair of rods have opposite polarities as
they are out of phase with one another, but the same amplitudes, with a
DC voltage superimposed. The RF voltage polarity switches between the
two pairs of rods causing an oscillating electric field in the cavity between
the poles. When an ion is introduced, it is alternately attracted to, and
repelled from, opposite poles causing it to move in an oscillating motion
through the centre of the quadrupole as seen in Figure 1.5. Depending on
how the electric field is manipulated by way of a combination of RF and
DC, an ion could collide with one of the poles causing it to become neutral
and therefore not be transmitted to the detector. At a specific DC/RF, an
ion of a particular m/z will be transmitted, therefore scanning the DC/RF
will transmit every m/z in turn, producing a spectrum. The motion in which
ions travel through a quadrupole is given by the general form of the Mathieu

equation (Equation 1.3). [40-42]
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Equation 1.3. Mathieu equation where a, is a function of magnitude of a DC voltage, qua

function of magnitude of AC voltage, and € is a dimensionless parameter of frequency

multiplied by time divided by 2.

The way in which the electric field can be manipulated to allow ions of a

particular m/z though the cavity can be seen in Figure 1.6, a plot of a (DC)

and g (AC) from Equation 1.3, which shows the stability of different ions as

a function of RF and DC voltages.

Unstable region e

DC voltage (V) L

Stable region

-

_- No transmission

Optimum transmission
and resolution

-=-=" Low resolution

RF voltage (V)

Figure 1.6. lon stability diagram as a function of U and Vinside a quadrupole.

In addition to being used as mass analysers, quadrupoles can serve other

functions within a mass spectrometer such as ion guides and collision cells.

To use a quadrupole as an ion guide, it is operated in RF only mode, which

allows all ions to pass though the cavity without discrimination. The

ThermoFinnigan LTQ-FT used for this work utilises a hexapole and an

octapole, producing a quadrupolar field, to function as ion guides. The
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quadrupoles in Waters qToF instruments can be tuned using settings for
low mass (LM) resolution and high mass (HM) resolution to ensure all ions
across a mass range can be equally transmitted. Figure 1.7 shows that LM
and HM resolution can be tuned to ensure linearity in ion transmission

across an m/z range.

linearity tune high

—

-

RF

>

low m/z m/z high m/z
scale adjust scale adjust

Figure 1.7. Pictorial representation of adjusting the LM and HM resolution settings on a
Waters qToF mass spectrometer where the red and blue lines indicate the change in the
RF versus m/z, determined by adjusting the LM and HM resolution settings to ensure
linearity across an m/z range.

A quadrupole can also function as a collision cell for collision-induced

dissociation (CID) in tandem mass spectrometry (MSMS), which will be

further discussed in the MSMS section of this report.[40]
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1.2.2.2. lon traps

In ion traps, a packet of ions is trapped within the mass analyser and
separated by an electric field caused by applying RF potentials. There are
two major types of ion trap; the quadrupole ion trap (QIT), known as a ‘Paul’
trap or 3D trap and a subclass of this, the linear ion trap (LIT), sometimes
called a 2D trap. Equation 1.3 (the Mathieu equation) equally applies to the
motion ions in quadrupoles as to the motion of those within ion traps. Both
types of trap work in generally the same way, but with a slightly different
set-up. In a QIT, ions are trapped in a potential well between two hyperbolic
end-cap electrodes with a hyperbolic ring electrode around the middle

(Figure 1.8) by AC and DC electric fields.[43]

Spacer rings )
Ring electrode

lons in lons out
Entrance end-cap Exit end-cap
electrode electrode

Figure 1.8. Quadrupole ion trap.

LITs function similarly to a quadrupole, with the addition of a DC voltage at
either end-electrode that keeps ions within the mass analyser (Figure 1.9).
These electrodes also focus ions before entering the quadrupolar region if
the device is transmitting ions rather than trapping them. With both types

of trap, ions trapped within the mass analyser repel each other. The longer
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ions are stored, the larger their trajectory becomes, eventually causing ions
to be lost. To avoid this, a pressure of around 0.13 Pa of helium is kept
within the QIT, which helps to reduce the kinetic energy of the ions via

collisions. [44],[45]

End-caps

‘ - <. Cutout

Figure 1.9. Linear ion trap.

To mass select and eject particular ions, the RF amplitude is increased
while keeping the frequency constant. As shown in Figure 1.10, which is
derived from Equation 1.4, the stability of ions within a trap can be
calculated showing the point at which they become unstable. By increasing
the acceleration voltage, V, ions move further along the gz axis until they
are no longer stable and are ejected from the ion trap. The means of
separation comes from how higher mass ions have lower q values so
become unstable later than lower mass ions. The ions will only move

horizontally along the gz axis as DC current is kept constant.
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Equation 1.4. Stability of an ion in a trap.

Unstable
0.908

Stable

Figure 1.10. Stability diagram of ions within a trap.

By increasing the RF and DC voltages, all ions can be ejected from the
trap in ascending m/z order, other than an ion of interest. This makes MS"
type experiments available, which are useful for gaining extra information
about a certain ion. For ion excitation, an AC RF voltage that has constant
frequency, but variable amplitude oscillates across the two end-caps,
preventing ions from neutralising on the surface, while a driving AC voltage
is applied to the ring electrode. This causes the ions to stay in the centre

of the trap with a complex, oscillating motion, thereby causing ion collisions

19



with the helium already in the analyser. Figure 1.10 also demonstrates the
stability of product ions, created from collisional dissociation, within the ion
trap. lons with a gz exceeding 0.908 are not stable so will not be retained
in the trap and will not be detected. This translate to product ions below
one third of the precursor ion mass not being detected, thereby restricting
the mass range and usefulness of this technique. [43],[44],[46] The
ThermoFinnigan LTQ-FT uses a LIT before ions are transmitted to the

Fourier transform-ion cyclotron resonance cell.
1.2.2.3. Time-of-flight

Time-of-flight (ToF) mass analysers separate ions spatially by way of the
time it takes ions of a different m/z, but the same kinetic energy, to travel
from one end of a field free region, known as a drift region, to the other

(Figure 1.11).

Source

Acceleration region Drift region Detector

\

lon Path

Figure 1.11. Time-of-flight mass analyser.

The same acceleration voltage (V) is applied to all ions, giving each ion
the same kinetic energy regardless of mass. Equation 1.5 shows the
relationship between kinetic energy (Ekin) given to an ion, its mass (m) and

velocity (v).
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Eyin = qeV = Emv2

Equation 1.5. Where Expn is kinetic energy, g is the number of charges on an ion, eis
electron charge, Vis the acceleration voltage, m is the mass of a particular ion and v is

velocity (which is equal to distance divided by time).

This can be rearranged to give the particular velocity of an ion based on its

mass-to-charge ratio as shown in Equation 1.6.

m
— = 2elVv?

Equation 1.6. Rearranged form of Equation 1.5.

This can in turn be simplified further to Equation 1.7 by the removal of
constants (as vis a function of distance and time, and the distance of the
drift region is a constant) to give a proportional relationship between the
mass-to-charge ratio of an ion and the time it takes to travel through the

drift region. [47],[48]

m
— o t2
q

Equation 1.7. Equation 1.6 with constants removed where t represents time.

The resolution of a ToF analyser can be improved by increasing the length
of the drift region, allowing the ions more time to separate in their ‘race’ to
the detector. Reflectrons, or ion mirrors, were developed to increase the

effective flightpath of an ion without increasing the physical size of the
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mass analyser. A reflectron is made up of a series of electrodes whose
voltages increase in order to slow down and change the direction of the
ions. This technique has the effect of further separating ions of different
m/z as lower mass ions cannot enter the reflectrons electric field to the
same extent as higher mass ions can, increasing the time heavier ions
spend at the reflectron compared to lighter ions (Figure 1.12). Resolution

is increased when utilising reflectrons as the effective path length of the ion

is increased.
Detector
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Figure 1.12. Diagram of different mass ions’ path into a reflectron.

The Synapt G2-S uses orthogonal acceleration time-of-flight (oaToF) in
order to allow ionisation techniques that produce a constant flow of ions,
such as ESI, to be compatible. This is due to the fact that ToF analysers
require a discrete packet of ions to enter the drift tube or flight tube, i.e. all
ions need to start traveling at the same time. oaToF facilitates this by
introducing the ions from the source at a 90° angle to the drift tube; a pulsed

voltage is then applied opposite to the drift tube aperture, which forces the
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required packet of ions into the acceleration region allowing analysis
(Figure 1.12). This also has the effect of not allowing any molecules into
the drift region, which reduces unwanted collisions. The use of reflectrons
reduces energy aberrations between ions of the same m/z that were in
slightly different spatial positions when energy was provided to accelerate
the ions along the flight tube. lons with higher kinetic energy will enter into
the reflectron further than the ions of the same m/z with lower kinetic

energy, thereby reducing energy aberrations. [49],[50]

1.2.2.4. Fourier transform ion cyclotron resonance

Fourier transform mass spectrometry (FTMS) is capable of very high
resolution, sensitivity and mass accuracy. For the purposes of this report
the cell contained with the ThermoFinnigan LTQ-FT will be discussed,
although designs can vary from instrument to instrument. The basis behind
a Fourier transform-ion cyclotron resonance (FT-ICR) instrument involves
an FT-ICR cell inside a strong magnetic field. This is achieved by placing
the cell within the bore of a 7 tesla superconducting magnet (SCM). Being
a Penning ion trap, FT-ICR mass analysers separate ions while they are
contained within the cell, based on the frequency at which an ion of a
particular m/z precesses inside the cell. A high vacuum in the region of 1 x
10° mBar is maintained within the cell to stop ions colliding with gas
molecules, although some FT-ICR designs facilitate rapid introduction and
removal of gas as a basis for MSMS. Figure 1.13 depicts a FT-ICR cell

made up of six electrodes. Those shown in red are the two trapping
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electrodes that prevent ions leaving the cell using a DC voltage. Those
shown in blue represent the excitation electrodes, with the green showing

the detection electrodes. [51],[52],[53]

Figure 1.13. Open cylindrical FT-ICR cell.

magnetron motion

cyclotron motion . .
axial motion

Figure 1.14. Motion of ions within an FT-ICR cell.

lons within the FT-ICR cell have a complex motion caused by a
combination of electric and magnetic fields made up of cyclotron,

magnetron and trapping motions (Figure 1.14). The trapping, or axial
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motion is a minimal movement along the z-axis between the two trapping
electrodes. The cyclotron motion describes the movement of the ions in
the x-y axis and is a periodic cyclic motion whereby frequency is specific
to the m/z of an ion. Finally, the magnetron motion, which is of a much
smaller frequency compared to cyclotron motion, also causes motion along
the x and y-axis, and is superimposed on the cyclotron motion. Magnetron
motion is intentionally reduced by way of injecting ions into the cell parallel
to the magnetic field. When an RF voltage is applied across the excitation
electrodes that match the ion cyclotron frequency of an ion contained within
the cell, the radius of the flight path of the ion is increased, causing it to fly
closer to the electrodes. As the newly excited ion passes a detection
electrode, electrons are attracted to the ion moving towards the electrodes
surface (for positive ions) and a signal is recorded. This works in the same
way for negative ions, however, electrons are repelled by the negative ions,
moving further away from the electrodes surface. This function occurs
every time a cloud of ions pass close to the two detection electrodes,
causing a sine wave to be collected. Around 100 charges (100 singly
charged ions) are needed to make up the ion cloud to induce an image
current. This is in contrast to detection in ToF or LIT where electron
multipliers can record the signal of a single ion. If only one ion was excited
at a time, data would be relatively simple to analyse, however, in an FT-
ICR cell ions of different m/z are excited at the same time, as an excitation
frequency range is used rather than a single excitation frequency. This
results in the signal output becoming complex, requiring the application of

the Fourier transform algorithm to obtain useable data. Once applied, this
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produces a spectrum of cyclotron frequency versus intensity, which is

converted using Equation 1.8, to a plot of m/z versus intensity. [53]

_4B

v =
¢ 2mm

Equation 1.8. Where v.is cyclotron frequency, B is magnetic field strength, mis ion

mass and q is the ion’s charge.

1.2.3. Tandem mass spectrometry

1.2.3.1. Collision-induced dissociation

Collision-induced dissociation (CID) is one of the most commonly used
fragmentation techniques. In the pharmaceutical industry, CID is used for
studies ranging from structural elucidation to drug site binding studies. It is
a vibrational dissociation technique that involves a collision between a
precursor ion and a neutral target molecule such as Argon, Nitrogen or
Helium, resulting in an activated ion. The collision brings about an increase
in internal energy for the ion, which causes unimolecular decomposition.
When an inelastic collision (kinetic energy is not conserved) occurs
between an ion possessing high translational energy and a neutral target
molecule, some of the ion’s translation energy converts to the ions internal
energy, leading to ion decomposition. [1] Using the centre-of-mass
framework (com), where momentum equals zero, rather than the
laboratory framework, this can be easily explained. By employing the laws

of conservation of mass and of energy, the energy transfer that takes place
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in collisional activation, as well as the kinetic energy released, can be
determined. The whole system is considered so that the kinetic energies
of both the ion and neutral target molecule are relative to one another. The
centre-of-mass kinetic energy (KEcom) impacts upon the nature of the
activation since it is relative to the total energy that is possible to be

transferred from kinetic energy to internal energy. [54]

N
Ecom = m Eiap

Equation 1.9. Describing how the centre-of-mass framework is linked to laboratory
framework and how the masses of the precursor ion and neutral target molecule affect
them, where Eiap = ion’s kinetic energy, N = mass of neutral target molecule and m, =

mass of precursor molecule.

Equation 1.9 shows that the masses of both the neutral target molecule
and of the precursor ion have a large affect in defining the CID process.
Due to conservation of energy, any change in the relative translational
energies of either molecule must be reflected in the resulting internal
energy; this is known as collision endothermicity, g. The maximum amount
of energy that can be converted from kinetic to internal energy (Qmax) is
directly proportional to the starting Ecom. This means that q is affected by
mp so more of the kinetic energy of the ion can be converted with an
increased ion size. However, Ecomdecreases as a function of the reciprocal
of mp which means that the bigger the molecule, the less internal energy
will be available for fragmentation. [55] Unimolecular bond dissociation in

a high vacuum environment is described in the quasi-equilibrium theory
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(QET); energy can redistribute over all degrees of freedom (i.e. vibrational,
electronic, rotational, and translational motion) therefore the molecular ion
has an equal chance of being in every state. QET also postulates that the
energy barrier between precursor and product ions is unidirectional,
meaning fragmentation is not reversible. [56, 57] The Rice—-Ramsperger—
Kassel-Marcus (RRKM) theory states that a mechanism where collisional
activation is followed by intramolecular vibrational relaxation results in a
transition state leading to dissociation. [58, 59] Here, the rate of
unimolecular dissociation and collisional activation are dependent on one
another. At threshold energy, as internal energy is increased, dissociation
rates are increased. Alternative dissociation pathways are produced by
different molecules depending on the dissociation rate constant curve

(k(E)) which is in turn dependant on the potential energy surface. [60]

The type of collision, whether it be elastic, inelastic or superelastic, can be
determined by looking at the collision endothermicity as Table 1.2
describes. In a super-elastic collision, kinetic energy is increased at the
expense of internal energy, which is not analogous to fragmentation as the
internal energy must increase past the energy threshold of the molecule in
order for fragmentation to occur. Elastic conditions will conserve the energy
within the system, therefore causing no change to either kinetic or internal
energy. With inelastic collisions, however, a decrease in kinetic energy
occurs following a collision in the collision cell of a mass spectrometer, and
once again due to conservation of energy, a proportional increase in

internal energy transpires. [54],[1]
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Collision endothermicity Collision A Kinetic A Internal
(9) type energy energy

Less than zero Super-elastic Increases Decreases

More than zero Inelastic No change | No change

Equal to zero Elastic Decreases Increases

Table 1.2. Collision endothermicities and the resulting collision type.

The general mechanism for CID, and other collisional activation methods
such as surface induced-dissociation (SID), can be described as a two-part
process with the first part being the activation, followed by unimolecular

dissociation, which can be described by Equation 1.10 below. [1]

+ +* +
m,” + N ->m,” ->m" +m,
Equation 1.10. Mechanism for the collisional activation and dissociation of a precursor

ion colliding with a target molecule, where m, = mass of precursor ion, N = mass of the

target molecule m; = mass of the fragment and m, = mass of the resulting neutral ion.

In order for fragmentation to occur in a time-scale congruent with the
experiment, the threshold energy of the molecule must be surpassed; this
is known as the kinetic shift. As expected, the more energy introduced (or
the higher the kinetic shift), the shorter the time observed before
fragmentation. CID collision energy can be classified as high collision
energy, intermediate collision energy or low collision energy. These

conditions are usually utilised depending on what type of instrument is
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being used and the type of ions being fragmented. Although these values
can be highly subjective and instrument dependant, for the purposes of this
work Table 1.3 shows the typical mass spectrometer operating energy
ranges for each category. The amount of energy used for the collision will

affect the outcome of the experiment.

Approximate collision energy Category
range (eV)
1-100 Low energy collision
100-1000 Intermediate energy collision
> 1000 High energy collision

Table 1.3. Approximated range of CID collision energies.

Generally, instruments with a trapping device such as those with
quadrupole ion traps (QIT), linear ion traps (LIT), and in Fourier-transform
ion cyclotron resonance (FTICR) instruments, use low energy collisions as
a means for ion dissociation. Low energy collisions are also used by
instruments that use quadrupole devices as a collision cell, such as triple
quadrupole (QgQ) and quadrupole time-of-flight instruments (qToF). In
QqgQ instruments, CID is brought about using the second quadrupole (gz)
as a collision cell. The lower case ‘q’ indicates that the second quadrupole
is in RF only mode and no DC voltage is applied. This has the effect of
accelerating all of the resonant ions that came from Qs, through g2 and into
Qs, most likely with multiple collisions occurring, usually with either Argon

or Nitrogen as the collision gas. The benefit of using a QgqQ instrument for
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CID is that it has the ability to use various different scan modes, depending
on the type of experiment required. Table 1.4 shows how each quadrupole
can be used, along with the type of scan that results. In qToF instruments,
the quadrupole is used like g2 in triple quadrupole instruments when set to

full scan mode.

Scan type Q1 q2 Qs
Full Scanned No gas | RF only mode
Product ion Selected m/z| Gas Scanned
Precursor ion Scanned Gas | Selected m/z

Selected reaction monitoring | Selected m/z| Gas | Selected m/z

Neutral loss Scanned Gas Scanned

Table 1.4. Different scan modes available on a triple quadrupole mass spectrometer.

In some FTICR instruments, CID can be achieved in the FTICR cell in a
similar manner, i.e. on-resonance, to the QIT method. Here the ions are
subjected to a high amplitude AC potential at the exact cyclotron frequency
of the precursor ion for around only 100 ps so as to not cause excess ion
loss. This causes multiple collisions and results in dissociation. There is
however a more common way in which CID can occur in FTICR mass
spectrometers known as sustained off-resonance irradiation collision
induced dissociation (SORI-CID). SORI-CID differs from the previous
method by introducing a high amplitude AC potential just above the
resonant cyclotron frequency of the precursor ion. This has the effect of

causing the ions to orbit the FTICR cell in more erratic orbits where they
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are constantly accelerating and decelerating in cycles. This reduces the
translational energy of the ion which allows for a longer collision time,
meaning more collisions can take place without significant ion loss. As this
is much slower than before, some lower energy rearrangement reactions
are favoured, giving rise to unexpected product ions. [61],[62],[63]

The pressure of the collision gas within the collision cell of an instrument is
also an important factor when considering how CID takes place. It is
evident that the higher the gas pressure, the higher the probability of an
ion-neutral molecule collision, and also of multiple collisions, whether that
be precursor ion-neutral molecule (Equation 1.11) or product ion-neutral

molecule collision (Equation 1.12).

N N

+ 5 +x +
my my Mgy

Equation 1.11. Reaction for a product ion colliding with a neutral molecule, not

dissociating, then colliding with another neutral molecule, activating and dissociating.

N N

m.t — mf1+ N mf2+

p

Equation 1.12. Reaction for a product ion colliding with a neutral molecule, activating
and dissociating, then the resulting fragment colliding with a neutral molecule, activating

and producing a second fragment ion.

Both Equations 1.11 and 1.12 can occur multiple times depending on gas
pressure and the time allowed for CID by an individual instrument. For ions

that prove difficult to fragment, increasing the pressure of the collision gas
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can aid in dissociation by increasing the probability of multiple collisions as

demonstrated in Equation 1.13. [64],[1]

O _ _noL

Equation 1.13. Equation for the collision cross section, where / and I, represent beam
intensities, n represents the number of gas molecules, ois the collision cross section (AZ per

atom) and L gives the length of the collision cell.
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Figure 1.15. Pictorial representation of Equation 1.13.

High energy CID is limited to sector field and some ToF instruments, that
have a high energy precursor ion beam. This gives the ions high
translational energy within the collision cell, typically resulting in a single
collision. In ToF instruments, dissociation can be increased by either
locating the collision cell close to the ion source or by colliding ions with
gas molecules in the flight tube under a low vacuum. This is unnecessary
in a tandem ToF (ToF-ToF) where the collision cell is located between two

flight tubes. [1]
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1.2.3.2. Electron-capture dissociation

ECD is an electron-based dissociation technique that uses a low energy
electron beam, typically 1-5 eV, to fragment multiply charged ions. An
electron beam is produced from a cathode and electrons are introduced
into the path of analyte ions. Low energy electrons can be captured by the
ion, cancelling out one of the charges and creating an unstable
intermediate [M + nH](™")+ causing an increase in internal energy and
inducing dissociation. The ECD dissociation mechanism is fundamentally
different to that of CID because of the addition of an electronic excitation
element due to the time-scale in which it occurs (around 104 s). As
randomisation of internal energy does not take place before dissociation,
direct bond cleave occurs, so it may not be the weakest bond in the ion
that breaks. [65] In simple terms this means that different fragment ions
may be produced compared to vibrationally dissociative techniques such
as CID. [3] The irradiation time, the time that the ions are exposed to the
electron beam, is longer than the time it takes for an ion to capture an
electron. This is because there is only a small cross-section where the
narrow electron beam can interact with the ion cloud, which causes ECD
to have low efficiency. [1] Commercially, ECD is restricted to FT-ICR
instruments, where ions and electrons are trapped within the cell. ECD is
typically performed on large biomolecules such as proteins and peptides
as they tend to be multiply charged and so can capture an electron but still

remain charged, therefore detectable. It is necessary to briefly consider the
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analysis of such ions in order to better understand the fundamentals of

ECD.

Using CID in proteins and peptides, the CO-NH bond is predominantly
cleaved, as it is generally the weakest, producing b and y type ions (Figure
1.16). This predictable dissociation allows for the identification of amino

acid sequences. [66]

Q
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Figure 1.16. Standard nomenclature for common peptide cleavages. [67, 68]

When weakly covalently bound modifications need to be studied, CID is
not particularly useful as these labile moieties tend to be cleaved from the
ion. ECD has been utilised to study protein modifications because bond
cleavage occurs before the redistribution of the internal energy of the ion,
resulting in a different series of product ions than CID, retaining, for
example, phosphates and glycans. [3] ECD produces ¢ and z type ions by
non-specific homolytic cleavage of the N-Ca backbone (Figure 1.16) as well

as dissociation of disulfide bridges. [69],[3]
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Various mechanisms for ECD have been proposed, such as the Cornell
method. (Figure 1.17) [70] Here, a charged group captures an electron,
causing charge neutralisation which results in the repulsion of a hydrogen
atom. An aminoketyl radical intermediate is then formed due to the
adjacent carbonyl oxygen capturing the hydrogen radical which causes

cleavage of the N-Ca bond.
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Figure 1.17. Cornell method.

An alternative mechanism for ECD is the amide-superbase mechanism
(Figure 1.18), in which the electron is captured by the carbonyl group
forming an anionic radical which cleaves the adjacent N-Ca bond. The

negative charge is then neutralised by a different H*. [71]
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Figure 1.18. ECD amide-superbase mechanism.

A third mechanism was proposed in 2012 by Wodrich et al. termed the enol

mechanism. [72] Here, heterolytic cleavage of the N-Ca bond (N-terminal

36



of the amide oxygen bond) occurs, as opposed to C-terminal homolytic

cleavage in the superbase and Cornell mechanisms.

Secondary fragmentation in ECD is common, and achieved by the N-
terminal carbon radical of the z * product ion migrating, resulting in side
chain loss (or partial loss). [73, 74] This same radical has been postulated
to be involved in a free radical cascade mechanism, whereby several
backbone cleavages can be induced by a single electron capture. [75] This
was put forward following the observation of several backbone cleavages
on a doubly protonated peptide where only one electron capture would be

possible.

By increasing the energy of the electron beam, >5 eV, secondary
fragmentation is observed producing not only a, b, ¢, y, and z type ions,
but also ions resulting from R group losses. This is known as hot electron
capture dissociation (hECD). [76, 77] The capture of an electron in hECD
is two orders of magnitude lower than that of ECD, but the increased
electron current offsets this, resulting in a similar degree of fragmentation.

[70]

hECD has been more recently performed on small doubly charged
pharmaceutical molecules. Prakash et al. carried out hECD on small
doubly-charged ions, in comparison with CID and EID of the singly charged
precursor ion, and found that many unique product ions were formed. [78]

This is an important development for the pharmaceutical industry, as CID
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may struggle to identify analogous ions that fragment in a similar way. If
electron-based dissociation techniques can provide complimentary
information to CID, this could allow for distinction and characterisation of

analogous pharmaceutical molecules previously unavailable.

1.2.3.3. Electron-induced dissociation

EID has been developed from a technique named Electron Impact
Excitation of lons from Organics (EIEIO), which involves an electron beam
of varying energy interacting with neutral analyte molecules causing
ionisation to occur via electron impact (El) depicted in Equation 1.14. [11,

79]
M + €7(high energy) 2 M*" + 2e-

Equation 1.14. Electron ionisation.

The energy of the electron beam is then reduced causing dissociation

through the electronic excitation of the radical cation (Equation 1.15).

M+ + € (low energy) =2 M*’

Equation 1.15. Electronic excitation of a radical cation.

This could typically be achieved in a FT-ICR instrument, as the magnetic
field strength of a super-conducting magnet is needed to keep the ions in

the path of the electron beam, although it has also been successfully
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performed in a radio frequency ion trap. [11, 80] A combination of EIEIO
and ECD was developed into a technique known as electron excitation
dissociation (EED). EED involves a two-step process designed for the
dissociation of ions produced using atmospheric ionisation techniques
such as electrospray ionisation (ESI), i.e. singly charged even-electron
cations. The first step of this process is to create a doubly charged ion by
using a high-energy electron beam to induce secondary ionisation

(Equation 1.16).

[M + H]* + € (nigh energy) = [M + H]>* + 2e

Equation 1.16. Secondary ionisation using a high-energy electron.

In the second step, the electron that was removed from the ion is then
recaptured producing a singly charged, electronically excited ion (Equation
1.17). [81] When each step was studied in peptides, the mechanism of EED
was postulated. If the second step does not occur, only b and y type ions
are produced which is thought to be the result of vibrational dissociation
like in CID. When both stages occur, b, ¢, y, and z type ions are observed
similar to the electronic dissociation seen in ECD. This suggests that both

vibrational and electronic excitation can occur following electron irradiation.

[M + H] 2+ + & (ow energy) > [M + H]*

Equation 1.17. Electron capture of a low energy electron by a doubly charged radical

cation.
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EID is a single step development of EED that involves a high-energy
electron beam (~10-25 eV) inducing dissociation on an ion. [82] In
proteomics, EID has been shown to give comparable product ions to ECD
of multiply charged ions as well as EED of singly charged ions. The
mechanism for EID is more likely related to EED rather than ECD, as the
capture of an electron by a singly charged ion would result in a neutral
molecule. If the first stage of EED occurred (Equation 1.16), further electron
interactions would likely need to occur before dissociation could take place.
This is best explained by a ‘fast’ electron causing additional ionisation,
followed by the capture of a ‘slow’ electron which would form a hydrogen
deficient radical cation, causing fragmentation as in ECD. [83] This
proposal, supported by the observation of doubly charged product ions
produced by EID, but combined with the presence of product ions thought
to be produced by vibrational techniques, suggests competitive
dissociation pathways are present. [84] EID has been performed on a wide
range of ions, including metal-igand complexes, amino acids and
pharmaceutical compounds, and has been shown to give complementary
information to CID. [4, 85, 86] Recent developments in EID have also been
shown to be capable of being carried out on an LC time-scale to allow for

LC-MSMS. [87]
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1.2.3.4. Electron-transfer dissociation

Electron-transfer dissociation (ETD) is a mechanism of fragmenting ions
by way of an ion/ion interaction rather than more traditional collisions, such
as CID (ion/neutral molecule interactions) or with ion/electron interactions
as with ECD and EID. Hunt et al. discovered this technique by reacting
multiply charged proteins and peptides with a radical anion in an ion trap,
forming product ions similar to those formed in ECD. [88] A small, generally
aromatic reagent molecule is ionised to form a radical anion that can
interact with the precursor ion of interest, transferring an electron, which
induces fragmentation. [89] This was originally achieved by way of
negative chemical ionisation (CI) of anthracene performed at the opposite
end of the instrument to analyte ion introduction of an ion trap instrument,
and [M + n+1H]"+1+ peptides and proteins formed by ESI. The use of a
negative Cl source located at the opposite end of the instrument to ion
introduction cannot be used with high resolution mass analysers such as
ToFs and orbitraps due to the position of the mass analyser at the rear,
therefore alternative methods to produce radical anions have been
developed. These include negative ion mode ESI to form [M — H]- with
subsequent CID to form [M] [90] and negative APCI using a nanoESI
source, [91] both of which are used by ThermoFinnigan in LTQ-Orbitraps.
A method in which ionisation by glow discharge to form radical anions,
followed by positive mode ESI within the same source to form multiply

charged analyte molecules, has been made commercially available by
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Waters in their Synapt range of instruments. This method has been utilised

for the work herein, and will be covered in more detail in Section 3.

Two reactions are possible following interaction of the ETD reagent radical

anion and the multiply protonated analyte molecule as depicted in Figure

1.19.
1. [M+nH™ + A~ > [M+nH]™)+ + A
2. [M + nH]n+ + A ) [M+n_1 H](n-1)+ + [A + H].
e
Radical Protonated
anion cation
H+

Figure 1.19. Two possible outcomes from an ETD experiment; 1. Electron-transfer from
the reagent anion to the multiply protonated analyte and 2. Proton-transfer from the

multiply protonated analyte to the reagent anion.

ETD only produces ¢ and z type ions in peptides if electron-transfer is
successful; if proton transfer (PTR) occurs, only b and y type ions are
formed. [90, 91] The two main factors that influence a successful ETD
reaction (i.e. the ability to form product ions as a result of electronic
dissociation) are the charge density of the analyte cation, and the reagent
anion used as an electron donor. The physiochemical properties of
reagents that form the odd-electron anion have been shown to affect

factors such as the number of product ions formed and the relative intensity
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of products ions compared to the precursor ion in dissociation of multiply
charged polypeptides. [92] The physiochemical properties of reagent ions
(such as electron affinity, proton affinity and ionisation energy) have been
considered in choosing appropriate molecules for use as ETD reagents for
peptides and proteins. [93],[94] Reduced efficiency has been observed for
ETD compared with ECD as the ion/ion interaction has a lower energy
transfer than with ion/electron interactions possibly due to energy
redistribution or collisional cooling. [95] For CI type anion formation,
fluoranthene has been shown to give the highest ETD efficiency at around
40%; new reagents are still being investigated by the Coon group and
others in the search for a molecule with lower electron affinities. [96] The
physiochemical properties of the reagent anion have been shown to be an
important driving factor in the competition between electron-transfer from
the anion to the analyte cation, and proton-transfer between the analyte
cation and reagent anion. Computational studies combined with
experimental studies showed that low electron affinity of the reagent, and
a low Franck-Condon factor between the radical anion and neutral reagent
molecule, were key. [97, 98] Williams et al. investigated over 200
compounds for use as ETD reagents with the Synapt G2 using molecular
modelling. They found the two reagents with the most favourable Franck-
Condon factor and electron affinity were 1,4-dicyanobenene and 4-
nitrotoluene, although around 50% of these reagents resulted in good ETD

(low PTR levels). [99]
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Another key aspect of ETD which has been developed is the overall duty
cycle. For ETD where Cl has been performed at the opposite end of the
instrument to ion introduction to form reagent anions, the time scale of
injection is typically 300 ms, which is concurrent for an LC-timescale. The
first advent of alternative methods, namely the use of negative ion mode
ESI with CID and atmospheric pressure chemical ionisation (APCI)
methods, had a much longer duty cycle (around 800 ms) due to the polarity
switching required in the instrument to allow ion transmission of both
positive and negative ions. In fact, although the injection time on these
instruments was faster than the Cl method (200 ms), it took 300 ms for
each polarity switch. This duty cycle has since been improved by the
advent of the dual ESI source where the switching time in the LTC-Orbitrap
has been reduced to 30 ms, giving an overall duty cycle of less than 300
ms. The Cl method has also been developed on the LTC-Orbitrap ETD
with injection times of less than 8 ms. [100] For the Waters Synapt QToF
instruments, with the instrument set to a scan rate of 1 ETD
spectrum/second, the ETD reagent refill time is generally optimal at 100
ms, (analytical duty cycle >90%) which is also applicable to an LC

timescale as shown in Figure 1.20.
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UPLC peak profile
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Figure 1.20. Duty cycle of ETD performed on a Waters Synapt QToF instrument. Figure
supplied by Waters and used with permission. UHPLC is denoted by UPLC, which was

copywritten by Waters.

The mechanism of ETD is similar to that of ECD as shown in Figure 1.21

below. [101]
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Figure 1.21. ETD mechanism.

