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List of symbols

a Cell geometry factor

B Magnetic field strength

e Elementary charge (1.6 x 0C)
E Electric field

€0 Permittivity of free space

f Frequency (Hz)

Y Surface tension

0 Angle between two vectors

A Wavelength

rorR Radius

V1 Trapping potential

v Velocity

® Angular frequency (rad’}

¢ Unperturbed cyclotron frequency
O+ Reduced cyclotron frequency
. Magnetron frequency

®; Trapping frequency
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Abstract

The performance capabilities of Fourier transfoom ¢yclotron resonance (FTICR)
mass spectrometry are higher than any other typeast spectrometer, making this
technique suitable for a range of analytical appions. Here, FTICR mass
spectrometry has been used for the structural sisalyf polyketides and non-
ribosomal peptides, and in the identification optide binding sites of ruthenium(ll)
arene anticancer complexes. In both these appisat methods have been
developed involving complementary tandem mass speetry techniques,
specifically collision activated dissociation (CADglectron induced dissociation
(EID), and electron capture dissociation. In gattr, CAD and EID have been
shown to be effective in the structural characteios of polyketides, with a method
developed for distinguishing between two isomerghe&f polyketide lasalocid A.
This method has been optimised and extended folicappn to non-ribosomal
peptides enabling detailed structural informationbie obtained with very high
accuracy. Using CAD and ECD has enabled the ffiestion of amino acids
involved in binding ruthenium(ll) complexes. Bindi to phenylalanine and
glutamic acid was observed in this work for thetfiime; coordination by histidine
and methionine was also observed and is in agreem#mprevious work. Overall,
new methods for highly accurate structural chareagon and binding site

identification have been successfully designediamdemented.
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Chapter 1: Introduction
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1.1 FTICR Mass Spectrometry as an Analytical Tool

Mass spectrometry has long been realized as a pdvamialytical tool and, as such,
can be used successfully in a wide range of appit®, from small molecule
structural characterization to the analysis of fpasslational modifications of
proteins. The principle of a mass spectrometryedrment is to determine the mass
of a molecule through measurement of its mass-twgeh(m/2 ratio, wheremis a
molecular weight measured in Da, ang the elementary charge. By measuring the
accurate mass of a molecule, the exact chemicapasition can then be obtained.
Them/zratio of an analyte is determined by the behavadwa charged particle in an
electric field, or in a combination of electric amgnetic fields. In order to achieve
this, a mass spectrometer is composed of three paais: first, an ionisation source
to transfer the analyte into the gas phase; segpadinass analyser to separate the
ions based on them/zratio; and third, a detector. There are varigge$ of mass
analysers in use ranging from a simple quadrupoleart ion trap; the most
sophisticated of which is a Fourier transform iguolatron resonance (FTICR) mass

spectrometer.

FTICR mass spectrometry was first developed by Garoiv and Marshdll
in 1974 and has the highest performance capabildfeany mass spectrometer in
terms of resolving power and mass accuracy. Theldement of this technique has
expanded the range of applications where massrepestry is advantageous over
other methods. Examples of this include proteonaipplications, where higher
resolving powers enable the separation of peptidetunes of large protein
complexes, therefore increasing the accuracy ofeproidentification; natural
product analysis, where the greater variety of éamanass spectrometry techniques

available with FTICR enable complementary, high snascuracy data to be
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obtained for the structural characterization of nremmpounds; and finally, in the
analysis of complex mixtures, where a combinatiérhigh resolution and mass

accuracy enable the identification of large numinérompounds.

1.2 lonization Techniques

1.2.1 Electrospray lonisation (ESI)

Electrospray ionisation is a technique used to peedgaseous ions from a liquid
under atmospheric pressure conditions and was afge@lby John FeAr in the late
1980’s based on work conducted by Dole in 168.has become one of the most
widely applicable ionisation techniques as it (ffeeveral advantages, including the
detection of a wide range of masses without sigaifi fragmentation, as well as

preserving non-covalent interactions in the gaseha

There are three main stages in ESI, namely drojgehation, droplet
shrinkage, and gaseous ion production. The solutiontaining the analyte of
interest is pumped through a needle and a straayriel field (generally ~3-5 kV) is
applied between the needle and the entrance togtrement, in this case, the spray
shield. The polarity of the voltage applied canchanged depending on whether
positive mode or negative mode is required for ymsl The electrostatic field
produced as a result of the potential differendevben the needle capillary and the
spray shield causes charge to accumulate at thod tige needle, and is drawn out in

a downfield direction, establishing a Taylor c8ras illustrated in Figure 1.1.
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~3-5 kV

Figure 1.1 lllustration of electrospray ionisation proceadapted from references

[6.7]

When the charge repulsion exceeds the surfaceotertdi the liquid, a process
known as “budding” occurs, resulting in the formatiof highly charged droplets.
Due to their charge, these droplets then migrateatds the entrance of the
instrument. Droplet evaporation can be enhancethbyuse of a nebulising gas,

generally nitrogen, which is applied along the mé&®of the needle capillary.

There are two main mechanisms proposed for thelsige of the droplets
before they enter the instruméniThe first, known as the charge residue mechanism
(CRM),* involves evaporation of the solvent as the drepleibve downstream,
resulting in an increase in charge repulsion inthieedroplet. At the point where the
Coulombic repulsion exceeds the surface tensioawknas the “Rayleigh Limit”,
droplet fission occurs, resulting in the formatwindroplets with smaller radii. The

Rayleigh limit can be defined by equation 1.1.

qr = 8”(V€0R3)1/2 (1.1)
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This process continues until the production of tktsp containing one analyte
molecule, with one or more charges, has occuridte second mechanism, known
as the ion evaporation mechanism (IENbyolves the desorption of a single analyte
molecule into the gas phase, through Coulombiclsepu causing its ejection from
the droplet. Both mechanisms can be used to extiiai observed formation of ions
from ESI; however, it is generally thought that IEMapplied to small (> 10 nm

radius) droplets, whilst CRM applies more to larg@molecules such as proteihs.

9-10

Nanospray ionisation, or nanoESI, is a variation&$l that uses much
smaller needle tips, on the order of a few um astef ~100 um, so that smaller
droplets are producéed. A lower voltage, ~0.8-1.2 kV, is applied betweka needle
and the spray shield, and the sample is delivetelbveer flow rates. This is
particularly advantageous in biological analysesemhsample volumes are often
limited. Although smaller tips are more prone togging, reducing the amount of
sample entering the instrument has the added hesfefeducing contamination in
the source. For these reasons, it is often pigfeita use nano-ESI in a number of

applications.

1.2.2 Matrix Assisted Laser Desorption lonisationIALDI)

Matrix assisted laser desorption ionisation (MALD$) like ESI, an important
ionisation technique which can be used to analyse-wolatile, high molecular
weight compound¥’ The compound of interest is mixed with a mattygpjcally an
organic acid, before being crystallised on a mptate. The sample is irradiated

with a laser, typically at wavelengths in the ulicdet, such as a nitrogen laser<
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337 nm), causing ablation and creating a plumenafyde and matrix molecules, as

illustrated in Figure 1.2.

To mass
. analyzer
Analyte ions
yoons ©+/
OPO
-~ ‘ O @Matrix ions
O QO O
O OO |
O, (O )(e—Matrix molecules
8”Q%888% Analyte molecules

IQOQOQQOOQ

— 10kV

Figure 1.2 lllustration of ion formation using MALDI

Within the plume, ionisation of the analyte (A) malles can occur; the most
common mechanism by which this is thought to odsuhrough proton transfer

from the matrix (M), as illustrated by equation2.1.
M+ h—M"
M* + A — [M-H]” + [A+H]" (1.2)

An alternative theory, known as the lucky survivnodel** suggests the analyte
molecules preserve their charge states, togethibr agisociated counterions, from
solution as they are incorporated with the matrikae presence of matrix excess
charges i.e. [M+H] or [M-H] in the clusters of molecules generated by laser

irradiation can result in counterion neutralisati@mr analyte deprotonation
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respectively, leading to the formation of mostiyngy protonated species, as

illustrated by equation 13:*°
AH™ + X — AH' + X + (n-1)HX (1.3)

Whilst the processes involved in MALDI are not cdetely understood, evidence
for both mechanisms has been repdftstiowing neither mechanism can be applied
to explain all results observed using MALDI. MALIH now widely used for the
analysis of biomolecules and polymers due to itgpscity and ease of use. One of
the disadvantages of this ionisation techniqueitighe generation of singly charged
species, which limits the use of some tandem maastrometry techniques, such as

electron capture dissociation (ECD), which requidtiply charged species.

1.2.3 Electron lonisation (EI)

Electrons produced by a heated filament are aatekkiby an electric field to 70 eV

and focussed into a continuous electron beam. Jdseous sample is passed
through the beam in the perpendicular directiorenehy the close passage of highly
energetic electrons causes fluctuations in thetraedield around the sample

molecules, consequently inducing ionisation ancemsive fragmentatioh*® A

schematic of the setup in an El source is shoviigare 1.3.
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Figure 1.3: Schematic of an EIl source, adapted from referghicie

At energies of 70 eV, the de Broglie wavelengthhef electrons closely matches the
bond lengths of typical organic molecules (~ 0.1%),nthereby maximising energy
transfer. If the energy transferred is greatentttze ionisation potential of the
neutral molecule (M), ionisation occurs resulting the formation of a radical

cation!” P as illustrated in equation 1.4.

M+€ - M +2¢ (1.4)

Approximately 10-20 eV is transferred to the molesusince about 10-15 eV is
required for ionisation for volatile, organic molées, the excess energy results in
extensive fragmentation, consequently providingdpod ions that can aid with
structure elucidation. A disadvantage of this téghe, however, is that the
molecular ion of a compound is not always observ8uhce the introduction of ESI
and MALDI, which are gentler ionisation techniquesd do not result in
fragmentation, El is generally used for the analydivolatile, low molecular weight

compounds, particularly in instruments coupledds ghromatography systems.
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1.3 Mass Analysers

Once the sample has been ionised, the ions caedagated according to themn/z
and a mass spectrum produced. There are varipes tf mass analyser available
for this purpose, including quadrupole, ion tramet-of-flight, and FTICR analysers.
Each differs according to its mode of operatiorted@ble mass range, sensitivity,
cost, and two important performance capabilitiesissnaccuracy and resolving

power.

1.3.1 Resolving Power and Mass Accuracy

Resolving power (RP) is important for separatingsely spaced signals, such as in
the analysis of multiply-charged ions, particulaity large proteins, and in the

analysis of complex mixtures. The resolving powan be calculated by equation

1.5.

RP

(1.5)

wherem corresponds to the/z of the peak of interest antn is the width of the
peak. Generally, the full width at half maximunWHM) definition for peak width

is used, where the width is measured at 50% olfi¢ight of the peak.

Mass accuracy, measured in parts-per-million (pgmja measure of how
well the measuredh/z correlates with the theoretical vaffi@nd can be calculated

by equation 1.6.

Mm/Zmeas— M/Ztheo X 106 (1 6)

Mass accuracy = e
theo

where m/zneas and m/zne, are the measured and theoretical values for tiaé pé

interest respectively.
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There are a number of characteristics that indictdte performance
capabilities of different mass analysers, and aseduto judge the best mass
spectrometer for the type of analysis to be perémtmResolving power and mass
accuracy are two examples of such characteristitisers include scan speed,
sensitivity, and the detectable mass range. Qpaths are the simplest but are
limited in terms of their resolving power and massuracy; on the other hand,
FTICR mass spectrometers can achieve resolving igoare the order of millions,
and mass accuracies of 1 ppm and below, makingititde for a wide range of
applications but a very expensive instrument. &ihe FTICR mass analyser is the

focus of this work, it will be discussed in detailsection 1.4.

1.3.2 Quadrupole Mass Analyser
Quadrupoles are the most common analyser in masdremeters and consist of

two sets of two cylindrical rods lying parallel@éach other, as shown in Figure 1.4.

DC and RF voltages

Figure 1.4 Schematic of a quadrupole

lons are separated according to the stability eif tthajectory through the oscillating
electric field produced via a combination of direatrent (DC) and radio frequency
(RF) potentials applied to the rods. The motioniarsfs in a quadrupole can be

described by the solutions to the Mathieu equétidhwhich determine regions of
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stability and instability. These solutions canused to describe the trajectories of
ions in a quadrupole and to define the limits fostable trajectory. The Mathieu
stability diagram, illustrated in Figure 1.5, cam Wsed to visualise the solutions to
the Mathieu equation and therefore determine wihdsts will pass through the

guadrupole and be detected.

"scan line

stable region

V

Figure 1.5 lllustration of a Mathieu stability diagram

The Mathieu stability diagram is prepared by piatihe two Mathieu parametersg, a
and q. These parameters are related to the DC (U) aRd (W voltages

respectively, and are defined by equations 1.71a8d

8eU

mry2w?

a, = 2.7)

—4eV

mry2w?

qu = (1.8)

whereu represents either the x- or y-directi@nis the elementary charge is the
massr, is the radius of the ion path, ands the angular frequency.
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The quadrupole can therefore be used either assa fiti@r for selection of an ion
with a particulam/z or it can be used as a mass analyser and scarrdoge ofm/z
values by varying the RF voltage. However, theieaable mass accuracies and

resolving powers are limited at ~100 ppm and ~1D@0respectively.

1.3.3 Linear lon Traps

Linear ion traps confine ions along the axis ofuadyupole by the application of a
2D radio frequency field, with additional DC volegyapplied to two end trapping
segment$® As well as acting as a mass analyser, lineatraps are often used for
storing ions as part of a hybrid instrument, origmlating ions of a specifim/zfor

tandem mass spectrometry experiments.

1.3.4 Quadrupole lon Trap (QIT) Mass Analyser

Quadrupole ion trap instruments originate from @k of Wolfgang Padf and
operate similarly to a quadrupole but instead afSpay through, the ions are trapped
in 3D for detection. A QIT consists of two endadectrodes and a ring electrode in
between. By applying oscillating RF voltages te ting electrode and static DC
voltages to the endcaps, a 3D quadrupolar elduptat is created. By changing the
electric field on the endcap, the ions can be saiplly ejected according to their
mass through a small gap in one of the endcapsrdswiie detector. Although
higher resolving powers are achievable with a quaale ion trap (~10,000 Da),
mass accuracies are similar to those achievable siguadrupole alone. The
advantage of using an ion trap is the increasensisvity through the accumulation

of ions for a specified time period before detatctio
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1.3.5 The Orbitrap

The Orbitrap>*®is an example of a modified Kingdon trap wheraimsiare stored,
not in a potential well, but through their angul@omentum about a central
electrode. The trap consists of a spindle contaméhin a barrel and it is this

spindle to which the ions are attracted and raedend, as illustrated in Figure 1.6.

z@ Inner spindle
LY

lon motion
Figure 1.6 Schematic of the Orbitrap, illustrating ion ravat around a central

spindle

The angular frequency (in the z-direction) of tlmeation around the spindle is
detected as an image current which is then prodessiag a Fourier transform to
give a frequency spectrum and, ultimately, a mamctsum. The Orbitrap can
achieve resolving powers of ~2-300,000 and massracies of 1 ppm with internal
calibration making it the highest performing massalgser next to FTICR

instruments.