ETD has been found to be useful in identifying post-translational
modifications (PTM) in proteins and peptides much like ECD, such as

phosphorylation and glycosylation, as these covalent bonds are not
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cleaved during the mechanism. ETD is also used for characterising basic
peptides, where ¢ and z product ions are produced similar to other
electronic dissociation techniques. ETD has the potential to be more widely
used than ECD/EID as an FT-ICR instrument is not required, so ETD can
be carried out on many cheaper and more widely available instruments
such as ToFs, quadrupoles and ion traps. [102] ETD has only been utilised
for multiply charged molecules, as it is thought that a minimum of two
charges is needed for the technique to work, as a negative charge
combined with a positive charge should result in a molecule, the same
rational as with ECD. The higher charge density of an analyte (i.e. the more
positive charges present) has been shown to result in more efficient ETD.
[97] For peptides where charge density is low (i.e. [M + 2H]?*), performing
CID on intact [M + 2H]* has been shown to result in increased efficiency
(i.e. higher abundance product ions compared with the precursor ion
abundance) for ¢ and z type ions in a quadrupole ion trap mass
spectrometer, a technique named electron-transfer collisionally activated

dissociation (ETcaD). [103]

EID has been shown to be capable of fragmenting singly charged ions,
which was first thought to be unlikely due to charge neutralisation. ETD, for
the first time, will be investigated for its ability to dissociate singly charged
ions. ETD has been shown to be effective at characterising peptides with
multiple protons, but little work, or no work for small molecules, has been
conducted on observing differences in product ions created caused by

changing the charge carrying species. This will be investigated by creating
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salt adducted compounds using small, singly charged pharmaceutical
molecules and subjecting the precursor ions to ETD. Proof of principle lies

with similar studies conducted using EID on comparable compounds. [104]

1.2.3.5 Tandem mass spectrometry of salt-adducted
ions and phosphorylated nucleotides

Not only has EID proved useful for the structural elucidation of protonated
pharmaceutical compounds, but by the dissociation of sodium, potassium
and ammonium adducts, complementary information has been gained
compared with CID, allowing for more complete characterisation of these
ions. [86] EID of protonated and ammonium-adducted precursor ions
resulted in similar product ion spectra, with a small amount of additional
structural information gained from the ammonium adduct. Generally, EID
of the alkali metal-adducted precursor ions resulted in the formation of a
greater number of unique product ions compared with the protonated and
ammonium adducted precursor ions, with sodium-containing precursor
ions providing the most structural information. [104] EID and CID of metal-
adducted polyketide precursor ions also produced different product ion
spectra with lithium-adducted precursor ions resulting in the most structural
information. The EID and CID product ions formed were similar, although
the most abundant product ions were formed by EID. [105] Chlorophyll-a
has been dissociated by EID, CID and Infrared multi-photon dissociation
(IRMPD), with EID shown to provide complimentary product ions to CID
and IRMPD. The loss of H was a common assignment by EID, as well as

fragmentation resulting in odd election species. [106] Electron detachment
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dissociation (EDD) has been compared with CID and IRMPD of DNA and
RNA, with EDD resulting in no secondary fragmentation and minimal base
loss. The formation of Osmium (Os) bound product ions by EDD allowed
for determination of the Os binding positions to DNA.[81, 107-111] A study
utilising matrix-assisted laser/desorption ionisation (MALDI) of deoxy-
oligonucleotides showed that by exchanging up to seven protons with
sodium ions, backbone cleavages were greatly reduced, and the neutral
loss of certain bases was increased with increasing sodium content. The
loss of bases was thought to be due to protonation of an adjacent base
with a higher proton affinity. Unique product ions were formed with the
inclusion of sodium atoms, including a complex fragmentation pathway
involving the loss of several central bases and recombination to form a

product ion. [112]

Phosphorylated ions have predictable fragmentation by vibrational tandem
mass spectrometric techniques, with the loss of phosphate groups
primarily observed due to the labile nature of the bond. [113-117] CID of
cyclic adenosine monophosphate (CAMP) analogues resulted in limited
product ion formation, with the majority of product ions relating to cleavage
between the ribose-phosphate and aminopurine groups. [113] The limited
nature of product ions formed from CID for this type of ion has led to studies
aimed at inducing bond cleavage at other locations of the ions, including
the use of electron-based techniques. ECD of adenosine triphosphate
(ATP) and analogous ions were shown to form complementary product

ions to CID for doubly charged precursor ions. Unique to ECD, cross-ring
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cleavage at the ribose moiety was observed along with several hydrated
product ions formed by cross-ring cleavage at other groups. As CID also
forms unique product ions, Liu et al. concluded that a combination of ECD
and CID could be implemented to gain the maximum amount structural
information for acidic metabolites. [118] Higher sequence coverage has
also been gained by ECD of phosphopeptides ions containing up to four
phosphorylation sites. [114] ECD of [M + 2H]>* peptides that contain
varying numbers of phosphate groups demonstrated that lower sequence
coverage was gained with increasing phosphorylation. The likely cause of
this phenomenon is the formation of salt-bridges with amino acid side
chains. [119] Characteristic losses observed by CID, such as H20,

phosphate groups and phosphoric acid were not observed by ECD. [114]

1.3. Chemical supercharging in electrospray ionisation

ESI forms multiply charged ions that have been invaluable in mass
spectrometry for a multitude of reasons. The production of ions at low m/z
(high mass) enables the study of large molecules, such a proteins, peptides
and polymers in mass spectrometry, which would otherwise be limited by
the range of most mass analysers. Multiply charged ions are also crucial
for certain types of tandem mass spectrometry such as ECD and ETD,
where a single charge is neutralised by an electron to increase the internal
energy of a precursor ion, resulting in dissociation. Supercharging, a
technique first coined in 2000 by the Williams group, has become an

emerging method of increasing the charge-state of an ion during the ESI
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process, typically by the addition of ‘supercharging reagents’ (SCRs) to the
ESI solution [120] or LC diluents. [121] Since its advent, several different
methods to achieve this have come to light, including the addition of
chemical additives to an ESI solution, the use of different solvents systems
during ESI and optimising MS source parameters. [120] The mechanisms
of supercharging are a hotly contested subject, with evidence unclear as
to the exact mechanism, or mechanisms, of action. Much of the work
carried out in this area has been performed on proteins, with limited
research on polymers, peptides and small molecules. The mechanisms
relating to the formation of protein charge-state distributions (CSDs) to
protein unfolding have been shown to be dependent on several factors;
solvent accessibility, Coulombic repulsions and protein conformation. In
the solvent accessibility theory, it has been suggested that the folded
tertiary structure of the protein leads to solvent having less access to basic
and acidic groups making them less available to ionise. [122, 123] An
alternative theory states that an unfolded protein can stabilise higher
charge-states due to the increased distance of ionisable sites compared to
folded structures, making the sites more likely to ionise. [123, 124] The
final theory postulates that ‘native-like’ conformations cause charge
neutralisation by intermolecular interactions. [125] Another factor that has
been shown to affect the CSD of proteins is the number of collisions an ion
undergoes after formation; more collisions lead to lower charge-states and
can induce vibrational dissociation. [126] Different solvents have been
shown to affect the CSD of proteins, with higher charge-states being

produced when 50% of the solvent is made of methanol, acetonitrile and
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isopropanol, compared with water alone. A correlation was shown between
increasing gas-phase basicities of the organic fraction of the solvent and
the charge-states produced, although lavarone et al. comments that other
physical properties, such as electron affinity and boiling point, could also
be involved. [120] Protein supercharging has been studied by spraying
from native conditions (buffered solutions) and from non-native/denaturing
conditions (aqueous and organic solutions with or without the addition of

acids).

1.3.1. Protein supercharging from denaturing conditions

When sprayed from denaturing conditions, mechanisms (such as
increased droplet surface tension and protein unfolding) have been
suggested to explain the increase in maximum charge (Zmax) and higher
CSDs (Zavg) observed when SCRs are added to an ESI solution. Surface
tension of the ESI droplet has been proposed as an explanation to the
phenomenon. When m-nitrobenzyl alcohol (mNBA) or glycerol is added to
cytochrome C and myoglobin solutions made up of water, methanol and
acetic acid, an increase in Zmax and Zavg is observed by ESI. mNBA and
glycerol have high surface tensions, a droplet with a high surface tension
requires more charges to undergo Rayleigh fission, the higher surface
charge density of the droplet leads to higher charge-state ions being
formed, as described in Equation 1.18. It is important to note that due to

solvent evaporation during the CRM model of ESI, the mature droplets are
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composed mainly of the SCR due to their higher boiling points, termed

enrichment.

gr = Zr€ = 8”(60)/R3)1/2

Equation 1.18. Rayleigh equation, where gr is the total charge at Rayleigh limit, zris the charge
radius, e is elementary charge, ¢, is permittivity of the vacuum, y is solvent surface tension, and R

is droplet radius.

Conformal changes in the protein are not thought to impact the observed
Zmax and Zavg as similar increases were demonstrated for four-residue
peptides with no significant tertiary structure. [18, 120, 127, 128] The
addition of higher levels of acetic acid were also investigated to rule out
conformational changes, as more acidic solutions will increase protein
denaturation. This decreased Zmax however, thought to be due to the lower
surface tension and vapour pressure of acetic acid compared with water.

[18, 129]

The theory of droplet surface tension is disputed by Grandori et al. who
state that protein CSD is not limited by the surface tension of the droplet.
The addition of isopropanol and 1,2-propylene glycol to solutions of
ubiquitin, cytochrome C, lysozyme and myoglobin was investigated and the
results compared with predicted CSDs using the Rayleigh equation. It was
found that upon the addition of isopropanol, which has a lower surface
tension that water, rather than the CSD decreasing to a lower m/z, a higher

Zmax and zavg was observed. A bimodal CSD was produced, which the
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author suggests is due to an equilibrium of folded and unfolded protein.
This would suggest that, for these molecules, the main mechanism of
action in supercharging is protein unfolding rather than an increase in
droplet surface tension. [130, 131] Similar effects were observed when
using higher desolvation gas flow rates to unfold the protein, while pH
effects were shown not to affect CSD using varying concentrations of
hydrochloric acid, formic acid and acetic acid. [131] The same research
group later described that surface tension of the droplet may contribute to
supercharging as the addition of DMSO increased zavg of acid unfolded
proteins. [132] The effects of pH were further investigated by Donald et al.
who demonstrated that for a range of SCRs, strong acids reduce the
supercharging effect where weak acids increase it. The reduction in
supercharging is thought to be due to conjugate base anions neutralising
charge sites. [133] The surface tension mechanism was further disputed
when the SCR tetrahydrothiophene-1,1-dioxide (sulfolane) was added to a
solution of cytochrome C. Positive and negative ESI were performed with
an increase in zmax and zavg Only being observed in positive ESI. If surface
tension was the main mechanism of action, it would be observed in both
polarities as the Rayleigh equation (Equation 1.18) is independent of
charge. The observation of significant sulfolane adduction to the protein
led the author to suggest that the supercharging effect of sulfolane is
caused by direct interaction with the protein. A similar observation was
made when using glycerol as a SCR with myoglobin and ovalbumin. [134]
Charge delocalisation, a process whereby polar solvents diffuse charge

through large-scale dipole ordering, was proposed. This allows more
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protonation sites to be accessible due to sulfolane molecules aligning at
partial negative sites. This effectively neutralises the charge, with the
charge found at the edge of the ordered solvation shell. This allows basic
sites which would otherwise be unavailable for protonation to protonate by
overcoming the electrostatic barrier. This was demonstrated with several
analogous molecules to sulfolane. When the dipole moments were plotted,
good correlation with the degree of supercharging was obtained, however

the author comments that other factors are also involved. [135]

1.3.2. Protein supercharging from native conditions

Supercharging from native solutions has been investigated, with the most
likely mechanism being protein unfolding in the droplet, as postulated by
Grandori et al., demonstrating a correlation between the surface area of a
protein and its average charge. [136] Williams et al. tested this hypothesis
by comparing the effects of increasing the capillary temperature and the
addition of SCRs. Both conditions increased zavg, although the addition of
0.4% (3-nitrophenyl)methanol (commonly known as m-nitrobenzyl alcohol,
mNBA) had more of an effect than high capillary temperature for both
myoglobin and NtrC4-RC complex (a o%* activator from Aquifex aeolicus).
Denaturation in the droplet with the addition of mNBA is likely due to
enrichment of mNBA in the droplet caused by evaporation of lower boiling
point solvents. As mNBA has a lower vapour pressure than water (50.5

mN/m [128] compared with 71.99 mN/m at 25 °C [137]), the rate of
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evaporative cooling is longer, so droplets have a higher temperature and
life time. The resulting higher temperature then induces conformational
changes of the protein, allowing more protonation sites to be accessible,
thus producing higher charge-state ions. The author suggests that the
similarity between spectra obtained by both methods leads to the
conclusion that conformational changes in the droplet is the main
mechanism of supercharging from native conditions. [138, 139] This is
further supported by ion mobility studies that show higher charge-state
proteins have a more unfolded conformation. [140] An interesting
observation was that circular dichroism (CD) showed sulfolane directly
destabilises myoglobin in high concentrations, leading the author to
suggest the enriched ESI droplet could contribute to protein unfolding,
although other mechanisms such as droplet surface tension may also play
a role. [141] Similar studies have shown the same destabilising effect for
anthrax toxin oligomers with mNBA and cytochrome C with sulfolane and
4-hydroxymethyl-1,3-diocolan-2-one. [142, 143] CD shows that no
conformational changes were induced with the addition of 0.5% mNBA to
a solution of myoglobin, further demonstrating that supercharging occurs
in the MS source, rather than in solution. [144, 145] Further support is given
to protein unfolding being the main mechanism behind native protein
supercharging by the observation that chemically modifying myoglobin with
more cross-links does not affect the CSD by ESI, but does dramatically

reduce supercharging. [142, 146]
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Chen et al. also compared the use of mMNBA with capillary temperature
denaturation. For myoglobin, DNA 12mer and cytochrome C, high capillary
temperature did increase charge-state but much less than mNBA. When
both high capillary temperature and SCR were used, less supercharging
was observed than with mNBA alone. Due to this discrepancy, the author
concludes completely different mechanisms are at work, with direct
interaction between SCR and protein causing the supercharging effect,
with charge delocalisation by dipolar moments of solvents as previously
described for denaturing conditions. [147] One factor thought to limit
protein supercharging is the level of proton-transfer from [M + (n+1)H]"+1)+
to either solvent molecules or molecules within the solvent, as solvents with
high gas-phase basicities have been shown to reduce ion charging. [120,
139] For most SCRs this does not pose much of a problem as water has
a lower gas-phase basicity than the SCRs. DMSO however has a higher
gas-phase basicity than water so has been though to limit its use as a SCR.
Wiliams et al. show that although low concentrations of
(methylsulfinyl)methane (commonly known as dimethyl sulfoxide, DMSO)
reduce protein charging, high concentrations increase both zmax and zavg
for a range of proteins. This shows that even when the SCR has a high
gas-phase basicity, no significant proton-transfer limiting ion charging
occurs. [145, 148] Another limiting factor to protein supercharging is the
adduction of salt ions. Charging is shown to be reduced when 8 different
salt ions are adducted to the protein, with CD and ion mobility showing
different protein conformations with the addition of mM concentrations of

salts. [149] Cassou et al. showed that by the addition of mNBA or sulfolane,

56



sodium adduction was reduced for ten small (8.6-29 kDa) proteins
containing mM concentrations of NaCl. It is proposed that this is due to the
SCRs binding to sodium ions, reducing the number of Na cations available

for adduction to the proteins. [150]

An alternative supercharging mechanism, termed a charge trapping
mechanism (CTM), has been informed by molecular dynamics calculations
and focuses on myoglobin being released from nanodroplets containing
water, water/mNBA and water/sulfolane (Figure 1.22). [151] A notable
approximation is the use of Na* rather than H*. This is because to
accurately model the behaviour of protons, high level density functional
theory (DFT) or quantum mechanical calculations would need to be used.
However to achieve this on a system as large as nanodroplets is not
currently feasible. Another exception from these calculations was the effect
of an electric field during the ESI process. It was shown that without the
use of SCRs, Nat is ejected via the IEM, reducing the number of charges
in the droplet. The protein then enters the gas phase following the CRM.
When a SCR is added to the droplet composition, the SCR forms a shell at
the edge of the nanodroplet, partially inhibiting the ejection of Na* into the
gas phase as Na* is not as permeable though the hydrophobic shell of
SCR. When all the water has evaporated, a droplet containing exclusively
myoglobin, SCR and Na* remains. The sodium then preferentially binds to
the protein, likely at carboxylate groups, until protein desorption occurs, at
which time some Coulombically driven protein unfolding occurs, leaving a

highly-charged protein molecule. [151] Good agreement between the
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calculated charge-state, and experimentally observed charge-state of
myoglobin [149] was shown. However, this does not account for lack of
supercharging seen when protein conformation was confined by the

addition of chemical cross-links to inhibit protein unfolding. [142, 146]

‘-}‘-}S\Y-}/\”

Figure 1.22. Visual representation of CTM.

Supercharging has proven to be useful for many proteomic applications.
For both positive and negative ion top-down and bottom-up peptide
sequencing, the addition of SCRs has enabled more efficient ECD, ETD,
EDD, and complementary CID and IRMPD spectra by fragmenting higher
charge-state precursor ions, leading to higher sequence coverages being
obtained. [108, 152-159] An increase in the cleavage of disulfide bonds
was also observed, generating higher sequence coverage of proteins with
multiple disulfide linkages. [160] The use of SCRs has also been
demonstrated for HDX kinetics studies. Here, the SCR takes the place of
the acid quench step, as the high boiling point of the SCR causes droplet

heating, leading to protein unfolding as measured by ion mobility. [155]

Other methods of supercharging protein have also recently emerged.

Chemically modifying proteins by addition of functional groups such as
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amine groups, have been shown to increase Zmax and Zavg by increasing
the number of protonation sites available. [161] Electrothermal
supercharging, where the capillary temperature is increased in native mass
spectrometry has also been shown to increase Zmax and Zavg, thought to be
due to thermal denaturation of proteins while inside the capillary. [162-165]
Salt adduction with trivalent metal ions such as La3* increases protein
charging. CD data showed no measurable difference in protein
conformation, although ion mobility showed the higher charge-state ions
were in a more unfolded conformation. [166] Finally, the O’Connor group
has designed a source whereby chemical ionisation of CHs4 to form the
‘superacid’ CHs* increases Zavg for various proteins by proton-transfer to

the protein. [167]

1.3.3. Supercharging non-protein molecules

Fewer studies have been performed using SCRs for non-protein
molecules. As previously mentioned, peptides have been shown to exhibit
the same increase in zmax, even when the size of the peptide makes
conformation changes negligible. [108, 152-159, 168] Synthetic polymers
such as polyethylene glycol (PEG) have been studied and form higher zavg
when sprayed from methanol solutions containing 20% mNBA, with these
trends being consistent with surface tension dependant charging. zavg is
reduced however, when sprayed from water with 1% mNBA. This is

thought to be due to PEG forming more extended conformations in

59



methanol than in water. A shift in molecular weight distribution is also noted

with the addition of mNBA towards lower molecular weight. [18, 128]

1,n-Diaminoalkanes were studied when sprayed from water and methanol
with 5% mNBA. 1,12-Diaminoalkane generally forms [M + 2H]?* by ESI,
where zavyg was higher in water than in methanol, but as with PEG, the
addition of mNBA to water reduced zavg Whereas it was increased when
mNBA was added to methanol. From aqueous solutions 1,5-diaminoalkane
was the smallest chain to form [M + 2H]?*. N-N distances of less than 10.1
A resulted in only low relative intensities of [M + 2H]?*. This distance is
lower than allowed by the Rayleigh equation for a water droplet where zr
= 2. It is suggested that the water droplet could be forming a dumb-bell
shape around the charges which would have a larger diameter than a

sphere.

A methanol droplet where zr=2 would have 19 A distance, which is 2 A
larger than n=12. [M + 2H]?** in methanol was not expected as it is not
allowed by the Rayleigh equation as two charges cannot get that close
together in a methanol droplet. Explanations for this observation include
fluctuations in charges around equilibrium positions on the droplet,
stabilisation of a nano-droplet by the analyte molecule or by non-spherical
droplets. The same relationships cannot be drawn for mMNBA and methanol
due to differential evaporation rates of the two components. Interestingly,
Zavg drops abruptly as N-N distance goes below 14.2-17 A, a similar charge

distance for droplets of only mNBA (zr=14.4). As the CRM is proposed to
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apply to large molecules, [169] and the IEM does not support the observed
formation of [M + 2H]?*, the author suggests a dynamic IEM model where
one end of molecule is desorbed and charge reorganisation at the droplet
surface results in protonation at the other end of the molecule. [18] This is
analogous to the asymmetric droplet fission process observed for large ESI
droplets in which small droplets are emitted from a larger droplet with the

small droplets carrying away a disproportionate fraction of charge. [170]

Although the majority of proposed supercharging mechanisms involve
protein unfolding/denaturation, this does not account for the increase in
doubly protonated diaminoalkanes observed by lavarone et al. as small
molecules have no significant tertiary structure. [18] To further investigate
the effect of SCRs on small molecules, a selection of molecules with
varying structures and functional groups have been investigated with a

selection of SCRs (Chapter 3.3).

1.4. Waters research enabled software (WRENS)

Waters research enabled software (WRENS) is a software development
tool which allows the control of instrument parameters in Waters’ mass
spectrometers. Custom scripts can be written in order to dynamically
control a wide range of instrument settings based on the read back of a
selected mass range. As previously mentioned (Section 1.2.3.5), efficient
ETD relies on a constant balance between ETD reagent anion and

precursor cation of 1x10% : 5x104. During LC-MS, the intensity of the
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precursor ion changes during peak elution, reducing the efficiency of ETD.
To overcome this, optimisation of different instrument parameters was
evaluated with custom WRENS scripts in an attempt to increase ETD

efficiency during LC-MS (Chapter 3.4).

1.5. lon mobility Separation
lon mobility is not a new technique, with references seen as far back as
the 19th century. [171] The first ion mobility experiments that resemble
what could be recognised as analogous to modern experiments were
conducted in the 1950’s and 1960’s by McDaniel et al. [172] The basis of
ion mobility is to move ionised molecules through a tube filled with a known
volume of gas by way of a DC electric field. Resolution in ion mobility, as

with mass spectrometry, can be described by Equation 1.19.

Rp =
p Ax
Equation 1.19. lon mobility resolution equation where Rp is resolving power, x is the
dimensional location of the measurement (i.e. drift time) and Ax is full width of the peak

at half maximum height.

In ion mobility, this can be estimated by Equation 1.20. [173]

X LEze
Ax ~ |16kzTIn2

Equation 1.20. Approximation of Rp in ion mobility where L is drift tube length, E is
applied electric field, zis ion charge, € is elementary charge, kg is Boltzmann’s constant

and T is temperature. [173]
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lon separation in ion mobility occurs by Q/z, where Q is collisional cross
section and z is ion charge. CCS can be thought of as a relationship
between size and shape; the area presented by one molecule for collision
with the centre of another. The number of collisions an ion has with the drift
gas will be determined by the ions CCS, therefore, the larger the ion, the
more it will be hindered by the drift gas atoms, therefore separating ions
based on their CCS. [174] Currently, there are five main types of ion
mobility; traveling-wave ion mobility spectrometry (TWIMS); field-
asymmetric waveform ion mobility separation (FAIMS), (which is also
known as differential-mobility separation (DMS)); drift-time ion mobility
spectrometry (DTIMS); aspiration ion mobility spectrometry (AIMS) and
trapped ion mobility spectrometry (TIMS). For the scope and purposes of
this work more detail will be given only to TWIMS, as this is the only

technique utilised herein.

1.5.1. Traveling-wave ion mobility separation (TWIMS)

TWIMS is commercially available in both the Waters Synapt and Vion
instrument classes and is a low resolution, high sensitivity method. The
TWIMS device is an ion guide comprising of a series of stacked ring
electrodes in an orthogonal orientation to the direction of ion transmission

as shown in Figure 1.23. [175]
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Figure 1.23. Traveling-wave ion mobility separation device.

Separation of ions is achieved by the effect of two factors within the TWIMS
device. Firstly, as with DTIMS, by the collisions of ions with drift gas atoms,
usually He or N2. Secondly, by the use of positive and negative RF voltages
applied to alternate ring electrodes. This provides potential wells in which
ions are trapped thereby reducing unintentional ion diffusion between
electrodes during transmission. A DC is then applied to a pair of ring
electrodes, as shown in Figure 1.23. The DC is switched to adjacent
electrodes in a continuous fashion resulting in a pulse that pushes the ions
through the TWIMS device, resulting in collisions with drift gas atoms. Not
all ions are propelled at the front of the wave however; those with less
mobility (i.e. larger size or lower charge) will collide with more drift gas
atoms and fall behind the wave front, giving mobility separation. In this
case, collisional cross sections of ions can be determined by Equation

1.21.
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O=zXFxt,8
Equation 1.21. Drift time equation for TWIMS where Q is collisional cross section, zis

charge, B and F are constants which must be experimentally determined and ty is drift

time.

TWIMS boasts high sensitivity; this is due to ion accumulation and ion
trapping by the traveling wave. Although a low resolution technique, recent
improvements in Vion instruments have been made by increasing IMS cell
pressure, T-wave amplitude and using a helium entry gas which keeps ions

in a tighter cloud prior to separation.
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2. Methods and materials

2.1. Sample preparation

Unless otherwise stated, all samples were made up to 1 pg/mL in a 0.1%
formic acid (Sigma Aldrich) solution of 50:50 acetonitrile (Fisher Scientific):
water. In order to increase salt adduction, 12 mM solutions of NaCl were
made up of 0.1% formic acid in 50:50 acetonitrile : water was used. 1 pL
of a 1 mg/mL analyte solution was then added to 1 mL of the salt solution.
Where dissolution was not immediate, a vortex mixer was employed until

dissolution was complete.

2.2. Synapt G2-s

The Synapt G2-S (Waters corporation, UK) comprises of various
interchangeable sources, of which the ESI and ETD sources were used in
this work along with the TriWave collision cell and oaToF mass analyser.
For ETD, the reagent molecule is ionised by glow-discharge, where
crystalline reagent molecules are vaporised, then flow through a hollow
discharge electrode with the assistance of a make-up gas. A discharge of
around -300 V then occurs between the electrode and the ion block,
producing an electron-rich plasma from the nitrogen in the source. This
results in the formation of radical anion which goes on to interact with

analyte ions in the trap region of the TriWave (Figure 2.1).
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Figure 2.1. Synapt G2-S schematic used with permission. [176]

2.2.1. Dynamic range enhancement (DRE) lens

The dynamic range enhancement (DRE) lens is positioned after the
quadrupole and before the TriWave as shown in Figure 2.1. The purpose
of the DRE lens is to increase the dynamic range of the mass spectrometer
without adversely affecting resolution; that is to say allowing both high and
low abundance ions to be detected without ion saturation occurring. This
is achieved by quickly alternating the voltage applied to the DRE lens
between a high and low value. While in high transmission mode, full
transmission of ions is allowed, whereas in low transmission mode, only
around 2% of ions are transmitted. An algorithm then detects ion signals
which have become saturated during high transmission mode, and stiches

in data from low transmission mode. The resulting mass spectrum then
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includes both high and low abundance ions and overcomes to issues of ion

saturation. This is pictorially represented in Figure 2.2.

High transmission state

Pumping Z-focus Pusher entrance
aperture lens

Figure 2.2. Schematic of working DRE lens.

Pusher

Low transmission state

2.2.2. TriWave

The TriWave region of the Synapt G2-S (Figure 2.3) is where dissociation
and ion mobility takes place and is comprised of three separate traveling
wave ions guides which use RF voltages for ion confinement. There are
three regions within the TriWave; the trap cell, the ion mobility separation
(IMS) cell and transfer cell. In MSMS experiments, CID can take place in
the trap or transfer cells, whereas ETD can only occur in the trap cell. In
CID experiments, the trap and transfer cells contain argon which is used
as the collision gas to which precursor ions collide. During ETD
experiments, the trap cell is where reagent anions and analyte cations

come into contact.
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Figure 2.3. TriWave region of the Synapt G2-S. [176]

IMS, the separation of ions drifting through a gas while under the influence
of an electric field, is achieved by utilising the TriWave as a whole. The trap
accumulates ions before releasing them into the IMS cell, enabling 100%
duty cycle in IMS experiments. In the IMS cell, a travelling wave propels
the ions through helium gas where a series of low energy gas collisions
and ‘roll over’ events, in which ions roll over the traveling wave, results in
ions becoming separated based on their mobility within the cell, relating to
an ions physical size and shape. Finally, the transfer cell guides the now

separated ions into the qToF mass analyser.

2.2.3. Synapt G2-S Instrument parameters

Unless otherwise stated, samples were introduced into the mass
spectrometer via direct infusion set at a flow rate of 5 uL/min. Standard ESI

parameters are shown in Table 2.1.
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Parameter Setting

Capillary voltage 2kV

Sampling cone voltage 40V

Source offset 30V
Source temperature 150 °C

Desolvation gas temperature | 350 °C

Cone gas flow rate 100 L/h

Desolvation gas flow rate | 600 L/h

Nebuliser gas pressure 6 bar

Table 2.1. Synapt G2-S Standard ESI settings.

The Synapt G2-S utilises a separate ESI capillary for lockspray ionisation.
This is a reference compound which is ionised at time points throughout
the experiment. This is used as an internal calibrant which enables
improved accurate mass measurements. The reference compound used
for all work conducted herein was leucine encephalin, a peptide chain of 5
amino acids. The lockspray source parameters were set each time; the
instrument was set to give an ion signal of 5x10* ion intensity. For CID
experiments, the collision energy was optimised on a compound-to-

compound basis using a range of 15-30 eV.

For ETD experiments, unless otherwise stated, the source settings were

set as shown in Table 2.2 with a diagram of the ETD source block shown

in Figure 2.4.
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Figure 2.4. Synapt G2-S ETD source block used with permission. [176]

ESI parameters Setting

Capillary voltage 1.5 kV
Sampling cone voltage 20V
Source offset 30V

Source temperature 150 °C

Desolvation gas temperature 200 °C

Cone gas flow rate 100 L/h
Desolvation gas flow rate 300 L/h
Nebuliser gas pressure 6 bar

Glow-discharge parameters

Discharge current 60 pA
Sampling cone oV
Source offset 30V
Source temperature 150 °C
Make up gas flow rate 36 mL/min

Table 2.2. Synapt G2-S source settings for ETD.
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For all ETD experiments, the reagent anion used was p-nitrotoluene. The

trap section of the TriWave was setup as shown in Table 2.3.

Trap Parameter Setting

Wave velocity 350 m/s

Wave height (to inhibit ETD) 1.5V

Wave height (to induce ETD) 0.2V

Trap gas flow rate 20 mL/min

Transfer gas flow rate 2.2 mL/min

Table 2.3. Synapt G2-S ETD trap settings.

2.3. LTQ-FT

The LTQ-FT (ThermoFinnigan corporation, Germany) has an ESI source,
and uses a linear ion trap and an FT-ICR cell (7 tesla superconducting

magnet) as mass analysers, with the latter also acting as a detector (Figure

2.5).
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Figure 2.5. LTQ-FT schematic. [177]

2.3.1. LTQ-FT Instrument parameters

The samples were introduced using direct infusion at 5 pL/min by means

of a syringe pump. The ESI source parameters were set as shown in Table

2.4.

Parameter Setting
Spray voltage 4 kV
Capillary voltage 30V

Capillary temperature 350 °C
Tube lens voltage 100 V

Sheath gas flow rate

5-15 arbitrary units

Auxiliary gas flow rate

5-10 arbitrary units

Sweep gas flow rate

5-10 arbitrary units

Table 2.4. Standard LTQ-FT source parameters.
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For ECD and EID experiments, the indirectly heated dispenser cathode
was used to generate electrons between 5-30 eV for 70 ms for EID, 1-5 eV

for ECD and 5-30 eV for hot ECD (hECD).
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3. Results and discussion

3.1. Characterisation of phosphorylated small molecules by

collisional and electron based tandem mass spectrometry

MSMS of phosphorylated ions generally results in predicable CID product ion spectra due
to the labile nature of the phosphate bond. The limited information obtained from
performing CID on the phosphorylated organic drug molecule fostamatanib, has led to an
investigation into methods to induce increased fragmentation for this molecule. AMP, ADP
and ATP are smaller phosphorylated molecules that also form limited product ions by CID
and thus provide a good system to understand the effect of phosphorylation. These simple
molecules allowed for a fundamental study while still being applicable to fostamatanib.
The tandem mass spectrometric behaviour of these phosphorylated small molecules has
been studied by CID and EID. Precursor ions were observed with differing numbers of
sodium atoms associated with the ion; the tandem mass spectrometric behaviour of these
ions was also investigated. As an outcome of this research, the paper “Ball, A. T., Prakash,
A. S., Bristow, A. W. T., Sims, M. & Mosely, J. A. Characterisation of phosphorylated
nucleotides by collisional and electron-based tandem mass spectrometry. Rapid

Communications in Mass Spectrometry. 30 (19), 2155-2163, (2016)” was published.

3.1.1. Results and discussion

Unless otherwise stated, all work was carried out on a ThermoFinnigan
LQT-FT instrument. Further experimental details can be found in Section

3.3.
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3.1.1.1 Terminology
For all data in this chapter, the charge-state of precursor ions was 1+.
These ions can, however, be named in several ways. For clarification, the
following terminology for precursor ions has been used:

e Protonated molecule: ions that contain only C, H, N, O and P atoms,
and have an increased mass of 1 m/z above the neutral mass and
therefore must be protonated.

e Monosodium ion: ions that could either be a sodiated molecule with
OH groups, or a protonated molecule that contains one ONa group.

e Disodium ion: protonated molecule that contains two ONa groups or
a sodiated molecule that contains one ONa group and one OH
groups.

e Trisodium ion: protonated molecule that contains three ONa groups

or a sodiated molecule that contains two ONa groups and one OH

group.