1.3.6 Time-of-Flight (TOF) Mass Analyser

In a time-of-flight, or TOF, analyser, the ions aczelerated by an electric field of a
constant, known strength and therefore exit thigiore with the same Kkinetic
energy’’ The velocity of an ion depends onritézratio, so the time taken to reach a

detector at a known distance is measured. Sigbgeli ions have higher velocities,
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these will reach the detector first, and the tirftesecorded can then be converted to

values form/zusing equation 1.9.

d m

whered is the length of the flight tube aidlis the acceleration voltage applied. A
TOF mass analyser is commonly associated with MAidDisation; however, initial
MALDI-TOF instruments demonstrated poor resolutiorginly due to the fact that
the ions were accelerated as soon as they weraeiggddhrough laser irradiation.
Since this process lasts for a specified time pefans of the samm/zvalue arrived
at the detector at slightly different times througgreading out of the ion packet
causing a distribution in kinetic energies of thed. To overcome this, there are two
solutions implemented in most TOF instrumentsi fissreflectron was introduced
into the instrumen®® This effectively acts as a mirror by using arcele field to
reflect the ion beam back to the detector whilshuianeously improving the
achievable resolving power. lons of the samebut with higher kinetic energy will
travel further into the reflectron than those witdwer kinetic energy, therefore
compensating for the difference in time taken fog tons to travel to the detector.
Second, a technique known as delayed (or pulsedditraction is use® In this
process, both the target plate and a second votilade separated by a few mm are
initially held at the same voltage. After a delay typically a few hundred
nanoseconds, the voltage on the second plate ikeddby 2-3 kV generating an
electric field to which all ions are drawn. Thesothat are further away from this
plate when the voltage is dropped are exposed t@ mbthe potential than those
that are already closer to the plate; consequémiynitially slower moving ions will

move faster in the field free region of the flighbe, compensating for their slower
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initial velocity. As a result, all ions of the samm/zratio will reach the detector at
the same time, increasing both the resolution hedseénsitivity. Resolving powers
and mass accuracies vary for TOF instruments;ntineduction of longer flight tubes
and a reflectron has increased achievable resolavgers to ~15-20,000 Da with
mass accuracies around 10 ppm. In linear modesehsitivity is generally better
due to the shorter flight time; however, the ladkaoreflectron reduces resolving
powers to ~8-10,000 with mass accuracies increasir#0 ppm. High resolution
TOF instruments usually incorporate additional geals such as a quadrupole
thereby increasing resolving powers to ~20-40,0@0 additional advantage of a
time-of-flight analyser is the quicker scan speedicw is on the order of
milliseconds, as opposed to 1 second for ion trapsgdrupoles and FTICR

instruments.

1.4 FTICR Mass Analyser

In an FTICR mass analyser ion detection occursitCa cell, in which the ions are
trapped radially by a magnetic field, and axiallydn electric field. The behaviour
of the ions in this combination of fields is theslzafor FTICR mass spectrometry,

and will be explained in detail in section 1.4.2.

1.4.1 The ICR Cell

The ICR analyser cell, or Penning trap, is at thee ©f the instrument, in that ions
are trapped, excited, and detected here duringdhese of an experiment. The cell
is positioned in the centre of a superconductinggmea and is composed of three

pairs of plates, namely trapping, excitation, amdedtion plated' The trapping
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plates lie perpendicular to the magnetic field, Isththe excitation and detection

plates lie in the plane of the field, as illustchite Figure 1.7.

Trapping
plate 2

Excitation
plate

Excitation
plate

Trapping plate 1

Detection
plate

S
~
S~

lons

Magnetic
field

Figure 1.7 Schematic of a cylindrical ICR cell showing thapping, excitation, and

detection plates

Cell design is an important avenue of researchTilCR instrumentation, with the
aim of improving the performance of these instrutee¢hrough increasing attainable
resolving powers and mass accuracies. Designs mawved on from the original
cubic analyser ceff to those based on a cylindrical geometry. Overythars the

designs have been optimised so as to produce aal*iélectrostatic potential for
trapping the ion&® The open cylindrical ceff* Infinity cell** compensated open
cylindrical cell*®*® and the dynamically harmonised ¢&lre all examples of cell

designs with different features for improving instrent performance.

39



1.4.2 lon Motion

Once inside the ICR cell, an ion with masschargeg, and velocity, moving in a
magnetic field of magnitudB, experiences a force known as the Lorentz foned, a
as a result, moves in a circular orbit in the plpagendicular to the direction of the

magnetic field, as shown in Figure 1.8.

Figure 1.8 lllustration of the Lorentz force acting on a oed particle in a
magnetic field
The magnitude of the force experienced by the sagiven by equation 1.10.

F= qﬁxyﬁsine (1.10)

where 6 is the angle between the axis of the ion’s motto the axis of the
magnetic field strengtiB. Equation 1.10 can be simplified to equation ldli# to

the fact that the direction of ion motion and magnield are perpendicular.
F = qv,,B (1.11)
The Lorentz force is balanced by the centrifugatépdescribed by equation 1.12.

F=ma="%2 (1.12)
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Since the sum of the forces is equal to zero, @umtl.11 and 1.12 can be set as

equal to each other (equation 1.13).

32

qUyy B = = (1.13)

Rearrangement of equation 1.13 and substitutinghangular frequency, where
v=wr, yields an expression for the cyclotron frequer@t tharacterises the circular
motion of an ion in a magnetic field. The cyclaetrisequency, which is related to

the mass-to-charge ratio of the ion, is define@tpyations 1.14 and 1.15.

w =2 (1.14)
f= (1.15)

In an FTICR experiment, the cyclotron frequen®ey, is measured so as to determine

its mass-to-charge ratin)/z wherez = g/eande is the elemental charge.

Equations 1.14 and 1.15 describe the cyclotron anai the presence of a
magnetic field only; in an FTICR experiment, ancéie field is applied to the
trapping plates in order to confine the ions indlk&l (z) direction i.e. parallel to the
magnetic field. As a result, the ions oscillatekvaards and forwards along the z
axis and are trapped in the ICR cell. The equatanthe axial force in the z-
direction is defined by equation 1.16.

_ md?z
T dt2

= qE (1.16)

whereE is the electric field. From this equation, ifpsssible to obtain an equation
for the trapping frequencyy,, at which the ion oscillates along the z-axis, tmnsl is

defined by equation 1.17.
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(1.17)

whereVr is the trapping potential applied to the plates the distance between the

trapping plates, andis a coefficient dependent on the geometry otrihe.

The addition of a potential term in the z-direntedso produces a radial force

and so introduces another term to equation 1.atljg to equation 1.18:
F=q(, xB) +qE (1.18)

qQVra
a2

whereE is the electric field, andl? = r. The radial electric field produces an

electric force that acts on the ion so as to pustway from the centre of the cell,
thus opposing the Lorentz force from the magnaetdf The equation for ion

motion can now be defined by equation 1.19:

qVra
a2

Force = mw?*r = qBwr — r (1.19)

Equation 1.19 can be re-written in the form of adyatic in®, as shown in equation

1.20:

qBw qQVra
w——+==0

m ma?2

(1.20)

The solutions of this quadratic equation correspntivo rotational frequencies in
the plane perpendicular to the magnetic fieldthe.xy plane, as shown by equations

1.21 and 1.22:

2 2
W, =4 (“’—) R (1.21)
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2 2
w_ =2 (‘”—) — Lz (1.22)

Where: W, =— (1.14)

2qVra
w, = / maTZ (1.17)

These resulting frequencies correspond to the sstuayclotron frequencygp.

(1.21), and the magnetron frequeney(1.22). The magnetron frequency is a result
of the contradictory forces acting on an ion frdme tmagnetic and electric fields,
causing the ions to experience a third type of ampthamely magnetron motion,
which offsets the centre of the ion’s cyclotron motcausing a shift in its cyclotron

frequency.

1.4.3 Excitation and Detection

In order to detect the ions in the cell, they nfirst be excited into a larger radius of
cyclotron motion, so as to pass closer to the tieteplates. A radiofrequency (RF)
pulse is applied to the two excitation plates; wiienfrequency of the pulse matches
the cyclotron frequency of an ion, i.e. it is irso@ance, the ion absorbs energy and

spirals outwards into a larger orbit, as shownigufe 1.9.
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Figure 1.9 |lllustration of excitation and detection processm an FTICR

experiment

The RF pulse is swept linearly through frequenamstiching them/z range of
interest, thus exciting all ions in that range ndwf the samen/zratio are excited
coherently and so orbit the cell as a tight pacliethe same cyclotron frequency.
Different types of excitation waveforms can be uBadtandem mass spectrometry
experiments whereby a single peak is selectedrégnientation. These waveforms
form part of a pulse program, which defines eacgestof an FTICR experiment,
from an initial quench to remove all ions from tlell, to isolation and
fragmentation, accumulation, and finally excitatiand detection. A method for
producing the optimal excitation waveform requireith high selectivity was

14 and is known as stored waveform inverse Fourier

reported by Marshalet a
transform, or SWIFT. The frequency domain exadatspectrum required is first

specified so that the resonant frequencies of ¢hected ions only are excited. The
inverse Fourier transform is taken to convert treguency domain to a time domain
excitation signal, and is therefore simply the reeeprocess for acquiring a mass

spectrum in FTICR. SWIFT has been used to isatatizidual isotope peaks*? as

well as in multiple stages of tandem mass speetymMS") for the structural
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elucidation of small moleculés. Other methods of excitation used for the selectio
of ions include correlated harmonic excitationdjebr CHEF:* and an extension of
this known as multi-CHEE> In CHEF, single- and swept-frequency excitation
fields are used to eject unwanted ions from thé esd in multi-CHEF, this is
extended from to include a set of known refereneakp which are isolated
simultaneously with the precursor ion. These ezfee peaks can then continue to
be detected as multiple stages of tandem massepestty are performed, enabling

accurate internal calibration of the product ions.

As the ions pass the two detector plates, an irohgege is induced, which is
then converted into an alternating current and roesa as a time domain signal
known as a transient. A Fourier transform is agplio the transient to create a
frequency domain spectrum, which is calibrated emaverted to a mass spectrum
using the relationship between frequency amd ratio. It is this non-destructive
nature of FTICR mass spectrometry, and the fadtttiteions can be detected for
long periods of duration, that leads to the obge@weaof ultra-high resolving power

and mass accuracy.

1.4.4 Data Post-Processing
Once the data has been acquired, there are a nwhipest-processing functions

that can be applied in order to enhance resoldtigher.

1.4.4.1 Apodisation

The time-domain signal, or transient, is acquired & finite time period;
consequently, the abrupt ending of the signal tesnlthe generation of tails located
on either side of the main peak in the frequenays@io spectrum. These tails can

interfere with the identification of low-intensitpeaks but can be reduced by
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applying time-domain weight functions before Fourieansformation, a process
known as apodisatiolf. There are several different weight functions tban be

applied to the data, including Gaussian, sine-batid Hamming function?.

Application of one of these functions results ireduction of the amplitude of peak-
tails, but at the cost of broadening of the spégeak thereby reducing resolution
and signal-to-noise ratio. The extent of this @ffearies from spectrum to spectrum,
as it is dependent on the data acquisition timethadevel of decay of the transient

signal®®

1.4.4.2 Zero-filling

The use of the zero in FTICR mass spectrometryasfold; first, zeroes can be
used to replace some of the data signal in ordéitéo out noise and improve the
signal intensity. Second, zeros are generally éddethe end of the time-domain
data set in order to interpolate extra points ggrak fitting algorithms to improve
mass accuracy, by increasing the acquisition tifnthe signalt’ The number of
data points recorded in the time domain spectruereases from N to 2N for one
zero-fill thereby decreasing frequency point spgcesolution since point-resolution

is proportional to acquisition time.

1.4.5 Instrument Developments

FTICR mass analysers are currently the best pemigrimstruments in terms of
achievable resolution and mass accuracy, althdugimiass range is limited to a few
thousandm/z while high performing TOF analysers can detectthe tens of
thousands. Resolving powers of ~500,000 can bairdat routinely but can be
pushed to a few million in heterodyne mode, whereaaow m/z range is studied
under high resolution conditioi8. Although ultra-high resolution and mass

accuracy are routinely achieved with FTICR massctspmeters, the number of
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unresolved peaks increases at higinéz due to decreased resolving power and an
increase in the number of possibilities of elementanpositions. The complex
nature of current applications being explored Hesefore resulted in a need for
further improvements and optimisation of FTICR tealogy™® Developments in
the hardware components contribute greatly to imgmeents in its performance; for
example, increasing the magnetic field strengthddedo a linear increase in
achievable resolving power. The introduction of51# magnet gave results with
resolving powers two-fold better than that obtaineth a 7 T magnet. Other
features of the instrument have been improved theeyears, including the vacuum
system, to ensure detection occurs at a suffigidatl pressure (~ I8 mbar) and
prevent sudden damping of the transient signak ddta acquisition system has also

been improved to increase acquisition speeds aadstizrage spacé.

1.5 Tandem Mass Spectrometry (MS/MS)

The principle of a tandem mass spectrometry exparinis to obtain structural
information on a precursor compound through isofgti fragmentation, and
subsequent analysis of the product ions deteciBde process can be repeated a
number of times by further selection of a spedifagment ion in each fragmentation
spectrum, and subjecting it to dissociative proegstherefore yielding multistage
mass spectrometry or MSexperiments. There are a number of tandem MS
techniques that can be used for this purpose, vimglboth neutral molecules and

electrons.
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1.5.1 Collision Activated Dissociation (CAD)

The most widely used tandem mass spectrometry igohris collision activated
dissociation (CADJ? or collision induced dissociation (CI5¥>° During CAD, the
precursor ion is subjected to collisions with atreugas, such as argon. These ions
become activated through the conversion of traosiat energy to vibrational
energy thereby increasing the internal energy efpitecursor. Since intramolecular
vibrational energy redistribution (IVR) often ocsurefore fragmentation, the bonds
with the lowest dissociation energy are preferdgtt@oken, which, for peptides and
proteins, corresponds to the peptide bond, forrtiegcharacteristic b- and y-iors,

*8 as shown in Figure 1.10.
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Figure 1.1Q Illustration of the types of product ions formawaring fragmentation in

tandem mass spectrometry experiments

One of the main disadvantages of using CAD is éimeléncy for labile groups to be
cleaved during the process making it an unreligbhnique in the analysis of
protein post-translational modifications. CAD Istprovides useful sequence
information but the development of alternative smdmass spectrometry techniques

means it is often used to provide complementargrméation in addition to other
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methods. One such technique is infrared multiphodéssociation (IRMPDJ?