3.1.1.2. EID and CID of protonated AMP,

monosodium AMP and disodium AMP

Only one product ion was formed as a result of CID of protonated AMP
(Figure 3.1.1a), to give a peak at m/z 136.0617 formed by cleavage at A,
[CsHeNs]* (-0.2 ppm error) as shown in Figure 3.1.2. CID of monosodium
AMP (Figure 3.1.b) resulted in more MSMS data, with the sodium-

containing product ion, formed again by cleavage at A, m/z 158.0436,
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[CsHsNsNa]* (-0.5 ppm). Fragmentation at B was also observed forming
the sodium-containing product ion at m/z 234.9978, [CsHsO7PNa]* (0.0
ppm). This data gives an insight as to where the sodium atom can be
located on monosodium AMP; both halves of the precursor ion are seen to
retain the sodium atom showing that the sodium atom is located at both
sites on different instances of the ion. By comparing the relative peak
intensities of the production ions, this data supports the postulation that the
phospho-ribose moiety has a higher affinity for the sodium cation
compared with the proton. Product ions at m/z 250.0934 and 272.0753
were also formed by cleavage at C, [C10H12NsOs]* and it's sodium-
containing counterpart [C10H11NsO3sNa]* (-0.4 and -0.3 ppm respectively).
By comparing the relative intensity of these two product ions, this data also
indicates the preferred location of the sodium cation is on the phosphate
group: This is because the relative abundance of the product ion with the
sodium atom present on the phosphate group is higher than the relative
intensity of the product ion that does not have the sodium atom present.
CID for disodium AMP (Figure 3.1.1c) gave less MSMS information, with
only the loss of water observed, m/z 374.0235, [C10H11NsOsNa]* with an
error of -0.3 ppm. This suggests that the precursor ion of disodium AMP is
inherently more stable than protonated AMP or disodium AMP as the same

amount of collision energy was applied to each precursor ion.
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Figure 3.1.2. Diagram given for protonated ATP describing the nomenclature used to indicate a particular bond cleavage and
corresponding product ion, plus the terminology used to discuss cleavage involving the purine (Pur) and ribose (Rib) regions. By
extension, this diagram also applies to AMP and ADP and the mono, di and trisodium species.
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Figure 3.1.1. LTQ-FT CID of precursor ions with an overall single charge for a) protonated AMP, b) monosodium AMP and c)
disodium AMP. A full list of m/z values and corresponding molecular formulae are given in Appendix 8.1.1-3 * indicates
instrument noise.
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Figure 3.1.3. EID of precursor ions with an overall single charge for a) protonated AMP, b) monosodium AMP and c) disodium AMP. A full list of m/z values and
corresponding molecular formulae are given in Appendix 8.1.1-3. * indicates instrument noise.
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When EID was performed on protonated AMP (Figure 3.1.3a), a greater
number of product ions were formed (Figure 3.1.3), with over 80% of these
forming by cleavage at the aminopurine moiety. Cross-ring cleavages at
the aminopurine (Pur) and ribose (Rib) groups were only observed for
protonated AMP by EID. This concurs with a previous study by Liu et al.
where cross-ring cleavage was only observed by ECD for the ribose group
on metabolite ions such as AMP. [118] By examining the product ions
formed by cleavage at A and D (m/z 136.0618, [CsHsNs]*, 0.0 ppm and m/z
98.9841, [H4PO4]*, -0.4 ppm respectively), it can be deduced that the
phosphate or aminopurine moiety can retain the proton. There is a shift in
product ion formation when monosodium AMP undergoes EID (Figure
3.1.3b), with over 75% relating to the ribose moiety. There are fewer cross-
ring cleavages at the aminopurine compared with EID of protonated AMP,
with an increased number of product ions pertaining to cleavage across
the ribose ring, indicating that the sodium may be located closer to this part
of the molecule. Product ions observed by EID of both protonated AMP
and monosodium AMP include A, which is seen in its protonated and
monosodium form (m/z 136.0618, [CsHsNs]*, 0.1 ppm and m/z 158.0438,
[CsHsNsNa]*, 0.4 ppm respectively) and D which is only observed in
monosodium form (m/z 120.9661, [HsPOsNa]*, 0.1 ppm). From these data
it can be inferred that the phosphate moiety has a higher affinity for the
sodium cation. The ribose group is also able support the sodium cation, as
demonstrated by the product ion formed by cleavage BC seen in both
protonated and monosodium versions (m/z 97.0284, [CsHsO2]*, -0.1 ppm

and m/z 119.0104, [CsH40O2Na]*, 0.1 ppm). Interestingly, cleavage BC was
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not observed by EID of protonated AMP, meaning that the inclusion of the
sodium cation in this locale of the precursor ion is required to form the
product ion at m/z 119.01. Compared to EID of protonated and
monosodium AMP, fewer product ions where observed when disodium
AMP underwent EID (Figure 3.1.3c). Overall, when comparing the EID
product ion spectra for protonated, monosodium and disodium AMP, it can
be observed that increased bond cleavage at the phosphate moiety occurs
for disodium AMP, with over half of all product ions relating to this section
of the precursor ion. Another difference between EID of these three
precursor ions is that cross-ring cleavage is only observed across the
ribose group for disodium AMP, whereas protonated and monosodium
AMP have cross-ring cleavages across the ribose and aminopurine rings.
Both the phosphate group, and the aminopurine group are seen to support
both sodium cations, as demonstrated by the product ions formed by
cleavages D, L and A. D is formed containing one and two sodium cations
(m/z 120.9661, [HzPOsNal*, -0.1 ppm and m/z 142.9481, [H2PO4Naz]*, 0.0
ppm respectively) and L is only observed containing two sodium cations
(m/z 155.9559, [CH3POsNaz]*, 0.1 ppm). Conversely, A is observed
containing zero and two sodium cations (m/z 136.0618, [CsHsNs]*, 0.1 ppm
and m/z 180.0257, [CsHaNsNaz]*, 0.3 ppm). As the two product ions
deriving from the phosphate moiety are only seen to contain sodium
cations, whereas the aminopurine derived product ions are still observed
in a protonated form, these data would suggest that the aminopurine
moiety has a higher proton affinity than the phosphate group, and that the

phosphate group has higher sodium affinity. Estimated pKa values for each
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nitrogen group (Figure 3.1.4) in the aminopurine moiety are given in Table

3.1.1. This estimation shows the likely location of the proton to be on N1.

Position | pKa
N1 3.92
N3 1.58
N7 0.55
No -
N1o -6.38

Table 3.1.1. pKa values for AMP calculated by MarvinSketch 17.18.0. The calculations
are based on empirically calculated partial charge distribution, and the modelling of
intramolecular hydrogen bonds. lonisation constants are also taken into consideration in

the algorithm, calculated using ionisation site-specific regression equations. [178]

The location of the proton at the aminopurine group is supported by a study
by Turecek et al. who showed by density functional theory (DFT)
calculations (a method of modelling atoms and molecules using
computational quantum mechanical modelling) the most
thermodynamically stable location of a proton in adenine was at N1 (Figure
3.1.4). [179] At the low pH of the ESI solution, deprotonation of one or both

OH groups on the phosphate is also likely, allowing O- *Na to form. [180]

Figure 3.1.4. Nomenclature for adenine atoms.
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This postulation is further supported by reports of cation-n interactions
which have been observed for ions including tryptophan and other aromatic
ions. Cation-n interactions are non-covalent molecular interactions
between a cation such as Na* and the face on an electron rich & system,
such as that offered by a benzene ring. Here it was shown that in the gas
phase, cations including sodium can bind tightly to aromatic moieties of the
ions investigated. [181, 182] Another interesting observation is that the
disodium AMP precursor ion lost water following EID (m/z 374.0236,
[C10H11NsOsPNaz]*, 0.1 ppm), a product ion observed by CID, but not in
studies utilising ECD. This supports the work by Nguyen et al. that
concludes some vibrational dissociation occurs during the EID process. [4]
Although for all precursor ions EID provided enhanced MSMS structural
information when compared with CID, for both types of dissociation, the
most detailed and useful product ion spectra were produced when the
monosodium species was fragmented. As can be seen in Table 3.1.2 (a
summary of product ions observed for protonated AMP, monosodium AMP
and disodium ATP) dissociation is directed towards the phosphate group
as more sodium cations are included in the precursor ion. A possible
rationale for this in CID is that when only a sodium atom is present on the
ion, some level of steric stress is put on the linear structure of AMP. This
will affect the bond energy of the constrained structure reducing the energy
required to fragment the constrained bonds. In EID, the position of the
sodium atom will affect the location of electronic integration for both
secondary ionisation by fast electrons, and slow electron capture to form

the electronically excited singly charged ion during the EID process. The
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data suggest that this process yields the most EID structural information

when only one sodium atom is present.
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Compound | Adduct Cleavages from EID Cleavages from CID
H Purine(15), Ribose(2), A, D A
Na Purine(4), Ribose(8), M, A, A, C,
AMP A*, B*, [B*-H20], [BC*-H20], D*, K*, M* B*, C*
Ribose(4),
2Na | A%, D7,
A* D K** L** -H20
H Purine(8), Ribose(4), A,C, D, E [C-H20], [E-H20], E
Na Purine(2), Ribose(14), A, [BC-H20], M, C,F,
A*, B*, [B*-H20], BE*, BF*, D*, K*, L* B*, BF*, [B*-H20], D*
Ribose(7), A, M,
ADP 2Na | A%, B*, [B*-H20], BE*, BF*, D*, G*, H*,K*, L*, B**, [B**-H20], BF**, D**, F**
G**
Ribose(3), A,G,
3Na F**,G**, H**, ;:ijo,
D, K***
H Purine(5), Ribose(4), A, BC, [BC-H20], G, H, | E, K, [K-H20]
Purine(3), Ribose(7), A, BC, C, G, |, . . .
Na B*, [B*(-I-)IzO], BF*? B)K*, D*, G*, I", JB*, K*, L*, N* B, [B™-H:0], C", J
Purine(1), Ribose(11), A, C,
ATP 2Na | A5 I', G*, B**, [B**-H20], D**, J**
B**, [B**'H20], D**, F**, G**, H**, I**, J**, JB**, K**, L**, N**
Purine(2), Ribose(8), A,
Na | Ee e He e N B***, [B***-H0], J***, JB***
B***, [B***'HZO], D***, G***, H***’ I***’ J***’ JB***’ K***’ L***’

Table 3.1.2. Summary of product ions formed by CID and EID for all precursor ions. * denotes the sodium content for each product ion: * =1; ** =2 and *** = 3.
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3.1.1.3. EID and CID of protonated ADP, monosodium
ADP, disodium ADP and trisodium ADP

Analogous results can be seen when comparing CID of protonated,
monosodium and disodium AMP with their ADP counterparts (Figure
3.1.5), again with the monosodium precursor ion producing the richest
product ion spectrum. This could be steric stress due to intramolecular
forces caused by the presence of a sodium atom on the ion. When
protonated ADP underwent CID (Figure 3.1.5a), the only product ions
formed were a result of cleavage at either of the phosphate groups; this is
expected due to the labile nature of the phosphate bonds. [113-117] As
mentioned above, CID of monosodium ADP (Figure 3.1.5b) generated a
slightly more diverse product ion spectrum, with the loss of aminopurine
and loss of aminopurine and water observed by cleavage A/B (m/z
314.9642, [CsH10010P2Na]*, 0.0 ppm). The neutral loss of the aminopurine
group and one phosphate group formed the monosodium internal product
ion BF (m/z216.9874, [CsH70sPNal*, 0.0 ppm). The expected product ions
caused by fragmentation at the phosphate groups are also present, with F
corresponding to the neutral loss of one phosphate group and D
corresponding to the charged loss of both phosphate groups, both in their
monosodium form (m/z 352.0414, [C10H12NsOsPNa]*, 0.0 ppm and m/z
200.9324, [H4P207Na]* -0.2 ppm respectively). As the diphosphate group
is only observed as a product ion by CID of monosodium ADP, it is likely
that the location of the sodium cation on this moiety has a stabilising effect.
Figure 3.1.5¢c shows the product ion spectrum for disodium ADP, which is

similar to the spectrum produced by CID of monosodium ADP, with the
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exceptions that ions are in their disodium form and cleavage at C, observed
by CID of monosodium ADP, was not observed. For the disodium ADP
precursor ion, only phosphate-containing product ions were formed. Unlike
AMP, ADP is also observed as a trisodium species. When this underwent
CID (Figure 3.1.5d), very few product ions were generated. Cleavage at F
(m/z 374.0241, [C10H11NsOePNaz]* 1.1 ppm) resulted in the same product
ion observed by CID of monosodium ADP and disodium ADP, however a
sodium cation is lost along with the phosphate group suggesting that the
third sodium cation is in the form of ONa on the end phosphate group. The
only other product ion observed is loss of water, which has only been
formed by CID of trisodium ADP. Product ions which are only formed by
CID of monosodium ADP and disodium ADP all contain sodium cations,

suggesting that sodium has a destabilising effect on the phosphate bonds.

88



T x10 !

1003 a) Protonated ADP [E+H]*—
50
[C+H-H,O]* [E+H-H,O]* [C10H16NsO10Pa]*
I U DSOS UUUNUUUNU U NOUUE R 'S
——x10—— [B+Na-H20]+ — X100 —
1003 1) Monosodium ADP
o [D+Na]+[BF - [B-H+Na]*
@ +Na]*
o +
§ [C+|H] [F+Na]* [C10H1sNsO40PoNa]*
C
3 0
3 —_—  ———epeorpino ol i oo — L e b
% 100 —X5——— Baona X107
= ¢) Disodium ADP
i: 50 [D+2Na]* [C10H14NsO40P2Na,]*
[B+2Na-H,0]*
[F+2NaJ*
* .| [BF+2NaJ*
0 L -l b
—_———t e —— ke e e
1005 [C10H13NsO10P2Nag]*
3 d) Trisodium ADP
= [C10H13NsO10P2Naz — HOJ*
50é [F+2Na]*
O e e s e et e e e e s

LI B B S B R R N B N B B N B

I T
140 160 180 200 220 240 260 280 300 (}20 340 360 380 400 420 440 460 480 500
m/z
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Akin to AMP, EID of ADP (Figure 3.1.6) formed much richer product ion
spectra when compared with the corresponding CID spectra. For EID of
protonated ADP (Figure 3.1.6a), the vast majority of product ions relate to
extensive cleavage at and across the aminopurine group by way of cross-
ring cleavages not seen by CID. Other cross-ring cleavages at the ribose
group were also observed, as with EID of protonated AMP, and some
product ions resulting from dissociation of the phosphate backbone were
also formed. As the majority of product ions include some part of the
aminopurine group, it is highly likely that the proton resides on that group,
likely on N+ (Figure 3.1.4) as previously discussed. For EID of monosodium
ADP (Figure 3.1.6b), the majority of product ions were formed by cross-
ring cleavages across the ribose ring, with fewer product ions being formed
by cleavage across the aminopurine group; this is directly comparable to
EID of monosodium AMP. Where product ions contained part, or all of the
phosphate backbone, the sodium cation was always retained. Sodium was
also retained by the product ion formed by cleavage at A (m/z[CsHsNsNa]*,
0.1 ppm) pertaining to the charged loss of the aminopurine group, as well
as by the lone ribose product ion, resulting from cleavage BC-H20 (m/z
119.0103, [CsH4O2Na]*, 0.1 ppm). This shows that both the aminopurine
and ribose groups are able to support either a proton, or a sodium cation,
whereas the sodium cations affinity for the phosphate group means that
formation of a protonated adduct is not favourable. Figure 3.1.6¢c shows
the EID product ion spectrum for disodium ADP, with dissociation along
the phosphate back and at the ribose group being most prevalent. Product

ions formed by cross-ring cleavage across the ribose group were less
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numerous, with increased fragmentation of the phosphate region of the ion
when compared to EID of the monosodium and disodium species.
Analogous to EID of monosodium ADP, product ions containing all, or part
of the phosphate group always retained at least one sodium cation, with
only two product ions not including this moiety. These data further support
the postulation made above that the location of the sodium cation, or
cations, direct fragmentation to different regions of the precursor ion.
Limited cleavage of trisodium ADP (Figure 3.1.6d) was observed as a
result of EID with, for the first time, no cross-ring cleavages being induced.
Product ions were generally formed by dissociation at the phosphate
group, with these product ions always retaining one or two sodium cations.
This may be because, with three sodium cations located on the precursor
ion, the phosphate groups higher sodium affinity means the probability of
two or more sodium cations being located here as -ONa groups are much
more likely than having the sodium cations residing on any other sub-
species. That is to say, in a collection of these ions, the Na will not all be
in fixed locations; there is a small possibility that there is a distribution of
locations. It follows that if there is a higher concentration of sodium cations
at the phosphate group, EID would be directed to this region of the ion.
Another piece of supporting evidence for this explanation is the formation
of a product ion relating to a single phosphate group as a trisodium species
(G, m/z164.9300, [HPO4Nas]*, 0.2 ppm) showing that three sodium cations
can be stable on a single phosphate group. As no other group of the
precursor ion has been seen to support three sodium cations, it follows that

the phosphate group has a higher sodium affinity. The aminopurine group
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can, however, support two sodium cations, demonstrated by the product
ion formed by cleavage at A (m/z 180.0260, [CsH4NsNaz]*, 1.9 ppm).
Whereas the only example of a product ion containing the ribose sub-
species was produced by cleavage at F (m/z 374.0259,
[C10H11NsOsPNaz]*, 5.2 ppm), which although does contain two sodium
cations, also includes a phosphate group, supporting at least one of the

sodium cations.
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Figure 3.1.6. EID of precursor ions with an overall single charge for a) protonated ADP, b) monosodium ADP, c) disodium ADP and d) trisodium ADP. A full list of
m/z values and corresponding molecular formulae are given in Appendix 8.1.4-7. * indicates instrument noise.
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3.1.1.4. EID and CID of protonated ATP,

monosodium ATP, disodium ATP and trisodium

Product ion spectra generated by CID for all ATP precursor ions (Figure
3.1.7) were comparable with CID for AMP and ADP precursor ions. CID of
protonated ATP (Figure 3.1.7a) resulted in a predictable MSMS spectrum,
with cleavage at the labile phosphate bonds only. [113-117] Collisional
dissociation of monosodium ATP did, however, induce cleavage B and B-
H20 (m/z 394.9304, [CsH1101sPsNa]*, -0.2 ppm and m/z 376.9199,
[CsHoO12PsNa]* -0.1 ppm respectively), relating to the neutral loss of the
aminopurine moiety and the aminopurine moiety with water, which was not
observed by CID of protonated ATP. These data suggest that the presence
of sodium in the precursor ion affects the stability in this region of the ion.
As this was not observed by CID of monosodium AMP or monosodium
ADP, the length of the phosphate backbone would seem to play a role. As
has previously been noted, the most likely location of the sodium cation is
on the phosphate backbone. Perhaps the addition of another phosphate
group changes the structural conformation of the precursor ion in the gas
phase, causing the backbone to wrap around the ribose ring, allowing the
sodium cation to interact with the aminopurine group enabling the cleavage
observed. The same cleavages at B were also observed for CID of the
disodium ATP and trisodium ATP precursor ions, with all sodium cations
being retained in the product ion. Cleavage at JB (m/z 340.9176,
[CsHeO9P2Nas]*, 0.4 ppm), pertaining to the concurrent loss of the

aminopurine group and one phosphate group was formed by CID of
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trisodium ATP. CID did not result in this bond cleavage for any of the other
precursor ions studied; this is likely caused by a combination of the
conformation of ATP when three sodium cations preside on the precursor
ion and of the interaction of the three sodium cations with the phosphate
and aminopurine group. lon mobility data recorded with the Waters Synapt
G2-S (Section 3.1.1.5) shows that whereas ADP has an increased
collisional-cross section (CCS) for the trisodium species compared with the
disodium species, ATP has a small reduction in CCS for the trisodium
species compared with the disodium species, clearly showing that
conformational differences, caused by the additional phosphate group,

occur between to trisodium ADP and trisodium ATP.

95



Relative Abundance

[0+H-H,0]'—, X5

100;
1 a) Protonated ATP
507 .
] [E+H] [O+H]' [C1oH17NsO13P3]*
O: | L ] Ll T T | T 1 | L LI T L LI T L LI 1 | L LI LI | L LI 1 I ] LI T T | L T LI ] LI L L T 1 L 1 LI
100 rX57 [B+Na'H20]+ IL5| [C10H16N5()13F,3Na]+
1 b) Monosodium ATP
50; [B+Nal*  [J+Na]*
E ) [C+NaJ*
O_|||||l||||I|[Y||||I|||Y||II||Y|I|II|||YT|I|I|TII|III|IIT]||I||Y|||I||||Y]|I||||||||||IY
X5 [B+2Na]*
1OO§ ¢) Disodium ATP [B+2Na-HgO]+\ [C10H15NsO13PsNag]*
507 [J+2Na]*
E [D+2Na]*
0:|||*l|||T7|||l||||||l||||lI|||T|||l|||l|||1|||||||||7l|||¥7|||l||I|||l1|||||||||7||IT|
100+ [C10H14NsO13PsNag]*_
1 d) Trisodium ATP
: [B+3Na-H,0]  [J+3Na]*
503 [B+3Na]*
] [JB+3Na]*
_|]%||[|||||||[Yll||II|YT|||I|[||Y|lII|Y|I|I|I|lY||I|I||YT|I|I|I|Y]I|||IY|||||||IY|IIk
160 180 200 220 240 260 280 300 320 340 360/ 380 400 420 440 460 480 500 520 540 560
m/z
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EID of protonated ATP (Figure 3.1.8a) resulted in fewer product ions
relating to the aminopurine group when compared with EID of protonated
AMP and protonated ADP; the addition of a third phosphate group
increases the pKa of that region of the ion, thereby changing where the
charges are located, altering how the electron interacts with the ion as a
whole. [181, 183] The product ion resulting from cleavage BC (m/z
119.0103, [CsHs02]*, 0.1 ppm) was formed, which has only previously
been observed by EID of monosodium precursor ions. Again, this suggests
the addition of a third phosphate group alters the EID mechanism. When
monosodium ATP underwent EID (Figure 3.1.8b) the monosodium product
ion formed by cleavage at A was not produced. The most reasonable
explanation for this is that the addition of a third phosphate group biases
the location of the sodium cation, i.e. no sodium atoms are associated with
the aminopurine moiety. An increased number of product ions were formed
relating to cross-ring cleavage at the aminopurine group for EID of
trisodium ATP (Figure 3.1.8d) when compared with EID of monosodium
ATP and disodium ATP (Figure 3.1.8c). This is probably because when
three sodium atoms are contained within the ATP precursor ion, there is a
higher probability that one of the sodium cations will reside on the
aminopurine moiety, directing fragmentation towards this region. As this
was not observed for trisodium ADP, perhaps a more likely explanation for
this is that the third phosphate group on the precursor ion changes the
conformation of the ion in the gas phase, allowing greater interaction of a
sodium cation residing on the end phosphate group with the aminopurine

ring. lon mobility studies (Section 3.1.1.5) showed a small decrease in CCS
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from disodium ATP to trisodium ATP, whereas from disodium AMP to
trisodium AMP, a 11 A2 increase in CCS was observed. This would suggest
that the third phosphate group in ATP allows the trisodium ion to adopt a
different conformation than trisodium ADP, supporting this hypothesis. The
polydentate nature of the phosphate group, i.e. the ability for a single
sodium cation to interact with multiple moieties on the phosphate group,
could contribute to this, especially where multiple phosphate groups are
present. This could be confirmed with molecular modelling which could
provide further insight, but such experiments were out of the timeframe and

focus of this project.
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For all nucleotide precursor ions, EID gave much richer product ions
spectra when compared with CID. CID predominantly induced cleavage at
the phosphate group, which was expected, as collisional dissociation
generally breaks the weakest bond in the precursor ion, and phosphate
bonds are known to be labile. [113-117] CID product ion spectra were not
seen to be greatly affected by the number of sodium cations present in the
precursor ions. This was not the case for EID, where differing numbers of
sodium cations had a definite effect on the product ions formed. The
locations where the sodium cations are thought to reside directs electronic-
induced bond dissociation, producing unique product ions for the majority
of nucleotides tested. No major differences between EID product ion
spectra where one, two or three phosphate groups were included in the
precursor ion, were observed. This is not the case for CID product ion
spectra, where the increased number of phosphate groups resulted in a
larger number of product ions, as has been previously observed. [113] EID
of protonated species, irrespective of the number of phosphate groups
contained within the precursor ion, generally formed product ions by
cleavage at and across the aminopurine group, giving evidence that this is
where the proton tends to reside. This is supported by the fact that at an
acidic pH, like the conditions used in this study, the site of protonation is
shown to be at the aminopurine ring. [181, 183] The monosodium precursor
ions formed the majority of product ions by fragmentation of the ribose
group by EID, whereas EID of the disodium and trisodium precursor ions

resulted in most cleavage occurring at the phosphate groups. This is
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exemplified in Figure 3.1.8 for ATP precursor ions. When dictating which

precursor ions resulted in the most informative product ion spectra;

(i)

(ii)

(iii)

(iv)

EID on any of the precursor ions gave more comprehensive
structural information than CID.

EID of the monosodium species for AMP and ADP gave the
greatest number of product ions for these two nucleotides,
generating information useful for characterisation across the
entirety of the precursor ions likely due to differences in
electronic interactions during the EID process.

ATP proved to be different, with the trisodium species resulting
in the greatest number of product ions. This is less useful than
for AMP and ADP precursor ions however, with the vast majority
of product ions being formed by cleavage at the phosphate
backbone.

For ions analogous to AMP, ADP and ATP, it would seem
sensible to generate a product ion spectra of monosodium
species by EID to gain the most diagnostically useful MSMS

data.

Targeted study of different regions of the precursor ion is also possible,

depending on whether a protonated, monosodium, disodium or trisodium

species is isolated and fragmented, as shown in Figure 3.1.9.
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I 3or2Na

Figure 3.1.9. An ATP molecule has been used here to demonstrate the main regions of
fragmentation that the ATP ions undergo with EID. For protonated ATP the main regions
of fragmentation are shown by the dashed lines, for monosodium ATP the dotted line
and for di and trisodium ATP the solid line. By extension, this diagram also applies to

AMP and ADP.

3.1.1.5. lon mobility of ATP, ADP and AMP

To test whether the conformation of ATP precursor ions alters depending
on differing numbers of cations, the CCS of protonated ATP, monosodium
ATP, disodium ATP and trisodium ATP were measured using TWIMS on a
Waters Synapt G2-S, with the data externally calibrated using poly-DL-
alanine (Figure 3.1.10 and 3.1.11, and Table 3.1.3). There is an increase
from 130.64 +0.01 A2to 135.91 + 0.01 A2in the CCS of protonated ATP to
monosodium ATP. This is expected as the addition of a sodium cation
would increase the CCS of the ATP ion. This trend could be expected to
continue with a similar increase in CCS for each additional sodium atom

on the ion. However, the CCS does not alter as more sodium cations are
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associated with the ion. This suggests that as more sodium is adducted to
the ATP ion, the conformation of ATP is becoming more folded and less
linear, i.e. although there is a greater mass to the ion, a more folded shape
means the CCS is not increased. An alternative explanation is that
monosodium ATP could have a larger CCS than protonated ATP due to
the sodium causing the phosphate chain to elongate. The lack of change
in CCS from monosodium ATP as more sodium is added could then be
caused by the structure becoming more folded. If this was the case, it may
explain why monosodium AMP and ADP provided richer EID product ion
spectra than protonated AMP and ADP; the less folded structure allows for
more of the ion to interact with electrons during the EID process. The CCS

data for all precursor ions of AMP ADP and ATP are shown in Table 3.1.3.
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Figure 3.1.10. ATP mass spectrum and mobilogram, where a is protonated ATP, b is
monosodium ATP, ¢ is disodium ATP, d is trisodium ATP and e is tetrasodium ATP. The
drift time of each ion was measured through the IMS cell of the Waters Synapt G2-S, the

CCS was then calculated by DriftScope 2.4 software based on the velocity of the ion,

the electric field applied to the drift tube, the drift time (or mobility) of the ion, and the

length of the drift tube, as described in Section 1.6.1.
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. Observed C(.?S CQS C(?S 2 CCS Error
Molecule Species m/z Experlment Exper!ment Exper!ment CCS Average (A?) (A2)
1 (A?) 2 (A?) 3 (A?)
Protonated 348.1 104.85 105.05 105.08 104.99 0.1
AMP Monosodium 370.1 110.49 110.66 110.73 110.63 0.1
Disodium 392.0 113.18 113.34 113.42 113.31 0.1
Trisodium 414.0 122.74 123.01 123.05 122.93 0.2
Protonated 428.0 119.62 119.65 119.64 119.64 0.02
ADP Monosodium 450.0 126.53 126.57 126.60 126.57 0.04
Disodium 472.0 121.05 121.09 121.11 121.08 0.03
Trisodium 494.0 127.48 127.49 127.54 127.50 0.03
Protonated 508.0 130.64 130.65 130.64 130.64 0.01
Monosodium 530.0 135.91 135.89 135.91 135.91 0.01
ATP Disodium 552.0 135.51 135.56 135.56 135.54 0.03
Trisodium 574.0 134.64 134.68 134.68 134.66 0.02
Tetrasodium 595.9 135.16 135.16 135.14 135.15 0.01

Table 3.1.3. Observed AMP, ADP and ATP ions with drift-times and CCS values.
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Figure 3.1.11. AMP, ADP and ATP vs CCS, triplicate results with standard deviation

error bars.

As seen in Figure 3.1.11, when TWIMS was performed on AMP, an
increase in CCS was observed for ions containing one and two sodium
compared with the protonated species. The initial increase in CCS from
104.99 + 0.1 A2t0 110.63 + 0.1 A2for AMP with zero sodium to AMP with
one sodium is consistent with the same increase observed for ATP. The
CCS of AMP ions containing two sodium atoms was 113.31 + 0.1 A2 only
2.68 + 0.1 A2 larger than monosodium AMP. This smaller increase could
be due to the AMP ion becoming slightly more folded compared to the
monosodium form under the influence of an additional sodium cation. This
differs from the change in CCS from monosodium ATP (135.91 + 0.01 AZ)
to disodium ATP (135.54 +0.03 AZ) which was a slight decrease of 0.37 +
0.04 A2, This is likely because the additional phosphate groups on ATP can

fold around the structure more than the single phosphate group on AMP.
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For ADP (Figure 3.1.11), the data would suggest that a conformational
change occurs to the ion from protonated ADP to monosodium ADP. The
CCS increases from 119.64 + 0.02 A2 for protonated ADP to 126.57 + 0.04
A2 for monosodium ADP, an increase of 6.93 + 0.04 A2, which is larger than
the equivalent change for ATP and AMP. Disodium ADP has a reduced
CCS compared with monosodium ADP, likely due to the phosphate group
folding around the ion. This trend is not observed for ATP but could be
explained by the phosphate group already folding to some extent in the
protonated species. This is supported by the lack of change in product ion
spectra for ATP ions compared with ADP ions for different precursor ions.
Trisodium ADP seems to have a similar conformation to disodium ADP,
with the increase in CCS of 6.4 +0.03 A2 being explained by the additional
sodium cation as seen of AMP, which is supported by both precursor ions
having similar product ion spectra for CID and EID (Figures 3.1.5 and

3.1.6).

3.1.1.6. EID and CID of protonated
fostamatanib, monosodium fostamatanib and

disodium fostamatanib
Applying the knowledge gained from the study on phosphorylated

nucleotides, fostamatanib (Figure 3.1.12), a small pharmaceutical

molecule of interest, has been studied in a similar way, to observe whether

107



the same targeted dissociation is available on phosphorylated

pharmaceutical ions.
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Figure 3.1.12. Structure of fostamatanib.

CID of protonated fostamatanib (Figure 3.1.13a) resulted in cleavage at A
(m/z 483.1792, [C23H24N6OsF]*, 1.1 ppm) relating to the neutral loss of the
phosphate group, as shown in Figure 3.1.14. Cleavage A was also
observed by CID of monosodium fostamatanib (Figure 3.1.13b), which was
seen with and without the sodium cation (m/z505.1621, [C23H23NeOsFNa]+,
2.8 ppm and m/z 483.1799, [C23H24NeOsF]*, 2.6 ppm respectively).
Cleavage B (m/z 493.2500, [C22H23NsOsFNa]*, 2.8 ppm) was observed,
which relates to the loss of the methyl-phosphate group with the product
ion retaining the sodium cation. These data show that the sodium cation
cannot only be stabilised by the phosphate group, but also by another
moiety on the precursor ion. As cleavage B was not observed by CID of
protonated fostamatanib, this suggests the sodium atom stabilises the
bond between the phosphate group and methyl group. CID of disodium
fostamatanib (Figure 3.1.13c) only induced cleavage B, with only one
sodium atom being retained; this would imply that only one sodium cation

can be retained by the phosphate group, unlike the nucleotide ions, where
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evidence showed the sodium could be located elsewhere. Applying the
knowledge gained from AMP, ADP and ATP, it is possible to predict that
EID of fostamatanib will offer more diagnostically useful information
compared with CID, and that by dissociating the protonated, monosodium

and disodium precursor ions, complementary information can be gained.
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Figure 3.1.13. CID of precursor ions with an overall single charge for a) protonated fostamatanib, b) monosodium fostamatanib and c)
disodium fostamatanib. A full list of m/z values and corresponding molecular formulae are given in Appendix 8.1.12-14. * indicates instrument
noise.
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OH

Figure 3.1.14. Diagram given for protonated fostamatanib describing the nomenclature used to indicate a particular bond cleavage and
corresponding product ion. By extension, this diagram also applies to the monosodium and disodium species.
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EID of protonated fostamatanib (Figure 3.1.15a) resulted in more product
ions than CID, with bond cleavage mainly observed at the alkyl chain
connected to the phosphate group. This would suggest that the proton
resides in close proximity to the alkyl chain connected to the phosphate
group. Cross-ring cleavage was observed for the first time for this ion,
across the morpholin-3-one ring, BGH, (m/z 402.1436, [C1sH19NsO4F]*, -
2.2 ppm). This is comparable to EID of the nucleotide precursor ions, where
cross-ring cleavage was only observed by EID, and agrees with previous
work. [118] Loss of the phosphate group, (A, m/z 483.1792,
[C23H24NeOsF]*, 1.1 ppm) and HF (AF, m/z 463.1730, [C23H23NsOs]*, 1.3
ppm) were common along with loss of methyl groups (m/z 565.1252,
[C22H2309N6PF]*, 1.7 ppm and m/z 453.1324, [C21H1sNsOsF]*, 1.5 ppm),
methoxy group (m/z 439.1529, [C21H20NsO4F]*, 1.0 ppm) and water (m/z
562.1381, [C23H240s8NsPF]*, 1.6 ppm). Other product ions relating to
complex rearrangements of the precursor ion were also observed. When
EID was performed on monosodium fostamatanib (Figure 3.1.15b), less
product ions were formed than for protonated fostamatanib, with limited
differences in the cleavages induced. The only unique peaks relate to small
neutral losses of a methoxy group (m/z 573.1288, [C22H2aNsOsPFNa]*, 3.3
ppm), the methyl-phosphate group (m/z 493.1620, [C22H23NeOsFNa]*, 2.8
ppm) and loss of C2HeOsPNa (m/z 439.1535, [C21H20NeO4F]*, 2.3 ppm).
The loss of the phosphate group is observed, with the precursor ion both
retaining (m/z 505.1621, [C23H23NsOsFNa]*, 2.8 ppm) and not retaining the
sodium atom (m/z 483.1787, [C23H24NeOsF]*, 2.6 ppm), again

demonstrating that the sodium atom resides on a distribution of locations
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on the precursor ion. Figure 3.1.15¢c shows the EID product ion spectrum
for disodium fostamatanib. No cross-ring cleavage was observed, and
fragmentation was limited to the phosphate moiety. C (m/z 124.9375,
[POsNaz]*, -0.1ppm) and D (m/z 142.9481, [H2POsNaz]*, 0.1 ppm) were
observed for the first time; the phosphate group was only seen to retain a

charge with the inclusion of two sodium atoms (for both CID and EID).
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Figure 3.1.15. EID of precursor ions with an overall single charge for a) protonated fostamatanib, b) monosodium fostamatanib and c) disodium fostamatanib. A

full list of m/z values and corresponding molecular formulae are given in Appendix 7.1.12-14. * indicates instrument noise.
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A trend relating to the origin of unique product ions, depending on sodium
content, was observed following EID of fostamatanib, analogous to EID of
AMP, ADP and ATP. When two sodium atoms were present in the
precursor ion, peaks relating predominantly to the phosphate moiety were
produced, and when zero and one sodium atom was present, cleavage
was mainly limited to the alkyl-morpholine region. Rather than gaining
useful information across the entire ion by sequentially performing EID on
precursor ions with different numbers of sodium cations, only limited
differences in bond cleavages were observed. Although this is useful if
studying the phosphate region of fostamatanib, no new product ions

relating to cleavages in other regions of the ion were obtained.

3.1.1.7. lon mobility of protonated
fostamatanib, monosodium fostamatanib and

disodium fostamatanib

The CCS of protonated, monosodium and trisodium fostamatanib were
measured as shown in Table 3.1.4. Comparing protonated fostamatanib to
monosodium fostamatanib, the CCS decreased from 164.43 + 0.2 A2 to
151.30 + 0.1 A2 which suggests the structure becomes much more folded.
From monosodium fostamatanib to disodium fostamatanib there is a
smaller decrease in CCS of 3.10 + 0.1 A2. This data could explain the
reduced fragmentation by EID observed; as the conformation of the ion is

becoming more folded, less of the structure is able to interact with electrons
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during the EID process. Additionally, if the structure is more folded, there
may be more steric stress on certain bonds, reducing the energy required

to dissociate a bond, which could explain why more CID product ions were

formed for monosodium fostamatanib compared with protonated
fostamatanib.
. Observed | CCS1 | ccs2 | ccsa | | CCS CCS
Species /2 (A2) (A2) (A2) Average Standard
(A?) Deviation
Protonated | 581.1616 | 164.33 | 164.28 | 164.69 164.43 0.2
Monosodium | 603.1444 | 151.18 | 151.45 | 151.27 151.30 0.1
Disodium 625.1205 | 148.18 | 148.14 | 148.26 148.20 0.06

Table 3.1.4. Observed fostamatanib ions with drift-times and CCS values.

3.1.2. Conclusions

With EID of Fostamatanib, the same targeted dissociation across the entire
ion was not possible, as observed for EID of the nucleotide precursor ions.
This could be because, if the location of the sodium atoms is directing EID,
it is likely that all three sodium atoms are located at the phosphate group.
EID of fostamatanib resulted predominantly in fragmentation close to the
phosphate group. As electrons from the EID process generally interact,
and cause fragmentation close to the proton, the most likely position of the
proton on [fostamatanib + H]* is a moiety in close proximity to the
phosphate group. This differs from the nucleotide ions, where EID of [AxP

+ H]* resulted in fragmentation predominantly at the aminopurine group,
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suggesting the proton resides at the opposite end of the ions to the
phosphate group. For AMP, ADP and ATP, one could easily shift
fragmentation across the molecule by changing where the electron from
the EID process interacted; the attraction to the proton and the sodium
cation or cations biased where the electron ended up and so targeted
fragmentation could be achieved. With fostamatanib, the only way this
could be feasible would be to attach a group, similar in pKa to the
aminopurine group on AMP, ADP and ATP. When studying phosphorylated
ions, this study indicates that the most diagnostic and prolific tandem mass
spectrometric information can be gained by performing EID on a

monosodium species.
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3.2. Characterisation of small pharmaceutical molecules by

electron-transfer dissociation

For the first time, electron-transfer dissociation has been successfully performed
on doubly protonated pharmaceutical molecules. Both electron-transfer and
proton-transfer has been observed for a selection of ions, with the product ion
spectra resulting from electron-transfer offering the most useful information. For
the majority of ions tested, information complementary to CID was produced,

useful in aiding structural elucidation studies.