IRMPD involves the use of a laser, generally a GB&er with a wavelength of 10.6
um, which is directed at a sample so that the psecuon absorbs one or more
photons, causing the internal energy of the mo&dal increase and fragment.
IRMPD has been shown to produce significant fragat@n of large proteins,
producing a number of additional sequence ions A Cand therefore improving

the structural information obtainable on larger ecoles**

1.5.2 Sustained Off-Resonance Irradiation (SORI) €EAD

Sustained off-resonance irradiation (SORI)-CADs an alternative method for
fragmenting molecules and can be performed in @R ¢tell itself. The precursor
ion is excited by the application of a pulse witfrequency slightly higher than its
natural cyclotron frequendy. This causes the ions to repeatedly accelerate and
decelerate as their cyclotron radii continuouslgaed and contract. A collision gas
such as argon is then pulsed into the cell to cdissociation of the analyte ions.
The advantage of SORI-CAD is that the ions canmted for longer periods of
time (generally hundreds of milliseconds) and saemmllisions can occur in this

time thereby increasing the degree of fragmentation

1.5.3 Electron Capture Dissociation (ECD)

The advent of techniques based on ion-electrorractiens has broadened the
applications where tandem mass spectrometry hagisant advantages, such as in
proteomics. Electron capture dissociation (ECD) in particulas lbeen instrumental
in this field due to its ability to provide detallesequence information in proteins,
complementary to CAD, as well as preserving pastdiational modification¥’
ECD involves the capture of an electron by a mbiytgharged cation e.g. a

polypeptide, subsequently forming a cation raditabough neutralisation of a
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charge, which results in bond cleavage; in the capeptides, this bond is normally
the N-G, forming ¢ and zions. The exact mechanism of ECD is under heabath
in the literaturé>®’ the technique was originally developed in the B880's by
Zubarevet al®’ who proposed that electron attachment occurs b®nated site
forming a hypervalent radical site, stabilised doesolvation of a proton by a
backbone amide carbonyl. The energy released apftachment of the electron
(recombination energy) is sufficient to enable e¢fection of a hydrogen radical with
enough Kinetic energy to transfer to the oxygenanf amide carbonyl. This
mechanism, known as the Cornell, or hot hydrogeachanism is illustrated in

Figure 1.11.
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Figure 1.11 lllustration of the Cornell mechanism for ECD

An alternative mechanism was developed to explairere; for steric reasons,
hydrogen radical transfer from a protonated siteniable to occur, but cleavage of
the molecule is still observed. Syrstad and Tu®geroposed that electron capture
occurs directly in an amide* orbital whereby a number of electronic stateghaf

charge reduced ion are sampled consecutively. hdf ground state is reached,

hydrogen transfer onto a solvated amide carbongumgrcan occur, leading to
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cleavage of the N-Cbond. Simultaneously, Simoms al®> ®® reported a similar
mechanism but proposed that the electron is m&stylito attach to a Rydberg
orbital localised on a positively charged $iteThe electron can then undergo fast
intramolecular transfer to & amide orbital enabling cleavage of the N4@bnd to
occur. Consequently these collective results domst the Utah-Washington
mechanism for ECD, whereby an electron is captdnexttly into a Rydberg orbital
and transferred to an amidé orbital stabilised by local intramolecular elexdtatic

potentials provided by protonated sites withini@ecule, as shown in Figure 1.12.
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Figure 1.12 lllustration of the Utah-Washington mechanismE&€D

The unique fragment patterns able to be producedw UsCD has led to the rapid
development of a number of other electron-basesbdiation techniques. Electron
detachment dissociation (ED)can be applied to anions to cause fragmentation
through electron ejection from the precursor io&lectron transfer dissociation
(ETD)"* was developed for use in instruments other thalCRTmass spectrometers.
In this case, electrons are transferred to theupsec ion via radical anions, which
are produced in a negative chemical ionisation@and are generally molecules

consisting of aromatic rings systems, such as ao¢ime (gHig) or fluoranthene
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(CieH10). Transfer of an electron forms the radical catgpecies that leads to
fragmentation analogous to that observed in ECD.TD Es therefore also
advantageous in proteomics due to the preservabioriabile groups during
fragmentation, enabling analysis of protein poahstational modifications to be

performed’?

Since ECD involves the capture of an electron armsequent neutralisation
of a charge site, molecules must carry a chardgein order for fragments to be
detected. Therefore, this technique cannot beieppd molecules which can only
carry a single positive charge, as is common wattyfacids and polyketides. As a
result, ionisation methods like MALDI, which produamainly singly charged
species, cannot be used in conjunction with electapture dissociation. There is,
therefore, a drive to find tandem mass spectrontetiigniques which are compatible
with small, singly charged species, and that canlyce extensive fragmentation of

these molecules.

1.5.4 Electron Induced Dissociation (EID)

One of the first studies conducted on singly changas was reported in 1979 by
Cody et al”® who used electrons to fragment substituted benzadieal cations.
The technique was termed electron impact excitatiolons from organics (EIEIO)
and the authors reported that similar fragmentattto@AD was observed when the
molecules were fragmented using electrons with geer below the second
ionisation energies of the cations. Wang and Migraf took the technique further
in 1990 and demonstrated its ability to fragmengeabiomolecules, like gramicidin
S, using 70 eV electrons; again, they reported lainfragmentation patterns to

CAD.”™
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Since then, several studies have reported on thgmintation patterns
obtained when singly charged molecules, such amdierule$® and inorganic
complexe<? are allowed to interact with electrons, a techaidermed Electron
Induced Dissociation (EID). More recently, Lioeda®@’Hair compared EID spectra
of singly protonated amino acids and their simpetjales, obtained using electron
energies around 20 eV, to those obtained using €ADhis approach is similar to
hot ECD (hECDY? where electrons with high energies, typically auL0 eV,
induce fragmentation in multiply charged molecul@$ie authors reported extensive
fragmentation of the amino acids and peptideswat different and complementary
to CAD. Generally, this has been the case repantsdbsequent studies. Feketeova
et al. demonstrated that EID produced more extensivenfemgation than CAD
when applied to betaift and to NaCl cluster catiod$,and Kaczorowska and
Cooper showed that EID was particularly effectiwdragmenting polynuclear metal

complexe$? and the metallo-porphyrin, octaethylporphytin.

The role of metals in EID has been investigatedgisiyptophaff and it has
been shown that more fragments were produced thitanGAD. This suggests that
more electronic excited states can be accesseanviateraction between the metal
ion and the electrons. Similar work undertakerMmselyet al®* demonstrated that
the charge carrying species of small, pharmacdttipa molecules influenced the
degree of fragmentation. They showed that sodindhpotassium were retained by
nearly all the product ions, and provided completasgndata to the protonated and
ammonium adducts. Work carried out by Kaiti al®* showed that radical ions
unique to EID were formed when singly deprotongiegdtides were irradiated with

electrons. Differences were observed in the Elecsp of the amidated and the free
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acid forms of substance P and LHRH, suggestingttireatharge location may also

have an impact on the fragmentation pattern obderve

1.6 Bruker solariX 12 T FTICR Mass Spectrometer
The majority of the work in this thesis was carrimat on a Bruker solariX 12 T
FTICR mass spectrometer (Bruker Daltonics, Coveniig). A schematic of this

instrument is shown in Figure 1.13.
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Figure 1.13 Schematic of the Bruker solariX FTICR mass speuntter (reproduced

and adapted from the Bruker solariX user guide wehmission)

The instrument has a dual ESI and MALDI sourcetli@ generation of ions which
are then transferred through a heated glass agpipasitioned perpendicular to the
main axis of the instrument. A series of electtstand octapole ion optics guide
the ions to the quadrupole and hexapole collisielh clons can be isolated by the

guadrupole, before being transferred to the coltisiell for fragmentation by CAD
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or ETD, or for accumulation. For ETD, a negatiy'emical ionisation (nCl) source

is located above the split octapoles for generatiacihe radical anions. The ions are
transferred via a hexapole to the InfifftyCR cell for detection. On the far side of
the ICR cell, a hollow cathode is located for EOml &ID experiments inside the
cell. The use of a hollow cathode further enatilespositioning of an IR laser at the
back of the instrument for IRMPD experiments. Thstrument can routinely

achieve 500,000 resolving power ratz 400 and, with internal calibration, mass

accuracies of <0.5 ppm.

1.7 Applications of FTICR-MS

The high performance capabilities of FTICR masscspeetry make this
instrument suitable for a number of different apgtions. The identification of
thousands of components in complex mixtures is iplesslue to the ultra-high
resolving powers achievabi®.In proteomics, this enables the separation of
overlapping isotopic distributions, and thereforgarge state determination, for
large, multiply charged biomolecul®s. The variety of tandem mass spectrometry
techniques available on an FTICR mass spectromietduding CAD, ECD, EID
and IRMPD enable detailed, complementary data toltained for small molecule
structural analysis, as well as identifying modifions on peptides and proteins.
High mass accuracy further supports the identiicabf elemental compositions
with a high degree of confidence. The use of FTIG&ss spectrometry in small
molecule structural analysis and protein modifmasi is explored in chapters 2-4,

and is introduced in the following sections.
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1.7.1 Structural Characterization in Natural Product Analysis

Natural products have been a source of clinicagislifor a number of decades, with
investigations into the discovery of novel therapeweompounds peaking in the
1970s and ‘808 The increased resistance of bacterial strainsntibiatics has
driven the need to develop new drd§&® natural products, such as polyketides and
non-ribosomal peptides, in particular have displiay® remarkable range of
pharmaceutical properties, and subsequently acclmun& significant number of
clinical drugs currently availabf@®® Polyketides include antibiotics (e.g.
erythromycin A), anticancer drugs (e.g. epothilgnaad cholesterol-lowering drugs
(e.g. lovastatin). Non-ribosomal peptides alsduide antibiotics, such as tyrocidine,

as well as antifungal, antiviral, and immunosupgaes drugs:

The process of the discovery of natural product mmunds, and its
progression towards the development of new drugshallenging as it involves
several stages, namely the extraction of the ptofilam its source, concentration,
fractionation, and purification yielding a singleipactive compoun&® Structural
characterization is necessary to eliminate alrdatywn compounds from further
investigation, a process known as “dereplicatii™ by comparing the chemical
and mass spectral properties of the unknown wit Kmown compounds.
Traditionally, structural information has been otéa using a variety of different
analytical techniques, including nuclear magnetesonance (NMR), mass
spectrometry, and chromatographic separation tqaoksi such as gas
chromatography (GC), and liquid chromatography (P€C)The timescale for the
subsequent identification of the compound was daned to be a limiting factor in
the discovery process, as structure determinatmuidvake on the order of weeks to

months. Improvements in resolution of analytieghniques like mass spectrometry
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have reduced this timescale significantly, meanthg identification of new
compounds can be achieved at a faster rate tharpreausly possiblé High

resolution mass spectrometry is generally usedénfirst instance to identify the
molecular formula, which has the advantage thay emicrograms of material is
required, with NMR providing additional structuraiformation®® As a result,
combining both of these techniques has proved toabgowerful method for

elucidating the structures of novel compounds.

In this work, a method using complementary tandeass spectrometry
techniques has been developed for the structueabcterisation of polyketides and

non-ribosomal peptides, which is explored in chegp®eand 3.

1.7.2 Protein Binding Site Analysis of Anticancer Gmpounds

Cisplatin [Pt(NH)2Cl;] is one of the most widely used anticancer drugs t its
high success rate in the treatment of ovarian astictilar cancerS. However, on
entering the blood plasma, cisplatin binds to pnstesome of these, such as human
serum albumin, are thought to play a role in theritiution of the drud® but with
others, the binding is irreversible. This caudes deactivation of the drug and
reduced urinary excretion, resulting in depositimnplatinum in tissud’ It is
believed that these interactions are the princgaalse of the severe side effects
observed, such as nephrotoxicity and ototoxi&ity}arious papers report the results
of binding studies carried out with cisplatin andaaiety of proteins such as human

serum albumii® cytochrome &’ ubiquitin® insulin® transferrin®*** and

calmodulint®%193

Complexes based on alternative metals to platinterbaing developed; in

particular, compounds based on ruthenium are prmgisnd there are two
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compounds, namely NAMI-R*'%and KP1019% that are currently in phase 2 of
clinical trials!®” The major differences between ruthenium and mplati are the
range of accessible oxidation states, coordinationbers, and geometries available.
Potentially, ruthenium binding to biomolecules miag reversible, in contrast to
platinum, which subsequently reduces the toxicftthe metal. Ruthenium is in the
same group of the periodic table as iron (group)Vdhd may mimic iron in its
binding to biomolecules which, as tumour cells hawgreat demand for iron, would
enable the drug to be delivered more effectiveliheotarget sité> ' Platinum also
shows a lack of activity towards certain cancessjeveloping different metal-based

compounds might lead to effective treatment foeotpes of cancéef?

Mass spectrometry has proved to be a powerfulfardhe elucidation of the
binding sites of metal complexes. In particuldre use of FTICR-MS has been
beneficial in this area due to the ultra-high resg power and mass accuracy
achievable, enabling clear isotope patterns toiftenduished. Metals like platinum
and ruthenium have distinct isotope pattéfignabling the identification of metal-
containing species to be made with high mass acasatherefore ensuring that

confident assignments are made.

1.8 Thesis Overview

In this thesis, a humber of different applicati@i=TICR mass spectrometry have
been investigated where high mass accuracy is denabed to be essential in order
to achieve the objectives of the projects. Chaptbegins with the use of tandem
mass spectrometry for the structural characteamati small molecules, specifically

polyketides. By combining CAD and EID, a methods Hzeen developed that
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enables detailed structural information to be oladi on these compounds and
allows two isomers to be distinguished. In chaptéris method is extended so as to
be applied to the larger class of natural produbis,non-ribosomal peptides. As a
test case, the method is focussed on the compoctmbmycin D and combines
multiple ion isolation with tandem mass spectrométrproduce detailed, accurately
calibrated structural information. In chapter dndem mass spectrometry is also
used to develop a method for identifying the bigdsites of potential ruthenium
anticancer compounds on peptides and proteins. ifipertance of obtaining mass
accuracies below 1 ppm has been demonstrated armbdndination of ruthenium to
certain amino acids has been seen for the firg.tifhe final chapters, 5 and 6, are
further applications of FTICR mass spectrometry dret ongoing projects. Chapter
5 involves analysing mixtures where there are gelmumber of unknown peaks, and
high resolving power and mass accuracy are negef&sathe accurate identification
of the different compounds. The mixture used isolabl, with FTICR mass
spectrometry used specifically to identify diffeces in genuine and counterfeit
vodkas. Chapter 6 is an application involving MALL&hd using carbon nanotubes
as an alternative to a matrix for detecting pegtipelymers. Overall, this thesis has
demonstrated a number of applications involving @GR 1mass spectrometry, in
which a combination of high resolution and massieacy are necessary to achieve

the end goal.
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Chapter 2: Characterizing the
Structures of Polyketides Using
High Mass Accuracy Tandem Mass
Spectrometry

This chapter has been partially reproduced fronfahewing publication:

R.H.Wills, M.Tosin and P.B.O’Connor, Structural Caeterization of Polyketides
Using High Mass Accuracy Tandem Mass Spectromging]. Chem 2012 84(20),
8863

60



2.1 Introduction

Understanding the biosynthetic pathways of natpratiucts such as polyketides is
of great interest for the drug discovery procesi& aan enable scientists to perform
modifications in order to generate novel compounith bioactive propertieS:
Type | polyketides are produced through the actiba series of enzymes that are
organized into modules forming an assembly lingJ are known as polyketide
synthases (PKSs). These enzyme complexes are sechpd individual domains,
namely ketosynthase (KS), acyl transferase (ATJ, @yl carrier protein (ACP), as
shown in Figure 2.1 (A), and are coordinated witihi& complex so as to incorporate

a small set of linear units into a chain throughsezutive condensation reactidrfs.

B): Example Polyketide Building Blocks

A): Domain Arrangement
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Figure 2.1 (A) Arrangement of the PKS domains, KS = ketokgse, AT = acyl
transferase, ACP = acyl carrier protein; (B) examiplilding blocks in polyketide

synthesis, adapted from reference [2]

Polyether ionophores are a group of polyketides ¢cbenprise a carboxylate group,
and several tetrahydropyran (THP) or tetrahydraofu(@HF) rings. Amongst
polyketides, polyether antibiotics constitute aqua class of compounds broadly
used in veterinary medicine and in animal husbaridrytheir ability to complex

inorganic cations and aid their transport acrossbrane barrier§*** There is,
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however, a growing concern about the presence e$ethcompounds in the
environment; specifically, the potential toxicityo torganisms in aquatic
environments and the contamination of drinking watén order to quantify the
amount of these antibiotics present in the enviremima reliable method of
identification is needetf®*!® Different tandem mass spectrometry techniqueg hav
been applied to assist in the structural charaetton of polyketides:**#* CAD'®

122 and IRMPDB? have been used previously and produce few diaignists for
macrolides such as erythromycin A. This is dugh® successive loss of water
molecules being the dominant dissociation pathwaleuthese conditions, resulting
in little cleavage of the macrocycle itself. Sianistudies have been conducted on
polyether ionophores such as lasald¢id?® tetronasin™* and monensii® The
ability of these compounds to complex metal ions haen utilised whereby the
effect of adding different metal cations was inigeged through a comparison of the
CAD spectra obtained. The location of the charge lleen found to vary according
to whether a metal cation or a proton is boundyltieg in different fragmentation
patterns being accessEd!!®'? The development of ion-electron fragmentation
techniques has been advantageous in terms of pmgvamplementary structural
information to CAD and IRMPD; however, the use aldeelectron tandem mass
spectrometry techniques, specifically electron getldissociation (EID), has not, as

yet, been explored as a method for characterisi@gtructures of these molecules.
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2.2 Experimental

2.2.1 Chemicals and Reagents

The polyketides erythromycin A, lasalocid A asd-lasalocid A were provided after
being isolated by fermentation 8f erythraeaandS. lasaliensisand extracted with
ethyl acetate as previously reporfé#*'®> The extracts were concentrated and then
dissolved in 50% methanol and 50% Milli-Q water ((More Inc., Durham, UK)
prior to analysis by ESI. Extracts containing intediate mixtures were also
provided after being extracted with ethyl acetatepeeviously describet®> HPLC
grade methanol was purchased from Fisher Scien(fiftmghborough, UK), and

lithium chloride was obtained from Sigma Aldrichilf@gham, UK).

2.2.2 Analysis of Polyketides by ESI-MS

The extracts were analysed on a 12 T Bruker Sol&TYCR mass spectrometer
(Bruker Daltonics, Billerica). The sodium and ammuon adducts of the
polyketides occurred naturally in the cell extratte lithium adduct was produced
by adding LiCl (1 mM) to the samples. The samp¥ese injected directly into the
source using a syringe pump with a flow rate of aQthour and sprayed from a
solution of methanol/water (50:50). A nebulisers ga nitrogen was used at a
pressure of 1.2 bar, and a drying gas, also nitrodewed at 4 L miit at
temperature of 200 °C. A voltage of -4500 V wapligp to the glass capillary for
analysis in positive mode, and an offset of 500 aswapplied between the capillary
and the spray shield at the entrance to the ingmmmFor CAD experiments, the
precursor ion was isolated in the first quadru@wld fragmented in the collision cell
with argon as the collision gas, and at energie$80¥. For EID experiments, the

precursor ion was isolated in the quadrupole anmreally accumulated in the
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collision cell for 2-5 seconds before being transfe to the ICR Infinity Celf° The
ions were then irradiated with electrons from a A7heated hollow cathode
dispenser, biased with an offset potential of betw&3 and 15 V, for 1 ms. Fifty
scans were recorded for CAD experiments, and 10€e wecorded for EID
experiments; both used a dataset size of 4M. Tmgpyoltages were maintained at
0.5 V on the front plate and 0.6 V on the backeplatr all experiments. In post-
processing, one zero-fill was added and a sine-brlltiplication apodisation

function was applied; finally the data was calibthboth internally and externally.

2.3 Results and Discussion

2.3.1 Fragmentation of Erythromycin A

In order to compare the fragmentation efficiencyEdD to that of CAD, both
techniques were initially performed on the moleaighromycin A. Erythromycin
A is a macrolide antibiotic, consisting of a 14-ntmred macrocycle with two
sugars (D-desosamine and L-mycarose) attachedhaisdbeen in clinical use for the
treatment of infections by Gram-positive bacteriace 1952. The main species
observed in the ESI-MS spectrum of erythromycin Aswthat of the protonated
molecule (n/z734.47) and this was selected for fragmentatieigure 2.2 shows the
EID (A) and CAD (B) spectra obtained for erythronmyé\, and Figures 2.2 (C) and

(D) illustrate the fragments detected using boététhniques.
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Figure 2.2 CAD (A) and EID (B) spectra of erythromycin A gmursor ionm/z

734.47), and identified fragments using CAD (C) &iD (D). Harmonics of these
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peaks are markeds; andws. A full list of peak assignments can be found ables

A-1 and A-2 of Appendix A

Table 2.1 lists the most abundant cleavages ohemytycin A observed in both EID
and CAD, together with the proposed molecular fdamwf each fragment and its
associated mass error. The nomenclature systedrhese for fragment assignments
is that each letter in the figure illustrations negents cleavage of that bond; the
peaks are then assigned these letters dependitigedronds broken. For example,
the peak atn/z 604.37 assigned “ac” in Table 2.1, indicates @pct ion formed
through cleavage at the bonds labelled “a” and iic’the direction of the arrows

shown in Figure 2.2 (D).

66



Table 2.2 Main fragment assignments of erythromycin A fr&dAD and EID

(peaks used as internal calibrants are makéd

Observedm/z Proposed Mass Error  Fragment
Formula / ppm Cleavages
EID
604.36912 @cH54NO]_1+ -0.03 ac
602.38994 @HseNOy ¢ 0.12 bd
A576.37429 @9H54NO]_C+ 0.12 e
514.33743 GH4eNOg" 0.14 f— GHs0
512.29823 @7H440g+. 0.23 g-— GHgO
490.30105 G@uH44NOg -0.02 hi
489.32988 @H47NOg™ 0.35 jk
486.34228 GeH4eNO;* -0.41 flm
464.30067 GeH42NOg" 0.02 hk — HOs
472.29050 GH42NOg" 0.02 il
44429557 GH4NO, -0.02 np
429.24843 GH3,0g" 0.14 qr
408.27474 GH3eNOs" 0.71 ij
404.26415 GoHzeNO;* -0.30 is
A 365.23224 GH3305" -0.03 fg
360.23796 @H3NOg" -0.28 it
335.18521 GH2/0s5" -0.27 fguv
A174.11250 @H16NOs" 0.00 w
158.11760 @"16N02+ 0.19 X
Mean Absolute Average 0.04
Std Dev. 0.25
CAD
658.41557 @HsgNOlf -0.79 a
602.38949 @HseNOy ¢ -0.63 b
592.36878 @gH54NO]_1+ -0.61 C
A576.37407 GeHsaNOy ¢ -0.26 d
500.32154 GeH4eNOg" -0.50 ef — HO
444.29534 GH4NO;* -0.54 gh — HO
438.32128 @H4NOs" -0.27 fi — HO,
A 365.23227 GiH3:05" 0.05 jk
360.23804 @H3NOg" -0.06 hi
316.21192 @H3NOs" 0.22 fm
307.19048 @GH2/04" 0.29 jnp
158.11765 @H1NO," -0.57 q
Mean Absolute Average -0.30
Std Dev. 0.34

As shown in Table 2.1, when an internal calibratisas performed, the mass
accuracy for each proposed formulae for the fragsnes well below 1 ppm,

ensuring confident assignment. In order to achtbig after an external calibration
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was performed, a comparison with the CAD data waglenand several peaks,
present in both spectra, were chosen for inter@dration. As can be seen from the
data in the supplementary tables of Appendix A,abgignments did not change on
internal calibration, but the mass accuracy impdoteewell below 1 ppm. On this

basis, the assignments of the product ions wereemdith greater accuracy so it is
with greater confidence that the molecular formwdee presented and identification

of the fragments made.

As shown in Figure 2.2 (A), the intensities of fregments formed through
EID are about 100-fold less intense than the pesguion. Despite attempts to
improve these intensities, including the use ahgls frequency shot to improve the
overlap of the ions with the electron bedrhno significant increase was detected.
Similar results have been observed previously Withlff et al” and Yooet al®
reporting intensities 50-100 fold and 50-200 faldér than the precursors. ey al?
propose that the lower fragment intensities impit the most frequent ion-electron
interaction leads to the non-dissociative scatteahthe electrons; however, a more
likely explanation may be neutralisation of thegireents through interaction with

the electrons.

Although similar fragments were detected using bGWD and EID, a
greater number and variety of product ions wereaetl by EID. Fragmentation
using CAD provides fewer ring cleavages and morgraémolecule losses, mainly
water. EID results in fewer neutral losses andandeavage of the macrocycle,
therefore providing more information about the stiwe of the polyketide. It was
thought that the charge would be located on theerbassic amine group of the D-
desosamine moiety, rather than one of the carboxyden atoms. However, since

no fragmentation was observed in this ring, thisaslikely to be the case. Studies
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1*** used®O-labelling to demonstrate that the first water

carried out by Gatest a
loss in CAD occurred from the carbonyl at the téphe macrocycle, indicating that

this is the likely location of the proton.

CAD data for erythromycin A has been reported mresiy***??with few
characteristic ions detected and mainly neutrahllsmolecule loss occurring. The
most abundant losses observed here were the sarsss reported previously,
including ions am/z 716, corresponding to [M+H-®]", and 698, corresponding to
[M+H-H40;]" formed through the sequential loss of water, ahdmé& 576,
corresponding to “d” in Figure 2.2A, formed throutite loss of the L-mycarose
group. The data also shows cleavage of the ifdadesosamine sugar from the
main ring, detected ah/z158 (“q”), which has previously only been observéth
IRMPD.**® Some of the fragments observed in CAD were at=erved using EID;
however, EID resulted in more extensive fragmeaitatf the macrocycle, enabling

complementary data to be obtained.

2.3.2 EID for Distinguishing Isomers: Lasalocid A ad iso-Lasalocid A

Two polyether isomers, lasalocid A amb-lasalocid A, isolated from cultures of
S.lasaliensis™ were both characterised by CAD and EID in ordeddtermine if the
greater fragment efficiency of EID could help digiiish the two polyether
structures. Lasalocid A (Figure 2.3) features @akgdrofuran (THF) and a
tetrahydropyran (THP) ring, where&so-lasalocid A (Figure 2.4) comprises two
THF rings. Although investigations into the medsamn of formation of the two
isomers have been previously conduc@&d?* as yet, there is no report of a method
using mass spectrometry that can distinguish thatlesustructural differences
between the two molecules. The main species obdervthe ESI-MS spectra were

that of the sodium and ammonium adducts; the patéashmolecules were observed
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but at low abundance. As the sodium adduct waslgléhe dominant ion present,
this was selected for both CAD and EID. Figure $h®dws the CAD (A) and EID
(B) spectra of lasalocid A together with illustoats of the fragments detected by

both techniques in Figures 2.3 (C) and (D).
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Figure 2.3 CAD (A) and EID (B) spectra of sodiated lasalogidprecursor iorm/z

613.37) with illustrations of the detected fragnseby CAD (C) and EID (D).

Harmonics of these peaks are markgdindws. A full list of peak assignments can

be found in Tables A-3 and A-4 of Appendix A
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CAD of lasalocid A resulted in very little fragmation of the molecule compared
with EID. Four major fragments were observed casipg two main chain
cleavages and two cleavages of the tetrahydropsireyy as illustrated in Figure
2.3(C). All other peaks observed were assignetha@adoss of neutral molecules,
mainly H,O and CQ, as was observed with erythromycin A. In cont{r&D
provided a much more detailed fragment pattern aligavages in both the THF and
the THP rings occurring, as well as along the melain. A number of
complementary pairs were identified, mainly arotimel centre of the molecule, such
as the pairs j and v, and m and s. Previous Wotk**conducted on lasalocid A,
where CAD was utilised, report a diagnostic iondk 377, corresponding to the
cleavage at “d” (Figure 2.3C), as well as the lofsseveral HO molecules, which is

consistent with the data presented here.

The same experiments were conductedisarasalocid A, and Figure 2.4
shows the EID and CAD spectra, together with ifasons of the fragments

detected by each technique.
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Figure 2.4 CAD (A) and EID (B) spectra of sodiat&b-lasalocid A (precursor ion
m/z 613.37); fragments identified by CAD (C) and EID)( Harmonics of these
peaks are markenk. A full list of peak assignments can be found ables A-5 and

A-6 of Appendix A
73



As can be seen in both Figures 2.3 and 2.4, CADndidprovide much structural
information on the two molecules so the more dethEID spectra were analysed
for key fragments that could be used to distingulsh two isomers. Differences
were observed between the EID spectra of the tamess; specifically of interest
were the fragments resulting from cleavage of th# Ting of lasalocid A and the
THF ring ofiso-lasalocid A. Interestingly, cleavage of the taraliTHF ring ofiso-

lasalocid A was not observed, whereas the THP ainigsalocid A was cleaved to
form three fragments. As this is where the stnattdifference between the two
isomers occurs, it may be that this has a rolargcting the fragmentation observed
with EID. The terminal THF ring was only observed fragment when M%

experiments were conducted as discussed below.

2.3.3 Effect of the Charge Carrier on the Fragmentdon Pattern

Given that previous studies with CAB *"'%>and EID® have shown the number
and type of fragments vary according to which catsocoordinated by the molecule,
different precursor ions were selected for fragragom, namely the lithiated species
(m/z 597.39). The protonated speci@s/4 591.39) was not present in sufficient
abundance to allow fragmentation with either CADEdOD, and the ammonium ion

adduct (n/z608.42) fragmented well with CAD but only to a lied extent with EID

as shown in Figure 2.5.
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Figure 2.5 CAD spectra of Lasalocid A (A) arslo-Lasalocid A (B), NH" adduct
(precursor ionrm/z608.42); illustrations of the corresponding fragitsadentified for

Lasalocid A (C) andsc-lasalocid A (D). A full list of peak assignmentan be

found in Tables A-7 and A-8 of Appendix A
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Figure 2.6 illustrates the fragments of the litachidduct of lasalocid A obtained by
CAD (A) and EID (C), as well as the CAD (B) and E[D) fragments of the

lithiated adduct ofso-lasalocid A.