3.2.1. Results and discussion
3.2.1.1. ETD and CID of cediranib
Cediranib is a small molecule of pharmaceutical interest which was
developed by AstraZeneca as an anti-cancer chemotherapeutic agent. It
was chosen for study due to the formation of [cediranib + H]* and [cediranib
+ 2H]?* following ESI. The vibrational dissociation of [cediranib + H]* and
[cediranib + 2H]?>* (Figure 3.2.1) have been well documented, with more
bond cleavages observed due to the higher internal energy of the doubly
protonated precursor ion. [78] This is explained by RRKM theories of
unimolecular dissociations, as covered in Section 1.2.3.1. [58-60] For a
direct comparison, the CID product ion spectrum is shown in Figure 3.2.2e
and Figure 3.2.2f, with peak assignments available in the appendix. ECD
of [cediranib + 2H]?>* and EID of [cediranib + H]* have also been studied
previously, with complementary product ions to CID being formed (Section
1.2.3.2 and 1.2.3.3). [86, 104] In order to compare the product ion spectra,

ECD of [cediranib + 2H]** can be seen in Figure 3.2.2c and EID of
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[cediranib + H]* in Figure 3.2.2d, with peak assignments also found in the

appendix.

L E ol T

jo F
| CQ A N
=
N 0 N
K
D P B
Figure 3.2.1. Cediranib with cleavage sites relating to Figure 3.2.2.

Following on from the successful application of EID on singly charged ions,
there is the potential for ETD, an alternative electron-based dissociation
technique, to be applied to the study of singly charged molecules. In order
to investigate this, a 1 pg/mL solution of cediranib made up in 0.1% formic
acid in 50:50 water : acetonitrile, was directly infused into a Waters Synapt
G2-S in ESI mode. [Cediranib + H]* was isolated by the quadrupole and
ETD performed in the trap region of the TriWave using p-nitrotoluene anion
as the ETD reagent. Figure 3.2.2b shows the product ion spectrum from

this experiment.
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Figure 3.2.2. Cediranib MSMS for a) [M + 2H]2+ ETD, b) [M + H]* ETD, c) [M + 2H]?+
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No significant fragmentation was induced following ETD of [cediranib + H]*.
The low abundance ions seen from m/z 413.3 to 440.0 could not be
assigned by accurate mass and are likely noise or impurities. The
reasoning for ETD not successfully forming product ions for [cediranib +
H]* could be that any electrons transferred to [cediranib + H]* would simply
neutralise the ions. In EID, a ‘fast’ electron causes secondary ionisation
with a ‘slow’ electron then being captured to form an electronically excited
precursor ion inducing fragmentation, whereas, the electron transferred in
ETD is done by way of a chemical reaction and is unlikely to cause
secondary ionisation. Due to cediranib forming both [cediranib + H]* and
[cediranib + 2H]?* by ESI, ETD was performed on [cediranib + 2H]?* with

the product ion spectrum shown in Figure 3.2.2a.

ETD of [cediranib + 2H]?>* was, for the first time, successfully performed.
Proton-transfer was observed following the interaction of the p-nitrotoluene
radical anion with the doubly protonated cediranib (Reaction 3.2.1). This
was determined by the mass of the singly charged cediranib peak at m/z
451.2139 corresponding to [cediranib + H]* (-0.6 ppm) and the peak at m/z
452.2134 corresponding to the 13C isotopologue, with the relative
abundance of the '3C peak concurrent with this assignment. If a small
amount of [cediranib + 2H]* were produced, the Synapt G2-S does not

have the 7.5 x 105 resolving power required to separate the two species.
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[M + 2H]2* + [DNT]™ = [M + HJ* + [ONT + H]*
Reaction 3.2.1. Doubly protonated species reacting with a p-nitrotoluene radical anion,

resulting in proton-transfer.

The product ions formed by ETD are for the most part a combination of
those seen by CID and ECD. Like ECD, ETD formed product ions not
observed by CID, suggesting that an electronic dissociation mechanism
similar to ECD is taking place, alongside a vibrational mechanism. [78, 84]
A unique product ion formed by cross-ring cleavage at the pyrrolidine ring
(IK) is seen to occur by ETD (m/z 409.1678, [C22H22N4O3F]*, 0.5 ppm).
Although cross-ring cleavage by CID has been observed, it is rare and
generally formed by MS" experiments, where product ions undergo further
collisions resulting in ion activation and dissociation, whereas this type of
bond dissociation is common for electronic mechanisms. This suggests an
electronic mechanism is occurring alongside vibrational dissociation. [118]
Other unique product ions observed by ETD include two product ions likely
formed by cleavage L and E at the methoxy region of the ion as shown in
Figure 3.2.3 (m/z 437.1968 and 421.2010, [C24H26N4OsF]* and

[C24H26N4O2F]*, -4.8 ppm and -7.1 ppm respectively).
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Figure 3.2.3. Fragmentation tree for formation of L and E from [cediranib + 2H]2+

following proton-transfer to the ETD reagent radical anion forming [cediranib + H]J*.

There is evidence of a two-step process, with proton-transfer occurring
followed by vibrational dissociation. This is supported by the relative peak
intensities of m/z 338.0938 (Figure 3.2.4) and 340.1086 (Figure 3.4.5)
relating to cleavage at A (-0.9 ppm and -1.8 ppm respectively). The CID
and ECD product ion spectra for [M + 2H]?+ cediranib both result in an
approximately 3:1 relative peak intensity ratio of m/z 338.0938 to m/z
340.1086, whereas when the same precursor ion undergoes ETD, m/z
340.1086 is formed exclusively. If these data are compared with CID and
EID of [M + H]* cediranib, only the product ion at m/z 340.0886 is observed
for cleavage at A. This strongly suggests that proton-transfer, followed by
dissociation, is taking place. Conversely, the reciprocal fragment (m/z
112.1121) is not formed by ETD where this ion was observed by CID of

[cediranib + H]*. It is likely that both these ions are formed by CID of
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[cediranib + H]* as sites at either end of the molecule could be protonated.
This would suggest that proton transfer is always taking place from the
propylpyrrolidine arm, resulting in neutralisation of that moiety prior to
fragmentation.
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F

/O N
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O‘ "0 N miz 226.1106
A
( ) IC.GH‘ZFNaoa +HP*
m/z 338.0935

Figure 3.2.4. Proposed fragmentation tree for formation of A for CID of [cebiranib +

2HJe+

H +
H
m
[C2sH27FN4O5 + H]*
m/z 451.2140

/\/\ )

/ x
N
[C7H4aN + H]* /

m/z112.1121
O

Lo) F
P Xy
[C1gH14FN3O3 + H]*
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HO N

Figure 3.2.5. Proposed fragmentation tree for formation of A and B for CID of [cebiranib

+ HJ+.
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3.2.1.2. ETD and CID of AZD9291

When ETD is performed on [AZD9291 + 2H]** (Figure 3.2.6), the
competitive nature of proton-transfer verses electron-transfer is
exemplified, with an obvious mix of both occurring (Reaction 3.2.1 and
3.2.2), as can be seen by observing the charge reduced precursor species,
with m/z 500.2767 relating to the [AZD9291 + H]* species (-1.4 ppm) and
m/z 501.2846 relating to the [AZD9291 + 2H]* species (-0.8 ppm) (Figure

3.2.7).

[M + 2HJ2* + pNT=* > [M + 2H]** + pNT
Reaction 3.2.2. Doubly protonated species reacting with a p-nitrotoluene radical anion

resulting in electron-transfer.

Figure 3.2.6. AZD9291 with cleavage sites relating to Figure 3.2.8.
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Figure 3.2.7. Model and experimental data showing the mix of electron-transfer and

proton-transfer following ETD of [AZD9291 + 2H]2+ resulting in [AZD9291 + 2H]+ and

[AZD9291 + HJ* where a) experimental data showing the isotopic profile around the

mass of singly protonated AZD9291, b) theoretical isotopic profile of [AZD9291 + H]+

and c) theoretical isotopic profile of [AZD9291 + 2H]*. This data confirms the presence

of both [AZD9291 + HJ*+and [AZD9291 + 2H]*+, meaning both proton-transfer from

[AZD9291 + 2H]2+ to [pNT]- And electron-transfer from [pNT]- To [AZD9291 + 2H]2+
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Figure 3.2.8. AZD9291 MSMS a) [AZD9291 + 2H]2+ ETD, b) [AZD9291 + 2H]+ ECD, c)

[AZD9291 + 2H]2+ CID and d) [AZD9291 + H]+ CID.

ETD and CID of [AZD9291 + 2H]?>* and CID of [AZD9291 + H]*form product
ions unique to each technique, with all ions formed by ECD of [AZD9291 +
2H]?+ also observed by either ETD or CID (Figure 3.2.8a-d). ETD resulted
in loss of C2H2N (Figure 3.2.8a) (m/z 458.2481, [C2sH30NsO2]*, -0.9 ppm)
and is likely the result of a complex rearrangement. The product ion relating
to cleavage | (m/z 277.1798, [C1sH23N302]*, -0.4 ppm) was also only

observed by ETD (Figure 3.2.9), whereas cleavage J (m/z 225.1131,
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[C13H13N4]*, -4.0ppm), observed only by CID is formed by the same bond
cleaving, but with the other half of the precursor ion retaining the charge

showing mechanistic differences between the two techniques.
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Figure 3.2.9. Proposed fragmentation tree for formation of A, Al, O and I for ETD of

[AZD9291 + 2H]2-.
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Figure 3.2.10. Proposed fragmentation tree for formation of J and G for CID of

[AZD9291 + HJ+.
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Unique to ETD and ECD was extensive cleavage along the
tetramethylethane-1,2-diamine group, with cleavages A and O (m/z
443.2188, [C25H27NsO2]*, -1.5 ppm and m/z 399.1699, [C23H21Ns02]*, 1.0
ppm respectively), suggesting that this region of the molecule is liable to
protonate (Figure 3.2.9). Heavy fragmentation in this area of the precursor
ion is further supported by cleavage Al (m/z 219.1138, [C12H15N202]* 2.3
ppm) which is also only formed by ETD and ECD, with some secondary
fragmentation taking place (Figure 3.2.9). As all three ions are only formed
by ECD and ETD, it would suggest that these ions are the result of an

electronic dissociation mechanism.

A peak at m/z 374.1777 was only observed by CID of [AZD9291 + 2H]?*.
Exact mass measurement suggests this peak corresponds to [C21H22NeO]*
with -2.7ppm error and is proposed to result from a complex rearrangement
rather than simple bond-cleavages annotated in Figure 3.2.3. In
comparison to CID of [AZD9291 + 2H]?+, CID of [AZD9291 + H]* resulted
in limited fragmentation, again highlighting the need for development of
small molecule dissociation techniques. A unique product ion formed by
cleavage at G (m/z427.2142, [C24H23N60O2]*, -1.2 ppm) is observed by CID
of [AZD5672 + H]* (Figure 3.2.10)). Although this bond was cleaved by CID
of [M + 2HJ?*, it was always combined with another bond dissociation
occurring concurrently. These data demonstrate that complementary
product ion spectra can be generated for a single molecule, by varying the

dissociation technique used and the charge-state of the precursor ion
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fragmented. Purely comparing ETD and CID of [AZD9291 + 2H]?*, 78% of
the number of product ions formed as a result of ETD were unique and had
never been observed for this ion. Bond dissociation was mainly
concentrated around the central benzene ring which is surrounded by
heteroatoms (likely protonation sites). CID of [AZD9291+ 2H]?* resulted in
a much richer product ion spectrum compared with CID of [AZD9291 + H]*,
which has been previously noted as being due to the doubly protonated
molecule being a higher energy species. [58-60] Table 3.2.1 shows a
summary of product ions useful for the characterisation of this ion, along
with the techniques by which they were generated. CID and ETD both
produce unique product ions, whereas those formed by ECD were also
formed by ETD. ECD does however have the benefit of being a more
efficient technique (due to higher electron energy, trapping times and
interaction time) with respect to product ion formation when compared with
ETD, but has the drawback of requiring expensive FT-ICR or orbitrap

instruments for high resolution data. [95, 184]

Product ion (m/z) | Cleavage | CID | ECD | ETD
225.0 J v x x
427.2 G v x x
443.2 A x v v
399.2 O x v v
219.1 Al x v v
458.2 -C2H2N x x v
277.2 I x x v

Table 3.2.1. Summary of AZD9291 product ions formed by different dissociation

techniques.
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As AZD9291 resulted in a mix of proton-transfer and electron-transfer
following interaction with p-nitrotoluene radical anions, an experiment to
determine whether instrumental parameters could be optimised to bias
either reaction, was performed. For this experiment, the source settings
were set to form analyte precursor ions with an absolute intensity of 5x104
counts per push and ETD reagent anions with an absolute intensity of
1x108 counts per push. Trap wave height was optimised as this parameter
controls how closely the analyte cation and the ETD reagent anion are
squeezed together in the trap region of the TriWave, and was tested over
the range of 0.5 V to 0.1 V (Table 3.2.2), with the maximised efficiency
seen at 0.2 V. The size of the analyte cations is proportional to the wave
height, therefore the wave height optimised for small molecules (0.2 V) is
smaller than that generally used for larger peptides (0.4 V). Although the
intensity of product ions were altered, the difference in proton-transfer and
electron-transfer was negligible. The trap gas flow rate (used for collisional
cooling of ions) was also investigated over the range of 10 mL/min to 40
mL/min. Although this did not greatly change the ratio of electron-transfer
to proton-transfer reactions occurring, product ions thought to be a result
of vibrational dissociation were reduced in abundance at lower flow rates.
This is to be expected as if more gas is present in the trap, the ions have
more chance of a collision, therefore being more likely to result in
vibrational dissociation. Modifications to the wave velocity setting, which
controls the speed of the traveling wave through the TriWave and therefore

the ion/ion reaction time was tested at different velocities. However
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changing from 300 ms was not seen to have significant effect on the

product ion spectra.

[AZD9291 + H]* | [AZD9291+ 2H]* Eﬂg
Intensity Intensity PT
0.1 1.70E+05 5.52E+05 3.2
Trap Wave Height | 0.2 2.74E+05 8.92E+05 3.3
(V) 0.3 4.23E+05 1.31E+06 3.2
0.5 2.76E+05 7.48E+05 2.7
200 2.96E+05 1.06E+06 3.6
Trap Wave Velocity | 300 2.98E+05 1.06E+06 3.6
(ms) 400 2.12E+05 7.41E+05 3.5
500 1.49E+05 4.98E+05 3.3
10 3.58E+05 9.98E+05 2.8
Trap gas flow rate 20 2.88E+05 1.01E+06 3.5
(mL/min) 30 1.89E+05 6.72E+05 3.6
40 9.53E+04 3.20E+05 3.4

Table 3.2.2. ETD parameters with resulting peak intensities for [AZD9291 + H]+ and

[AZD9291 + 2H]*+ ET = electron transfer, PT = proton transfer with the numbers in bold

showing optimum parameters.

The parameters which gave the most efficient ETD for AZD9291, and

therefore used for all future ETD on small molecules were a trap wave

height of 0.2 V, a trap wave velocity of 300 ms and a trap gas flow rate of

30 mL/min.
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3.2.1.3. ETD and CID of AZD5672

[AZD5672 + 2H]?* (Figure 3.2.11) was formed by chemical supercharging
ESI (See Chapter 3.3). Interaction with the p-nitrotoluene anion resulted in
proton-transfer occurring (Reaction 3.2.1). As with ETD of [cediranib +
2H]?*, ETD of [AZD5672 + 2H]** (Figure 3.2.12a) resulted in limited

cleavages.

Figure 3.2.11. AZD5672 with cleavage sites relating to Figure 3.2.8.
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Figure 3.2.12. AZD5672 MSMS for a) [M + 2H]2+ ETD, b) [M + 2H]2+ CID and c) [M + H]*
CID showing limited bond cleavage by ETD, with many more product ions being formed

by CID.

A small neutral loss of -CH2 was observed resulting in m/z 626.2531
([CaoH42N3OsF2S2]*, 0.5 ppm) as was the loss of -OH at m/z 624.2731
([C31H44N30O4F2S2]*, 0.5 ppm). Although these product ions are unique to
ETD, they are of limited use for characterisation purposes. Cleavage AB
(Figure 3.2.13), the loss of both hydrosulfonylmethane groups, was also
only observed by ETD (m/z 482.2974, [C29H3sN3OF2]*, -1.9 ppm). This is

interesting as although cleavage A might be expected being close to a
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possible protonation site, B seems less likely. Cleavage A or B occurs
concurrently to cleavage E (Figure 3.2.13), the loss of the difluorobenzene
ring (m/z 448.2619, [C24H3sN303S]*, -1.8 ppm). The only other unique ion
produced by ETD was m/z 472.2444 relating to cleavage at G
([C23H36N303F2S]*, 0.6 ppm). CID of [M + 2H]?* resulted in many more
product ions compared with ETD, with cleavages observed across the
entire ion. The generation of this product ion spectrum is also novel, as this
is the first time [AZD5672 + 2H]** has been formed. For this ion, the data
shows that for the most complete characterisation of AZD5672, CID of [M
+ 2HJ?* should be performed. While proton-transfer is the dominating

reaction, product ion spectra produced by ETD may be of limited use.

+
Wl
0 [C3vH43F2N30532 +HJ
|| \
+
H
\ o_‘

AB N sf
N
o o]
N
T\

[C24H37N303S + HJ*
ﬁ; m/z 448.2628

[CagH37F N30 + HJ*
m/z 482.2977

[CZJHSSFZN 303S + HJ*
m/z 472.2440

Figure 3.2.13. Fragmentation tree for formation of G, AB and AE from [AZD5672 + 2H]2+

following proton-transfer to the ETD reagent radical anion forming [AZD5672 + H]+.
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3.21.4. ETD and CID of [1,1'-Biphenyl]-3,3',4,4'-

tetramine

The interaction of [3,3-diaminobenzidine + 2H]*>* (Figure 3.2.14) with p-

nitrotoluene resulted in proton-transfer (Reaction 3.2.1, Figure 3.2.15).

n+
A nH|

NH,

H,N
H.N

H,N

Figure 3.2.14. [1,1'-Biphenyl]-3,3',4,4'-tetramine (3,3-diaminobenzidine, DAB) with

cleavage sites relating to Figure 3.2.15.
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Figure 3.2.15. 1,3-diaminobenzidine MSMS a) [M + 2H]2+ ETD, b) [M + 2H]2+ CID and c)
[M + H]* CID. Product ions in the ETD spectrum that appear 1 Da heavier than their
counter-parts in the CID spectra are an artefact of the ETD process, where the addition

of H- is observed.

The main product ions observed by ETD are very similar to those formed
by CID of both [1,3-diaminobenzidine + 2H]?* and [1,3-diaminobenzidine +
H]*. This is the same relationship observed for other analytes whose doubly
protonated molecules underwent proton-transfer following interaction with
p-nitrotoluene. Loss of NHz: (m/z 199.1097, [Ci2H13Na*, 1.5 ppm) is
observed by ETD, whereas CID results in loss of NHs (m/z 198.1016,
[C12H12N2]*, 1.0 ppm). There is a mechanistic difference here between CID
and ETD, showing that a non-vibrational mechanism is occurring following

the proton-transfer ETD process. Cleavage at B (Figure 3.2.16, m/z
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108.0607, [CeHsN2]*, 5.6 ppm) is observed, however the mass accuracy of
this product ion is larger than for others due to the proximity of another
product ion which has less than 0.01 Da mass difference. These two peaks
are not isotopically resolved, so when using Waters’ MassLynx data
processing tools to generate accurate mass, centroided data from the
continuum data was recorded, the centring of the data is non-optimal,

resulting in poor accurate mass.

2+
2H

NH;
[CioH14N4 + 2H]2’

HoN m/z 108.0682
N NH,

HoN— Sy

+.
HoN b
+.
NH, H :@
b (CeHN; + HI*

H,N
O m/z 108.0682

[C42H12Ng + HJ*
m/z 199.1104

Figure 3.2.16. Proposed fragmentation tree for formation of A and B for ETD of [DAB +

2HJ2-.

The lack of m/z 154.0709 ([C11HsN]*, -0.6ppm) in the ETD tandem mass
spectrum, which is observed in both CID spectra is interesting, and again
shows mechanistic differences. Instead, m/z 157.1003 ([Ci2H13]*, -1.3
ppm) is observed by ETD, but not by CID. The difference here is a
rearrangement of one of the benzene rings to include a nitrogen with CID,
whereas with ETD, a bipyridyl structure is formed as shown in Figure

3.2.17. This could be further evidence for an electronic type mechanism,
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where vibrational mechanisms occur on a relatively slow time scale
allowing for rearrangement of the benzene ring to include a nitrogen. An
electronic mechanism happens on a much faster timescale, perhaps not
allowing for this rearrangement, and therefore resulting in the bipyridyl ring;

a stable carbocation at m/z157.1003. [185-187]

= |N = |NF|
AN N X
+ N /
m/z 154.0651 m/z 157.0760

Figure 3.2.17. Proposed structures of product ions at m/z 154.0709 and m/z 157.1003.

3.2.1.5. ETD and CID of chloroquine

ETD of [chloroquine + 2H]?* (Figure 3.2.18) was successfully performed.

(Figure 3.2.19a).

\

Cl N

Figure 3.2.18. Chloroquine with cleavage sites relating to Figure 3.2.14.
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Following interaction with the p-nitrotoluene radical anion, proton-transfer

was seen to exclusively occur (Reaction 3.2.1).
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Figure 3.2.19. Chloroquine MSMS for a) [M + 2H]2+ ETD, b) [M + 2H]2+ CID and c¢) [M +

H]+ CID. Product ions in the ETD spectrum that appear 1 Da heavier than their counter-

parts in the CID spectra are an artefact of the ETD process, where the addition of H- is

observed.
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~ [C1sH2sN5Cl + 2HJ2*
m/z 321.1961
/
Cl N
K/N ‘
Y . )
H H
N N
N \/
HN ~~ OK/ON HIN
N [C1gHa2N5Cl + HJ* N CygHzyNal + HJ*
m/z 292.1575 m/z 256.1808
S S
Cl N N

Figure 3.2.20. Proposed fragmentation tree for formation of K/N and OK/ON for ETD of

[DAB + 2HJ?+.

ETD of [chloroquine + 2H]?* formed two unique product ions, both relating
to loss of the chlorine atom, cleavage O (m/z 285.2238, [C1sH27Ns]*, 11.6
ppm error ) and OK or ON (m/z 256.1756, [C1sH22Ns]*, -22.6 ppm error)
which may be charge remote fragmentation. (Figure 3.2.20) [95] This is
interesting, as chlorine has a delta negative charge due to the electrons in
its outer shell. This is an important observation, as it suggests that the
inclusion of a halogen in the precursor ion could play a role in retarding the
electron-transfer process and making it more energetically likely to lose
one of the protons from the doubly protonated molecule. This is supported
by the fact that both cediranib and AZD5672 both underwent proton-
transfer, with both containing a halogen, whereas AZD9291, which does
not contain a halogen underwent electron-transfer. Another possible train

of thought is the electronegative halogen attracts one of the protons on the
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doubly protonated molecule, and then cleaves from the ion as HCI but a
larger sample of molecules would be required to follow this further. CID of
[chloroquine + 2H]?* (Figure 3.2.19b) formed significantly more product
ions compared with CID of [chloroquine + H]* (Figure 3.2.19c) with the

majority of bonds across the ion being fragmented.
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3.2.2. Conclusions

For the first time, ETD has been performed on small doubly protonated
molecules. Like ETD of peptides, a competitive reaction of proton-transfer and
electron-transfer was observed, with anecdotal evidence of interaction with
heteroatoms influencing the result. No fragmentation was observed when ETD
was performed on [M + H]*, most likely due to the lack of a fast electron to cause
secondary ionisation, as postulated in EID. ETD is known to be affected by the
charge density of the precursor ion (i.e. the number of charges per ion), and in
peptides, ETD of [M + 3H]*+ and [M + 4H]*+ have been shown to be more efficient
than [M + 2H]?* in terms of the relative abundance of product ions compared with
the relative abundance of the precursor ion. [92-94] This is an important
observation, as even though all precursor ions studied here only formed [M +

2H]?*, observable and diagnostic product ions were formed.

When electron-transfer occurs, many unique product ions are formed. If proton-
transfer occurs, the resulting product ion spectra are largely comparable to those
produced by CID. Overall, these data show that for small doubly protonated
molecules, complementary product ion spectra can be generated by using CID
and ETD, which can aid structural elucidation, particularly for molecules where
breaking a ring provides the key piece of information. These unique peaks are
likely formed by electronic dissociation. However, with the resolution available on
the Synapt G2-S, the isotopic profile of [M + H]* prevents a confident

confirmation. This could be determined by further study using a FT-ICR
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instrument with 1 x 10° resolving power. By using ETD alone, product ions formed
as a result of probable electronic and vibrational dissociation mechanisms can
be formed, technically making this is a more useful technique. However, the low
abundance of many product ions observed by ETD make CID more practical.
Previous theories about the competitive nature of proton-transfer and electron-
transfer as discussed in the introduction have been supported. [93, 96, 98, 100,
188] These data show that instrument parameters have a limited effect on this
competition, and that the physiochemical properties, such as electron and proton
affinities and Franck-Condon factors of the analyte ions, are the driving factor. In
proteins and peptides, the ideal characteristics for the reagent anion would be a
low electron affinity, and Franck-Condon factors between the anion and the
equivalent neutral not being too low. [97] The reagent used in this study was p-
nitrotoluene which has been shown to meet these criteria, leading the most likely
explanation of the observed cases of proton-transfer occurring in favour of
electron-transfer, being due to the low charge density of the precursor ions, or

analyte specific (e.g. halogen content) differences.
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3.3. Supercharging small organic molecules

Chemical supercharging has been previously studied for the analysis of proteins and
polymers. It has been shown that the addition of supercharging reagents (SCRs) to an
ESI solution can bias the charge-state distribution toward higher charge-states. [120]
When studying MSMS of small organic ions, it has been shown that diagnostically
relevant information can be generated by fragmenting both [M + H]+ and [M + 2H]2+, with
efficiency and increased pathways being linked to charge. [104, 127, 189] In this chapter,
a range of SCRs have been tested for the study of small organic ions. Section 3.3.1.3.-
3.3.1.9. shows a selection of the data collected, along with observations of note. Section
3.3.1.10. summarises the data, in order to make the discussion in Section 3.3.1.11. more

accessible.

3.3.1. Results and discussion

3.3.1.1. Addition of SCRs to ESI solution

The instrument was set-up as shown in Figure 3.3.1, with analyte and SCR being
introduced into the ion source via a dual syringe pump connected to a T-piece.

_~ Syringe pump

Analyte
SCR

- T-piece

lon Source

Figure 3.3.1. Inlet configuration for SCR experiments where analyte and SCR are introduced into the
source at the same time using a dual syringe pump connected to a T-piece which flows directly into the

ESI needle.
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Table 3.3.1 show the 7 small molecules of pharmaceutical interest chosen for
study. The SCRs studied were informed by previous work performed on peptides,
proteins and polymers with the range of concentrations tested for each SCR are
shown in Table 3.3.2. The analytes concentration was 1 png/mL made up in 0.1%
formic acid in 50:50 water : acetonitrile. As two syringes are flowing, a 50%
dilution in the T-piece takes place resulting in an analyte concentration of 0.5

ug/mL. Data were collected for 1 minute with a scan rate of 1 scan per second.
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Compound

Structure

Monoisotopic Mass (Da)

Cediranib o " 450.2067
C/N/\/\ N)
AZD9291 499.2696
:@i /\/ ~
AZD5672 . . ¢ 639.2612
"\\5/"©\/‘%A CLJ\/@ ’
/\\o k
\0
10T O
Fostamatanib Ny \")\u 580.1483
i
O=T—OH
AZD2171 BQ w
o < 429.1489
Indole : . P
L
AZD5672 Y i P
7 " 0 o 520.1707
Bisamide O\Nw
7
AZD5672 N\~
CLN ok 324.1508
Precursor P

Table 3.3.1. Analyte molecules chosen for study.
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Compound

(3-nitrophenyl)methanol
(m-nitrobenzyl alcohol,
mNBA) [120, 190]

2-(3-nitrophenyl)ethan-1-
ol
(mNPEA) [139]

3-nitrobenzonitrile
(mNBN) [139]

Tetrahydrothiphene 1,1-
dioxide
(Sulfolane) [139]

Thiophen-2(5H)-one
(Thiophenone) [143]

Hydroxymethyl-1,3-

dioxolan-2-one (Glycerol-

1,3-carbonate) [143]

(methylsulfinyl)methane
(Dimethyl sulfoxide,
DMSO) [132]

Structure

o~ n

P

[e]

w

Monoisotopic
Mass (Da)

153.0426

167.0582

148.0273

120.0245

99.9983

118.0266

78.0139

Concentration Acidity at
(ng/mL) 25°C (pKa)
0-19.5ug/mL  13.61[179]
0-10.4 pug/mL  14.47 [178]
0—-3.9 ng/mL -
0 — 40 pg/mL 12.9 [193]
0—-10 pg/mL -
0 -2 pg/mL 14.57 [178]
0-60.5 ung/mL -

Boiling

?egf;l'_?)’ Point (°C at 760
9 mmHg)
13

[191] 402.2-409.5 [191]

1.3 281.3 +23.0
[192] [192]
1.3
(192] 311.0 [191]
1.3
(161] 285.0 [191]
1.4 3225+ 15.0
[192] [192]
1.4 353.9 + 15.0
[192] [192]
11 189.0 [191]

[191]

Table 3.3.2. SCRs tested and their relevant physiochemical properties.

148

Surface Tension
of pure liquid

(dyne cm-)

57.0 + 3.0 [192]

51.6 + 3.0 [192]

58.2 + 5.0 [192]

35.6 + 3.0 [192]

67.6 + 5.0 [192]

44.2 + 3.0 [192]

43.7 + 3.0 [192]



3.3.1.2 Optimising ion source settings for [M + 2H]?*

lon source settings were optimised on an analyte-to-analyte basis. An
example of how optimisation was performed using AZD5672 and sulfolane
(1 uL/mL) is shown in Figure 3.3.2. The ratio of absolute intensity of [M +
2H]?+ : [M + H]* was compared when source parameters were set to
different values (shown on the x-axis as n : 1). The source parameters

plotted represent the extremes manufacture recommended settings.
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Figure 3.3.2. Effect of individual source parameters on the ratio of absolute intensity of
[M + 2H]2+ : [M + H]+ for AZD5672. Error bars were calculated from the standard

deviation of 3 repeat measurements.
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When comparing the different settings for each parameter, source
temperature and source offset voltage showed little effect on the relative
formation of [M + 2H]?*. At the higher sample cone and capillary voltages
it is likely that in-source fragmentation causes charge reduction from [M +
2H]?* to [M + H]*, leading to a lower ratio of [M + 2H]?>* : [M + H]*. Although
the lower sample flow rate was shown to give a higher ratio of [M + 2H]?* :
[M + HJ]*, a stable spray could not always be achieved with a stable flow
rate of 10 uL/min so this was set at the lowest setting where a stable spray
was consistently generated (20 uL/min). All analogous experiments were
performed with a range of supercharging reagents (Table 3.3.2) and with
seven analytes (Table 3.3.1). Parameters which were optimal for the
different analytes, regardless of SCR are given in Table 3.3.3. Although
similar results were observed for all analytes tested with all SCRs,
desolvation temperature, flow rate, and capillary voltage were seen to have
different affects for each analyte. Different SCRs had no affect and this
likely has more to do with the affinity of each molecule to doubly protonate.
Table 3.3.4 shows the optimised source parameters used for the four

analytes observed as [M + 2H]?*.

Source Parameter Setting
Source Temperature (°C) 150
Sample Cone Voltage (V) 20
Source Offset Voltage (V) 10

Cone Gas Flow Rate (L/Hr) 100
Sample Flow Rate (uL/min) 20

Table 3.3.3. Optimum global ion source parameters to promote [M + 2H]2+ formation.
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Source Cediranib | AZD9291 | AZD5672 | Fostamatanib

Parameter
Desolvation goas 200 650 650 200
temperature (°C)
Desolvation gas

flow (L/hr) 300 600 090 >0
Capillary voltage

(V) 1 : i !

Table 3.3.4. Analyte specific optimum ion source parameters to promote [M + 2H]2+
formation.

A comparison of desolvation gas temperature settings for AZD5672 is
shown in Figure 3.3.3 to confirm precursor ions are not adversely affected
by factors such as thermal decomposition. The spectra show that the
higher desolvation temperature had an enhancing effect on the ionisation
of all ions formed. A small increase in the level of dissociation is noted by
observing m/z 399.2053 ([C20H20N202F2S]*, -1.8 ppm), a product ion only
observed by CID of [AZD5672 + 2H]** of AZD5672 (See Section 3.2.1.3).
The increase in the formation of [M + 2H]** (875%, Figure 3.3.2) at the
higher desolvation temperature is more than the increase in formation of
[M + HJ* (66%). It is possible that the increase in formation of [M + H]* is in
part the result of charge stripping of [M + 2H]?>*. No adverse effects, other
than a small increase in dissociation, were observed by the use of a higher

desolvation temperature setting.
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Figure 3.3.3. Stacked spectra of AZD5672 with 1.3 ng/mL sulfolane with desolvation

temperature set to a) 650°C and b) 400°C.

3.3.1.3. (3-nitrophenyl)methanol as a SCR

The addition of (3-nitrophenyl)methanol (commonly known as m-
nitrobenzyl alcohol, mNBA) to the ESI solution, resulted in the formation of
[M + 2H]?* for cediranib, AZD9291 and AZD5672 only, from the seven
compounds tested. ESI of cediranib and AZD9291 form [M + 2H]?>* without
any SCR, but a change in the ratio of absolute intensity of [M + 2H]?>* to [M
+ H]* was observed (Figures 3.3.4 and 3.3.5). Figure 3.3.4 shows the
relationship between the concentration of mNBA and the ratio of relative
intensity of [M + 2H]?* to [M + H]* for cediranib. The errors were calculated

based on the standard deviation between three measurements.
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Figure 3.3.4. Effect of mNBA concentration on relative ion intensity ratio of [M + 2H]2+ :

[M + H]* for cediranib plotted for three repeated measurements.

Initially, when a low concentration of mNBA was added to the ESI solution,
more [M + 2H]?* cebiranib was formed compared with [M + H]*. The
concentration that produced the highest ratio of [M + 2H]?>* : [M + H]* is 5
pL/mL. When a greater concentration than 5 uL/mL was used the ratio
slowly reduced, which is shown to be due to ion suppression of the analyte

species by [MNBA + H]* (Figure 3.3.6).
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Figure 3.3.5. Effect of mNBA concentration on relative ion intensity ratio of [M + 2H]2+ :

[M + H+ for AZD9291.
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Figure 3.3.6. Comparison of cediranib spectra averaged for one minute with a) 19 ug/mL

and b) 1.95 pg/mL mNBA. *Denotes

accuracy of [MNBA]* is

likely impurities in the mNBA solution. Mass

poor in a) due to ion saturation.

The ratio of [M + 2H]?* : [M + H]* AZD9291 with changing concentration of

mNBA is shown in Figure 3.3.5.

2H]?+ and [M + HJ*, yet the ratio of

AZD9291 is normally observed as [M +

double to singly charged ion abundance
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can be seen to change as a function of SCR concentration. The same
relationship observed for cediranib is clear here for AZD9291, with [M +
2H]?* : [M + H]* increasing with the initial addition of mNBA, reaching the

maximum ratio of 8.5 at 3.9 pg/mL mNBA then decreasing.

AZD5672 is usually only observed as [M + H]*, although by optimising ion
source parameters a low abundance [M + 2H]?>* was formed. This required
desolvation temperature and flow rate to be set much higher than standard
source settings (650°C and 600 L/hr respectively). The addition of mNBA
increased the intensity of [M + 2H]?* relative to [M + H]* as shown in Figure
3.3.7. This is interesting, as requirement of a high desolvation temperature
and flow rate suggest droplets need to evaporate faster to form [M + 2H]?+,
however the addition of mNBA to the ESI would slow droplet evaporation

due to the increased boiling point of the droplet composition.
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Figure 3.3.7. Effect of mNBA concentration on relative ion intensity ratio of [M + 2H]2+ :

[M + H]+ for AZD5672.
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In contrast to cediranib and AZD9291, AZD5672 has a very low ratio of [M
+ 2H]?>* : [M + H]*. Although the benefit of only reaching a maximum ratio
of 0.037 may not be obvious, this produced enough of an increase in the
signal-to-noise ratio for [M + 2H]?>* to enable this ion to be cleanly isolated
for MSMS. Figure 3.3.8a shows a typical mass spectrum for AZD5672
without the addition of any SCR. Signal-to-noise is poor around m/z 321.6
which would lead to difficulties in clean isolation. Figure 3.3.8b shows that
when 1.3 pg/mL of mNBA is included in the ESI solution, a suitable signal-

to-noise ratio for MSMS is achieved.