Lasalocid A Iso-lasalocid A

CAD

EID

Figure 2.6 lllustrations of the CAD and EID fragments of béscid A (A and C)
andiso-lasalocid A (B and D) with the lithiated precurson (m/z597.39) selected
for fragmentation. A full list of peak assignmentn be found in Tables A-9 to A-

12 of Appendix A

The addition of the lithium ion to the moleculessukted in a similar EID
fragmentation pattern as that observed for theusndidduct, but provided a greater
degree of fragmentation in CAD. The advantagesifigithe lithium adduct is that
nearly all fragments retain the lithium ion, whibhs a readily identifiable isotope
pattern, as shown in Figure 2.7, and, combined th¢ghhigh resolution of FTICR-

MS, means the fragments are easily distinguishable.
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7.0154

6.0145

Figure 2.7: Natural abundance isotope pattern of lithium

For iso-lasalocid A, the CAD spectrum showed much grealeavage of the
molecule than obtained with the sodiated specieterestingly, the EID spectra for
the lithiated and sodiated adductsisi-lasalocid A were almost identical, with no

cleavage being observed in the terminal THF ring.

2.3.4 MS experiments — CAD/EID of Lasalocid A andso-Lasalocid A

Due to the intense nature of the fragmeniét 361.29, n/z 377.27 with sodium
ion), corresponding to “f” in Figures 2.6A and B Stexperiments were attempted
in order to promote further cleavage of both iseane€AD was performed on the
lithiated species an/z597.39 and high collision energies (22.0 V) wesediso as
to increase the intensity of the product iom#t 361.29. This ion was then isolated
in the ICR cell and fragmented further with EIDigéte 2.8 illustrates the CAD/EID

spectra of lasalocid A ando-lasalocid A.
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Figure 2.8 CAD/EID MS® spectra of lasalocid A arigo-lasalocid A. The lithiated
adduct n/z 597.39) was selected for CAD and the resultingdped ion atm/z
361.29 was isolated and fragmented further usinB. EIA full list of peak

assignments can be found in Tables A-13 and A-1ppiendix A

The spectra show that for both lasalocid A dsdlasalocid A, upon further
fragmentation of the selected ion using EID, défdr fragment patterns were
obtained for the two isomers. The intensitieshaf fragments shown in Figure 2.8
are approximately 1000 times lower than the prexun. This was expected due
to the peaks in previous EID spectra already bdidg-fold less intense than the
precursor. Despite this, the use of CAD combineth iID was successful for
producing further fragmentation of the peak @iz 361 corresponding to

[C21H3g04Li] *. This method was also applied to the equivaledtaged fragment at
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m/z 377 but no significant cleavage was observed. ilAgs with the EID spectra of
the entire molecule, different fragments were obs@ifor each isomer. In this case,
the THP ring of lasalocid A was not found to fragmdut the terminal THF ring of
iIso-lasalocid A was cleaved. As differences wereaetkin the spectra for the two
molecules, this method can now be exploited in otdeletermine which isomer is

present in the intermediate structures as the btbegis proceeds.

2.3.5 Structural Characterization of Biosynthetic htermediates

The isolation and identification of intermediateesiges represents a significant
obstacle, as they remain covalently tethered tdPti8s and NRPSs throughout the
assembly of the natural proddét.More recently, mass spectrometry has proved an
extremely powerful tool for the detection of cowvalg-bound intermediate’s® and

the investigation of different active site occupafit However, the majority of
enzyme-bound species remain undetectable due itoréiped elaboration, and novel
approaches to biosynthetic studies are still ne@dedder to elucidate the molecular
basis of the sophisticated PKS programming.

Recently, a chemical method for identifying theemmediate structures along
the biosynthetic pathways of polyketides has alenbdevelopetf> 2% 132133 Thjg
involves the capture and the off-loading of intedméges from polyketide synthases
using synthetic mimics of malonate units that cotapeth the ACP domain for the
growing polyketide chain (Figure 2.9); prematurglyacated intermediates are
generated and, unable to be “reloaded” onto theyhibetic enzymes, they diffuse

out of the active site.
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A): Polyketide biosynthesis - formation of intermediate

¢ (&)
0 t

Figure 2.9 Standard chain growth mechanism for polyketidesymthesis (A); use
of competing malonate mimic to trap intermediatauctire (B), adapted from

reference [2]

Characterization of these intermediates can thepeb®rmed using high resolution
tandem mass spectrometry techniques suitable éoatialysis of small molecules,
subsequently providing detailed insights into thesinthetic pathways of these

compounds.

This method of using multiple tandem mass spectigmiechniques has
shown great potential for obtaining detailed st information on polyketides,
and can be applied to identifying the structuresntdrmediates formed throughout
the biosynthetic process. The cell culture comagirthe off-loaded intermediates

was analysed to determine if any structures co@lddentified. Figure 2.10(A)
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shows the mass spectrum obtained for the extrattteointermediates for lasalocid
A. The inset shows an expanded region of the gpedh the expecteth/zrange of
the intermediate, with the structure of the synthetimic used to off-load the

intermediates shown in blue.
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Figure 2.1Q (A) Mass spectrum of the cell extract for lasaloé, inset shows

expanded region containing potential intermediatgctures, and the chemical probe

used to off-load the intermediates; (B) CAD speutrof previously identified

intermediate structure ah/z 694.44; (C) CAD spectrum of possible intermediate

structure amn/z570.37
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As shown in Figure 2.10 (A), the synthetic mimi@ddo off-load the intermediates
is identified as a major componentnatz224.09 buthere are a very large number of
additional peaks in the mass spectrum, making ifigatton of potential
biosynthetic intermediates difficult. The struesiof a few intermediates have been
characterised previously using an LC-MS metfiddo these peaks were used as a
starting point. Figure 2.10 (B) shows the CAD s$peu of a proposed intermediate
that was identified atn/z 696.44 together with a possible structure. Thenmaak

of interest is atm/z 377.62, which corresponds to one of the diagnostics
identified for lasalocid A, as shown in section.2.3 A few other peaks were also
detected but, as before, CAD does not provide ldetaitructural information of the
compound showing the need to also use EID. Inrotdry and identify new
intermediate structures, a few peaks in thigregion were selected and fragmented
using CAD. Figure 2.10 (C) shows one such spectnd) although the fragmented
peak was not very intense, the main fragment obksglewas also that oh/z377.62,
therefore it is likely that this peak also corresg® to a biosynthetic intermediate.
The use of this diagnostic peak in CAD can proviaefirst-step in the identification
of new intermediates for lasalocid A and other ketides. More detailed structural
information can then be provided by EID in orderetacidate the correct structure
for the intermediate, with its additional advantagfe being able to distinguish

between lasalocid A and its isomisg-lasalocid A.

EID was attempted on the two ions in Figure 2.1) #4Bd (C); however,
given that EID spectra of lasalocid A have showm groduct ions to be
approximately 100 times less intense than the psecuon, the intermediates shown
here were not present in sufficient abundance ¢othis technique successfully. As

EID is necessary to provide a greater amount afctiral information on these
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compounds, an additional analytical step is fiequired in order to purify and
concentrate the mixtures containing the off-loaoieermediates. This has started to
be investigated using liquid chromatography in ortepurify the cell extract and
separate the intermediate compounds before andlysimsass spectrometry but this
is an ongoing method development step and neeagngebefore it can be applied

to the analysis of these intermediates.

2.4 Conclusion

This study has demonstrated the effectiveness aibsung CAD and EID as
fragmentation techniques for singly charged polgkeetmolecules. Using EID
results in more extensive fragmentation compareéld @AD, and so enables detailed
structural information to be obtained, especialtyew utilising the different adducts
formed through coordination of metal cations. Tdiglity of the technique to
distinguish between isomers has been demonstratddsilocid A andso-lasalocid
A, with different fragmentation patterns observed both EID and CAD/EID
experiments. Further application of the technitubiosynthetic intermediates will
help achieve structural elucidation of these mdesuwith a high degree of
accuracy, enabling a detailed understanding ofbibsynthetic pathways of these

natural products.
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Chapter 3: Characterizing the
Structures of Non-Ribosomal
Peptides Using Tandem Mass
Spectrometry

This chapter has been partially reproduced fronfahewing publication:

R.H.Wills and P.B.O’Connor, Characterizing the staue of Actinomycin D using

multiple ion isolation and electron induced disation, accepted in JASMS, 2013.
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3.1 Introduction

Non-ribosomal peptides, like type | polyktides, apgosynthesized by large
multienzyme complexes known as non-ribosomal pepsgnthetases (NRPSs),
which consist of a series of modules divided irdtalytic domains. The three main
domains utilize a large variety of amino acids tsseanble structurally and
functionally diverse peptides with interesting phaceutical properties, and include
A (adenylation), PCP or T (peptidyl carrier proteor thiolation), and C

(condensation) domain$? ***'%as illustrated in Figure 3.1.

A): Domain Arrangement (B): Example NRP Building Blocks
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Figure 3.1 (A) Arrangement of the C-A-PCP domains comprisNi@PS modules;

(B) example building blocks for non-ribosomal pedptsynthesis

This process is not limited to the 20 proteinogeamino acids that constitute
ribosomally-produced peptides; instead there arproxpmately 500 different
building blocks, including modified amino acidschuas ornithine, fatty acids, and
a-hydroxy acids.’** *® The large variation in monomer units can resultttie
formation of linear, cyclic, and branched peptidekich can be further modified by
acylation, glycosylation or heterocyclic ring fornoa. As a result, non-ribosomal
peptides are structurally diverse and have a rahdpological activities, which can

be exploited in the drug discovery proceds!*> 3’
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Sequencing non-ribosomal peptides is a challengigess, in that hundreds of
possible building blocks are potentially presentaircompound. These building
blocks are often variations of the structures @f ttventy standard amino acids, are
often non-linear, include a non-standard backband,have modified structures; all
of these factors complicate tandem mass spectriangatructural characterization
difficult.’®® Several mass spectrometry based approaches bameéported for the
sequencing of cyclic or non-ribosomal peptif&s-* including the use of multiple
stages of tandem mass spectrom&tty**® One of the difficulties faced with cyclic
peptides is that fragmentation can occur througlitiph@ ring-opening pathways,
resulting in product ions that can originate fromy af these different form$®
Multiple stages of tandem mass spectrometry thezefesult in the successive

deletion of amino acids, enabling the sequence toonstructed in the correct order.

The use of ion-electron interactions, specificallgctron capture dissociation
(ECD), has proved useful in the fragmentation oflicypeptide$® through the
observation of a radical cascade mechanism thatltsesn the production of
numerous fragments. Combining CAD and EID with lingh resolution and mass
accuracy of FTICR mass spectrometers, enabledfisaymti structural information to
be obtained on a short timescale, making massrspeetry a powerful tool for the

analysis of these compounds.

Another advantage of using FTICR mass spectrometitg ability to isolate
ions of interest in the ICR cell itself, as well esternally. This enables the
application of ion isolation techniques such agestowaveform inverse Fourier
transform (SWIFT)*? correlated harmonic excitation field (CHEE)or multi-
CHEF. The latter technique has been demonstratethé accurate analysis of the

peptide antibiotics rapamyémand the muraymycin$> The compounds of interest
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were isolated along with a set of reference peaids feagmented by SORI-CAD
(sustained off resonance irradiati6R)in multiple MS' stages, enabling structure
elucidation through accurate mass assignmentseoptbduct ions. This technique

has facilitated the assignment of the elementahiae of unknown compounds.

3.2 Experimental

3.2.1 Chemicals and Reagents

Actinomycin D (Figure 3.2) and vancomycin were @uegul in acetonitrile/water
(50:50) at a concentration of 0.5 uM. The sodilithjum, potassium, and silver
adducts were produced by adding NacCl, LiCl, KOHd a&gNGO; (1 mM) to the

samples. D-Arginine was prepared in Milli-Q watftillipore Inc., Durham, UK) at

a concentration of 1 mM. Actinomycin D, vancomycand D-arginine were all
purchased from Sigma Aldrich (Gillingham, UK). Aaeitrile, sodium chloride,

lithium chloride, potassium hydroxide, and silvetrate were all purchased from

Fisher Scientific (Loughborough, UK).

3.2.2 Analysis by MS/MS

The samples were analysed on a 12 T Bruker Solafi}CR mass spectrometer
(Bruker Daltonics, Coventry, UK), using a nanospi@yzation source. A capillary
voltage of -900 V was applied, together with a dgygas flow rate of 2.5 L mih
and temperature of 180 °C, and a nebuliser gasynef 1.2 bar. For CAD
experiments, the precursor ion was isolated irfiteequadrupole and fragmented in
the collision cell with argon at collision energ@sl? V, and an isolation window of
4 m/z For EID experiments, the precursor ion was tsolan the quadrupole and

externally accumulated in the collision cell fobZeconds before being transferred
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to the ICR Infinity cel®® The ions were then irradiated with electrons fromaA

heated hollow cathode dispenser, biased with asebfiotential of between 13 and
15 V, for 10-50 ms. In-cell isolation was conduttesing multi-CHEF? whereby

the precursor ion and selected calibrant ions d@r@ine clusters were selected
simultaneously, before being irradiated with eleet; using the same experimental
parameters as for EID-only experiments. Trappiagepvoltages of 0.5V and 0.6 V
were applied to the front and back trapping plagspectively, with dataset sizes of
4 MW and 100-150 scans recorded. Finally, postgssing functions of one zero-

fill and sine-bell apodisation were applied.

3.3 Results and Discussion

3.3.1 CAD and EID of Actinomycin D
The structure of the non-ribosomal peptide actinamy, shown in Figure 3.2, is
well characterized and, as such, was used as easstfor comparing structural data

obtained using the complementary techniques CADEdBd
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moiety Th1e0111nc NH,
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Actinomycin D

Figure 3.2 The structure of the non-ribosomal peptide, actiyicin D
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This non-ribosomal peptide is composed of two idahtpeptidic rings and a
chromophore composed of three aromatic rings. sHggience of the rings includes
the amino acids valine, threonine and proline, witlo modified amino acids,
namely methyl glycine and methyl-valine, as wellaalctone moiety. Figure 3.3
shows the CAD (A) and EID (B) obtained for protathtactinomycin D rf/z

1255.63 Da), with Figures 3.3 (C) and (D) illustngt the main product ions

assigned.
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Figure 3.3 CAD (A) and EID (B) mass spectra of protonatetnaenycin D (n/z
1255.63 Da), with illustrations of the fragmentsigeed from CAD (C) and EID
(D). A full list of peak assignments can be foundTables A-15 and A-16 of

Appendix A
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Fragmentation by CAD, as shown in Figure 3.3, mited but some sequence
information is obtained, which is in agreement witita reported previousty* The
peptidic rings are identical, so the fragmentssillated could originate from either

one. Barbeet al'**

suggested initial ring opening occurs at the lagtmoiety, i.e.

at the ester bond between the bridging oxygen larebnine side chain (highlighted
in Figure 3.3C as “a”), resulting in the succes$ogs of amino acids. Ring opening
at this linkage has been shown to occur prefedgntrathe presence of sodium ions,
due to the strong interaction between Mad the bridging oxygen, resulting in the
formation of a linear acylium ioH> The main fragments detected here support this
occurrence for the protonated molecule also, wittliteonal peaks observed at/z

974.46 (“ab”), 928.46 (“cd”), 875.39 (“ae”), and B39 (“cf”), which provide new

diagnostic ions that could be used for identifyihig cyclic structure.