100- 3213 5.92e5
a) 0 yg/mL mNBA
. [M + 2H]?*
2
320.6
319.3 3223 325.0
| N ol T 7
/
0 _T’”“ T T T L T T T T M m/z
318 319 320 321 322 323 324 325 326
[M + 2H]2*
100- 320.7 2.27e7
b) 1.3 ug/mL mNBA
BQ_
321.2
3213
Jbu } 3222 325.2
0 T == T T |_A_‘ T T - I_A_ |_'_n' m/z
318 319 320 321 322 323 324 325 326

Figure 3.3.8. Mass spectra for AZD5672, focusing on m/z of [M + 2H]2+ AZD5672 when
a) no SCR is added and b) 1.3 ug/mL mNBA is added to the ESI solution. Continuum
data is displayed above so peak shape can be assessed, therefore the data is non-

lockmass corrected (i.e. not accurate mass measurement data).

The percentage increase in the ratio of [M + 2H]?>* : [M + H]* for cediranib,

AZD9291 and AZD5672 is shown in Figure 3.3.9. This shows that mNBA
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had the largest effect on the formation of AZD5672 and AZD9291 [M +
2H]?+ with respect to [M + HJ*, and that 1.3-2.6 ug/mL mNBA has an
enhancing effect on the formation of [M + 2H]?>+ with respect to [M + H]* for

all three analytes.
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Figure 3.3.9. Percentage increase in ratio of [M + 2H]2+ : [M + H]* for AZD5672 (left y-

axis), cediranib and AZD9291(right y-axis) with a range of mNBA concentrations.

The absolute intensity of [M + 2H]?* is an important factor when performing
certain types of MSMS, such as ETD, as a stable and suitable peak
intensity is required. Figure 3.3.10 shows the relative peak intensities of [M
+ 2HJ?* for cediranib, AZD9291 and AZD5672 with varying concentrations
of mNBA. In terms of ion abundance, cediranib formed more [M + 2H]?*
with 1 uL/mL of mNBA rather than 5 uL/mL; the concentration at which the
ratio between the double and singly protonated species was most biased

towards [M + 2H]?*. For AZD9291, the greatest [M + 2H]?>* abundance was
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obtained in the absence of mMNBA from the ESI solution, whereas the ratio
between [M + 2H]?* and [M + H]* was greatest for 3.9 ug/mL mNBA. For
AZD5672, the greatest abundance of [M + 2H]>* and the greatest ratio
between singly and doubly protonated molecules was at 1 uL/mL mNBA.
One explanation for this is that the formation of [M + 2H]?* is greatest with
low concentrations of mNBA, but with the formation of [M + H]* also being
enhanced. The latter could be due to charge stripping occurring from [M +
2H]?* to [M + H]* by thermal decomposition. There are supporting protein
studies where it was noted that enrichment of SCR in late-stage
nanodroplets causes less evaporative cooling due to the increased vapour
pressure of SCR compared with standard solvents. [18, 151] The higher
temperature of the droplets can then induce thermal decomposition of the
analyte, which results in charge stripping. [194] Evidence for thermal
dissociation for small molecules when mNBA is added to the ESI solution
is given in Figure 3.3.5 which shows an increase in the product ions, such
as m/z 304.1741, at greater concentrations of mNBA. At greater
concentrations, ion suppression, as previously noted, could be responsible
for the discrepancy between the ratio of [M + 2H]** : [M + H]* and the

absolute intensity of [M + 2H]?* for cediranib.
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Figure 3.3.10. Absolute intensity of [M + 2H]2+ cediranib, AZD9291 and AZD5671 for a

range of mNBA concentrations.

Figure 3.3.11 shows the absolute intensity of [M + H]* for cediranib,
AZD9291 and AZD5672 over the same concentration range of 0-19.5
ug/min mNBA. For cediranib and AZD9291 1.3 ng/mL mNBA produced the
greatest abundance of [M + H]*, the same relationship observed for [M +
2H]?+. This is likely due to small concentrations of mNBA aiding in the
protonation of cediranib. This is probably owing to an increased surface
tension of ESI droplets, creating higher charge density within the droplet,
making the ionisation process in general more efficient. Williams et al.
noted similar observations for diaminoalkanes where mNBA aided in
ionisation of both [M + H]* and [M + 2H]?*. [18] The increase in abundance
of [M + 2H]>* AZD5672 at 6.5 ng/mL mNBA is not fully understood, and

requires further study.
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Figure 3.3.11. Absolute intensity of [M + H]+ cediranib and AZD9291 (right y-axis) and

AZD5671 (left t-axis) for a range of mNBA concentrations.

3.3.1.4. 3-nitrobenzonitrile as a SCR

The addition of 0.65 pug/mL 3-nitrobenzonitrile (commonly known as m-
nitrobenzyl nitrile, mMNBN) to the ESI solution initally increased the ratio of
[M + 2H]?* : [M + H]*for cediranib as shown in Figure 3.3.12. This is a much
smaller increase in the ratio than was observed for mNBA indicating that
mNBA has an increased supercharging effect than mNBN for this analyte.
The concentration of mMNBA and mNBN that gave the highest percentage
in [M + 2H]?* : [M + HJ* for cediranib was 0.65 ug/mL, although for mNBN
this increase (16.1%) is much smaller than for mNBA (213%). The effect
of mMNBN on the ratio of [M + 2H]?* : [M + H]* AZD9291 is similar to that
observed with the addition of mNBA (Figure 3.3.12) with the trend closely
matching. mNBA effected the ratio of [M + 2H]?* : [M + H]* AZD9291 more

than mNBN, going up to a maximum ratio of 8.5 with 3.9 ug/mL whereas
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mNBN achieved a ratio of 7.5 with 1.95 pg/mL. In the case of [AZD9291 +
2H]?* with optimal source settings, the doubly protonated species is the
most abundant ion making the increased ratio for mNBA compared with
mNBN less beneficial. For AZD9291 the highest percentage ratio increase
(1547.6%) was observed when 1.95 ug/mL mNBN was added to the ESI
solution. However, there is limited difference between the percentage ratio
increase when 1.95 ng/mL mNBN was used compared with that observed
when 0.65 ug/mL mNBN was added to the ESI solution (1353.7%). A
similar effect was observed for AZD5672 with mNBA as with mNBN (Figure
3.3.12) with trend plots closley matching. Like AZD9291, mNBA induced
the formation of more [M + 2H]?* compared to [M + H]* than mNBN. The
concentration of mMNBN required to gain the highest ratio of [M + 2H]?+ : [M
+ H]* was lower than with mNBA; a ratio of 0.037 at 1.3 pg/mL for mNBA
compared to a ratio of 0.028 with 2.6 pug/mL of mNBN. The greatest
increase in the percentage ratio of AZD5672 [M + 2H]?* : [M + H]* was
observed when 2.6 ng/mL mNBN was used (8725.2%), compared to 0.65
ug/mL for cediranib and 1.95 pug/mL for AZD9291. Consequently, mNBN
may not be a useful choice as a SCR for small molecules as an overlap in
concentrations of mNBN could not be chosen that would effectively
supercharge all molecules. This is further supported by the observation
that the only molecule where the formation of [M + 2H]?* is increased by
the use of MNBN was AZD5672 (Appendix Figure 7.3.1). Possible

fundamental reasons for this will be discussed Section 3.3.1.9.
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Figure 3.3.12. Percentage increase in ratio of [M + 2H]2+ : [M + H]* for cediranib (right y-

axis), AZD5672 and AZD9291 (left y-axis) with a range of mNBN concentrations.

3.3.1.5. 2-(3-nitrophenyl)ethan-1-ol as a SCR

Figure 3.3.13 shows the percentage change in the ratio of absolute
intensity of [M + 2H]?>* : [M + H]* for the three analytes with varying
concentrations of 2-(3-nitrophenyl)ethan-1-ol (commonly known as m-
nitrophenyl alcohol, mMNPEA). The biggest percentage change in the ratio
of double to singly protonated molecules was seen for AZD5672; a
1303.8% increase with 2.6 ng/mL mNPEA. For AZD9291, the percentage
change in ratio initially increases by 233.0% with 1.3 pg/mL of mNPEA,
and then continues to rise slowly with the addition of more mNPEA.
mNPEA had no beneficial on the formation of [M + 2H]?>* cediranib with

respect to the percentage change of [M + 2H]?* : [M + HJ*.
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Figure 3.3.13. Percentage increase in ratio of [M + 2H]2+ : [M + H]* for cediranib,

AZD5672 and AZD9291 with a range of mMNPEA concentrations.

The absolute intensity of [M + 2H]?* for cediranib, AZD9291 and AZD5672,
it becomes clear that mMNPEA only has an enhancing effect on the
formation of [AZD5672 + 2H]**. The trend for AZD5672 closely matches
that of the increase in percentage ratio of double to singly protonated
species (Figure 3.3.14). For cediranib and AZD9291, the highest
abundance of [M + 2H]?+* was formed when no mNPEA was added to the

ESI solution.
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Figure 3.3.14. Absolute intensity of [M + 2H]2+ cediranib, AZD9291 and AZD5671 for a

range of mMNPEA concentrations.

Figure 3.3.15 shows that increasing concentrations of mMNPEA made little
difference to the intensity of [AZD5672 + H]*, making it an ideal SCR for
this analyte as low concentrations can be used, reducing ion suppression
and carryover. When examining Figures 3.3.14 and 3.3.15, an explanation
for the percentage increase in ratio of [M + 2H]?+ : [M + H]* AZD9291 is
observed. The abundance of both [M + 2H]?* and [M + H]* are both lower
when mNPEA is present, compared with the absence of mMNPEA in the ESI
solution. As [M + H]* abundance reduces to a greater degree than [M +
2HJ?+, an increase in the ratio of single to doubly protonated species was
observed. Figures 3.3.14 and 3.3.15 show that [M + 2H]?* and [M + H]*
cediranib are less abundant with any concentration of mNPEA, with

intensities of both species reducing at a similar rate. These data suggest
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that mMNPEA is not a suitable SCR for small molecules due to the

dramatically different effects observed on only three analytes.
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Figure 3.3.15. Absolute intensity of [M + H]+ cediranib, AZD9291 and AZD5671 for a

range of mMNPEA concentrations.

3.3.1.6. Tetrahydrothiphene 1,1-dioxide as a
SCR

Figure 3.3.16 shows the relationship between the percentage change in
ratio of [M + 2H]?** : [M + H]* and varying concentrations of
Tetrahydrothiphene 1,1-dioxide (commonly known as sulfolane). The ratio
of double to singly protonated AZD5672 initially increased by 1794.7%
when 1 ug/mL sulfolane was added to the ESI solution. The ratio then
decreases as greater concentrations of sulfolane are introduced, due to ion

suppression (Figure 3.3.17) as shown for mNBA (Figure 3.3.6).
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Figure 3.3.16. Percentage increase in ratio of [M + 2H]2+ : [M + H]* for cediranib,

AZD5672 and AZD9291 with a range of sulfolane concentrations.
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Figure 3.3.17. Comparison of AZD5672 spectra with a) 30 ng/mL and b) 1 pg/mL
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The same ratio of [M + 2H]?* : [M + H]* for cediranib decreases when 1
ug/mL sulfolane was used, but when 5 pg/mL sulfolane was added to the
ESI solution, a 34.4% increase was observed. This is a relatively small
change with little benefit for this analyte. The ratio of [M + 2H]J?* : [M + H]*

AZD9291 was lower for every concentration of sulfolane tested.

As with mNPEA, the only analyte that showed an increase in the formation
of [M + 2H]>* with the addition of sulfolane was AZD5672. [M + 2H]*>*
cediranib and AZD9291 abundances were greater when in the absence of
sulfolane in the ESI solution likely due to ion suppression (Appendix Figure
7.3.2). The abundance [AZD5672 + H]* remained largely with the addition
of sulfolane; the same relationship observed for mMNPEA (Appendix Figure
7.3.3). The intensity of [cediranib + H]* reduces significantly with the
presence of 1 ug/mL sulfolane; this decrease is to a greater degree
compared with [M + 2H]?+ cediranib which accounts for the increase in the
percentage change of the ratio of [M + 2H]?* : [M + H]*. The peak intensity
for double and singly protonated species of AZD9291 were shown to
reduce in the presence of sulfolane. As with mNPEA, the disparity in SC
effects on the small molecules tested do not make it an ideal choice for

enhancing the formation of [M + 2H]?>* of small molecules.
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3.3.1.7. Thiophen-2(5H)-one) as a SCR

Figure 3.3.18 shows the percentage change in the ratio of [M + 2H]?>* : [M
+ H]* for cediranib, AZD9291 and AZD5672 with changing concentrations
of Thiophen-2(5H)-one) (commonly known as thiophenone). 5 ng/mL
thiophenone induced a 1804.2% increase in the ratio of double to singly
charged cediranib. The ratio of [M + 2H]?* : [M + H]* for AZD9291 and
AZD5672 was approximately 1500 times lower when thiophenone was

added to the ESI solution; likely the result of ion suppression.
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Figure 3.3.18. Percentage increase in ratio of [M + 2H]2+ : [M + H]J* for cediranib,

AZD5672 and AZD9291 with a range of thiophenone concentrations.

For all analytes, purely the presence of thiophenone resulted in a lower
abundance of [M + 2H]?>* (Appendix Figure 7.3.4), which indicates the
thiophenone acts to increase the abundance of [M + H]*, albeit to a lesser

extent for cediranib, showing thiophenone is not a suitable SCR for small
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molecules. When examining the change in abundance of [M + H]* and of
[M + 2H]?* individually, the same relationship observed for sulfolane was
seen with [M + 2H]?* decreasing in abundance at every concentration of
thiophenone, but to lesser degree than [M + H]* for cediranib resulting in

the ratio increase observed in Figure 3.3.18.

3.3.1.8. Hydroxymethyl-1,3-dioxolan-2-one as a
SCR

Figure 3.3.19 shows the effect different concentrations of Hydroxymethyl-
1,3-dioxolan-2-one (commonly known as glycerol-1,2-cabonate) has on
the percentage change in the ratio of [M + 2H]?* : [M + H]* for cediranib,
AZD9291 and AZD5672. There is an initial increase in the percentage
change of this ratio for AZD5672 of 141.6% with 0.1 ug/mL glycerol-1,2-
cabonate, with the percentage change in the ratio reducing at higher
concentrations. Glycerol-1,2-cabonate reduced the percentage change in
[M + 2H]?* : [M + H]* AZD9291 at all concentrations examined. ESI of
cediranib with 2 ug/mL glycerol-1,2-cabonate resulted in a 10.9% increase

in the ratio of double to singly protonated species.
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Figure 3.3.19. Percentage increase in ratio of [M + 2H]2+ : [M + H]* for cediranib,

AZD5672 and AZD9291 with a range of glycerol-1,2-carbonate concentrations.

Glycerol-1,2-cabonate only increased the intensity of [M + 2H]>* AZD5672
(Appendix Figure 7.3.5). Unique to this SCR, the intensity of [M + H]* was
not seen to significantly alter at any concentration of glycerol-1,2-

cabonate for any analyte (Appendix Figure 7.3.6).

3.3.1.9. (methylsulfinyl)methane as a SCR

(Methylsulfinyl)methane (commonly known as dimethyl sulfoxide, DMSO)
showed no supercharging effects for any of the small molecules tested as
shown for cediranib in Figure 3.3.20 and AZD9291 and AZD5672 in
Appendix Figure 7.3.7-9. This contrasts with studies by Sterling et al. where
it was shown that with the addition of 5% DMSO, protein charge distribution

was increased. [148] This is likely due to the supercharging effect induced
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by DMSO being caused mainly by protein unfolding, allowing more

protonation sites to be accessed. [148]
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Figure 3.3.20. Ratio of the absolute intensity of [M + 2H]2+ : [M + H]+ cediranib for a

range of DMSO concentrations.

3.3.1.10. Results Summary

Out of all the molecules tested, only cediranib, AZD92921 and AZD5672
were seen to form [M + 2H]?* as shown in summary Table 3.3.5. Of these
three molecules, cediranib and AZD9291 formed [M + 2H]?* without the

addition of any SCR.
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Molecule mNBA | mNBN | Thiophenone | mNPEA | Glycerol- | Sulfolane | Absence

1,2- of SCR
carbonate

Cediranib v v v v v v v

AZD9291 v v

AZD5672

AZD2171 BQ

Indole

AZD5672 X X X X X X X

Bisamide

Fostamatanib

AZD5672

Precursor

Table 3.3.5. Summary table showing whether [M + 2H]2+ was observed with the addition

Figure 3.3.21 shows the absolute intensity of [cediranib + 2H]?>* with the
addition of each SCR at a range of concentrations. These data suggest
that mNBA performs best as a SCR for cediranib, producing the greatest

increase in the absolute intensity of [cediranib + 2H]** at a concentration of

1.3 pg/mL.
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Figure 3.3.21. Absolute intensity of [M + 2H]2+ Cediranib with SCRs.
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For AZD9291, the addition of every SCR reduced the absolute intensity of
[AZD9291 + 2H]?>* as shown in Figure 3.3.22. This perhaps differs from
cediranib due to the ionisation efficiencies of [M + 2H]** and the SCRs

themselves.
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Figure 3.3.22. Absolute intensity of [M + 2H]2+ AZD9291 with SCRs.

The absolute intensity of [AZD5672 + 2H]?* with varying concentrations of
each SCR is shown in Figure 3.3.23. 1.3 ug/mL mNBA resulted in the
highest abundance of [AZD5672 + 2H]?* as with cediranib. Unlike cediranib
and AZD9291 which naturally formed [M + 2H]?>* SCRs mNBA, mNBN,
sulfolane, glycerol-1,2-carbonate and mNPEA had a beneficial effect on
the formation of [AZD5672 + 2H]?*, although mNBN was the only SCR
other than mNBA that induced formation of a suitable abundance of [M +

2H]?* for isolation and MSMS.
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Figure 3.3.23. Absolute intensity of [M + 2H]2+ AZD5672 with SCRs.

3.3.1.11. Discussion

Of the small molecules tested, only cediranib, AZD9291 and AZD5672
repeatably formed [M + 2H]?>+ with the addition of SCRs. Fostamatanib did
form [M + 2H]?* with the addition of 130 ng/mL mNBA to the ESI solution
as shown in Figure 3.3.24. At lower concentrations of mNBA, no
[fostamatanib + 2H]** was formed. The high concentration of mNBA
required to induce formation of [fostamatanib + 2H]?>* is impractical due to

source contamination by mNBA discussed below.
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Figure 3.3.24. Mass spectrum of fostamatanib with 130 ng/mL mNBA.

AZD2171 BQ indole, AZD5672 bisamide and AZD5672 precursor did not
form [M + 2H]?* which is likely due to the lack of favourable protonation
sites on the molecules. As shown by Williams et al. (and discussed in detail
in Section 1.4) the distance between protonation sites needs to be at least
10.9 A in order for protonation to occur on both sites. [18] Although the
distances between potential protonation sites for these molecules is not
known, when comparing the distances between the possible protonation
sites of cediranib, AZD9291 and AZD5672 to AZD2171 BQ indole,
AZD5672 bisamide or AZD5672 precursor, it is one possible reason why

[M + 2H]?+ was not formed (Table 3.3.1).

Several mechanisms for supercharging have been suggested in the
literature for proteins and peptides as discussed in Section 1.4. In terms of
how these can be applied to small molecules, the increase in ESI droplet
surface tension is likely one contributor to supercharging of small

molecules. SCRs have high boiling points compared with the ESI solvents
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resulting in enrichment in mature ESI droplets. The droplets higher surface
tension compared with droplets with no SCR require more charges to be
present before Rayleigh fission occurs, causing greater charge density in
the droplet (Equation 1.1). It follows that these more charge dense droplets
increase the likelihood of protonation occurring on more sites of the
molecule. [190] If the surface tension mechanism was the main driving
force behind small molecules supercharging, it would be expected that the
SCRs with the highest surface tension or boiling point would lead to the
greatest supercharging effect. These data do not overwhelmingly support
this. However, as mNBA gave the best results with regards to formation of
[M + 2H]?* which has a surface tension of 57.0 + 3.0 dyne cm-1[192] which
although at the higher end of the scale with regards to those tested in this
study (Table 3.3.2), both mNBN and thiophenone have higher surface
tensions (58.2 + 5.0 and 67.6 £ 5.0 dyne cm- respectively, which following
enrichment via evaporation of solvent in the ESI process would effectively
be the surface tension of the droplet make-up [192]). Although mNBN acted
well as a SCR, thiophenone generally had a negative effect on the
formation of [M + 2H]?*. Thiophenone did however give promising results
for cediranib, with the ratio of [M + 2H]?>* : [M + H]* increasing. On further
examination however, this was due to [M + H]* being more suppressed

than [M + 2H]?*.

The charge trapping mechanism proposed by Konnerman et al. describes
a process where the SCR forms a shell around the ESI droplet which

reduces the loss of cations via IEM from the aqueous core due to low
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permeability of cations though the hydrophobic layer. [151] As with the
surface tension mechanism, this would result in a charge dense droplet
leading to higher charge-state ions. The lack of an increase in salt
adduction on the newly formed ions, as shown in Figure 3.3.25 for
AZD5672 with mNBN for sodium and potassium adducts would suggest
this is not the case. If salts are being trapped within the droplet, more salt
adduction would be expected, whereas generally for all molecules, a
decrease is observed (Appendix Figure 7.3.10). The observation of lower
abundance of salt adducted ions agrees with some studies performed on
proteins where a reduction in salt adduction was also noted, and proposed
to be due to SCR binding the salt ions. [150] Equally, the mechanism
involving charge delocalisation, whereby polar solvents diffuse charge
through large-scale dipole ordering by SCR molecules aligning at partial
negative sites, allowing more protonation sites to be accessible by
delocalising negative charges and overcoming the electrostatic barrier,
would result in SCR adduction on small molecules as seen in proteins,

which was not observed. [135]
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Figure 3.3.25. Absolute intensity of [AZD5672 + Na]+ and [AZD5672 + K]+ with varying

concentrations of mNBN.

Chemical protein unfolding, or denaturation, is also a working hypothesis
for a supercharging mechanism: some SCRs, including mNBA, have been
shown to cause protein denaturation in high concentrations, SCR
enrichment in mature ESI droplets results in high concentrations of SCR,
causing chemical denaturation allowing more protonation sites to be
available. [137] This does not translate well to the small molecules tested
due to a lack of higher order structure. For this reason, thermally induced
unfolding or denaturation in which mature ESI droplets enriched in SCR
undergo less evaporative cooling due to high SCR boiling points, resulting
in higher droplet temperature causing thermal denaturation is equally
unlikely. This could, however, account for the increase in dissociation
products noted above for cediranib in Figure 3.3.5, as the high droplet
temperatures could induce thermal decomposition. [162-165] The effect of

changing pH was investigated by Grandori et al. by the use of different
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acids in the ESI solution and was shown to have no effect in proteins,
making this unlikely to have an effect on small molecules supercharging.
[131] Finally, the dynamic IEM where one end of a molecule is desorbed
from the ESI droplet followed by charge reorganisation at the droplet
surface allows protonation at the other end of the molecule, could very well
apply, although no evidence either way was provided by the experiments

conducted herein. [18]

A practical implication of using SCRs is source contamination. At
concentrations over around 2 ulL/mL for each SCR, a high degree of
carryover was observed. This is likely due to their high boiling points, a
property common to all SCRs tested. Especially difficult to remove from the
source was mNBA, which is unsurprising as this has the highest boiling
point of the SCRs tested at 402.2-409.5°C, although maintaining the
highest possible ion source temperature overnight allowed for the majority

of the SCR signal to dissipate.

3.3.2. Conclusions
[M + 2H]?* was not observed for several of the small molecules tested with
any SCR. This is most likely due to the lack of available protonation sites
on those particular molecules. mMNBA performed the best as a SCR for
small molecules. The main differentiator in physiochemical properties from
the other SCRs tested is the high boiling point of mMNBA, with both the

surface tension and density not considerably different from other
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supercharging reagents. This suggests that the main mechanism for
supercharging in small molecules is related to the concentration of SCR
left in droplets following solvent evaporation. However, strong memory
effects were observed with the use of mMNBA making it hard to remove from
the instrument. Even so, from this study, mNBA is the recommended SCR
at a concentration of 1.3 ug/mL for small molecules (with available
protonation sites), with scope to optimise for different reagents. Another
interesting point to come out of this study is that optimisation of source
parameters, such as desolvation temperature and flow rate, makes a great
deal of difference in formation of [M + 2H]?*, and should be a first port of

call before SCRs are utilised.
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3.4. Coupling supercharged electrospray ionisation with
electron-transfer dissociation and optimising for an LC
timescale

For efficient ETD, a balance between the absolute intensity of the analyte ions
and of the ETD reagent ions needs to be maintained at a ratio that was
experimentally determined to be between 6x103to 3x104 analyte intensity : 1x108
ETD reagent intensity. When coupling ETD to LC, there is an inherent problem:
as the analyte elutes from the column, the concentration varies causing the
abundance of ions formed by ESI to change. In this chapter, two methods have
been investigated to attempt to maintain the ratio of ions required for efficient
ETD. The first dynamically controls the capillary voltage of the ion source whilst
the second dynamically controls the dynamic range enhancement (DRE) lens,

which is located before the TriWave region of the instrument.

3.4.1. Results and discussion

3.4.1.1. Optimising analyte : reagent ratio

In order to determine the optimum ratio of analyte cation : ETD reagent
anion, direct infusion of substance P (500 pmol/uL) was performed with the
capillary voltage being set to different values to produce a range of

[substance P + 3H]3* (m/z 450) ion abundance (Figure 3.4.1).
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Figure 3.4.1. Absolute Intensity of [substance P + 3H]3+ for a single scan at a range of
capillary voltages. Counts per push relates to the intensity produced by the number of
ions that hit the detector per push, which is aligned to scan time, in this case, 0.5

seconds.

ETD was then performed on the resultant [substance P + 3H]3+ whilst the
ETD reagent anion was maintained at a constant absolute intensity of
1x108 counts per push. This represents the maximum intensity that could
be achieved for the ETD reagent anion, p-nitrotoluene, from the glow
discharge source. The ETD efficiency calculated as described in Equation

3.4.1.

Y.(c and z product ion intensities)

ETD efficiency =
ef ficiency Y. (all ion intensities)

Equation 3.4.1. ETD efficiency calculation.

In order to perform this calculation, data was processed firstly by ‘automatic
peak detection’, a method of centring continuum peaks to produce centroid

data, and secondly by performing a ‘TOF transform’, which collapses
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charge states and isotopes into representative singly charged peaks. This
process is shown in Figure 3.4.2 where a) is the raw spectrum, b) is the
spectrum after automatic peak detection, and c) is the spectrum after TOF

transformation. ETD product ion nomenclature is shown in Figure 3.4.3.
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Figure 3.4.2. Example of data processing following acquisition of ETD data, from a) a

raw ETD product ions spectrum to b) a centred centroid spectrum, to c) a TOF

transformed spectrum, where isotopes and charge states have been collapsed in a

single, representative peak.
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Figure 3.4.3. Electronic dissociation product ion annotation for peptides. [68]

Figure 3.4.4 shows the ETD efficiency of [substance P + 3H]3* at varying

precursor ion intensities.
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Figure 3.4.4. ETD efficiency against the absolute intensity of isolated [Substance P +
3H]3+, for 60 scans (averaged) when the ETD reagent intensity was held at 1x108 counts
per push. The highlighted points indicate the precursor ion intensity where the highest
ETD efficiency was observed.

The most efficient ETD was observed when the precursor ion was at an
absolute intensity of between 1.2-2.0x10* counts per push. Here, ETD

efficiency was at 25.8%, although the efficiency of ETD plateaued when
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the precursor ion was between 6.01x103 to 2.34x10* counts per push, as
per the highlighted region in Figure 3.4.4. Beyond a product ion intensity of

2.34x10%counts per push of analyte ion, efficiency falls.

The efficiency of ETD would be very high if the intensity of one ¢ or z type
ion is much greater than the sum of all other peaks, but the information
about the sequence of a peptide would be limited, i.e. efficiency does not
equal sequence coverage. Therefore, along with ETD efficiency, the
extent to which the ETD fragmentation covers the whole ion is an important
factor to take into consideration. The ETD coverage for a series of
precursor ion intensities is shown in Figure 3.4.5.
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Figure 3.4.5. Electronic dissociation coverage verses [Substance P + 3H]3+ precursor
ion intensity (counts per push). The red line denotes where ETD was at the greatest

efficiency (1.73x104 counts per push).

The greatest peptide sequence coverage was when the ETD efficiency
was near maximal. One extra ETD fragment ion was formed when a higher

abundance of precursor ions reacted with the ETD reagent. lon z10, 133.0
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m/z, was detected at 60 counts per push and 148 counts per push when
3.87x10% counts per push and 1.01x10% counts per push of precursor ions
were generated, which had previously not been observed. This is likely due
to the inefficiency of the ions’ formation, requiring a higher abundance of
precursor ion in order for sufficient zio to be generated and therefore
detected. In addition to ¢ and z ions, some b and y ions were detected,
their occurrence attributed to vibrational dissociation. Vibrational activation
of ions is caused by the energy given to ions at different stages of their
journey through the mass spectrometer, for example as they travel through
the StepWave, or at the initial point of ionisation. The unintentional
vibrational fragmentation coverage can be plotted as a function of capillary
voltage as shown in Figure 3.4.6. As one might expect, at higher capillary
voltages, more vibrational fragmentation is induced. At the capillary voltage
range in which ETD was most efficient, vibrational dissociation coverage is

between 40-50%.
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Figure 3.4.6. Vibrational dissociation coverage verses capillary voltage (kV).
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3.4.1.2. Trapping ETD
Having established the optimum ratio of analyte to reagent, to further
improve ETD efficiency from 25.9%, an alternative setup was explored.
Instead of using conventional trap DC settings in glow discharge mode
where trap DC voltage parameters were set to a negative value allowing
the ETD reagent anions to pass through, the trap DC voltage parameters
were set to a positive value which instead traps the reagent anions. This
allows them to accumulate just before the trap region of the TriwWave. When
the instrument then switches polarity mid-acquisition, the positive values
become negative, allowing the accumulated ETD reagent anions into the
trap to react with the precursor cations. This cannot be achieved by simply
increasing the number of ETD anions produced in source, as ionisation is
already maximised. Figure 3.4.7 shows the comparison of ETD of
substance P with and without trapping the anions just prior to the trap

region of the TriWave.
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Figure 3.4.7. ETD product ion spectra for substance P using a) trapping ETD and b)

standard ETD. All spectra were an average of 60 scans.

When tested on substance P, ETD efficiency increased to 27.1% as
compared to 25.8%, with an increase in product ion peak intensity
observed (Figure 3.4.7). The increased efficiency is likely due to the
combination of a greater number of anions available to interact in the trap,
and also an increase in time where interactions between cations and
anions can occur. Although only a modest increase of 1.3%, the inherently
low efficiency of ETD (as discussed in Section 1.2.6) means that any small
increase in efficiency should not be taken lightly and can prove very useful
in the application of ETD. A prime example of this is zz at m/z 853.4 (Figure
3.4.8). In non-trapping ETD, z7 has poor signal-to-noise so is difficult to

differentiate from background peaks, whereas in trapping ETD, this peak
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has a clear improvement in signal-to-noise enabling confident assignment

as a product ion. As a result, this setup will be used for the remainder of

this work.
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Figure 3.4.8. Substance P product ion z; following a) trapping ETD and b) standard

ETD.

3.4.1.3. LC-ETD

2 pmol/uL substance P was injected onto an Acquity UHPLC BEH C1s 1.7

pm 2.1 x 50 mm column running a 10 minute gradient (Appendix Table

7.4.1). An LC-ETD method was set up to isolate [substance P + 3H]3* (m/z

450), and initiate ETD by lowering the trap TriWave height to 0.2 V. The

results from this experiment are shown in Figure 3.4.9.
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Figure 3.4.9. a) TIC and LC-ETD product ion spectra of [M + 3H]3+ substance P, each a
single scan at RT = b) 4:14 min, ¢) 4:16 min d) 4:18 min and e) averaged LC peak (9

scans, which is typical for ETD peptide data).

ETD was calculated to have an efficiency of 34.5% at (i), the onset of the

eluting substance P (Figure 3.4.9b) and an efficiency of 19.7% at (iii)
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(Figure 3.4.9d) at the conclusion of the substance P peak. At the apex of
eluting substance P, (ii) (Figure 3.4.9c) the efficiency dropped to 0.4%.
This is attributed to the intensity of the precursor ion rising above 2.34x104
counts per push, thereby reducing the efficiency of ETD as previously
demonstrated. When this peak is averaged, as would be standard practice
for data processing, the ETD efficiency is 6.8% (Figure 3.4.9e). This is
because there are more scans across the peak with poor ETD efficiency,
however, as suitable ETD efficiency was achieved at the start and end of
the substance P LC peak elution, there are clear opportunities to optimise

ETD efficiency across the entire peak.

The efficiency of LC-ETD is known to be generally low. As previously
established, the absolute intensity ratio of multiply positively charged
analyte molecule to ETD reagent anion must be kept at a constant. As an
LC peak elute from the column into the mass spectrometer, the intensity of
the analyte ions changes, resulting in inefficient ETD. There are several
reasons why efficiency is an important factor when considering MSMS
techniques: If the efficiency of product ion formation is too low, product ions
will be difficult to assign, due to their signal-to-noise, as demonstrated in
Figure 3.4.8. As well as the difficulty in manual assignment of peaks, come
the difficulty of automatic peak via software packages such as Thermo’s
BioPharmaFinder, and Waters’ BioPharmaLynx and UNIFI. These
software packages all use peak detection, based on calculations of ion
intensity and signal-to-noise. Product ions are then assigned by the

software based on factors such as accurate mass measurements and ion
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isotope ratios. This currently poses a problem for automatic assignment of
LC-ETD data, as with low efficiency comes low product ion abundance and
poor signal-to-noise, sometimes leading to poor accurate mass
measurements. By increasing the efficiency of LC-ETD, both manual and

automatic peak assignment of product ion spectra will be less challenging.

3.4.1.4. LC-ETD with dynamic capillary voltage

The need to maintain a fixed ratio of analyte cation to ETD reagent anion
has been established in Section 3.4.1.1. This can be achieved manually by
lowering the capillary voltage, resulting in a reduction in the abundance of
precursor analyte ions to a level commensurate with efficient ETD as
shown in Figure 3.4.1, and would provide a possible solution to the poor
ETD efficiency observed in Figure 3.4.4. WRENnS (Waters research
enabled software) was used to monitor the intensity of the precursor ion
and adjust the capillary voltage on-the-fly. By this means the ion
abundance could be controlled dynamically within the timeframe of the LC
peak elution so that the precursor ion peak intensity could be detuned at
its maximum elution time in an effort to maintain the ratio of analyte to ETD
reagent ions. This involves programming WRENS to step down the
capillary voltage as the monitored peaks start to become more intense (to
a pre-set minimum), and also to step up the capillary voltage as the peaks
start to drop off in intensity, as visualised in Figure 3.4.10. The WRENS

script is given in appendix.
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Select mass range to
monitor

v

Intensity = Reduce Capillary
1%x104°? voltage by 0.5kV []

Increase Capillary
voltage by 0.5kV [

Figure 3.4.10. Visualisation of dynamic capillary voltage control via WRENS. Script can
be seen in Appendix Script 7.4.1.