EID has proved to be beneficial for structural eoéerization, in that a
greater degree of fragmentation is generally oleskoompared to CAD. As shown
in Table 3.1, sixteen extra peaks are observed;hwdie not restricted to the b/y ion

formation observed in CAD through preferential ekge of the amide bonds.
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Table 3.1 Main fragment assignments of actinomycin D fromBCand EID (peaks

used as internal calibrants are marlgep

Observedm/z Proposed Mass Error  Fragment
Formula / ppm Cleavages
CAD
974.46184 C43H64N9013+ 0.03 ab
A956.45129  CygHeNgO1s" - ab - HO
928.45644 C47H62N9011+ 0.12 cd
875.39345 C43H55N8012+ 0.06 ae
A857.38288 C43H53N3011+ - ae — HO
829.38784  CyHs3NgOy¢" -0.10 cf
657.26635 C34H37N608+ -0.60 ngh
558.19828 CagH2eNsO7" -0.07 bcgi
A459.12992 Cz4ngN4OG+ - Cegi
399.26020 C1oH3sN405" 0.00 jK
EID
1183.61508 C5gH33N12014+ 0.39 Im
1156.56816 C57H78N11015+ 0.71 en
1127.54180 CsgH7sN1cO15" 0.90 eqr
1124.54153 C56H74N11014+ 0.36 cp
1057.49868 CsHgoN10O14" -0.23 ft
974.46146  CygHesNgO1s -0.36 ab
A956.45126 C43H62N9012+ - ab — HO
928.45676  C47HeNgO11" 0.46 cd
875.39296 C43H55N3012Jr -0.45 ae
A857.38274 C43H53N8011+ - ae - HO
829.38744 C42H53N3010+ -0.58 cf
803.37273  CyoHs1NgOy¢" 0.57 fm
776.36116 C39H50N70lc+ -0.27 u
675.27686 C34H3gNgOg" -0.65 bcgh + HO
657.26677 C34H37N608+ 0.05 ngh
576.19840 CagH3oNsOg" -0.38 bcgi + HO
558.19840 C29H28N507+ 0.14 ngI
508.27650 C24H3eNsO7" -0.16 v
A459.12998 C24H19N406+ - cegi
431.13515 C23H19N405+ 0.35 Cfgl
399.26009 C1oH3sN405" -0.28 jk
381.24968 C1oH33N404" 0.13 kx
354.23861 C13H32N304+ -0.34 Iw
300.19169 C14H26N30,4" -0.30 nx + HO
282.18121 C]_4H24N303+ -0.04 nx
169.09707 CgH13NL0," -0.47 np
Average (CAD) 0.14
EID 0.37
Std. Dev. (E'ZAD)) 0.19
(EID) 0.21
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The same nomenclature system for fragment assigsnused in chapter 2 is used
here. Each letter in the illustrations in the fggirepresents cleavage of that bond;
the peaks are then assigned these letters dependirthe bonds broken. For
example, the peak atfz 974.46 assigned “ab” in Table 3.1, indicatesadpct ion
formed through cleavage at the bonds labelled faf ‘@”, in the direction of the
arrows shown in Figure 3.3 (D).

A technique such as EID that can cause greatemiatation of a molecule
will be extremely beneficial for the characteripatiof unknown compounds. One
additional feature observed is that of complemgnitaigment pairs, for example the
peaks anan/z974 and 282. These peaks correspond to cleaggab” and “nx”,
shown in Figure 3.3 (D), which helps improve thenfadence of the peak

assignments since the whole ion is being detected.

3.3.2 Changing the charge carrier in EID

It has been shown previou$ly® **°that changing the charge carrier from a proton
to a metal cation, such as sodium or lithium, ciiecathe resulting fragmentation
spectrum, with lithium in particular improving fragntation in CAD. Figure 3.4
shows the EID spectra obtained for the sodium adofuactinomycin D (A) and the

lithium adduct (B), with illustrations of the fragamts assigned in (C) and (D).
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Figure 3.4 Comparison of EID spectra for Actinomycin D, wittagmentation of

the sodium adductn/z 1277.62 Da (A), and lithium adduet)/z 1261.64 Da (B),
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with illustrations of the fragments detected (C abil A full list of peak

assignments can be found in Tables A-17 and A-18pplendix A

The sodium adduct was found to be more effectiveraducing fragments by EID,
with cleavage of both peptide rings occurring, asllwas cleavage of the
chromophore (shown by cleavage site “u” in Figur4).3 In addition to the main
ring fragments, a number of small neutral lossesewebserved, including
predominantly CO, kD, NH; and CH, therefore giving an indication of the
functional groups attached to the main ring. Fragtation of the lithium adduct
was somewhat limited; the work conducted on poldest demonstrated more
effective fragmentation in EID with lithium thandiam. Non-ribosomal peptides
are larger molecules than polyketides, so it isiflae that a larger charge carrier is

required to direct fragmentation.

3.3.3 CAD and EID of Vancomycin

Vancomycin is an example of one of the larger mepantibiotics with a mass of
1448 Da, and was fragmented by using both CAD alftl t& determine whether
there is a mass restriction for this method ofcétmal characterization. Figure 3.5
shows the CAD spectra of (A) the lithium adductd gB) the sodium adduct of
vancomycin, with the corresponding fragments shawifrigures 3.5 (C) and (D)

respectively.
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Figure 3.5 (A) CAD spectrum of the lithium adduct of vancariy, (B) CAD
spectrum of the sodium adduct of vancomycin, witbet illustrating an expanded
region atm/z1020 to 1140; (C) and (D) illustrations of the m&iagments observed

for the lithium adduct and sodium adduct respettivredicated by red arrows

As shown in Figure 3.5, fragmentation of the sodmauhduct is more extensive than
the lithium adduct, but both are still fairly lired in terms of providing structural
information on this compound. To determine whethdairger charge carrier would

aid further fragmentation of the resulting ion, assium (K) and silver (Ag)
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adducts were fragmented by CAD. Figure 3.6 shdves @AD spectrum of the

potassium adduct of vancomycin with an illustratadrthe fragments observed.

c
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Figure 3.6 CAD spectrum of the potassium adduct of vancomyuwiith the inset

illustrating the main bond cleavage sites observed

Although the silver adduct was also fragmented B Cit did not provide any more
detailed structural information than that obtainedh the lithium, sodium and
potassium adducts. As shown in Figure 3.6, use lairger charge carrier such as
potassium did not increase the degree of fragmentatbserved; however, given
similar fragments are observed with each carribis is more likely to be an
indication of the difficulty in fragmenting the gnsystem of the molecule,
particularly as the charge appears to be locateshe of the sugar rings. This is
indicated by the product ion formed by cleavagécatwhich was observed both

with and without the potassium adduct, showingai lbeen cleaved with this sugar
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ring. As this location of the charge carrier imoved from the rest of the molecule,

cleavage within the main ring system is unlikely.

In addition, due to the increased size of vancomycbmpared to
actinomycin D, the 1+ species, [M+K)was only present at low abundance, with the
2+ species, [M+K+H]", being the dominant charge state through additbra
proton as well as the metal cation. Since the [J+&pecies was not present in
sufficient abundance, EID could not be performedcsasfully. There are other
alternative techniques to EID that may prove marecsssful in this case. Using
ECD or hot ECD on the [M+K+H] species may cause fragmentation similar to that
observed with ECD. Alternatively, the use of M8&chniques such as that utilised in
chapter 2 on polyketides where EID is perfomed lm most abundant fragment
observed in the CAD spectrum in order to fragmérg part of the ion. IRMPD
could also be used first in order to activate the for fragmentation by either of
these techniques. Since fragmentation of vancamweis difficult using EID and
needed further investigation, the remaining expenit® were conducted on

actinomycin D only.

3.3.4 Combining EID and Multiple lon Isolation for Internal Calibration
Although EID has proved to be a reliable technidoe obtaining structural
information on these types of compounds, there Igndation to the method as
demonstrated above. In order to achieve an aecum&trnal calibration for the
product ions, a comparison of the peaks in botiXA® and EID spectra was made
to identify a selection of peaks that could be uBmdinternal calibration. Peak
assignments following a lock mass calibration (gsihe precursor ion peak)
revealed a number of fragments that were the redudt water loss, making them

easily identifiable and usable as internal calilsarAlthough this method has been

99



shown to work well, there are still many differepbssible combinations of
elemental formulae for a given fragment, partidylawhen working with

compounds that are generally >1 kDa in mass, makieak assignment more
challenging. Additionally, when dealing with unkmo structures, such neutral
losses may not always be so easily identifiable, therefore it may be difficult to

find suitable peaks to use as internal calibrants.

In order to overcome the difficulties in internadlibration, multiple ion
isolation was utilised, whereby the sample soluti@s mixed with a solution of an
internal calibrant, in this case D-arginine, whie,a high enough concentration
(~100 uM), generates clusters over a relevant meagge for the product ions. The
calibrant peaks in the desired mass range weratéezbhs well as the actinomycin D
precursor ion (both sodium and lithium adducts wesed), and were detected with
the product ions generated through performing EA)though the arginine clusters
are also exposed to the electron beam, and shietdfore fragment, only a slight
decrease in the relative intensities of these pée#pared to the precursor ion

peak) was observed with EID turned on, as showsgare 3.7.
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Figure 3.7 (A) Isolation of the arginine clusters and thediated precursor of

actinomycin D without EID; (B) Isolation of the angne clusters (*) with EID on

Dissociation therefore simply reduces the sizéhefdlusters so there is no observed
change in than/z of these peaks making them ideal to use as gitealibrants.
This method enables an accurate internal calibrabobe performed and confident

assignments to be made.

Figure 3.8 shows the EID spectra obtained for tdiusn adduct (A) and
lithium adduct (B) of actinomycin D, combined wittultiple ion isolation, whereby
four peaks of arginine clusters were isolated siamfously and used as internal
calibrants. Figures 3.8 (C) and (D) illustrate tinegments identified for both

adducts.
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Figure 3.8 A comparison of EID spectra for the sodiated @kd lithiated (B)
actinomycin D, combined with multi-CHEF, with illuations of the fragments

identified; cleavages highlighted in red are newaksedetected using this method.
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The peaks due to arginine clusters, used as inteatibrants, are marked with *. A

full list of peak assignments can be found in Tal#lel9 and A-20 of Appendix A

The fragments of actinomycin D shown in red in Fegu3.8 (A) and (B) indicate
additional cleavages that were not observed whergusiD alone. By combining
EID with multiple ion isolation, a much greater deg of fragmentation of the
peptide was achieved. This is presumably due dairibrease in intensities of the
product ion peaks relative to the precursor (disedsin section 3.3.5), whereby
peaks that were most likely hidden in the baselhen EID was applied without
multiple ion isolation (Figure 3.4) can now be atved. The sodium adduct, as
before, produced a greater degree of fragmentatidsoth rings, enabling detailed
structural characterization to be performed. Tise of the arginine clusters as
internal calibrants provided a reliable, accuratthad for internal calibration, with
mass accuracies of all peaks calculated to behe®lw 1 ppm. Table 3.2 provides a
comparison of mass accuracy for a selection of p&akhe EID spectrum of the

sodium adduct, with and without multiple ion isabat
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Table 3.2 A comparison of mass accuracies for a selecti@ssigned product ions,
with and without the use of multiple ion isolatiofgr the sodium adduct of

actinomycin D

Mass Error Mass Error /
Proposed Fragment / ppm m
Formula Cleavage Without Witr?%HEF
CHEF
C61H85N12014Na+ ab 0.34 0.00
CeoHgaN1101sNa" cd 1.02 0.11
Cs7H7gN1101:Na" fg 0.67 0.11
C56H75N11015Na+ hi 0.09 -0.28
CssH7sN1101aNa" dj 0.50 -0.09
CagHs1NgO12Na " jr -0.01 -0.42
C42H54N8010Na+ jS -0.67 -0.35
CagH47N7010Na" t 0.13 0.36
C33H4gN70gNa+ u 0.22 -0.42
C24H37N507Na+ A -0.57 -0.26
Absolute Average 0.42 0.24
Std. Dev. 0.32 0.14

It is clear to see that by using multiple ion igima, a more accurate internal
calibration is achieved, enabling the fragmentsgassents to be made with greater
confidence. Both the absolute average and stard#anidtion of the mass accuracy
values for the selected peaks in Table 3.2 arecestlilby approximately half,
showing the calibration is more consistent, andetbye providing a more reliable

method for characterizing the structures of unknocampounds.

3.3.5 Improving Fragment Efficiency in EID
A further limitation currently associated with EIB the significantly lower peak

intensities observed compared to the precursor lomw fragment intensities have

| 147 | 148

been reported previously in EID experiments, witblffVet al.”" and Yooet a
reporting intensities 50-100 fold and 50-200 folowér than the precursors.
Although the signal-to-noise ratio in FTICR is suttfat the fragments are still

identifiable in the noise, potentially there arenyanore peaks hidden in the noise
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that may provide additional important structurdbmmation. This is illustrated by
Figure 3.9, which shows an expanded region of tH2 &pectra of the sodiated

adduct of actinomycin, both with and without mukipon isolation.
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Figure 3.9 Expanded regiom/z720-900 of EID spectra of actinomycin D, without
the use of multiple ion isolation (A); and with rtiple ion isolation (B). The peaks

due to arginine clusters, used as internal calterame marked with *

Low product ion peak intensity is a feature of mdmass spectrometry techniques
involving electron interactions, the most reportgdvhich is observed in electron
capture dissociation (ECD). A number of factorsenbeen proposed to account for

the low fragment intensities including charge naligation, an increased number of

105



fragmentation pathway$; misalignment of the electron beam and ion cloutdi a
magnetron motion of the iort§. While charge neutralisation could account for
some decrease in product ion intensity, it canrptagn the continual observation of
the precursor signaf® A possible explanation for this occurrence is gleaeration
of an electric field produced by space charge &ffe€ the electron beam, that can
trap a population of ions in a potential well ariterefore prevent them from
interacting with the electron bedhf. Misalignment of the electron beam and ion
cloud has been investigat&d; **°and manipulation of the ion cloud within the ICR
cell has been shown to improve fragment efficienitig *** SORI-CAD® causes
radial oscillations of the ion cloud as they arévated for dissociation; combining
this technique with ECD has been shown to incré@ggment intensities as the ions

are pushed into the electron be&h.

As can be seen in Figure 3.8B, an additional adgnbf using multiple ion
isolation with EID is that the intensities of theoduct ion peaks are increased by a
factor of ~25 compared to those in Figure 3.8Astéad of fragments that are on the
order of a few hundred times less intense, witlkegh-isolation, the peaks can be
observed with small, or even no scaling of the spat. An increase in ECD
efficiency has been demonstrated by using a sifngtriency shd?® **’atm/z 100
to improve the overlap between the ion and elecheams. In this case, multiple
ion ejection occurs through using multi-CHEF tolase the precursor ion. It is
possible that this method of in-cell isolation siynpnproves the overlap between
the ion cloud and the electron beam to such annextet much more efficient
fragmentation of the precursor can be achieveds method therefore has potential
for providing detailed structural information with high degree of accuracy for

characterising unknown compounds.
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3.4 Conclusion

The tandem mass spectrometry techniques of CAD Eid have proved to be

powerful tools for elucidating structural informati on the non-ribosomal peptide,
actinomycin D. Combining EID with the multiple iasolation in the ICR cell

improves this method two-fold; firstly, by providjran accurate internal calibration
for confident assignment of the fragments, and sélgo by increasing the intensities
of the fragment peaks, resulting in a greater degfdragmentation of the precursor.
The use of tandem mass spectrometry techniquebdanalysis of natural products
Is becoming more prominent and, with such detastedctural information able to be
obtained relatively easily, will be extremely vablea for aiding in the discovery of

novel compounds.
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Chapter 4: Insights into the
Binding Sites of Organometallic
Ruthenium(II) Complexes on
Peptides

This chapter has been partially reproduced fronfahewing publication:

R.H.Wills, A. Habtemariam, A.F.Lopez-Clavijo, M.RaBow, P.J.Sadler and
P.B.O’Connor, Insights into the Binding Sites of g@nometallic Ruthenium
Anticancer Compounds on Peptides Using Ultra-Highesd®ution Mass
Spectrometry, accepted in JASMS, 2014.
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4.1 Introduction

Organometallic ruthenium(ll) compounds, such as¢ha Figure 4.1, containinﬁ’-
arene ligands have shown promising anticancer igciiv vitro against a range of
types of cancer cells, including cisplatin-resistgils, as well as activity in vivo>
153 The arene stabilises the ruthenium(ll) in its &idation staté>* and research
has shown that increasing the size of the areneeases the cytotoxicity of the
ruthenium(ll) arene compleX: *! The N,N-chelating ligand provides additional
stabilisation for the compound, and the chloridgahd is substituted by an aqua
ligand under physiological conditions, so as toiltate the binding of the
ruthenium(ll) to the different biomolecules. Inntrast to cisplatin, which is square
planar with two chloride ligands, these ruthenidm@ompounds are pseudo-
octahedral and, potentially, have only one freetrea coordination site available
for binding. In order to assess the mode of bigdihthe compounds to peptides,
these compounds were chosen as they carry variatithe chelating ligand. In this
way, the role of steric and electronic propertieontrolling a particular binding

mode can be investigated.

The binding of ruthenium(ll) compounds to proteihas started to be
investigated'® *°°*%3put, as yet, these studies are not as extensiter assplatin.
Such binding studies are important in order toyfulhderstand their mechanism of
action and to allow reversal of any side effects thuprotein binding of ruthenium.
The mode of action of ruthenium(ll)-based drugshisught to differ significantly
from that of platinum-based drugs like cisplati/hile cisplatin binds to the DNA
of cancer cells, research into the mechanism denitim(ll)-based drugs has started
to suggest alternative targets, including protemglved in cellular signalling

pathways-°* **and the histone proteins of nucleosome core festi® Williams et
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al.’®® have shown that ruthenium(ll) arene complexes liad to the methionine

[ 110

residue of the peptide substance P. Wangl*'® and McNaeet al**® have also

reported on binding to the imidazole nitrogen atofmhistidine, whilst Casinet
aI 160

report the binding to cysteine residues throughdisplacement of zinc from

metallothionein-2.

Insulin is a small (~5.7 kDa) protein with two pielet chains connected
through two disulfide bonds, with a third intramaléar disulfide bond in the A-
chain. It is produced in the pancreas and is faathe regulation of blood glucose
levels. The interaction of cisplatin with insulivas been studied previou¥iyand
has shown that platinum binds preferentially totthe histidine residues, as well as
the N-terminus of the B chain. Ruthenium(ll) haeib observed to bind to free
cysteine in HSA®! insulin was therefore chosen in order to deterntireebinding
sites in the presence of disulfide bonds. Thehgdlyl group of cysteine is easily
oxidised to sulfenic acid (Cys-SOH), a species ihabt uncommon in proteins, but
is unstable and so readily reacts, either withial to form a disulfide bond, or
through further oxidation to form sulfinic acid (€$QH) or sulfonic acid (Cys-
SO;H).1**%" The conversion of cysteine to the sulfenic/sutfisillfonic acids is an
important post-translational modification that isvalved in regulating protein
function, specifically signal transduction pathways cells’®®**° In order to
investigate binding to cysteine in its oxidisednfigrthe ruthenium(ll) compounds
were also reacted with oxidised insulin B-chaingevéhthe two cysteine residues are

in the form of cysteine sulfonic acid.
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4.2 Experimental

4.2.1 Chemicals and Reagents

Angiotensin(ll), bombesin, substance P, oxidisedulim B-chain, glutathione
(oxidised and reduced), and insulin were purchasemn Sigma Aldrich

(Gillingham, UK) and dissolved in Milli-Q water (Mipore Inc., Durham, UK) to
concentrations of 1 mM. The ruthenium(Il) composig@dHO076 and AHO78, Figure
4.1) were provided after synthesis as describedhén literaturé®* Methanol,

acetonitrile and formic acid were purchased froshEr Scientific (Loughborough,
UK). Hydrogen peroxide (30%) was purchased fromngi Aldrich (Gillingham,

UK).

4.2.2 Reaction of Ruthenium(ll) Complexes with Pejdes

Aqueous solutions of angiotensin(ll), bombesin, dsaed insulin B-chain,
glutathione, and insulin (ImM), and the ruthenidinfompounds (1 mM) were
prepared. Reaction mixtures were prepared ussigring volume of 10QL of the
peptide/protein solution and mixing with the ruthen(ll) compounds in molar
ratios of 1:1, 1:2 and 1:10. The mixtures werentimeubated at 37°C for 48 hours.
Oxidation of glutathione was performed using hya@mgeroxide (30%) in a molar
ratio of 1:1 and reacted at 37°C for 2 hours. Poanalysis by mass spectrometry,
the peptide/protein mixtures were diluted to a emiation of 0.5uM in a solution

of 50% methanol and 0.1% formic acid.

4.2.3 Analysis by ESI-MS
The samples were analysed on a Bruker solariX FTiRs spectrometer (Bruker
Daltonics, Coventry, UK). The samples were injdct@to the electrospray

ionisation source using a syringe pump with a flate of 200ulL/hour. A drying
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gas flow rate of 4 L mith and temperature of 220 °C were used, with a nsdudjas
pressure of 1.2 bar. A voltage of -4500 V was iggipio the capillary for analysis in
positive mode, with an offset of 500 V applied twe tspray shield. For CAD
experiments, the precursor ion was isolated witltviadow of 4 m/z using the
guadrupole, and fragmented in the collision celhgsrgon with collision energies
between 11 and 13 V for peptides, and 20-22 V fotgins. The peptide ions were
accumulated for 1 second, and protein ions accusullfor slightly longer at 1.5
seconds, with 4 MW datasets and 100 scans recqrdedxperiment. Trapping
potentials of 0.5 V and 0.6 V were applied to thent and back trapping plates
respectively. For ECD experiments, the precursor was isolated using the
guadrupole and externally accumulated in the goflicell for 2-5 seconds before
being transferred to the ICR Infinity c&fl. The ions were then irradiated with
electrons from a 1.7 A heated hollow cathode dispenbiased with an offset
potential of 1.4 V, for 80-100 ms. Datasets of WMnd 50 scans were recorded per
experiment. All spectra were post-processed using zero-fill and a sine-bell
apodisation function. Internal calibration wasfpened on the spectra using the
peptide precursor peaks with different numbers lorges; CAD spectra were
calibrated using known b- and y-iam/z values of the peptides, likewise ECD
spectra were calibrated using known c- and zerdnvalues. Peak lists are included

in Appendix B with calibrant values marked.
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4.3 Results and Discussion

4.3.1 Compounds AHO76 and AHO78

The binding of two different ruthenium(ll) 1{f-arene)Ru{,N)CI]* compounds
where aren®,N = biphenyl (bip)/bipyridine (bipy) for compound ARG, and
biphenyl (bip)6-phenylenediamineofpda) for compound AHO078, shown in Figure
4.1, was initially investigated using three staddpeptides, namely angiotensin(ll),

bombesin, and substance P.

T _ mh
PO W
\ \/N”WRE_CI l'lgN“"‘Rg;Cl
SN
AHO076 AHO78

Figure 4.1 The ruthenium(ll) complexes AHO76 and AHO78

Both ruthenium(ll) complexes have a “piano-stookogetry formed through the
coordination of an arene (occupying three coordnagites), a chelating ligand, and
a chloride ligand’® The FTICR mass spectra obtained for the produdim f

reactions of the two complexes, AHO76 and AHO78&hwhe peptides showed a
number of different peaks containing ruthenium,clihivere easily identified by the
unique nature of the isotopic pattern of rutheniurhhe adducts observed were

dependent on the ratio of ruthenium(ll) compoungéptide used. At low ratios
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(1:1 and 1:2), the ruthenium(ll) compounds losthbtte arene and the chloride
ligands, thus retaining only the chelating ligandd atherefore providing the
ruthenium with four vacant coordination sites ttaeh to the peptide (three from
loss of the arene and one from loss of the chlpridht higher ratios of peptide to
ruthenium(ll) complex (1:10), multiple rutheniun(bbound species were detected,
most notable of which was the ruthenium(ll) compt®ordinated through loss of
the chloride ligand only, therefore providing irfsignto the primary binding site on

the peptide, which will be discussed in section.3

4.3.2 Reaction of Angiotensin(ll) with AHO76 and AHD78 (1:1)

Upon reaction between either AHO76 or AHO78 andiaegsin(ll) (sequence
DRVYIHPF) at a ratio of 1:1, the ruthenium retaits bidentate chelating ligand
only; for AHO76 this is denoted by Ru(bipy), andr fAHO078, the o-
phenylenediamine chelating ligand is retained andenoted by Rofpda). In order

to elucidate the binding sites on angiotensin{ligse adducts were fragmented using
CAD. Figure 4.2 illustrates the CAD mass specttained for the adducts formed

between angiotensin(ll) and AHO76 (A) and AHO078.(B)
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Figure 4.2: (a) CAD spectrum of angiotensin(ll) after reactianth AHO76,

fragmented peak [M+Ru(bipy)] at m/z 651.8, with inset illustrating the sequence

ions detected (# indicates a fragment containinigenium, either Ru(bipy) or Ru(o-

pda)); (b) CAD spectrum of angiotensin(ll) afteacgon with AH078, fragmented

peak [M+Ru(o-pda)-2f** at m/z 626.7, with insets illustrating the sequence ions

detected (# indicates a fragment containing rutimhi A full list of peak

assignments is provided in Tables B-1 and B-2 giekulix B
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Both CAD spectra suggest that ruthenium(ll) is rdomated to histidine, as
indicated by the pfragment, as well as either arginine or aspaxtid,aor even the
N-terminus, as indicated by the presence of thdrdagments with Rug-pda) or
Ru(bipy) bound. Also present are theidns together with the y-ion series from y
to v, all containing Rug-pda) or Ru(bipy). One peak in particular,natz 419.15,
suggests the involvement of arginine in the coatom of AHO78; this was
assigned as the amino acids D, R, H, P and F witrenium(ll) pluso-pda bound,
implying that the metal is bound by both arginined ahistidine subsequently
bridging the two sides of the peptide, with theemaening amino acids V, Y, and |

being cleaved by CAD.

Although the data indicate that Ru(bipy) and d&pda) are bound by
arginine and histidine, through loss of the areganid, there are potentially two
further vacant coordination sites for the rutheniumhe data do not suggest the
involvement of any other amino acid side chainsdné notable observation is the
loss of hydrogen from the peptide during fragmeotaby CAD. In Figure 4.2(a),
there is either a loss of one or two protons frbmn - and y- fragments. Since the
precursor ion is simply the neutral peptide with(lijply) coordinated, the charge is
provided by the metal ion which therefore playsoke iin directing fragmentation,
primarily at the location at which it is bouht@:*’> Deprotonation of the peptide is
consequently promoted by collisional activation #metefore should lead to a stable
structure for the product ion with the metal bouridns such as Z# and Nf* have
been reported to interact weakly with amide oxyg#émms; an interaction that is
strengthened by additional coordination to aminml aide chains and the amino
group of the N-terminus. Zinc binding to angiote$) has been reported to occur

via coordination to histidine and two neighbourirgnide oxygen atoms;
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deprotonation subsequently occurs at the amidegatr of histidine resulting in a
net negative charge on the amide oxygen creatilg &ragment iot’* Further
deprotonation of another amide nitrogen can oceadihg to the formation of a 1+

fragment ion, which was also observed here.

In Figure 4.2(b), for AHO78 only, the ruthenium-taining fragments were
assigned with an additional two-hydrogen-atom (deshdoy 2Hs) loss, which was
not observed for the fragments of AHO76. Since tbss was also observed in the
precursor ion, removal of the two hydrogen atomesdnot occur as a result of
collisional activation and therefore must have ieraative explanation. Loss of the

arene ligand from ruthenium has been observed littiso *>*

, and is thought to
occur through oxidation of the chelating ligand,endby an hydrogen atom is lost
from each of the NKgroups subsequently forming a diimine. The obskrve
hydrogen loss in the CAD spectrum is consistenh he formation of the diimine
for AHO78. Additionally, as the bipyridine chelagi ligand of AHO76 cannot
undergo the same oxidation and subsequent hydrdgesy and as the two
compounds appear to be binding to the peptidears#iime manner, it is unlikely that

the hydrogen loss originates from the peptide fitdmlough coordination of the

ruthenium.

Although loss of the arene from AHO78 may be codte oxidation of the
o-pda chelating ligand, the same biphenyl liganidss in the reactions with AHO76.
Loss of the ligands other than the chloride frorthenium complexes has been
observed before. Meiegt al'®® have reported on the binding of ruthenium(ll)
compounds with bidentate pyrone chelating ligantdgky on binding to methionine
and ubiquitin, were lost in addition to the chl@ritigand, providing the ruthenium

with three potential coordination sites. They aisport on the removal of ubiquitin
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bound to these ruthenium(ll) compounds by sulfurtaming species such as

glutathione and cysteine.

4.3.3 Reaction of Bombesin with AHO76 and AHO78 (1)

Compound AHO76 was reacted with bombesin  (sequenge
EQRLGNQWAVGHLM-NH,, where “p” signifies pyro-glutamic acid formed
through cyclisation) and the resulting adduct, fedmthrough loss of both the

chloride and arene ligands, was fragmented with C&&shown in Figure 4.3(a).