The data shown in Figure 3.4.11 results from stepping down the capillary

voltage from 3 t0 0.2 kV.
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Figure 3.4.11. a) TIC, LC-ETD product ion spectra of [M + 3H]J3+ substance P, each a
single scan at retention time (RT) = b) 4:59 min c) 5:00 min d) 5:04 min and e) averaged
LC peak (9 scans) using WRENS to dynamically control capillary voltage from 3 to 0.5
kV.

ETD efficiency for (i) Retention time (RT) = 4:59 min, (ii) RT = 5:00 and (iii)
RT = 5:04 as shown in Figure 3.4.11 was calculated as 27.4%, 10.4% and

21.2% respectively as shown in Table 3.4.1.
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ETD ETD ETD ETD efficiency
Experiment | efficiency | efficiency | efficiency (averaged
(i) (ii) (iii) peak)
LC-ETD 32.4% 0.4% 19.7% 6.8%
WRERS LC-
ETD (capillary 27.4% 10.4% 21.2% 14.6%
voltage)

Table 3.4.1. ETD efficiencies for substance P at (i) the start of the LC peak, (ii) the apex

of the LC peak and (iii) the end of the LC peak.

This improved ETD efficiency at the apex of the peak by 10% and although
a significant improvement, 10.4% efficiency is still low compared with the
start and end of the LC peak. High ETD efficiency was maintained at the
start and end of the peak, and when the mass spectra averaged across the
peak the ETD efficiency calculated was 14.7% (Figure 3.4.11e), an
improvement on the 6.8% obtained with dynamic control of the capillary
voltage. Despite lowering the capillary voltage to 0.5 kV, the peak intensity
at m/z 450.2 for [M + 3H]3* only dropped to 3.1 x 10° counts per push and
not 1.73 x 10* counts per push proven to be required in Section 3.4.1.1.
Whilst sufficient to improve ETD efficiency, there remained scope to

improve this yet further.

3.4.1.5. LC-ETD with dynamic DRE control

A second approach was explored to overcome limitation identified with
dynamic control of the capillary voltage. The DRE lens was chosen as this

is designed to be used to control analyte abundance for accurate mass
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measurement purposes as described in Section 3.2.1. Rather than
controlling the number of molecules which are ionised, the DRE lens
attenuates the number of analyte ions that are allowed into the TriWave
region of the mass spectrometer. WRENS was used to trigger the DRE
attenuation only when the instrument was in positive mode, i.e. forming
analyte cations, therefore the number of ETD reagent anions allowed into
the trap was not adversely affected. An additional improvement to the
WRENS script was going straight to the minimum DRE lens voltage after
the trigger intensity of 1 x 10* was reached. Once the precursor ion
intensity drops below 5 x 103, the DRE lens setting reverts to 99.9%
transmission. This methodology aligns with how DRE lens settings are
utilised for accurate mass measurement purposes during the standard

operation of the instrument. This can be visualised in Figure 3.4.12.

Select mass range to
monitor

Intensity = Set DRE lens to
1x1047? 99%

Set DRE lens to
1%

Figure 3.4.12. Visualisation of DRE lens control via WRENS. Script can be seen in
Appendix Script 7.4.2.

197



Figure 3.4.13 shows the result of this approach, with ETD efficiency for (i)

RT = 4:46 min, (ii) RT = 4:47 and (iii) RT = 4:52 as shown in Figure 3.4.13

being 32.7%, 24.8% and 29.6% respectively.
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Figure 3.4.13. LC-ETD product ion spectra of [M + 3H]3+ substance P, each a single
scan at RT = a) TIC, b) 4:46 min ¢) 4:47 min d) 4:52 min and e) averaged LC peak (9

scans) using WRENS to dynamically control the DRE lens setting from 99.9% to 1%.
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At the apex of the LC peak, ETD efficiency has increased by 24.4%
compared with standard LC-ETD. The ETD efficiency for the averaged
peak (Figure 3.4.13e) was 31.1%, a vast improvement of 24.3% compared

with standard ETD as shown in Table 3.4.2.

ETD ETD ETD
Experiment
efficiency (i) | efficiency (ii) | efficiency (iii)
LC-ETD 32.4% 0.4% 19.7%
WRENS LC-ETD
27.4% 10.4% 21.2%
(capillary voltage)
WRENS LC-ETD
32.7% 24.8% 29.6%
(DRE lens setting)

Table 3.4.2. ETD efficiencies for substance P at (i) the start of the LC peak, (ii) the apex
of the LC peak and (iii) the end of the LC peak for LC-ETD, WRENnS LC-ETD using
capillary voltage to control analyte ion abundance and WRENS LC-ETD using the DRE

lens to control analyte ion abundance.

3.4.1.6. Summary of LC-ETD using capillary voltage
and dynamic DRE control

Figure 3.4.14 shows the resultant product ion spectra for standard LC-
ETD, WRENnS LC-ETD utilising capillary voltage to control precursor ion
intensity and WRENS LC-ETD using the DRE lens to control precursor ion
intensity. The ETD efficiencies were calculated for the summed spectra
across the entire LC peak (11 scans), their ETD efficiencies are given in

Table 3.4.3.
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Figure 3.4.14. Averaged ETD product ion spectra summed across the entire LC peak for

) WRENS LC-ETD using the DRE lens to control precursor ion intensity, b) WREnS LC-

ETD utilising capillary voltage to control precursor ion intensity and c) standard LC-ETD

(9 scans).
Experiment ETD ETD Vibrational | Vibrational
efficiency | coverage | efficiency coverage
LC-ETD 6.8% 75% 0.1% 50%
WRERNS LC-
ETD (capillary 14.7% 70% 0.2% 55%
voltage)
WRERNS LC-
ETD (DRElens | 31.1% 75% 1.1% 70%
setting)

m/z

Table 3.4.3. ETD efficiencies and coverages for substance P for spectra summed

across an entire LC peak and contributions from vibrational dissociation.
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Figure 3.4.14 shows the increase in ETD efficiency has translated to an
increase in the abundance of product ions and improved signal-to-noise.
The product ions in 3.4.14a, compared with 3.4.14c are more clearly
differentiated from the background signal, which would allow for automated
peak detection and assignment of peaks by software. Furthermore,
although for known peptide analytes the fragmentation by ETD can be
predicted, for unknown peptide analytes, or small molecules, it is important
that the product ions are clearly distinguishable from the background. No
new product ions were formed using any WRENS approach, although very
low abundance product ions, such as zio, cio and cs were more easily
distinguishable from the background. The difference between 75% and
70% ETD coverage is a single product ion, ¢1 which is not observed by
WRENS LC-ETD when the capillary voltage is used to control analyte ion
intensity. The c1 ion is very low abundance in all ETD product ion specitra,
so makes little difference to overall efficiency. Figure 3.4.15 shows the
coverage achieved using the DRE lens WRENS script, which is the same
as for standard LC-ETD and minus the c¢1 ion for the capillary voltage

WRENRS scripted ETD.
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Figure 3.4.15. ETD fragmentation resulting from dynamically controlling the DRE lens
based on precursor ion peak intensity with b and y ions resulting from unintentional

vibrational dissociation.

It should be noted that singly charged product ion z4 at m/z 450.2063 has
a mass difference from the 3C isotope of [substance P + 3H]3+ of 0.04 Da,
and due to the low abundance of product ions, compared with the
abundance of unreacted [substance P + 3H]3*, the resolution of the
instrument is not sufficient to resolve the two peaks. ETD spectra for
substance P contain a number of b and y ions with 70% sequence
coverage as shown in Figure 3.4.15. b and y ions are commonly the result
of vibrational dissociation. In these experiments, the intensity of the b and
y ions increased compared with the intensity of the precursor ions in
parallel with the ¢ and z ions. This is likely due to the reduced abundance
of precursor ion due to DRE attenuation before the TriWave. This suggests
the b and y ions are being formed after the DRE lens. The reduced
abundance of precursor ion in relation to b and y ions results in a higher

calculated efficiency.
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3.4.1.7. Effect of reverse-phased chromatography
solvent gradients on ETD reagent ion intensity

In order to further improve and manage the ratio of ETD reagent ion
intensity to analyte ion intensity during LC, the effect of solvent gradient on
the ETD reagent ion signal was investigated by monitoring m/z 137.0477,

as shown in Figure 3.4.16.
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Figure 3.4.16. EICC of m/z 137, 1,4-nitrotoluene over the course of an LC gradient.

The change in intensity of [p-nitrotoluene] as the reversed phase LC

gradient changed from aqueous solvent conditions to organic was
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calculated to be 20.6% and is likely due to the glow discharge reaction
being more efficient in high acetonitrile conditions, compared with a high
aqueous environment at the start of an LC gradient. This has repercussions
for LC-ETD, as analyte ions which elute at higher organic solvent ratios
may fragment more efficiently by ETD due to the increased number of ETD
reagent anions available to react in the trap. As an example, substance P
elutes at around 45% acetonitrile, meaning there would be little effect of
reduced availability of ETD reagent, however, early eluting peaks may
have less ETD reagent available to react. The ideal ratio of analyte
precursor cation abundance to ETD reagent anion was shown to be 1.73 x
104 : 1 x 108. If there was a 20.6% drop in ETD reagent anion abundance,
the optimised analyte cation abundance would also drop to 7.94 x 10°. A
possible solution to this would be to alter the WRENS script to have
different trigger intensities depending on where in the gradient the

precursor ions elute.

3.4.1.8. LC-ETD of Bovine Serum Albumen digest

To further study the effect of solvent environment during the ETD stage,
dynamic control of the DRE lens was utilised while running a trapping ETD
experiment on a BSA digest, a complex mixture of peptides that vary in
abundance, observed charge state and chemical nature and elute over a
wide retention time range. The LC gradient employed can be seen in Table
7.4.2 in the Appendix. Five peptides with very different retention times and

ion abundances were chosen, four [M + 3H]3* peptides and one [M + 2H]?+
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peptide. ETD efficiencies were calculated on a standard LC-ETD (no

WRENRS control) as shown in Table 3.4.4.

Theoretical
Peptide Retention | Charge | Monoisotopic ETD ETD
Time (min) | State Uncharged Efficiency | Coverage
Mass (Da)
8.9
C*C*TKPESER (4.5 % 3 1167.4537 3.7% 81%
ACN)
35.1
HLVDEPQNLIK (17.6 % 2 1304.7089 0.1% 35%
ACN)
44.3
SLHTLFGDELC*K (22.2 % 3 141.6864 2.5% 86%
ACN)
48.6
LFTFHADIC*TLPDTEK (24.3 % 3 1906.9135 0.7% 73%
ACN)
54.6
HPYFYAPELLYYANK (27.3 % 3 1887.9196 1.8% 82%
ACN)

Table 3.4.4. ETD efficiencies for 5 BSA tryptic peptides on a standard LC-ETD analysis.

To improve ETD efficiency for each of these peptides, the WRENS script

was altered to include delay times, which correspond to the retention time

of each peptide. The targeted m/z range is shifted to monitor each peptide

after different delay times, which allows the DRE setting to change for

different peptides at different RTs as shown in Figure 3.4.17.
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Figure 3.4.17. Visualisation of DRE lens control via WRENS using RT as target for mass

range. Script can be seen in Appendix Script 7.4.3.

By this method, the DRE lens voltage changed automatically for each
peptide as a function of analyte ion abundance, allowing for the precursor
ion intensity to be reduced as required. To determine the retention time
windows, the BSA digest was first analysed without WRENS. Figure
3.4.18a shows the chromatogram of a BSA peptide using the same
precursor ion intensities to trigger the DRE lens script and DRE lens
voltages informed by the analysis of substance P in Section 3.4.2.5. The
DRE setting reverted to 99.9% too quickly, resulting in several iterations of
DRE settings changing from 99.9% to 1% resulting in too many scans to

have a precursor ion which is too strong for efficient ETD. This is
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exemplified in Figure 3.4.18a. At i, the DRE lens setting of 1% is triggered
as expected, however at ii, the intensity of precursor ion falls below 5x103
which results in the DRE setting reverting to 99.9%. This has the effect of
causing inefficient ETD at iii, before the DRE setting is again set to 1% for
the remainder of the most intense section of the peak elution. When
averaging the LC peak, too many scans with a DRE lens setting of 99.9%

results in low ETD efficiency.

100 iii
o a) Minimumintensity 5x103
o
i
ii
0 j\ . \ A ~
100
% | /\ b) Minimum intensity 1x10°
54:18 54:30 54:42 54:54 55:06
Time (min)

Figure 3.4.18. LC-ETD TIC where DRE setting minimum intensity set to a) 5x103 and b)

1x108.

The trigger intensity of 5x10° which instructs the DRE setting to return to
99.9% was altered to 1x103, which resulted in the DRE setting remaining
at 1% across the most intense section of the elution, as shown in Figure
3.4.18b. ETD efficiency for the 5 peptides is shown in Figure 3.4.19 when

a) no DRE control was used, b) DRE lens control was used with the

207



minimum trigger intensity set to 5x103% and c) DRE lens control was used

with the minimum trigger intensity set to 1x103.

16% [M + 3H]3+
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Figure 3.4.19. ETD efficiency for the 5 BSA tryptic peptides when a) no DRE control was
used, b) DRE lens control was used with the minimum trigger intensity set to 5x103and

c) DRE lens control was used with the minimum trigger intensity set to 1x103.

ETD efficiency was lower for LVDEPQNLIK, as the doubly charged
precursor ion was selected for MSMS; ETD for [M + 2H]?* has been shown
to be less efficient for lower charge states than more highly charged ions.
[92] Overall the efficiencies are lower than for substance P, which to some
extent is to be expected as the concentration of individual peptides cannot
be controlled in a biological process (tryptic digestion) whereas an
optimised concentration of substance P was used. Fragmentation
efficiency will also strongly depend on the amino acid sequence of the
peptide. To put these efficiencies into perspective, Figure 3.4.20 shows the
ETD product ion spectra for [CCTKPESER + 3H]**. The most obvious

improvements can be seen in both the increased relative intensity of the
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charge reduced [M + 2H]?* and [M + H]* species and the higher relative
abundance of product ions zs, z5 and cs. Figure 3.4.21 shows the

fragmentation schematic for CCTKPESER.
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Figure 3.4.20. LC-ETD product ion spectra of CCTKPESER with a) no DRE lens control,
b) DRE lens control with the minimum precursor intensity set to 1x104and c) DRE lens

control with the minimum precursor intensity set to 5x103.

z, Zg Z; z, F2 z, z,

CCTK|PIE|SIE|IR

C C3 Cs Cs C7 Cg

Figure 3.4.21. Fragmentation schematic for BSA peptide 1.

Figure 3.4.22 shows the ETD product ion spectra, averaged over the LC

peak for each of the 5 peptides.
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Figure 3.4.22. TOF transformed ETD product ion spectra for each BSA digested peptide. *denotes ions allowed through the isolation window during ETD not
related to the precursor ion.
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Figure 3.4.23. ETD coverage for the 5 BSA tryptic peptides when a) no DRE control was
used, b) DRE lens control was used with the minimum trigger intensity set to 5x103 and

c) DRE lens control was used with the minimum trigger intensity set to 1x103.

As shown in Figure 3.4.23, some increase in sequence coverage was
observed for some of the peptides with dynamic control of the DRE lens
voltage. The most significant improvement was observed for the doubly
protonated peptide. In all cases, the DRE lens script gave the greatest

efficiency and sequence coverage.

3.4.1.9. LC-ETD with SC-ESI of small organic
molecules

To apply this method to the study of small organic ions, supercharging
reagent mNBA was introduced into the ESI spray solution post LC using a
T-piece and syringe pump at a flow rate of 10 uL/min. A mix of four small
molecules (cediranib; AZD9291; chloroquine and dansylcadaverine) were
analysed with and without the dynamic DRE lens voltage control. Peptides

have known and regular cleavage sites, whereas small molecules do not
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so it is hard to make a direct comparison. ETD efficiency was calculated
by using product ions formed only by ETD, as identified in Chapter 2, and
by using the same method as in Section 3.4.1.1. Figure 3.4.24 shows the
ETD efficiency of [M + 2H]?* small molecules for a) standard LC-ETD and

b) LC-ETD with dynamic DRE lens control.
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0.50% l .
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Figure 3.4.24. ETD efficiency of [M + 2H]2+ small molecules for a) standard LC-ETD and

b) LC-ETD with dynamic DRE lens control.

This is the first time ETD has been successfully performed on small
molecules on an LC timescale. The efficiencies are less than 5%, much
lower than those shown for the triply protonated peptides. [M + 2H]**
HLVDEPQNLIK has a comparable efficiency of 1%. This is likely due to the
precursor ions all being doubly charged, which has been shown to result
in inefficient ETD due to the lower charge surface density. [92] The product
ion spectra, and discussion related ETD of these small molecules is

covered in Chapter 2.
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3.4.2. Conclusion

Dynamic control of the DRE lens greatly improved the efficiency for LC-
ETD and is shown to be beneficial for routine LC-ETD analysis of peptides
and small molecules. In order to use the WRENS script for more than one
analyte, the retention times must be determined. In practice, this could be
used in harmony with CID: The first LC-MS run could be used to get the
retention times and gain CID spectra for the analytes, with the second run
being a WRENS LC-ETD run, using the retention times obtained from the
first run for the WRENS script. By reducing the overall number of analyte
cations able to enter the trap region of the TriWave, but allowing all ETD
reagent anions into the trap, a more constant ratio of analyte ion intensity
: ETD reagent ion intensity was achieved compared with standard LC-ETD.
This enabled ETD to be performed on a range of samples. One factor to
take into account is chromatographic peak width; if the chromatographic
peaks do not consist of sufficient mass spectra, then the time taken to
change the DRE lens settings may not occur fast enough to trigger before
peak elution is complete. This could be easily overcome by either reducing
scan time or slowing down the chromatography to increase peak width,
although this must be balanced with obtaining sufficient ion statistics for
accurate mass measurements. In Section 3.4.1.7 it was shown that a
greater abundance of ETD reagent anions were available later in the

reverse phase gradient due to solvent effects. Interestingly, increased ETD
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efficiency for later eluting peptides was not observed in Section 3.4.1.8,
although this is likely to differences in the amino acid sequence as
previously noted. From an applications point of view, the product ions have
an improved signal-to-noise. This increase in signal-to-noise not only
allowed for easier manual data processing, but also allows automated peak
picking possible for processing software packages. For the small
molecules, ETD LC-ETD with the DRE lens control WRENS script was
comparable with that achieved by infusion ETD, with the usefulness of ETD
for small molecules being discussed at length in Chapter 2. In this work the
DRE lens WRENS script has been used as a pure research tool. This work
demonstrates the clear advantages using the DRE lens WRENS script in
gaining greater ETD efficiency for LC-ETD experiments. Although currently
cumbersome to use, a more user-friendly software solution could be
developed which could be built into a regular software interface. This would

be taken on by a MS manufacture, and is beyond the scope of this work.
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4. Conclusion

Electron-based tandem mass spectrometric techniques have been shown
to be useful for the structural elucidation of small organic molecules,
providing complementary product ion spectra, allowing for more in-depth
characterisation. For phosphorylated molecules, the use of EID allows for
targeted fragmentation by selection of precursor ions with varying numbers
of sodium atoms associated with the ion. The electron from the EID
process is likely attracted to the proton or sodium cation, which drives the
shift in fragmentation observed. This targeted approach to structural
elucidation is useful during the development stages of pharmaceutical
drugs, where changes to functional groups are commonly made and may
need to be examined in detail. However, in general, the most MSMS
information was gained through EID of monosodium species, with unique
product ions being formed. This observation indicates that for the structural
characterisation of small phosphorylated molecules, EID of a monosodium

species should be prioritised.

ETD was successfully performed on doubly protonated small molecules. A
competitive reaction between electron-transfer and proton-transfer was
observed following interaction of doubly protonated analyte molecules and
ETD reagent radical anions. The competition between electron and proton
transfer is most likely driven by physicochemical differences between
analyte molecules such as electron and proton affinities and Franck-
Condon factors. When electron-transfer was observed, complementary

product ions to CID were generated, allowing for improved structural
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elucidation of the small organic molecules. The use of SCRs to aid in
formation of [M + 2H]?* increases the scope of this technique, allowing a
greater number of small molecules to be analysed by ETD. mNBA was
shown to give the most benefit to the formation of doubly protonated
species. The main mechanism for the supercharging phenomenon is likely
due to the high boiling point of mMNBA, which results in less evaporative
cooling of ESI droplets and leads to mNBA rich, charge dense droplets
prior to Columbic explosion and analyte ionisation. In addition, optimisation
of source parameters on an analyte-to-analyte basis has proven key in the
formation of [M + 2H]?>* which, if performed prior to ETD, could also

increase the scope of the analysis.

The use of ETD combined with liquid chromatography, whether for small
molecules or peptides, has been enhanced by way of a WRENS script that
controls the DRE lens in Waters’ Synapt G2-S instruments. Typically, LC-
ETD is inherently inefficient due to the variance in ratio of multiply charge
precursor ion and ETD reagent radical anion as an analyte elutes from a
column. A WRENS script that attenuates the ion beam as analyte ions are
transmitted to the trap region of the mass spectrometer has been shown to
be affective in keeping the ratio of analyte precursor ion to ETD reagent
anion relatively constant, which has produced an increase in ETD
efficiency across an LC peak. This is a problem limited to Waters
instrumentation, with other manufacturers such as Thermo and Bruker
implementing an automatic gain control function, which controls precursor

ion abundance prior to ETD. This improvement further increases the
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potential of ETD performed on Waters’ Synapt instruments for the analysis
of small pharmaceutical molecules, as limited purification is generally
undertaken prior to analysis during the development stages of drug

projects, meaning LC is typically utilised.

Overall, ETD is a useful technique for the structural characterisation of
small organic molecules, especially when traditional CID yields a low
amount of structural information, or characterisation of labile moieties is
required. Although the use of ETD for the analysis of small molecules is
somewhat limited due the need for multiply charged ions, the unique
product ions formed for some of the small molecules tested allowed for a
more complete picture of the parent ions structure. This was especially
useful for cediranib, where CID of [M + H]* only forms three product ions,
compared with ETD resulting in over four times as many product ions. For
the small molecules studied, the efficiency of ETD is comparable with that
of ECD. Both ECD and ETD are electronic dissociation techniques,
although ECD results from the capture of an electron generated by an
indirectly heated dispenser cathode with typical electron energies of 1-5
eV, whereas ETD relies on a chemical reaction between a multiply
protonated precursor molecule and ETD reagent radical anion. EID
however, which also utilises an indirectly heated dispenser cathode, but
with electron energies up to 100 eV, is the most efficient electronic
dissociation technique for MSMS of small molecules. Compared with EID

and ECD, ETD is a more accessible technique due to it being commercially

217



available on qToF mass spectrometers, which are cheaper than most

instrumentation required to perform ECD and EID.
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5. Future Work

The beneficial effect of performing EID on sodium containing
phosphorylated ions naturally leads to investigating the use of different
salts such as potassium and lithium on phosphorylated ions. The effect of
such salts on EID product ion spectra has been previously studied, with
some improvements to the number of product ions generated. However,
their effect on phosphorylated molecules, and if targeted fragmentation

could be achieved, remains to be seen. [104]

The competitive reaction between electron-transfer and proton-transfer
when multiply protonated small molecules react with ETD reagent radical
anions proved to give mixed results for a number of small molecules. One
anecdotal difference between those molecules that underwent proton-
transfer rather than electron-transfer was the inclusion of a heteroatom on
the precursor ion. This could be studied if the molecules that underwent
proton-transfer, such as cediranib, were synthesised with the chlorine atom
substituted with a hydrogen, as well as with bromine, fluorine etc. The lack
or change of an electronegative group, which potentially interacts with the
electron from the ETD reagent radical anion during the ETD process could
give insights into the role analyte physiochemical properties play in the
competitive nature of the electron-transfer or proton-transfer reaction. The
driving factors between proton-transfer and electron-transfer is a key
feature when assessing the usefulness of ETD for the study of small
molecules, and if it could be controlled, would increase the scope of this

work.
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To increase the efficiency of ETD, further work could be performed by the
use of electron-transfer collision activated dissociation (ETcaD). In ETcaD,
supplemental collisional activation of charge reduced radical cations is
performed. ETD could be performed followed by IMS to select the intact
[M + 2H]* in the IMS cell and perform CID in the transfer. This has been
shown to be effective for [M + 2H]** in quadrupole ion trap mass
spectrometers. [103] The inherent difficulty in this would be balancing
pressures in the trap and IMS cell regions of the TriWave. The advent of
the cyclic ion mobility cell could be beneficial here, as the pressures in the
trap and IMS cell are more closely aligned. An investigation into the use of
different ETD reagents could also be performed: The ETD reagent used
for this work was p-nitrotoluene, which has been shown in both
computational and experimental studies, to result in the highest efficiency
ETD for peptides and proteins out of a range of ETD reagents. Around
twenty reagents, commonly found in superglue, have huge potential for use
as ETD reagents, with more favourable Franck-Condon factors and
electron affinities compared with p-nitrotoluene. These have previously
been ruled out for use as ETD reagents by instrument manufactures due
to health and safety concerns, as all of these reagents are highly toxic. If
an alternative delivery method of ETD reagent to glow-discharge source
could be made, mitigating many of the health and safety concerns, the
potential increase in ETD efficiency, as well as the wider range of

molecules which could be successfully studied (as proton-transfer would
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be less likely to occur), would further increase the usefulness of ETD for

the study of small molecules.

In order to better understand the mechanism of supercharging small
molecules, a systematic study, using regular diaminoalkanes could be
performed. This would be a critical study for two reasons; firstly, the chain
size and configuration of the molecules tested would help further elucidate
the minimum distances between protonation sites for [M + 2H]?* formation,
with the effect of SCRs being clear. Secondly, synthesis of the same
molecules with the addition of features such as heteroatoms and
aromaticity could be investigated in order to pin down the effect of SCRs

on a wider range of molecules.

The enhancements to LC-ETD by dynamically controlling the ion
abundance of precursor ion by DRE lens attenuation could be further
improved. An increase in ETD reagent radical anion abundance was noted
at higher organic gradient conditions. The goal of the experiment is to
maintain the ratio of ETD reagent to analyte ion abundance as much as
possible. The WRENS script could be further modified to account for the
change in anion abundance by using information from the gradient (i.e. the
percentage of organic solvent at that point in the gradient) and calculating
the required analyte ion intensity for a final ratio of 1.73x10* : 1x108, which
has been shown to result in the most efficient ETD for substance P.

Additionally, a more user friendly interface would need to be developed
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before this technique could be used outside of a research environment due

to the complexity of editing computer scripts.
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7. Appendix

7.1. Chapter 1

Proposed Exact EID lon CID lon | EID Error | CID Error
formula Mass (m/2) (m/2) (m/2) (ppm) (ppm)
C10H1sNsO7P | 348.07036 | 348.07043 | 348.07036 0.2 0.0
C7HsNsO 178.07234 | 178.07253 - 1.1 -
CeHsNsO 164.05669 | 164.05681 - 0.7 -
CsHsNs 148.06177 | 148.06184 - 0.5 -
CsHsNs 136.06177 | 136.06177 | 136.06174 0.0 -0.2
CsHsNs 135.05395 | 135.05397 - 0.1 -
CsHsNa4 119.03522 | 119.03521 - -0.1 -
CaHsN4 109.05087 | 109.05084 - -0.3 -
CaHaN4 108.04305 | 108.04302 - -0.3 -
PO4H4 98.98417 | 98.98413 - -0.4 -
CsHs02 97.02841 97.02837 - -04 -
C4HaNs 94.03997 | 94.03993 - -0.4 -
C4H2N3 92.02432 92.02429 - -0.3 -
CsHaNs 82.03997 | 82.03994 - -0.4 -
CsHsN3 81.03215 81.03212 - -0.4 -
CsHsN2 67.02907 | 67.02908 - 0.1 -
CsHaN2 66.02125 | 66.02126 - 0.2 -
CsHN:2 65.01342 65.01344 - 0.3 -
CaHs 56.06205 | 56.06212 - 1.2 -
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C2HsN2 55.02907 | 55.02914 - 1.3 -
C2HN2 53.01342 | 53.01350 - 1.5 -
7.1.1. Protonated AMP CID and EID assignments.
Proposed Exact Mass | EID lon CiDlon | EID Error | CID Error
formula (m/2) (m/2) (m/2) (ppm) (ppm)
C10H14NsO7PNa | 370.05231 | 370.05228 | 370.05202 -0.1 -0.8
Ci0H1103NsNa | 272.07541 | 272.07567 | 272.07532 1.0 -0.3
C10H1203Ns 250.09347 | 250.09374 | 250.09338 1.1 -0.4
CsHeO7PNa 234.99781 | 234.99807 | 234.9978 1.1 0.0
CsHsO7PNa 233.98999 | 233.99027 - 1.2 -
CsH70sPNa 216.98725 | 216.98745 - 0.9 -
C4HsOePNa 205.99507 | 205.99528 - 1.0 -
CsH70sPNa 192.98725 | 192.98738 - 0.7 -
CsH702N2Na 186.03997 | 186.03875 - -6.6 -
CsH70sPNa 176.99233 | 176.99244 - 0.6 -
CsHeOsPNa 175.98451 | 175.9846 - 0.5 -
CsHsOsPNa 174.97668 | 174.97678 - 0.6 -
CeHeONs 164.05669 | 164.05676 - 0.4 -
C2Hs0sPNa 162.97668 | 162.97675 - 0.4 -
CsHsNsNa 158.04372 | 158.04378 | 158.04364 0.4 -0.5
CsHesNs 136.06177 | 136.06179 - 0.1 -
CsHsNs 135.05395 | 135.05396 - 0.1 -
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CH4+04PNa 133.97394 | 133.97396 - 0.1 -
PHs04Na 120.96612 | 120.96613 - 0.1 -
CsH4O2Na 119.01035 | 119.01036 - 0.1 -
CaHaN4 108.04305 | 108.04305 - 0.0 -
POsHNa 102.95555 | 102.95555 - 0.0 -
CsHs02 97.02841 97.0284 - -0.1 -
CsHsO 81.03349 | 81.03351 - 0.2 -
CesHs 78.0464 78.04643 - 0.4 -
CaHo 57.06988 57.07 - 2.1 -
CaHs 56.06205 | 56.06218 - 2.3 -
CaH7 55.05423 | 55.05436 - 2.4 -
7.1.2. Monosodium AMP CID and EID assignments.
Proposed Exact EID lon CID lon EID Error | CID Error
formula Mass (m/2) (m/2) (m/2) (ppm) (ppm)
Ci0H13NsO7PNaz | 392.03425 | 392.03424 | 392.03439 0.0 0.4
C10H110sNsPNaz | 374.02369 | 374.02373 | 374.02358 0.1 -0.3

CsHsOePNa2 238.96919 | 238.96926 - 0.3 -
CsH4OsPNa2 196.95863 | 196.95878 - 0.8 -
C2H4OsPNa2 184.95863 | 184.95866 - 0.2 -
CsHaNsNaz 180.02566 | 180.02571 - 0.3 -
CeHsONs 164.05669 | 164.05672 - 0.2 -
CHsO4PNa2 155.95589 | 155.9559 - 0.1 -
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POsH2Naz 142.94806 | 142.94806 - 0.0 -
POsHNa2 141.94024 | 141.94024 - 0.0 -
CsHsNs 136.06177 | 136.06178 - 0.1 -
POsHNaz 125.94532 | 125.94531 - -0.1 -
POsNaz 124.9375 | 124.93749 - -0.1 -
PH304Na 120.96612 | 120.96611 - -0.1 -
CesHs 78.0464 78.04644 - 0.5 -
CsHi1o 70.0777 70.07775 - 0.7 -
CaHo 57.06988 | 57.06999 - 1.9 -
CaHs 56.06205 | 56.06218 - 2.3 -
CaH7 55.05423 | 55.05436 - 2.4 -
7.1.3. Disodium AMP CID and EID assignments.
Proposed Exact EID lon CID lon | EID Error | CID Error
formula Mass (m/2) (m/2) (m/2) (ppm) (ppm)
C10H16NsO10P2 | 428.03669 | 428.03602 | 428.03652 -1.6 -0.4
C10H1507NsP 348.07036 | 348.07079 | 348.07029 1.2 -0.2
C10H130sNsP 330.0598 - 330.05966 - -0.4
C10H1103Ns 249.08564 | 249.08586 - 0.9 -
C10H1002Ns 232.0829 | 232.08307 | 232.08289 0.7 0.0
C7HsO2Ns 194.06725 | 194.06731 - 0.3 -
P207Hs 178.9505 | 178.95057 - 0.4 -
C7HsONs 178.07234 | 178.0724 - 0.3 -
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C7H7ONs 177.06451 | 177.06456 0.3
CeHsONs 164.05669 | 164.05672 0.2
P206Hs 160.93994 | 160.93998 0.2
CeHsNs 148.06177 | 148.06179 0.1
CsHsNs 136.06177 | 136.06178 0.1
CsHsNs 135.05395 | 135.05395 0.0
CsHsN4 121.05087 | 121.0509 -0.1
CsHsN4 119.03522 | 119.03521 -0.1
CaHsN4 109.05087 | 109.05086 -0.1
CaHaN4 108.04305 | 108.04303 -0.2
PO4H4 98.98417 | 98.98416 -0.1
CsHsO2 97.02841 97.02839 -0.2
CaHaNs 94.03997 94.0400 -0.1
CaH2Ns 92.02432 | 92.02431 -0.1
CsHaNs 82.03997 | 82.03997 0.0
CsHsNs 81.03215 | 81.03214 -0.1
CsHsN2 67.02907 67.0291 0.4
CsHzN2 66.02125 | 66.02128 0.5
CsHN2 65.01342 | 65.01346 0.6
CaHaN2 56.0369 56.03697 1.2
CaHsN2 55.02907 | 55.02914 1.3

7.1.4. Protonated ADP CID and EID assignments.
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Exact EID lon CID lon EID Error | CID Error
Proposed formula
Mass (m/2) (m/2) (m/2) (ppm) (ppm)
C10H15N5010P2Na 450.01864 | 450.01864 | 450.01872 0.0 0.2
C10H1206NsPNa 352.04174 - 352.04139 - -1.0
CsH10010P2Na 314.96414 - 314.96415 - 0.0
CsHeO10P2Na 313.95632 | 313.95659 - 0.9 -
CsHsOgP2Na 296.95358 | 296.95384 | 296.95358 0.9 0.0
C4H9O9P2Na 285.9614 | 285.96165 - 0.9 -
CsHsOgP2Na 272.95358 | 272.95381 - 0.8 -
C4H7OsP2Na 267.95084 | 267.95101 - 0.6 -
CsH7OsP2Na 255.95084 | 255.95101 - 0.7 -
CsHsOsP2Na 254.94301 | 254.9432 - 0.7 -
C10H1203Ns 250.09347 | 250.09363 | 250.09344 0.6 -0.1
C2HsOsP2Na 242.94301 | 242.94314 - 0.5 -
CsHoO7PNa 234.99781 | 234.99796 - 0.6 -
C2HsO7P2Na 226.9481 | 226.94824 - 0.6 -
CsH70ePNa 216.98725 | 216.98736 | 216.98726 0.5 0.0
CHs0O7P2Na 213.94027 | 213.94039 - 0.6 -
P207HsNa 200.93245 | 200.93247 | 200.9324 0.1 -0.2
P20O7HsNa 199.92462 | 199.92468 - 0.3 -
CsHsOsPNa 198.97668 | 198.97677 - 0.5 -
P20sH2Na 182.92188 | 182.92195 - 0.4 -
C7HsONs 178.07234 | 178.07238 - 0.2 -
CeHsONs 164.05669 | 164.05672 - 0.2 -
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C2Hs0sPNa 162.97668 | 162.97672 - 0.2 -
CsHsNsNa 158.04372 | 158.04374 - 0.1 -
CeHsNs 148.06177 | 148.0618 - 0.2 -
C2HsPOsNa 144.96612 | 144.96613 - 0.1 -
CsHeNs 136.06177 | 136.06178 - 0.1 -
CsHsNs 135.05395 | 135.05395 - 0.0 -
PO4HsNa 120.96612 | 120.96611 - -0.1 -
CsH4O2Na 119.01035 | 119.01034 - -0.1 -
CaHaN4 108.04305 | 108.04303 - -0.2 -
POsHNa 102.9555 | 102.95554 - 0.4 -
CsHs02 97.02841 97.02839 - -0.2 -
CsHsO 81.03349 | 81.03348 - -0.1 -
CeH6 78.0464 78.0464 - 0.0 -
C4H4O 68.02567 | 68.02569 - 0.3 -
CaHs 56.06205 | 56.06211 - 1.1 -
7.1.5. Monosodium ADP CID and EID assignments.
Exact EID lon CID lon | EID Error | CID Error
Proposed formula
Mass (m/2) (m/2) (m/2) (ppm) (ppm)

C10H14NsO10P2Na2 472.00058 | 472.00049 | 472.00084 -0.2 0.6

C10H110sNsPNa2 374.02369 | 374.02399 | 374.02352 0.8 -0.5
CsHeO10P2Na2 336.94609 | 336.94617 | 336.94612 0.2 0.1

CsH7O9P2Na2 318.93552 | 318.93556 | 318.93552 0.1 0.0
CsHeOsP2Na2 277.93278 | 277.93287 - 0.3 -
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C2Hs0sP2Na2 264.92496 | 264.92501 - 0.2 -
CsHsOePNa2 238.96919 | 238.96923 | 238.96912 0.2 -0.3
CH40O7P2Na2 235.92222 | 235.92223 - 0.0 -
P207HsNaz 222.91439 | 222.91442 | 222.91428 0.1 -0.5
P207H2Naz 221.90657 | 221.90657 - 0.0 -
CsH4OsPNa2 220.95863 | 220.95863 - 0.0 -
P20sHNaz 204.90383 | 204.90385 - 0.1 -
CsH4OsPNa2 196.95863 | 196.95863 - 0.0 -
C2H204PNa2 166.94806 | 166.94808 - 0.1 -
CsHsNsNa 158.04372 | 158.04375 - 0.2 -
PO4H2Naz 142.94806 | 142.94806 - 0.0 -
POsHNaz 141.94024 | 141.94022 - -0.1 -
CsHsNs 136.06177 | 136.06174 - -0.2 -
POsNaz 124.9375 | 124.93748 - -0.2 -
POsHsNa 120.96612 | 120.9661 - -0.2 -
CeHs 78.0464 78.0464 - 0.0 -
CsHi1o 70.0777 70.07772 - 0.3 -
CaHs 56.06205 | 56.06211 - 1.1 -
7.1.6. Disodium ADP CID and EID assignments.
Exact Mass EID lon CID lon | EID Error | CID Error
Proposed formula
(m/2)) (m2) (m2) (ppm) (ppm)
C10H13NsO10P2Nas 493.98253 | 493.98265 | 493.98293 0.2 0.8
C10H11NsO9P2Nas 475.97196 - 475.97237 - 0.9
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C10H110sNsPNa2 374.02396 | 374.02395 | 374.02406 0.0 0.3
P207H2Nas 244.89634 | 244.89644 - 0.4 -
P20OsNas 226.88577 | 226.88585 - 0.4 -
CsHsNsNaz 180.02566 | 180.02569 - 0.2 -
POsHNas 164.93001 164.93004 - 0.2 -
PO4H2Naz 142.94806 | 142.94808 - 0.1 -
POsNaz 124.9375 124.9375 - 0.0 -
CeHs 78.0464 78.04642 - 0.3 -
CsH1o 70.0777 70.07773 - 0.4 -
CaHo 57.06988 57.06994 - 1.1 -
CaHs 56.06205 56.06212 - 1.2 -
CaH7 55.05423 55.0543 - 1.3 -
7.1.7. Trisodium ADP CID and EID assignments.
Proposed Exact Mass | EIDlon | CIDlon | EID Error | CID Error
formula (m/2) (m/2) (m/2) (ppm) (ppm)
C10H17NsO13P3 508.00302 | 508.0017 | 508.0031 -2.6 0.1
C10H16010NsP2 428.03669 | 428.0376 | 428.0366 2.1 -0.2
C10H1409NsP2 410.02613 410.027 | 410.0262 2.1 0.0
C10H1507NsP 348.07036 | 348.0709 | 348.0704 1.4 0.0
C10H130sNsP 330.0598 - 330.0599 - 0.2
P3O10Hs 258.91683 | 258.9171 - 1.1 -
C10H1103Ns 249.08564 | 249.0859 - 1.2 -
C10H1002Ns 232.0829 232.0831 | 232.0831 0.9 0.7
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CoH4O3N4 216.02779 | 216.0283 2.5
CsHs02NsP 198.01754 | 198.0177 0.6
C7HsO2Ns 194.06725 | 194.0674 0.7
CsHsONs 190.07234 | 190.0725 0.8
P207Hs 178.9505 178.9506 0.6
C7HsONs 178.07234 | 178.0725 0.6
C7H7ONs 177.06451 177.0646 0.6
CeH7ONs 165.06451 165.0646 0.5
CeHsONs 164.05669 | 164.0568 0.4
C7HsNs 162.07742 | 162.0775 0.6
P206Hs 160.93994 160.94 0.4
CeHsNs 150.07742 | 150.0775 0.4
CsH7Ns 149.0696 149.0697 0.4
CeHsNs 148.06177 | 148.0618 0.4
CsHsNs 136.06177 | 136.0618 0.1
CsHsNs 135.05395 135.054 0.2
CeHsN4 133.05087 | 133.0509 0.2
CsHsN4 119.03522 | 119.0352 0.2
CsHeOs3 114.03115 | 114.0312 0.0
CaHaN4 108.04305 | 108.0431 0.1
CaHsN4 107.03522 | 107.0352 0.2
PO4H4 98.98417 98.98418 0.1
PO4Hs 97.97635 97.97636 0.1
CsHsO2 97.02841 97.02842 0.1
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C4HaNs 94.03997 94.03999 - 0.2 -
C4H2N3 92.02432 92.02434 - 0.2 -
CsHaNs 82.03997 82.04 - 0.4 -
CsHsNs 81.03215 81.03218 - 0.4 -
CsHz=N 80.02432 80.02436 - 0.5 -
CeHs 78.0464 78.04644 - 0.5 -
CsHo 70.0777 70.07777 - 1.0 -
C4HsO 69.03349 69.03356 - 1.0 -
CsHsN2 67.02907 67.02915 - 1.2 -
CsHaN2 66.02125 66.02133 - 1.2 -
CsHN2 65.01342 65.01351 - 1.4 -
CaHo 57.06988 57.07 - 2.1 -
CaHs 56.06205 56.06218 - 2.3 -
C2HsN2 55.02907 55.02921 - 2.5 -
C2HN2 53.01342 53.01358 - 3.0 -
7.1.8. Protonated ATP CID and EID assignments.
Exact EID lon CID lon | EID Error | CID Error
Proposed formula
Mass (m/z) (m/2) (m/2) (ppm) (ppm)
C10H16N5013P3sNa 529.98497 | 529.98384 | 529.9848 -2.1 -0.3
CsH11013P3sNa 394.93047 - 394.9304 - -0.2
CsH10013P3Na 393.92265 | 393.92309 - 1.1 -
CsH9O12PsNa 376.91991 | 376.92033 | 376.9199 1.1 -0.1
C4H10012P3Na 365.92773 | 365.92808 - 1.0 -
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CsHsO11PsNa 335.91717 | 335.91751 - 1.0 -
C2H7011PsNa 322.90934 | 322.90966 - 1.0 -
CsH10010P2Na 314.96414 | 314.96443 - 0.9 -
C2H7010P3Na 306.91443 | 306.91471 - 0.9 -
CsHsOgP2Na 296.95358 | 296.95383 | 296.9533 0.8 -1.1
CHeO10PsNa 293.9066 | 293.90686 - 0.9 -
PsHsO10Na 280.89878 | 280.89886 | 280.8988 0.3 -0.1
P3sOgHsNa 262.88821 | 262.88841 - 0.8 -
C10H1203Ns 250.09347 | 250.09361 | 250.0934 0.6 -0.3
C2HsOsP2Na 242.94301 | 242.94315 - 0.6 -
CsHeO7PNa 234.99781 | 234.99797 - 0.7 -
C10H1002Ns 232.0829 | 232.08296 - 0.3 -
C2HsO7P2Na 226.9481 | 226.94821 - 0.5 -
CsH70ePNa 216.98725 | 216.98735 - 0.5 -
CHsO7P2Na 213.94027 | 213.94038 - 0.5 -
P207HsNa 200.93245 | 200.93251 - 0.3 -
P20O7HsNa 199.92462 | 199.92469 - 0.4 -
CsHsOsPNa 198.97668 | 198.97675 - 0.4 -
P20sH2Na 182.92188 | 182.92195 - 0.4 -
P207Hs 178.9505 | 178.95053 - 0.2 -
C7HsONs 178.07234 | 178.07238 - 0.2 -
CsHsOsPNa 174.97668 | 174.97671 - 0.2 -
CeHsONs 164.05669 | 164.05671 - 0.1 -
CeHsOsN 158.04478 | 158.04373 - -6.6 -
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CeHsNs 148.06177 | 148.06178 0.1
CsHsNs 136.06177 | 136.06177 0.0
CsHsNs 135.05395 | 135.05394 -0.1
PO4HsNa 120.96612 | 120.96611 -0.1
PO4sH2Na 119.95829 | 119.95828 -0.1
CsHsN4 119.03522 | 119.03522 0.0
CsH4O2Na 119.01035 | 119.01034 -0.1
CaHaN4 108.04305 | 108.04304 -0.1
POsHNa 102.95555 | 102.95554 -0.1
PO4Hs 97.97635 | 97.97635 0.0
CsHsO2 97.02841 97.0284 -0.1
CaHaNs 94.03997 | 94.03996 -0.1
CsHaNs 82.03997 | 82.03998 0.1
CsHsO 81.03349 81.0335 0.1
CeHs 78.0464 78.04643 0.4
CsHio 70.0777 70.07775 0.7
C4H4O 68.02567 | 68.02572 0.7
CsHsN2 67.02907 | 67.02913 0.9
CsH2N2 66.02125 66.0213 0.8
CaHo 57.06988 | 57.06998 1.8
CaHs 56.06205 | 56.06216 2.0
CaH7 55.05423 | 55.05434 2.0

7.1.9. Monosodium ATP CID and EID assignments.
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Exact EID lon | CID lon | EID Error | CID Error
Proposed formula
Mass (m/z) | (m/2) (m/2) (ppm) (ppm)

C10H1sN50O13P3Na2 551.9669 |551.964 | 551.97 -4.8 0.1
C10H11011NsPsNa 492.956 | 492.955 - 2.2 -

C10H1209NsP2Na2 453.99 453.991 | 453.99 2.7 0.1

CsH10013P3sNaz 416.9124 | 416.913 | 416.91 2.2 0.0
CsHeO13P3Naz 415.9046 | 415.905 - 2.0 -

CsHsO12P3sNa2 398.9019 |398.903 | 398.9 1.9 0.1
C4HoO12P3sNa2 387.9097 | 387.91 - 1.8 -
CsHsO12PsNa2 374.9019 | 374.903 - 1.9 -
C10H110sNsPNa2 374.0237 | 374.024 - 1.8 -
CsH7O11PsNa2 357.8991 357.9 - 1.7 -
C2HsO11P3Naz 344.8913 | 344.892 - 1.6 -
CsH9O10P2Na2 336.9461 | 336.947 - 2.0 -
C2HsO10P3Naz 328.8964 | 328.897 - 1.7 -
CsH7O9P2Na2 318.9355 | 318.936 - 1.6 -
CHs010PsNa2 315.8886 |315.889 - 1.5 -

PsO10HsNa2 302.8807 |302.881 | 302.88 0.2 -0.1
PsO10HsNaz 301.8729 | 301.873 - 1.3 -
CsHs0sP2Na2 300.925 | 300.925 - 1.4 -
P3OgHsNaz 285.878 | 285.878 - 1.1 -
P3OgH2Na2 284.8702 284.87 - 1.1 -
P3sO10HsNa 280.8988 | 280.899 - 1.3 -
CsHsOsP2Naz 276.925 276.925 - 1.2 -
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C2Hs0sP2Na2 264.925 | 264.925 1.2
P3O9H3sNa 262.8882 | 262.889 1.2
CsHsO7PNaz 256.9798 | 256.98 0.7
C10H1203Ns 250.0935 | 250.094 1.0
C2H307P2Na2 246.9144 | 246.915 0.9
CsHeOsPNa2 238.9692 | 238.969 1.0
CH40O7P2Na2 235.9222 | 235.922 0.7
P207HsNaz 222.9144 | 222.915 0.7
P207H2Naz 221.9066 | 221.907 0.8
P20sH2Na2 205.9117 | 205.912 0.9
P20OsHNa2 204.9038 | 204.904 0.5
P20O7HsNa 200.9325 | 200.933 0.7
CsH4POsNa2 196.9586 | 196.959 0.6
C7HsONs 178.0723 | 178.072 0.4
C2H2POsNa2 166.9481 | 166.948 0.3
CsHsONs 164.0567 | 164.057 0.2
CsHsNsNa 158.0437 | 158.044 0.3
CsHsNs 148.0618 | 148.062 0.5
POsH2Na2 142.9481 | 142.948 0.1
POsHNa2 141.9402 141.94 0.1
CsHeNs 136.0618 | 136.062 0.1
CsHsNs 135.054 | 135.054 0.1
POsNaz 124.9375 | 124.938 0.0
POsHsNa 120.9661 | 120.966 0.0
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CsHsN4 119.0352 | 119.035 - 0.0 -
PO2Naz 108.9426 | 108.943 - 0.0 -
CaHaN4 108.0431 | 108.043 - -0.1 -
CsHsO2 97.02841 | 97.0284 - -0.1 -
CsHaNs 82.03997 82.04 - 0.1 -
CsHsO 81.03349 | 81.0335 - 0.1 -
CeHs 78.0464 | 78.0464 - 0.4 -
CsH1o 70.0777 | 70.0778 - 0.7 -
CsHsN2 67.02907 | 67.0291 - 0.9 -
CsHsN 58.06513 | 58.0652 - 1.4 -
CaHo 57.06988 57.07 - 1.8 -
CaHs 56.06205 | 56.0622 - 2.0 -
CaH7 55.05423 | 55.0543 - 2.0 -
CaHe 54.0464 | 54.0465 - 2.4 -
7.1.10. Disodium ATP CID and EID assignments.
Exact EIDlon | CIDlon | EID Error | CID Error
Proposed formula
Mass (m/2) | (m/2) (m/2) (ppm) (ppm)
C10H14N5013P3sNas 573.94886 | 573.9433 - -9.7 -
C10H110O9NsP2Nas 475.97196 | 475.9732 | 475.97155 2.5 -0.9
CsHeO13PsNas 438.89436 | 438.8953 | 438.89423 2.1 -0.3
CsHsO13P3Nas 437.88654 | 437.8875 - 2.2 -
CsH7012PsNas 420.8838 | 420.8847 | 420.88379 2.1 0.0
C4HsO12PsNas 409.89162 | 409.8925 - 2.2 -
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CsH7011PsNas 404.88888 | 404.8897 - 1.9 -
CsHsO11P3Nas 402.87323 | 402.8742 - 2.3 -
CsH7O12PsNas 396.8838 | 396.8845 - 1.8 -
C4HeO11PsNas 391.88106 | 391.8819 - 2.2 -
CsH7O11PsNas 380.88888 | 380.8897 - 2.0 -
CsHeO11PsNas 379.88106 | 379.8819 - 2.1 -
CsHs011PsNas 378.87323 | 378.8741 - 2.3 -
C10H1206NsPNa2 375.03151 | 375.0277 - -10.3 -
C10H110sNsPNa2 374.02369 | 374.0244 - 1.8 -
C2Hs011PsNas 366.87323 | 366.874 - 2.0 -
C2Hs010PsNas 350.87832 | 350.879 - 1.9 -
C2H4011P3Naz 342.87564 | 342.8739 - -5.1 -
CsHsO9P2Nas 340.91747 | 340.9181 | 340.91759 1.8 0.4
CsHsO9P2Nas 339.90964 | 339.9102 - 1.6 -
CH4P3010Nas 337.87049 | 337.8711 - 1.7 -
P3O1oH3sNas 324.86267 | 324.8626 - -0.3 -
P3O1oHz2Nas 323.85484 | 323.8554 - 1.7 -
CsH4OsP2Nas 322.9069 | 322.9074 - 1.6 -
CsH7O9P2Na2 318.93552 | 318.9362 - 2.0 -
CHs010PsNa2 315.88855 | 315.8891 - 1.6 -
C4Hs0OsP2Nas 311.91473 | 311.9152 - 1.5 -
C4H40sP2Nas 310.9069 | 310.9074 - 1.6 -
P3OgH2Nas 307.85993 | 307.8604 - 1.6 -
P3OgHNas 306.8521 | 306.8523 - 0.8 -
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PsO9Nas 305.84428 | 305.8448 1.5
P3O10HsNa2 302.88072 | 302.8811 1.4
CsH4OsP2Nas 298.9069 | 298.9074 1.5
P3OgH2Na2 284.87016 | 284.8705 1.3
P3OgHNa2 283.86233 | 283.8628 1.5
C2H207P2Nas 268.89634 | 268.8966 1.0
CsHsO7PNaz 256.97975 | 256.98 1.0
C10H1203Ns 250.09347 | 250.0938 1.2
P207H2Nas 244.89634 | 244.8965 0.7
P-O7HNas 243.88851 | 243.8888 1.1
CsHeOsPNa2 238.96919 | 238.9694 1.0
P20OsNas 226.88577 | 226.8856 -0.6
P207HsNaz 222.91439 | 222.9146 0.9
P207H2Naz 221.90657 | 221.9068 0.8
CsH4OsPNaz 220.95863 | 220.9588 0.9
P20OsHNa2 204.90383 | 204.904 0.7
P20sNa2 203.896 | 203.8962 0.8
CsH4OsPNaz 196.95863 | 196.9588 0.7
CsHaNsNaz 180.02566 | 180.0258 0.5
C7HsONs 178.07234 | 178.0724 0.3
C2H204PNa2 166.94806 | 166.9481 0.5
POsHNas 164.93001 | 164.9301 0.4
CeHeONs 164.05669 | 164.0567 0.3
POsNas 163.92218 | 163.9222 0.4
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CsHsNsNa 158.04372 | 158.0438 0.3
POsHNaz 141.94024 | 141.9403 0.1
CsHsNs 136.06177 | 136.0618 0.1
CsHsNs 135.05395 | 135.054 0.1
POsNaz 124.9375 | 124.9375 0.0
POsHsNa 120.96612 | 120.9661 0.1
CsHsN4 119.03522 | 119.0352 0.1
PO2Naz 108.94258 | 108.9426 0.1
CaHaN4 108.04305 | 108.0431 0.1
CsHsO2 97.02841 | 97.02841 0.0
CsHaNs 82.03997 | 82.04001 0.5
CsHsO 81.03349 | 81.03352 0.4
CeHs 78.0464 | 78.04644 0.5
CsHio 70.0777 | 70.07777 1.0
CsHsN2 67.02907 | 67.02916 1.3
Na20OH 62.98173 | 62.98182 1.4
Na20 61.97391 61.974 1.5
CaHo 57.06988 57.07 2.1
CaHs 56.06205 | 56.06219 2.5
CaH7 55.05423 | 55.05436 2.4

7.1.11. Trisodium ATP CID and EID assignments.
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Proposed Exact Mass Observed Error

formula (m/2) ion (m/z) (ppm)
C23H2709NsPF 581.15557 581.15481 -1.3
C22H2309NsPF 565.12427 565.12522 1.7
C23H2408NsPF 562.13718 562.13807 1.6
C23H2405NsF 483.17867 483.1792 1.1
C23H2305Ns 463.17244 463.17302 1.3
C21H180sNsF 453.13172 453.13242 1.5
C21H2004NsF 439.15246 439.15289 1.0
C21H1705Ns 433.12549 433.1261 1.4
C18H1904NsF 402.14463 402.14375 2.2
C19H1703Ns 377.13566 377.13587 0.6
CeH1205N4 220.08022 220.07987 -1.6

7.1.12. Protonated Fostamatanib CID and EID assignments.

Proposed Exact Mass EID ion Error

formula (m/2) (m/z) (ppm)
Ca23H2609NsPFNa |  603.13751 603.13722 -0.5
Ca3H2609NsPF 580.14774 580.14986 3.7
C22H2408NeéPFNa |  573.12695 573.12884 3.3
C22H2309NsPF 565.12427 565.12522 1.7
Ca23H230s5NsFNa 505.16062 505.16205 2.8
C22H2305NsFNa 493.16062 493.162 2.8
C23H2405NsF 483.17867 483.17994 2.6
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C22H2005NsF 467.14737 467.14867 2.8
C23H2305Ns 463.17244 463.1736 2.5
C21H2004NsF 439.15246 439.15345 2.3
C21H170sNs 433.12549 433.12645 2.2
C19H1703Ns 377.13566 377.13662 2.5

7.1.13. Monosodium Fostamatanib CID and EID assignments.

Proposed Exact Mass EID ion Error
formula (m/2) (m/z) (ppm)
C23H2509NsPFNa2 625.11946 625.11872 -1.2
C22H230sNsPFNaz | 595.10889 595.11049 2.7
C23H2305NsFNa 505.16062 505.16172 2.2
C22H2305NsFNa 493.16062 493.16164 2.1
C23H2206N3sFNa 478.13833 478.13848 0.3
C23H2106NsFNa 477.13067 477.13073 0.1
C22H2305Ns6F 470.17165 470.17165 0.0
C20H170sPFNa 463.11367 463.11443 1.6
PO4H2Na2 142.94806 142.94807 0.1
POsNaz 124.9375 124.93749 -0.1

7.1.14. Disodium Fostamatanib CID and EID assignments.
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7.2. Chapter 2

Proposed ETD lon ETD Error
formula Exact Mass (m/2) (m/2) (ppm)
Ca25H28N4OsF 451.2145 451.2139 -0.1
C24H26N4O3sF 437.1989 437.1968 -0.5
C25H28N403 432.2161 432.2186 0.6
C24H26N4O2F 421.2040 421.2010 -0.7
C22H22N4OsF 409.1676 409.1678 0.0
C24H19N302 381.1477 381.1464 -0.3
C20H17N3sOsF 366.1254 366.1190 -1.7
C20H18N302F 351.1383 351.1370 -0.4
C1sH15N3OsF 340.1097 340.1091 -0.2
C1sH15N30O2F 324.1137 324.1148 0.3
C18H14N30O2F 323.1070 323.1062 -0.2
C16H22N303 304.1661 304.1654 -0.2
Ca2sH28N4OsF 226.1109 226.1112 0.2
CsH10N 84.0813 84.0803 -1.2
7.2.1. [Cediranib + 2H]2+ ETD product ion assignments
Proposed CID 2+ lon CID 2+ Error
formula Exact Mass (m/z2) (m/2) (ppm)
C22H22N4OsF 409.1676 409.1681 0.1
C20H17NsOsF 366.1254 366.1251 -0.1
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C1sH15N3OsF 340.1097 340.1085 -0.4
C1sH13N3OsF 338.0941 338.0938 -0.1
C17H13N3O2F 310.0992 310.0988 -0.1
C16H22N303 304.1661 304.1639 -0.7
Ca2sH2sN4OsF 226.1109 226.1110 0.0
C11H11N203 219.0770 219.0766 -0.2
CoH7N20s3 191.0457 191.0465 0.4
CoHaNOF 166.0668 166.0676 0.5
CoH7NF 148.0563 148.0571 0.5
CoHsNF 146.0406 146.0393 -0.9
C7HwN 112.1126 112.1134 0.7
CsH1oN 84.0813 84.0819 0.7
C21H20N303F 70.0657 70.0664 1.0
7.2.2. [Cediranib + 2H]2+ CID product ion assignments
Proposed CID 1+ lon CID 1+ Error
formula Exact Mass (m/z2) (m/2) (ppm)

Ca2sH28N4OsF 451.2145 451.2132 -0.3
C1sH15N3OsF 340.1097 340.1061 -1.1
C7HwN 112.1126 112.1133 0.6
CsH1oN 84.0813 84.0815 0.2

7.2.3. [Cediranib + H]+ CID product ion assignments
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Proposed ETD lon ETD Error
formula Exact Mass (m/z2) (m/2) (ppm)
C28H3sN702 501.2848 501.2844 -0.1
C28H34N702 500.2774 500.2776 0.0
C27H32N702 486.2612 486.2612 0.0
C26H28N60O2 456.2274 456.2270 -0.1
C25H27N6O2 443.2195 443.2188 -0.2
C24H26N602 430.2117 430.2122 0.1
C24H25N502 415.2008 415.2000 -0.2
C23H21N502 399.1695 399.1699 0.1
C22H20NsO 384.1699 384.1717 0.5
C15H23N302 277.1790 277.1798 0.3
C12H4NsO2 250.0365 250.0284 -3.2
7.2.4. [AZD9291 + 2H]2+ ETD product ion assignments
Proposed CID 2+ lon CID 2+ Error
formula Exact Mass (m/z2) (m/2) (ppm)
C24H25N602 429.2039 429.2023 -0.4
Ca3H25NsO 401.2090 401.2076 -0.3
C21H22NsO 374.1855 374.1845 -0.3
C20H19Ns 343.1671 343.1658 -0.4
C28H3sN702 250.6424 250.6421 -0.1
C26H28N60O2 228.1137 228.1131 -0.3
CisH13N4 225.1140 225.1140 0.0
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C22H22N6O 193.0928 193.0932 0.2
C24H24N60O2 72.0813 72.0816 0.4
7.2.5. [AZD9291 + 2H]2+ CID product ion assignments
Proposed CID 1+ lon CID 1+ Error
formula Exact Mass (m/z2) (m/2) (ppm)

C28H34N702 500.2774 500.2767 -0.1

C26H27N6O2 455.2195 455.2187 -0.2

C24H23N602 427.1882 427.1877 -0.1
C22H21NsO 385.1777 385.1818 1.1
C13H1sN202 231.1134 231.1136 0.1

CisH13N4 225.114 225.1131 -0.4
C1oH13N20 177.1028 177.103 0.1

C4H1o0N 72.0813 72.0818 0.7

7.2.6. [AZD9291 + H]+ CID product ion assignments
ETD lon ETD Error

Proposed formula Exact Mass (m/2) (m/2) (ppm)
Cs1H44N3OsF2S2 640.269 640.2678 -0.2
Cs0H42N30sF2S2 626.2534 626.2531 0.0
Cs1H43N304F2S2 623.2663 623.27 0.6
CsoH42N3OsF2S 562.2915 562.2905 -0.2
C20H3sNsOF 482.2983 482.2974 -0.2
C23H3sN3O3F2S 472.2445 472.2444 0.0
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C24H38N303S 448.2634 448.2619 -0.3

C22H36N302F2S 444.2496 444 2466 -0.7
C24H30N20F2 400.2326 400.2320 -0.1
C31Ha5N30s5F2S2 320.6384 320.6383 0.0

7.2.7. [AZD5672 + 2H]2+ ETD product ion assignments

CID 2+ lon CID 2+ Error
Proposed formula Exact Mass (m/2) (m/2) (ppm)

CsoH42N3OsF2S 562.2915 562.2908 -0.1
CsoH40NOsSF 545.2611 545.2626 0.3
C28H3sN203F2S 517.2336 517.2326 -0.2
C27H34N203F2S 504.2258 504.2256 0.0
Ca25H32N203F2S 478.2102 478.2092 -0.2
C22H36N302F2S 444.2496 444.2481 -0.3
C20H34N3O2FS 399.2356 399.2447 2.3
C21H34NsF2 366.2721 366.2714 -0.2
C18H27N203S 351.1742 351.1723 -0.5
C16H23N202F2S 345.1448 345.1435 -0.4
C17H25N203S 337.1586 337.1577 -0.3
C19H27N2F2 321.2142 321.2136 -0.2
Cs1H44N3OsF2S2 320.6384 320.6383 0.0
C30H43N303F2S 281.6497 281.6492 -0.2
C11H16NOsS 242.0851 242.084 -0.5
C14H1eNF2 236.1251 236.1241 -0.4
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CisH1eNF2 224.1251 224.1246 -0.2
C20H35N3O2FS 200.1178 200.0993 -9.2
C4H10NO2S 136.0432 136.0398 -2.5
CeH12N 98.097 98.0968 -0.2
CsH1oN 84.0813 84.0811 -0.2
CHs02S 78.9854 78.985 -0.5
7.2.8. [AZD5672 + 2H]2+ CID product ion assignments
CID 1+ lon CID 1+ Error
Proposed formula Exact Mass (m/2) (m/2) (ppm)
Cs1H44N3OsF2S2 640.2690 640.2685 -0.1
C22H36N302F2S 444.2496 444.2498 0.0
C20H29N202F2S 399.1918 399.1914 -0.1
C1sH2sN202F2S 371.1605 371.1604 0.0
C17H23N202F2S 357.1448 357.1443 -0.1
C16H23N202F2S 345.1448 345.1443 -0.1
C15H1sNO2F2S 314.1026 314.1022 -0.1
C16H22NOsS 308.1315 308.132 0.2
C13H16NO2F2S 288.087 288.0861 -0.3
C1eH20N2F2 278.1595 278.156 -1.3
C11H16NOsS 242.0851 242.0844 -0.3
C1aH1eNF2 236.1251 236.1241 -0.4
Ci4aH13F2 219.0985 219.0981 -0.2
CisH1sF2 207.0985 207.098 -0.2
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C11H1aNF2 198.1094 198.1092 -0.1
CioH7F2 165.0516 165.0517 0.1
CsHsNO2S 122.0276 122.0278 0.2
C2HsNO2S 108.0119 108.0121 0.2
CeH12N 98.097 98.0969 -0.1
7.2.9. [AZD5672 + H]+ CID product ion assignments
Proposed ETD lon ETD Error
formula Exact Mass (m/z2) (m/2) (ppm)
C12H15N4 215.1297 215.1284 -0.6
C12H13N3 199.1109 199.1097 -0.6
Ci2HoN2 181.0766 181.0744 -1.2
C11H11N2 171.0922 171.0917 -0.3
Ci2H13 157.1017 157.1004 -0.8
CizH12 156.0939 156.0932 -0.4
CeHsN2 108.0687 108.0685 -0.2
CeH7N4 79.0548 79.0538 -1.3
7.2.10. [DAB + 2H]2+ ETD product ion assignments
Proposed CID 2+ lon CID 2+ Error
formula Exact Mass (m/z2) (m/2) (ppm)
C12H15N4 215.1297 215.1297 0.0
Ci2H12Ns 198.1031 198.1032 0.1
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Ci2HoN2 181.0766 181.0768 0.1
C11H11N2 171.0922 171.0923 0.1
Ci1HsN 154.0657 154.0656 -0.1
CioH7 127.0548 127.0548 0.0
CeHsN2 108.0687 108.0684 -0.3
C7HoN 107.0735 107.0737 0.2
C12H13N3 99.55545 99.5553 -0.2
CsHsN 91.0422 91.0421 -0.1
Ci1H12N2 86.0500 86.0499 -0.1
Ci1HsN 77.0329 77.0378 6.4
7.2.11. [DAB + 2H]2+ CID product ion assignments
Proposed CID 1+ lon CID 1+ Error
formula Exact Mass (m/2) (m/2) (ppm)
C12H15N4 215.1297 215.1297 0.0
Ci2H12Ns 198.1031 198.1113 4.1
Ci2H1aN2 186.1157 186.1164 0.4
Ci2HoN2 181.0766 181.0768 0.1
C11H11N2 171.0922 171.0923 0.1
C11HsN 154.0657 154.0656 -0.1
CeHsN2 108.0687 108.0684 -0.3
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Proposed ETD lon ETD Error
formula Exact Mass (m/z2) (m/2) (ppm)
C1sH27NsCl 320.1894 320.1879 -0.5
C16H23N3sCl 292.1581 292.1566 -0.5
C18H27NsCl 285.2205 285.2238 1.2
C16H22N3 256.1814 256.1756 -2.3
C14H17N2Cl 248.1080 248.1069 -0.4
C12H12N2Cl 219.0689 219.0725 1.6
C11H11N2Cl 206.0611 206.0597 -0.7
C1oHoN2ClI 192.0454 192.0452 -0.1
CoHsN2Cl 179.0376 179.037 -0.3
C18H2sN3Cl 160.5986 160.5988 0.1
CoH21N 143.1674 143.1673 -0.1
CsH12N 86.097 86.0965 -0.6
7.2.13. [Chloroquine + 2H]2+ ETD product ion assignments
Proposed CID 2+ lon CID 2+ Error
formula Exact Mass (m/z2) (m/2) (ppm)
C1sH27N2Cl 320.1894 320.189 -0.1
C16H23NsCl 292.1581 292.1565 -0.5
C14H19NsCl 264.1267 264.1254 -0.5
C14H16N2Cl 247.1002 247.099 -0.5
C12H12N2Cl 219.0689 219.0679 -0.5
C11H10N2Cl 205.0533 205.0525 -0.4
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C1oHsN2Cl 191.0376 191.0371 -0.3
CoHsN2Cl 179.0376 179.037 -0.3
C18H2sNsCl 160.5986 160.5986 0.0
C16H23NsCl 146.58295 146.5823 -0.4
CoH7N2ClI 142.1596 142.1575 -1.5
C14H20N3Cl 132.56725 132.5673 0.0
C7H1eN 114.1283 114.1282 -0.1
CesHsN2 103.0296 103.0306 1.0
CsH12N 86.097 86.0971 0.1
C13H1sNsCl 69.0704 69.0705 0.1
CsHsN 58.0657 58.0657 0.0
7.2.14. [Chloroquine + 2H]2+ CID product ion assignments
Proposed CID 1+ lon CID 1+ Error
formula Exact Mass (m/z2) (m/2) (ppm)
C1sH27NsCl 320.1894 320.188 -0.4
C14H16N2Cl 247.1002 247.0992 -0.4
C10HsN2Cl 191.0376 191.0369 -0.4
CoHsN2Cl 179.0376 179.037 -0.3
CoH7NCI 164.0267 164.0264 -0.2
CoH20N 142.1596 142.1594 -0.1
CsH12N 86.0978 86.0971 -0.8
CsH1oN 84.0813 84.0813 0.0
CsHo 69.0704 69.0705 0.1

7.2.15. [Chloroquine + H]+ CID product ion assignments
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Figure 7.3.1. Absolute intensity of [M + 2H]2+ cediranib, AZD9291 and AZD5671 for a

range of mNBN concentrations.
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Figure 7.3.2. Absolute intensity of [M + 2H]2+ cediranib, AZD9291 and AZD5671 for a

range of sulfolane concentrations.
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Figure 7.3.3. Absolute intensity of [M + H]* cediranib, AZD9291 and AZD5671 for a

range of sulfolane concentrations.
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range of thiophenone concentrations.

268



3.50E+05 3.50E+08

©
& C
g 3.00E+05 3.00E+08 g
=k
+  250E+05 2.50E+08 8T
= SN
=T (0] +
215 2.00E+05 2.00E+08 ©
2 =
[0} D —
2N 1.50E+05 1.50E+08 53
cOo
£ 1.00E+05 1.00E+08 — QO
= ON
[e) 5 <<
2 5.00E+04 5.00E+07 &
n
< Re!
0.00E+00 0.00E+00 <
0 0.5 1 15 2 25

Concentration Glycerol-1,2-carbonate (ng/mL)

—o—AZD5672 —e—Cediranib —e—AZD9291

Figure 7.3.5. Absolute intensity of [M + 2H]2+ cediranib, AZD9291 and AZD5671 for a

range of glycerol-1,2,-carbonate concentrations.
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Figure 7.3.7. Spectra resulting from 1 uL/mL AZD5672 with 5 uL/mL DMSO in 50:50
0.1% formic acid ACN:H20.
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Figure 7.3.8. Spectra resulting from a) 1 uL/mL AZD9291 with 5 uL/mL DMSO in 50:50
0.1% formic acid ACN:H20 and b) 1 uL/mL AZD9291 in 50:50 0.1% formic acid showing

the decrease in detection of [M + 2H]2+.
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7.4. Chapter 4

Time (Min) | Flow Rate % H20 % ACN Curve
(mL/min)

0.0 0.4 95 5 6

0.3 0.4 95 5 6

4.3 0.4 5 95 6

4.7 0.4 5 95 6

4.71 0.4 95 5 6

5 0.4 95 5 6

Table 7.4.1. LC gradient for substance P LC-ETD.
Time (Min) | Flow Rate % H20 % ACN Curve
(mL/min)

0.0 0.2 99 1 6
2.0 0.2 99 1 6
72.0 0.2 64 36 6
78.0 0.2 50 50 6
78.5 0.2 10 90 6
83.0 0.2 10 90 6
83.5 0.2 99 1 6
20 0.2 99 1 6

Table 7.4.2. LC gradient for BSA digest LC-ETD.
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//
// ETD with Capillary Voltage Control
//

public override void main()

{

string property="CAPILLARY VOLTAGE SETTING";
double analyteMass=450;

double maxVoltage=3;

double minvVoltage=0.2;

double downstepSize=0.5;

double upstepSize=0.5;

double maxIntensity=5000;

double intensity=0;

double voltage=2;

double minIntensity=0.2;

connect("epc");
send cmd("initPropertyArraysV");//clears old property banks

send_cmd("addPropV,0,Voltage MARK SPACE_ SETTING, "+voltage.ToStrin
g()+ ",false");

send_cmd("enableSyncWriteV");

send_cmd("setSwitchCountv,0,3");

start function("WrensStartScan","writePropertyBankVv");//start
the banks running

enable data_capture();

reset _data();

set_data_capture range(analyteMass-1,analyteMass+1,50);
set property(property, (voltage).ToString());

while(true)
{
if(intensity>maxIntensity)
{
//if (voltage>minvVoltage+downstepSize)
/74
// voltage=voltage-downstepSize;
voltage=0.5;
SetDRE (voltage);
//set_property(property, (voltage).ToString());
// print("New voltage: "+voltage.ToString());
//}
//reset_data();
wait(650);
string data=get data();
intensity=get max(data);
print("Intensity more than Max: "+intensity.ToString());
print ("New voltage: "+voltage.ToString());

}

else if (intensity<minIntensity)

{
//if (voltage<maxVoltage-upstepSize)
/7 {
// voltage=voltage+upstepSize;
voltage=99;
//set_property(property, (voltage).ToString());
SetVoltage(voltage);
// print("New voltage: "+voltage.ToString());
// }
reset _data();
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wait(650);

string data=get data();

intensity=get max(data);

print("Intensity less than Min: "+intensity.ToString());
print("New voltage: "+voltage.ToString());

}

else

{
//reset_data();
wait(650);
string data=get data();
intensity=get max(data);
print("Intensity inbetween: "+intensity.ToString());
print(voltage.ToString());

}
}
}
public void SetVoltage(double Voltage)
{ send cmd("initPropertyArraysV");//clears old property
banks

send_cmd( "addPropV, 0,VOLTAGE MARK SPACE_SETTING, "+Voltage.ToStrin
g()+ ",false");
send_cmd("enableSyncWriteV");
send_cmd("setSwitchCountv,0,1");

start function("WrensStartScan","writePropertyBankV");

Script 7.4.1. WRENnS LC-ETD script using capillary voltage to control analyte ion

abundance.
//
// Dynamic Control of DRE lens setting
//
public override void main()
{

string property="DRE MARK SPACE_ SETTING";

double analyteMass=450;

double maxDRESetting=99.9;

double minDRESetting=1;

//double downstepSize=95; //This has been hard coded in an
'on off' fasion...could be improved

//double upstepSize=95;

double maxIntensity=2000; //These are what needs to be
optimised

double minIntensity=500;

double intensity=0;

double DRESetting=99.9;

int waitTime=645;

connect("epc");
send cmd("initPropertyArraysV");//clears old property banks
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send_cmd("addPropV,0,DRE MARK SPACE_ SETTING,"+DRESetting.ToString
()+ ",false");

send_cmd("enableSyncWriteV");

send_cmd("setSwitchCountv,0,3");

start function("WrensStartScan","writePropertyBankv");//start
the banks running

enable data_capture();

reset _data();

set_data_capture range(analyteMass-1,analyteMass+1,50);
set property(property, (DRESetting).ToString());

while(true)
{

if(intensity>maxIntensity)

//if (DRESetting>minDRESetting+downstepSize)

/74
// DRESetting=DRESetting-downstepSize;
DRESetting=12; //this 1is the hard coded min
DREsetting

SetDRE (DRESetting);

//set_property(property, (DRESetting).ToString());

// print("New DRESetting: "+DRESetting.ToString());
//}
wait(waitTime);
string data=get data();
intensity=get max(data);
print("Intensity more than Max: "+intensity.ToString());
print("New DRESetting: "+DRESetting.ToString());

}

else if (intensity<minIntensity)
{
//if (DRESetting<maxDRESetting-upstepSize)
/7 {
// DRESetting=DRESetting+upstepSize;
DRESetting=99; //this is the hard coded
max DREsetting
//set_property(property, (DRESetting).ToString());
SetDRE (DRESetting);
// print("New DRESetting: "+DRESetting.ToString());
// }
reset _data();
wait(waitTime);
string data=get data();
intensity=get max(data);
print("Intensity less than Min:
"+intensity.ToString());
print ("DRESetting: "+DRESetting.ToString());

}

else
{
//reset_data();
wait(waitTime);
string data=get data();
intensity=get max(data);
print("Intensity inbetween: "+intensity.ToString());
print (DRESetting.ToString());
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}
public void SetDRE(double DREvoltage)
{
send _cmd("initPropertyArraysV");//clears old property
banks

send_cmd("addPropV,0,DRE_MARK SPACE SETTING, "+DREvoltage.ToString
()+ ",false");
send_cmd("enableSyncWriteV");
send_cmd("setSwitchCountv,0,1");

start function("WrensStartScan","writePropertyBankV");
}

Script 7.4.2. WRENS LC-ETD script using DRE lens attenuation to control analyte
ion abundance.

//
// LC-ETD Optimisation using DRE lense settings
//

double maxDRESetting=99.9;

double minDRESetting=1;

double maxIntensity=5000; //These are what needs to be optimised
double minIntensity=1000;

double intensity=0;

double DRESetting=99.9;

public override void main()
{
string property="DRE MARK SPACE_ SETTING";
double analyteMass1=528.97;
double analyteMass2=522.96;
double analyteMass3=482.27;
double analyteMass4=549.29;
double analyteMass5=555.04;

int elutionDelayl1=520000;
int elutionDelay2=20000;
int elutionDelay3=260000;
int elutionDelay4=140000;
int elutionDelay5=200000;

double maxDRESetting=99.9;

double minDRESetting=1;

//double downstepSize=95; //This has been hard coded in an
'on off' fasion...could be improved

//double upstepSize=95;

double maxIntensity=5000; //These are what needs to be
optimised

double minIntensity=1000;
double intensity=0;
double DRESetting=99.9;

connect("epc");
send cmd("initPropertyArraysV");//clears old property banks
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send_cmd("addPropV,0,DRE MARK SPACE_ SETTING,"+DRESetting.ToString
()+ ",false");

send_cmd("enableSyncWriteV");

send_cmd("setSwitchCountv,0,3");

start function("WrensStartScan","writePropertyBankv");//start
the banks running

FindPeak(analyteMassl,elutionDelayl);
FindPeak(analyteMass2,elutionDelay2);
FindPeak(analyteMass3,elutionDelay3);
FindPeak(analyteMass4,elutionDelay4);
FindPeak(analyteMass5,elutionDelay5);

}

public void FindPeak(double mass, int elutionDelay)
{
disable data capture();
enable data_capture();
reset _data();
set_data_capture_ range(mass-1,mass+1,50);
StartProcessing(elutionDelay);

}
public void StartProcessing(int delay)
{
int time=0;
while(time<delay)
{
if(intensity>maxIntensity)
//if (DRESetting>minDRESetting+downstepSize)
/74
// DRESetting=DRESetting-downstepSize;
DRESetting=12; //this 1is the hard coded min
DREsetting
SetDRE (DRESetting);
//set_property(property, (DRESetting).ToString());
// print("New DRESetting: "+DRESetting.ToString());
//}

wait(650);

string data=get data();

intensity=get max(data);

print("Intensity more than Max: "+intensity.ToString());
print("Mass: "+get mass(data).ToString());

print("New DRESetting: "+DRESetting.ToString());

}

else if (intensity<minIntensity)
{
//if (DRESetting<maxDRESetting-upstepSize)
/7 {
// DRESetting=DRESetting+upstepSize;
DRESetting=99; //this is the hard coded
max DREsetting
//set_property(property, (DRESetting).ToString());
SetDRE (DRESetting) ;
// print("New DRESetting: "+DRESetting.ToString());
// }
reset _data();
wait(650);
string data=get data();
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intensity=get max(data);
print("Intensity less than Min:
"+intensity.ToString());
print("Mass: "+get mass(data).ToString());
print ("DRESetting: "+DRESetting.ToString());

}

else

{

//reset_data();

wait(650);

string data=get data();

intensity=get max(data);

print("Intensity inbetween: "+intensity.ToString());
print("Mass: "+get mass(data).ToString());

print (DRESetting.ToString());

}

time=time+650;

}
}
public void SetDRE (double DREvoltage)
{
send cmd("initPropertyArraysV");//clears old property
banks

send_cmd("addPropV,0,DRE_MARK SPACE SETTING, "+DREvoltage.ToString
()+ ",false");
send_cmd("enableSyncWriteV");
send_cmd("setSwitchCountv,0,1");

start function("WrensStartScan","writePropertyBankV");

}
Script 7.4.3. WRENS LC-ETD script using DRE lens attenuation to control analyte

ion abundance for multiple analytes at different RTs.
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RATIONALE: Tandem mass spectrometry of phosphorylated ions can often yield a limited number of product ions owing
to the labile nature of phosphate groups. Developing techniques to improve dissociation for this type of ion has
implications for the structural characterisation of many different phosphorylated ions, such as those from nucleotides,
pharmaceutical compounds, peptides and polymers.

METHODS: Solutions of adenosine monophosphate, diphosphate and triphosphate (AMP, ADP and ATP) were studied in
a hybrid linear ion trap-Fourier transform ion cyclotron resonance (FTICR) mass spectrometer. Precursor ions with an
overall single positive charge, including protonated nucleotides or nucleotide cations containing one, two or three sodium
atoms, were isolated for tandem mass spectrometry. Collision-induced dissociation (CID) was performed in the linear ion
trap, with electron-induced dissociation (EID) being conducted in the FTICR cell.

RESULTS: EID resulted in many product ions not seen in CID. EID product ion spectra were seen to vary for AMP, ADP
and ATP when the nucleotide cation contained zero, one, two or three sodiums. Precursor cations that contain two or three
sodiums mainly formed product ions derived from the phosphate group. Conversely, when a precursor ion containing no
sodium underwent EID, product ions mainly relating to the non-phosphate end of the ion were observed. The number of
phosphate groups was not seen to greatly affect either CID or EID product ion spectra.

CONCLUSIONS: The presence of sodium in a precursor ion directs electron-induced bond dissociation, thus enabling
targeted, and therefore tuneable, fragmentation of groups within that precursor ion. For all precursor ions, the most useful
product ion spectra were obtained by EID for a precursor ion containing one sodium, with bond dissociation occurring
across the entire nucleotide cation. The findings of this study can be used to improve the structural elucidation of many
phosphorylated molecules by broadening the range of product ions achievable. © 2016 The Authors. Rapid Communications
in Mass Spectrometry Published by John Wiley & Sons Ltd.

Electron-capture dissociation (ECD) is an electron-based
dissociation technique that has been widely adopted for the
structural characterisation of biological macromolecules. It
uses low-energy electrons (typically 1-5 eV), which interact
with multiply charged analyte ions in Fourier transform ion
cyclotron resonance mass spectrometers.!'™! In essence, an
electron is captured by the analyte ion, forming an excited
charge-reduced radical cation that then dissociates.l>*!
Unimolecular dissociation by this method is able to provide
complementary fragmentation information to collision-
induced dissociation (CID) and infrared multiphoton

I ——
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dissociation (IRMPD), retaining post-translational biological
modifications that are otherwise lost and providing protein
sequence information from intact proteins.!*”~% The analysis
of synthetic polymers also benefits from ECD as fewer complex
rearrangements allow for easier characterisation."**! Hot
electron-capture dissociation (hECD) was developed by
Kjeldsen et al. where higher energy electrons (10 eV) were used
for the analysis of multiply charged polypeptides, resulting in
increased fragmentation compared with ECD.I">"3I More
recently, electron-induced dissociation (EID) was developed,
which allows for the study of singly charged positive and
negative ions. Here, electrons with a high kinetic energy
(10-30 eV) interact with precursor ions causing concurrent
ionisation and excitation.""*'®! EID has been shown to yield
product ions as the result of vibrational and electronic
dissociation for a wide range of singly charged ions, including
peptides, where cleavage is induced along the backbone and at
side-chain groups, forming product ions that are observed in
CID and ECD.">™8 EID has proved useful for the structural
elucidation of protonated pharmaceutical compounds, as well
as sodium, potassium and ammonium adducts, with EID
providing complementary information to CID, thus allowing

Rapid Commun. Mass Spectrom. 2016, 30, 2155-2163
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for better characterisation of these ions."'”! Similarities can be
drawn between the product ions formed by EID of the
protonated and ammonium-adducted precursors, although a
small amount of extra structural information could be
observed for the ammonium adduct. The alkali-metal-
adducted precursors formed more product ions than the
protonated and ammonium-adducted precursors, with
sodium-containing precursor ions providing the most
structural  information.”®!  Metal-adducted ~ polyketide
precursor ions have also been studied by EID and CID, with
lithium-adducted precursor ions resulting in the most
structural information. Although product ions were similar
for all techniques, the most abundant were formed by
EID.?' EID, CID and IRMPD have also been compared for
the study of chlorophyll-a where EID was shown to provide
complementary product ions to CID. It was noted that loss of
H*® was common from EID along with fragmentation resulting
in odd-election species.””! DNA and RNA have been studied
by electron-detachment dissociation (EDD), an electron-based
fragmentation technique used for multiply charged anions.
When compared with CID and IRMPD, EDD resulted in
minimal base loss and no secondary fragmentation.
Determination of the binding position for Os complexes to
DNA was also possible due to Os-bound product ions being
formed by EDD.?>?%! Flosadéttir et al.* observed the effect
of exchanging up to seven protons with sodium ions on bond
cleavages by matrix-assisted laser desorption/ionisation
(MALDI) for deoxy-oligonucleotides. Here, backbone
cleavages were greatly reduced with increasing sodium
content. Conversely, the neutral loss of certain bases increased
with a greater number of sodium atoms on the precursor,
thought to be owing to protonation of an adjacent base with
higher proton affinity. Unique product ions were formed with
the inclusion of sodium atoms, such as a complex
fragmentation pathway involving the loss of several central
bases and recombination to form a product ion.!’!
Phosphorylated ions have predictable vibrational tandem
mass spectrometric behaviour, with loss of phosphate groups
predominantly observed owing to the labile nature of the
bond.P%* Cyclic adenosine monophosphate (cAMP)
analogues have been studied by CID, with limited product
ions formed. The majority of product ions related to cleavage
between the ribose-phosphate and aminopurine sub-
structures.”” The limited nature of the product ions formed
from CID for this type of ion has led to studies aimed at
gaining increased information from tandem mass
spectrometry, including the use of electron-based techniques.
ECD of adenosine triphosphate (ATP) and analogous ions
was shown to yield complementary product ions to CID for
doubly charged precursor ions. Unique to ECD, ribose cross-
ring cleavage was observed as well as several hydrated
product ions formed by cross-ring cleavages at other groups.
As CID also yields unique product ions, Liu ef al. concluded
that a combination of ECD and CID can be implemented to
gain maximum product ion information for acidic
metabolites.*™ ECD also results in high sequence coverage
for phosphopeptides containing up to four phosphorylation
sites.®!] The effect of increasing the number phosphate groups
has on sequence coverage by ECD was that for [M + 2H]*",
increased levels of phosphorylation results in lower sequence
coverage of the peptides. This is thought to be caused by the
phosphate groups forming salt bridges with amino acid side

chains.”! Losses usually observed by CID, such as H,O,
phosphate groups and phosphoric acid, were not observed
by ECD.?!

In this study, adenosine monophosphate diphosphate and
triphosphate (AMP, ADP and ATP) have been analysed using
CID and EID with varying numbers of sodium atoms
contained within the precursor ion. The aim was to observe
the effect of increasing numbers of phosphate groups and
increasing number of sodium cations upon the two types of
dissociation, and then use that information to gain maximum
structural information and to determine the extent to which
desired or directed fragmentation could be achieved through
design.

EXPERIMENTAL

Sample preparation

AMP, ADP and ATP were purchased from Sigma-Aldrich
Company Ltd (Gillingham, UK). All samples were made up
tol g mL~! in 50:50 HPLC-grade acetonitrile from Fisher
Scientific (Loughborough, UK) and deionised water
(18.2 MQ cm) with 0.1% formic acid from Sigma-Aldrich.

Mass spectrometry

All mass spectrometric measurements were performed on
a hybrid linear ion trap-Fourier transform-ion cyclotron
mass spectrometer equipped with a 7.0 T superconducting
magnet (LTQFT from ThermoFinnigan, Bremen, Germany).
Sample solutions were infused directly into an electrospray
ionisation (ESI) source at 5 pL min ', from which positive
ions were chosen for analysis. A heated capillary was set
to 350°C and a sheath gas (nitrogen) optimised to a flow
rate that delivered a stable spray. The spray voltage was
4 kV and the tube lens voltage was optimised to give
the most intense precursor ion signal. For tandem mass
spectrometry the isolation window was set 4 u. CID was
performed in the ion trap region of this hybrid instrument
using helium as the collision gas with 20-30 eV
normalised collision energy, with the product ions
measured in the FTICR instrument. For EID, the indirectly
heated dispenser cathode inside the FTICR cell generated
electrons at 26.5 eV for 70 ms. All data were recorded
and processed using Xcalibur software (version 2.0;
ThermoFinnigan, San Jose, CA, USA). Data were internally
calibrated from the precursor ion and the common product
ion [H4PO4]+.

RESULTS AND DISCUSSION

Terminology

The overall charge state for each nucleotide cation studied was
1+, yet such ions with a net single positive charge could be
thought of in a number of ways. This paper has employed
the terminology of protonated nucleotide to refer to the cation
of a nucleotide that only contains the atoms C, HN O and P
and must be protonated (e.g. [C10H14N5O7P + H'] for AMP).
The terminology ‘monosodium nucleotide’ refers to the cation,
which could be either a sodiated nucleotide with OH groups,
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or a protonated nucleotide that has an ONa group, e.g.
[C10H14N507P + Na+] or [C10H13N507PNa + H+], respectively,
for AMP. The terminology ‘disodium nucleotide” is used to
encompass both the possibility of a sodiated nucleotide with
one ONa group and OH groups, and a protonated nucleotide
that has two ONa groups; the terminology ‘trisodium
nucleotide” encompasses both sodiated nucleotide with two
ONa groups and a protonated nucleotide that has three ONa
groups.

EID and CID of protonated AMP, monosodium AMP and
disodium AMP

CID of protonated AMP (Fig. 1(a)) yielded only one product
ion at m/z 136.0617, relating to cleavage A, [CsHgNs]*, with
an error of —0.2 ppm (Fig. 2). When monosodium AMP
underwent CID (Fig. 1(b)), cleavage at A occurred again, with
a sodium-containing ion being produced: [CsHsNsNa]* at m/z
158.0436 (—0.5 ppm). Cleavage B resulted in an ion at m/z
234.9978, again with the inclusion of sodium, [CsHsO,PNa]",
with an error of 0.0 ppm. This indicates that the sodium cation
can be retained by either fragment of the monosodium AMP
precursor ion although the relative peak intensities would
suggest that the phospho-ribose region has the stronger
affinity for the sodium cation. Two other product ions, formed
by cleavage C, were also observed (m/z 250.0934 and 272.0753)
one with and one without the sodium atom, [CoH;,N505]"
and [C10H11N503Na]", with errors of —0.4 and —0.3 ppm,
respectively. The relative abundance of [C10H;2N5O5]" to
[C10H11N50;Na]" would suggest that the more favourable
location for the sodium is on the phosphate. Conversely,
disodium AMP is a very stable cation, only able to lose
water by CID, as shown in Fig. 1(c) (m/z 374.0235,
[C10H11N506PN32]+, —-0.3 ppm)

In contrast to CID, EID of protonated AMP resulted in the
formation of significantly more product ions, as shown in
Fig. 3. When protonated AMP (Fig. 3(a)) undergoes EID, over
80% of the product ions relate to cleavage at the aminopurine
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Figure 2. Diagram of protonated ATP describing the
nomenclature used to identify a particular bond cleavage
and corresponding product ion, plus the terminology used
to discuss cleavages involving the purine (Pur) and ribose
(Rib) regions. By extension, this diagram also applies to
AMP and ADP and the mono-, di- and trisodium species.

group. Cross-ring cleavages are only observed by EID for this
precursor ion, such as cleavages across the aminopurine (Pur)
and ribose (Rib) groups. There is precedence for this as Liu
et al. noted that cross-ring cleavage for the ribose group of
metabolites including ATP was only observed by ECD.!
For protonated AMP, either the phosphate group or the
aminopurine group can retain the proton, as demonstrated
by cleavages A (m/z 136.0618, [CsHgNs]", 0.0 ppm) and D
(m/z 98.9841, [H,PO,]", —0.4 ppm).

EID of monosodium AMP (Fig. 3(b)) resulted in
significantly more product ions than seen by CID, with
over 75% pertaining to cleavage at the ribose group. The
cross-ring cleavages at the aminopurine group seen for EID
of protonated AMP are less numerous for EID of monosodium
AMP, with an increased number across the ribose group (Rib)
being observed. Some cleavages are common to EID of
protonated AMP, such as A and D. A is seen with and
without sodium (m/z 136.0618 and 158.0438, [CsH¢Ns]*" and
[CsHsNNas]*, 0.1 and 0.4 ppm) whereas D is seen exclusively
containing sodium (m/z 120.9661, [HsPO4Na]*, 0.1 ppm),
suggesting that the phosphate group has a higher affinity for
sodium cations. Cleavage BC relating to the central methyl-
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Figure 1. CID of precursor ions with an overall single charge for (a) protonated
AMP, (b) monosodium AMP, and (c) disodium AMP. A full list of m/z values and
corresponding molecular formulae are given in the Supporting Information.
* indicates instrument noise.
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Figure 3. EID of precursor ions with an overall single charge for (a) protonated AMP, (b) monosodium
AMP, and (c) disodium AMP. A full list of m/z values and corresponding molecular formulae is given in

the Supporting Information. *

ribose group was observed with and without sodium (m/z
119.0104, [CsH4O,Na]", 0.1 ppm and my/z 97.0284, [CsH50,]",
—0.1 ppm), showing that the ribose group is also capable
of retaining a sodium cation. BC was not formed by EID
of protonated AMP, which demonstrates that the location of
the sodium causes this bond cleavage.

For disodium AMP (Fig. 3(c)), EID yielded fewer
product ions than seen for protonated AMP and
monosodium AMP. Increased cleavage at the phosphate
group was observed, with over 50% of all the product
ions relating to this region of the precursor ion. Cross-ring
cleavages were only seen to occur at the ribose
group (Rib). Two sodium cations are seen to reside
on the phosphate group as well as independently on
the aminopurine group following cleavages D
and A, respectively. A is seen with zero and two sodiums
(m/z 136.0618, [CsHgNs]", 0.1 ppm and m/z 180.0257,
[CsHyNsNay]*, 0.3 ppm) whereas D is seen with one and
two sodiums (m/z 120.9661, [H;PO4Na]®, —0.1 ppm and
m/z 1429481, [H,PO4Nay]", 0.0 ppm) and L only with
two sodiums (m/z 155.9559, [CH3PO,Na,]*, 0.1 ppm),
lending further evidence that the aminopurine group
has a stronger proton affinity than the phosphate group.
Non-covalent cation-n interactions have been reported for
tryptophan and other aromatic molecules and indicate that
cations such as sodium can be tightly bound to the
aromatic regions of a molecule in the gas phase,
supporting this assignment.[36’37] The precursor ion was
observed to lose water (m/z 374.0236, [C1oH;1N5O¢PNas]*,
0.1 ppm) as previously seen by CID, but not by ECD,
supporting the conclusion that vibrational dissociation is
a factor in EID."® In each case EID was able to generate
a greater degree of information than CID, but as

indicates instrument noise.

with CID the richest spectra were obtained from the
monosodium species. Table 1 summarises the bonds
cleaved in AMP, AMP monosodium and AMP disodium.
As more sodium is included with the precursor ion,
dissociation is clearly biased towards the phosphate group.

EID and CID of protonated ADP, monosodium ADP,
disodium ADP and trisodium ADP

Figure 4 shows the CID product ion spectra for protonated,
monosodium, disodium and trisodium ADP with the
monosodium species providing the most information,
analogous to AMP. CID of protonated ADP (Fig. 4(a)) yielded
only product ions related to dissociation at one or both
phosphate groups. As with protonated AMP, EID of
protonated ADP (Fig. 5(a)) yielded many more product ions
than CID, with most relating to extensive cleavage at the
aminopurine group. Cross-ring cleavages at the aminopurine
(Pur) and ribose (Rib) groups are common, as well as some
cleavage along the phosphate backbone. As the majority of
product ions are seen to contain at least part of the
aminopurine group, this is the most likely location of the
proton.

Monosodium ADP produces six product ions by CID
(Fig. 4(b)). Cleavage F occurred by loss of one phosphate
group (m/z 352.0414, [C10H1oNsOgPNa]*, —1.0 ppm) and
cleavage at the A/B relates to the loss of aminopurine (m/z
314.9642, [CsH;0O010P2Na]*, 0.0 ppm), and loss of
aminopurine with water (m/z 296.9536, [CsHgOoP,Na],
0.1 ppm). BF corresponds to an internal product ion formed
from the neutral loss of one phosphate and the aminopurine
group with the addition of sodium (m/z 216.9874,
[CsH;04PNa]*, 0.0 ppm) while cleavage at D forms a product
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Table 1. Summary of product ions formed by CID and EID for all precursor ions
Compound  Adduct Cleavages from EID Cleavages from CID
AMP H Purine(15), Ribose(2), A, D A
Na Purine(4), Ribose(8), M, A, A*, B*, [B*-H,0], [BC*-H,0], D*, K*, M* A, C, B¥, C*
2Na Ribose(4), A*, D*, -H,O
A**’ D**’ K**, L**
ADP H Purine(8), Ribose(4), A, C, D, E [C-H,0], [E-H,0], E
Na Purine(2), Ribose(14), A, [BC-H,0], M, A*, B*, [B*-H,0], BE*, BF*,  C, F, B*, BF*, [B*-H,0], D*
D*, K*, L*
2Na Ribose(7), A, M, A*, B*, [B*-H,0], BE*, BF*, D*, G*, H*, K*, L*, B**, [B**-H,0], BF**, D** F**
G**
3Na Ribose(3), A, G, F**, G¥*, H**, -H,0, F**
D***, K***
ATP H Purine(5), Ribose(4), A, BC, [BC-H,0], G, H, I E, K, [K-H,0]
Na Purine(3), Ribose(7), A, BC, C, G, I, B¥, [B*-H,0], BF*, BK*, D*, G*,  B*, [B*-H,0], C*, J*
I*, JB*’ K*’ L*’ N*
2Na Purine(1), Ribose(11), A, C, A*, I*, G*, B**, [B**-H,0O], D**, J**
B**, [B**_Hzo], D**, F**, G**’ H**’ I**’ J**, JB**, K**’ L**’ N**
3Na Purine(2), Ribose(8), A, A*, B, [B***-H 0], J***, JB***
Ak Pk Gk FEE PRk Nk
Bk [BH#s_H,0], D¥#*k, Gowk Fxwk [ Pk JRikx rwk
L***
*Denotes the sodium content for each product ion (* = 1; ** =2 and *** = 3),
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Figure 4. CID of precursor ions with an overall single charge for (a) protonated ADP, (b) monosodium
ADP, (c) disodium ADP, and (d) trisodium ADP. A full list of 1m/z values and corresponding molecular
formulae is given in the Supporting Information. * indicates instrument noise.

ion that relates to both phosphate groups (m/z 200.9324,
[HP,O;Na]*, —0.2 ppm). This shows that the sodium,
probably located on the phosphate group, stabilises this
group, allowing the aminopurine group to be lost and the
diphosphate group to retain a charge. EID of monosodium
ADP (Fig. 5(b)) induces bond cleavages mainly concentrated
in the ribose region of the ion as with monosodium AMP;

the majority being cross-ring cleavages at the ribose group
(Rib). The sodium was always retained if the phosphate
group was a part of the product ion and was also retained
by the lone ribose product ion, BC-H,O (m/z 119.0103,
[CsH4OoNal*, —0.1 ppm) and the lone aminopurine product
ion A (m/z 158.0437, [CsHsNsNa]®, 0.1 ppm). These data
show that although the sodium is always retained by
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Figure 5. EID of precursor ions with an overall single charge for (a) protonated ADP, (b) monosodium
ADP, (c) disodium ADP, and (d) trisodium ADP. A full list of 1m/z values and corresponding molecular
formulae is given in the Supporting Information. * indicates instrument noise.

phosphate-containing product ions, it can also be retained,
although not exclusively, by lone ribose and aminopurine
product ions.

CID for disodium ADP (Fig. 4(c)) results in cleavage at
nearly all the same bonds as for monosodium ADP, with the
product ions retaining both sodiums. Cleavage at C was not
observed however, as all the product ions from the disodium
ADP contain the phosphate. The majority of the EID product
ions for disodium ADP (Fig. 5(c)) pertain to cleavages along
the phosphate backbone and at the ribose group. In contrast
to EID of protonated ADP, all but two product ions contain
part of the phosphate group, always with at least one sodium
retained. Fewer cross-ring cleavages at the ribose group were
observed (Rib), which is analogous to disodium AMP;
cleavages are mainly concentrated at the diphosphate group.
As this region of the precursor ions is the most likely location
of sodium cations, the data suggests that EID is strongly
affected by the presence and position of sodium.

CID of trisodium ADP (Fig. 4(d)) resulted in very limited
fragmentation, with fewer product ions than monosodium
and disodium ADP being formed. The product ions unique
to CID of monosodium ADP and disodium ADP are only seen
with the inclusion of sodium, showing that the presence of
sodium on the diphosphate can weaken the bonds in this
region. The loss of H,O was observed for the first time (m/z
475.9724, [C10H11N509P,Nas] ", 0.9 ppm) and F, as was the loss
of one sodium and one phosphate group (m/z 374.0241,
[C10H11N506PNa,]*, 0.3 ppm). EID of trisodium ADP
(Fig. 5(d)) yielded fewer product ions than EID of protonated,
monosodium and disodium ADP, and induced no cross-ring
cleavage, leading to the proposition that the sodium is
associated with the longer phosphate chains, concentrating
dissociation in this region of the ion. This is supported by three

observations: first that all but one of the sodium-containing
product ions formed are related to the phosphate group;
secondly, the formation of G (m/z 164.9300, [HPOsNas]",
0.2 ppm) demonstrates that a single phosphate group can
retain three sodiums; and, thirdly, that all the product ions
relating to the phosphate groups contain sodium. In general
product ions are formed by cleavage at the phosphate groups,
always retaining two or three sodiums. The only product ion
seen to contain the ribose group was F (m/z 374.0259,
[C10H11N504PNa,]*, 5.2 ppm), formed by the loss of one
phosphate group and one sodium. Cleavage at A forms the
lone aminopurine product ion (m/z 180.0260, [CsH4NsNa,]™,
1.9 ppm), showing that the aminopurine group can exist in
the disodium form.

EID and CID of protonated ATP, monosodium ATP,
disodium ATP and trisodium ATP

CID and EID of all the ATP precursor ions (Fig. 6) generated
similar information to the AMP and ADP precursor ions. EID
provided much more information than CID, with the
monosodium species again being the most informative.
CID of monosodium ATP (Fig. 6(b)) resulted in cleavage
at B, relating to loss of the aminopurine group, not
observed in CID of protonated ATP (Fig. 6(a)), with one
sodium, and with one sodium and loss of H,O (m/z
394.9304, [CsH;;045P3Na]’, —0.2 ppm and m/z 376.9199
[C5HoO1,P3Na]*, —0.1 ppm, respectively) showing that the
sodium cation affects the stability in this region of the ion.
CID of trisodium ATP (Fig. 6(d)) induced cleavage JB (m/z
3409176, [CsHgOoPoNas]", 0.4 ppm), which relates to the
simultaneous loss of one phosphate group and the
aminopurine group. This is the only precursor ion that
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Figure 6. CID of precursor ions with an overall single charge for (a) protonated ATP, (b) monosodium
ATP, (c) disodium ATP, and (d) trisodium ATP. A full list of m/z values and corresponding molecular
formulae is given in the Supporting Information. * indicates instrument noise.
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Figure 7. EID of precursor ions with an overall single charge for (a) protonated ATP, (b) monosodium ATP, (c)
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the Supporting Information. * indicates instrument noise.
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Figure 8. An ATP molecule has been used here to
demonstrate the main regions of fragmentation that the ATP
ions undergo with EID. For protonated ATP the main
regions of fragmentation are shown by the dashed line, for
monosodium ATP the dotted line and for di- and trisodium
ATP the solid line. By extension, this diagram also applies to
AMP and ADP.

formed this product ion by CID, probably caused by the
location of the three sodium cations affecting the stability of
the ribose diphosphate region of the ion.

EID of monosodium ATP (Fig. 7(a)) did not result in a
product ion relating to the aminopurine ring retaining sodium,
as previously seen for monosodium AMP and monosodium
ADP. This is probably because the addition of a third
phosphate group in the precursor ion biases the location of
the sodium cation. EID of trisodium ATP (Fig. 7(d)) resulted
in a greater number of small product ions relating to cross-ring
cleavages at the aminopurine group (Pur) than for
monosodium ATP and disodium ATP (Figs. 7(b) and 7(c)).
This is proposed to be because, when three sodiums are
included with the precursor ion, there is more chance of one
of the sodium cations being located on the aminopurine group,
directing some fragmentation towards this group.

CONCLUSIONS

EID gave significantly more diagnostic information for all the
AMP, ADP and ATP precursor ions than CID, where
cleavage was mainly limited to the phosphate group. The
number of phosphate groups present was not seen to affect
the EID product ion spectra, as has been noted for
phosphorylated peptides, with common bond cleavages seen
for one, two and three phosphate groups.®! The number of
sodium cations included in the precursor ion had limited
effect on the CID product ion spectra. Sodium content did,
however, have a dramatic effect on the EID product ion
spectra, with the likely locations of the sodium cations
directing fragmentation. Regardless of the number of
phosphates, when no sodium was included with the
precursor ion, EID focused at the aminopurine group
suggesting this as the site for protonation. For EID of
monosodium precursor ions, dissociation was predominantly
seen at the ribose group whereas for EID for disodium and
trisodium precursor ions, bond cleavage was generally
induced at the phosphate group (demonstrated by Fig. 8
for AMP). The greatest number of product ions for AMP
and ADP were observed using EID for the monosodium
species, with product ions relating to all regions of the
precursor ion. For ATP, however, EID for the trisodium
precursor ion formed the most product ions, although the

product ion spectra provided limited information as cleavage
was mainly limited to the phosphate group. When studying
phosphorylated ions, this study indicates that the most
diagnostic and prolific tandem mass spectrometric
information can be gained by performing EID on a
monosodium species. For ions analogous to AMP, ADP
and ATP, it is possible to direct EID by fragmenting ions that
contain zero to three sodium atoms, enabling targeted study
of different groups in the ion.
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