118



a) CAD (AH076) b) CAD (AH078)

##
 p-EQRL] &vwai b-EQRIGNAWRVSEL M
p-EQRLGN M-NH, . P-EQRLGNC M-NH,
y 6 5 Py ,&%% 32
&7 T & . # #
[M + Ru(bipy)] 2* & & o T I o
. hd L _ Y o+ . o
[M + Ru(bipy) |+ H - CONH, - SCH,J** 35 ?‘!; . ;N; Tz
"’ s oThg Ball
+ T T JIS Qr 2 8 %
: 2 & e B e @Yo 5rew 8 8
L L E 228 e *oeSw2qR| S S
> N a 9 o o 535 85 OO S o
a 2 | & &£ 358 T Cx, 03¢+ s+l F & Q
8 3|3 335 & R U e S - B
= T | o T 4 e R A B
c ¥ + + e S T N o
¥ | + I o~ [1TET SN KT
+ |l £ T | T ™ > = + | == '
T &80 || N Gl e oS © of X5
IR A ' P © }‘; o= = Ey =
o 2= S |@ e = 2 N = ° .
Y= = — | > ry H o g
!
400 500 600 /700 800 900 1000 1100 1200 400 500 600 700 800 900 1000 1100 1200

¢) ECD (AHO76) Lo d) ECD (AH078)
3456 8 1112]1 .. iN7 8910111zr
. p-EQRUGNQWAVGHLM-w, % mz o-EQRLG LM-NH,
5 0z s & Z Py
% & = & . [M+Ru(o-pda)+H-2H*
:;’ g ; f Z‘o g"__'m +
(@) & o C)“ :E T =
+ T LR, . = T = o Z - o .
T + == =3 + T £ ! ' -
+ = ag z32 - - < T
BN Q 3 + %
SR 22, 5% T 8 g o - ZE
2| =3;: o S 355« @ a v I TIsT
S| 885 @ TTEE: 323 F L Tugz
& é%%f £I%I+§‘ c 235 ¢ . DJ:I:,{I’E
+| 2C5 NNeE g + o c 3 ST T
A= o+ + =] ° o + > 3
= or N8 o 2 s o + SE S 2
885 °S 8N & X + = S+ @4
s s ro1/ ) ‘ . § 8 L 1 2"- s ‘_§_' ._§_,
T | B | i |
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800

Figure 4.3 (a) CAD spectrum of bombesin after reaction wAtH076, fragmented
peak [M+Ru(bipy)+H{* atm/z625.9, with inset illustrating the fragments obial

(# indicates a fragment containing ruthenium); @D spectrum of bombesin after
reaction with AHO78, fragmented peak [M+Ru(o-pda)*P* atm/z636.6; (c) ECD
spectrum of bombesin after reaction with AHO76, ginented peak
[M+Ru(bipy)+H]** atm/z653.3; (d) ECD spectrum of bombesin after reactiith
AHO078, fragmented peak [M+Ru(o-pda)-28& at m/z636.6, with inset illustrating
the sequence ions detected. A full list of peaiggenents can be found in Tables

B3 — B6 in Appendix B
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The product ions detected using both techniquegesiguthenium(ll) is bound to
histidine in the bombesin sequence. Histidine wapected to be involved in
coordinating ruthenium(ll) as the imidazole nitrag@\e) is known to be a strong
binding site for ruthenium(ll) arene compleX&y. Since ruthenium(ll) also has a
high affinity for sulfur, methionine is likely torpvide an additional binding site; a
peak atm/z 594.92 Da was observed in Figure 4.3 (a), and assgned as
[M+Ru(bipy)-CONH-SCH, +H]*" indicating losses of SCHand CONH from the
peptide. This is consistent with binding at metime and the amidated C-terminus,
as has been reported previouSfproviding two additional binding sites. CAD was
also used to fragment the adduct formed afterehetion of bombesin with AHO78.
The spectrum, shown in Figure 4.3 (b), indicatesilar binding as for AHO76 with
coordination at histidine, but no additional infaton on the binding sites was

obtained.

4.3.4 Additional Information Obtained through ECD

ECD was also carried out on the adducts formed edction between the peptides
and the ruthenium(ll) complexes in order to deteenif any further information on
the binding sites could be elucidated using thisnglementary fragmentation
techniqgue. The ECD spectrum of angiotensin(ll) AktD78, shown in Figure 4.4,
simply showed the loss of the chelating liganghda, and the main species detected
was simply the whole peptide with the addition othenium(Il), which could be

bound anywhere in the peptide.
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[M — 2He + RuJ*

[M = 2H+ + Ru(o-pda) + CH;CNJ]?*

[M = 2H- + Ru(g-pda)]?*

[M = 2H+ + Ru(o-pda)]*

o | | . i
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Figure 4.4 ECD spectrum of angiotensin(ll) after reactionhwhAHO78, fragmented

peak [M+Ru(o-pda)-2M*" atm/z647.3

Upon electron capture, the electron initially odespan excited Rydberg orbital on a
positively-charged site (typically n=6-$,and drops to a low-lying electronic state
through a cascade of either radiationless or radiatlaxation events on a timescale
of 10° s. Since the addition of {(arene)Ru(N,K/)}automatically provides the
peptide with a 2+ charge, capture of an electrora ttow-lying electronic state
centred at the metal is a likely occurrent&t’* Thus, capture of the electron has
simply resulted in a reduction of the charge onrtlieenium from 2+ to 1+, with no

further backbone cleavage of the peptide.

The ECD spectra of bombesin and the two rutheniyna@mplexes were
more useful, as shown in Figures 4.3(c) and (d)this case, because the adduct had
a 3+ charge, there was a bound proton in addibaimé ruthenium; this protonated
site could also provide a low-lying electronic st&b capture the electron, enabling

cleavage of the peptide backbone to be obséfvéd Although the two spectra
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were similar in that they suggested binding atidiis¢, the ECD spectrum of
bombesin and AHO78 (Figure 4.3 d) also revealedak @tm/z 1593.62, which was
identified as bombesin plus ruthenium(ll) but miraugeucine residue. This may
imply that ruthenium(ll) is coordinated to both thistidine and the methionine so
that, on fragmentation, the intervening Lgis removed whilst preserving the bound
ruthenium and keeping the rest of the peptide teget This is consistent with the

radical cascade mechanism for ECD proposed by Legnea al®

whereby the
radical is propagated along the peptide backboneduyelectron rearrangements,

causing cleavage at multiple sites.

One other notable fragment in Figure 4.3(d) isagh®n, which was detected
with the addition of the ruthenium(ll) metal. Tbg ion does not contain either the
histidine or the methionine residues so this suggeébkat the metal can be
coordinated by other amino acids. Unfortunately fragment constitutes the rest of
the peptide, so it is unclear exactly where itasrdinated. However, this data does
indicate that amino acids other than histidine mr&thionine are potentially involved
in binding ruthenium(ll). Since no other signifitadifferences were observed
between the mode of binding of AHO76 and AHO78ppears that the chelating
ligand does not have a significant effect on thengound coordination geometry.

For this reason, the remaining experiments werewcted using AHO76 only.

4.3.5 Reactions of Angiotensin(ll) and Bombesin witAHO76 (1:10)

The adducts observed in the reactions between t@ngia(ll) and bombesin with
AHO76, where only loss of the chloride ligand wéserved, were also fragmented
using CAD in order to determine the primary bindsgiig of the ruthenium(ll) on the
peptides. Figure 4.5 illustrates the CAD spectitained through fragmenting the

adducts observed between (a) angiotensin(ll) an@78H and (b) bombesin and
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AHO76; the form of the ruthenium(ll) compound altad is denoted

{(bip)Ru(bipy)} in both cases.
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Figure 4.5 (a) CAD spectrum of angiotensin(ll) and AHO76agmented peak
[M+{(bip)Ru(bipy)}+H]** at m/z 586.6 (# indicates a fragment containing
ruthenium); (b) CAD spectrum of bombesin and AHO7®6agmented peak
[M+{(bip)Ru(bipy)}+2H]** atm/z508.2; inset illustrates the observed and simdlate

isotopic distributions of the speciesratz 459.04 corresponding to the ruthenium
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compound plus SCHfrom the methionine side chain. A full list of gle

assignments can be found in Tables B-7 and B-8ppieAdix B

The CAD spectrum of angiotensin(ll) and AHO76 shdwanilar fragments to that
in Figure 4.2(a), where the arene had been lostddition to the chloride ligand,
showing that cleavage of the arene can still odcuing the CAD process. Several
fragments were detected that enabled the bindtego$ithe ruthenium compound to
be elucidated, namely the peak detectetchat576.12, which was assigned as the
amino acid phenylalanine (F) plus {(bip)Ru(bipy)}. The observed isotope

distribution and that of the simulated patternsirewn in Figures 4.6 (a) and (b).
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(a) Observed pattern 576.12194 [F + {(bip)Ru(bipy)}*

578.12302

575.12321

574.12181 577.12523
573.12350 579.21955

571.91473

576.12195
(b) Theoretical pattern

575.12319 578.12303

574.12182
573.12354 577.12531

570.12520 579.12639

572.12289
571 .‘]2856 l

570 572 574 576 578 580 582 m/z

580.12974
o

Figure 4.6. (a) Expanded region of the CAD spectrum of arggisin(ll) and AHO76
showing the peak assigned as phenylalanine (F) fthip)Ru(bipy)}; (b) the

theoretical pattern expected from simulation of gpecies

Binding to phenylalanine is an observation thatlbeen made for the first time here,
and which is not observed when there are four doatidn sites available, as
discussed above. Since there is only one coordmasite available, direct
coordination between ruthenium and the aromatig oh the phenylalanine side
chain would be unlikely due to steric hindrancenfraghe bulky biphenyl and
bipyridine ligands, which are still attached. dtpossible, therefore, that the aromatic
ring of phenylalanine provides stabilisation thrbuan interaction with one of the
aromatic ligands (either biphenyl or bipyridine)the form ofr-stacking. This type
of interaction has been observed previoti§lybetween the phenylalanine of

substance P and a coumarin tag. Potentially, reghr@matic ring of the arene and
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chelating ligand could interact in this manner wiktie phenylalanine side chain;
since this is not observed when the rutheniummstanly the chelating ligand, it is

likely that it is the arene that is involved inglgoordination.

The CAD spectrum for bombesin and AHO76 also ekteid information
about the ruthenium(ll) binding site. Instead epfdes fragments, it is the side
chain losses detected that show the primary binditeg for ruthenium(ll), in this
case, to be the methionine side chain. The peak/a#59.05 was assigned as
[{(bip)Ru(bipy)} + SCHy]", which could only have originated from the mettinen
side chain. Detection also of the complementaagrfrent, [M+3H-SCH**, atm/z

524.61, further supports this conclusion.

4.3.6 Summary of Peptide Binding with Ruthenium(ll)Complexes

The initial work carried out on the reaction betwgeeptides and two ruthenium(Il)
complexes provided a significant amount of inforimraton their binding sites. To
summarise these findings, the amino acids proptsedordinate ruthenium(ll), as

well as the data supporting these conclusionsawshn Table 4.1.
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Table 4.1 Key fragments detected from the reactions betwdenruthenium(ll)

complexes and peptides indicating proposed binsiiteg

Proposed Binding Site Supporting Data — Detected Bgments

Histidine (His) Angiotensin(ll) 3 + Ru(bipy)
[DRVYIHPF]

Methionine (Met) SCH, + [(bip)Ru(bipy)I

SCH; loss from bombesin

Amidated C-terminus CONH; loss from bombesin

Phenylalanine (Phe) Phe + [(bip)Ru(bipy)]

Arginine (Arg) Angiotensin(ll) b + Ru(bipy)

[DRVYIHPF]

His and Arg DR-[Ru(bipy)}--HPF

His and Met p-EQRLGNQWAVGH:--[Ru(bipy)]-*M

The binding to histidine and methionine was exp@e it has been observed in
previous work'% 1% 1%2of notable interest is the involvement of phergéme,

which has been observed here for the first time.

4.3.7 Reaction of Insulin with AHO76

The initial experiments involved two peptides, hertof which contain any cysteine
residues (or disulfide bonds). Previous wétkas indeed shown that ruthenium(ll)
can bind to a free cysteine, but not when it iddsad and is present in a disulfide
bond. Insulin has three disulfide bonds as well hestidine, arginine, and
phenylalanine residues, so was chosen and wasrcisosthat the binding sites for
ruthenium could be compared to those observed qushji for cisplatir’’ Figure
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4.7 shows the CAD spectrum of insulin after reactth AHO76, together with an
illustration of the fragments assigned, with bdta hon-ruthenium(ll) bound (a) and

ruthenium(ll) bound fragments (b) shown in sepadsgrams for clarity.

[M + Ru(bjpy) + 4H* - Phe, H,O[¢*
M+ Ru(biPy) + 4H* — Leu]®*
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Figure 4.7: CAD spectrum of insulin after reaction with AHO7&agmented peak
[M+Ru(bipy)+4HP* atm/z1007.6; inset illustrates a zoomed region of fhecgum

to show the isotope pattern of the ruthenium fragine lllustrations of the
fragments obtained from the CAD spectrum of insalfter reaction with AHO76,

showing (a) the non-ruthenium bound fragments, @)dragments of insulin with
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ruthenium bound. A full list of peak assignmeng&n de found in Table B-9 of

Appendix B

The ruthenium-containing product ions include salveith an intact disulfide bond
between A-chain Cysand B-chain Cys and there is no evidence in the CAD
spectrum to suggest that this bond is broken octiogaof insulin with ruthenium.
The non-ruthenium(ll) bound product ions reflea ihtact nature of the disulfide
bonds between Cysind Cys; of the A-chain, and between Gysf the A chain and
Cysio of the B-chain, with mainly y-ions of the two chaidetected, therefore
indicating that the ruthenium is not bound in tregion of the protein, specifically
between amino acids Tyrand Asn; of the A-chain, and between Tyand Alg, of
the B-chain. A number of ruthenium(ll)-containifrggments are observed, with
2+, 3+, 4+, 5+ and 6+ charges. The 2+ product camsist of b-ions of the B-chain
only, indicating it is unlikely that ruthenium(lis bound by the A-chain. These
fragments, the 4, be, b7, and kg ions, are all observed with a 2He loss which,
unlike that observed with AHO78, cannot originatani the chelating ligand and, as
such, must originate from the peptide itself. Tiest likely binding site would be
histidine at either Hisor His,o; given that by is the first fragment observed, kjss
proposed as the main binding site, with additicmadrdination perhaps provided by
glutamic acid at position 13. This conclusion igpported by the 5+ and 6+
fragments detected which have been assigned aseritiee protein plus the
ruthenium(ll) compound, but with certain amino &ciissing from the sequence.
These losses, which include alanine, leucine, gadind phenylalanine, indicate that
ruthenium(ll) is bound to Hig, Glws and, possibly, Tyg of the B-chain, which

would keep the protein intact whilst CAD cleavegdh intervening amino acids
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from the chain. The He loss observed for the 2agiinents could correspond to
losses from the amide nitrogen atoms of the baakbproviding the remaining two
binding sites. This coordination has been obseprediously, where ruthenium(Il)
bound to the amide nitrogen of the backbone, intimidto the histidine side chain,

causing loss of the hydrogéfi.

4.3.8 Reaction of Oxidised Insulin B-chain with AH@6

In order to determine if any more detailed inforimatabout ruthenium(ll) binding

to the insulin B chain could be elucidated, AHO7&sweacted with the oxidised
insulin B-chain, where the two cysteine residues iarthe form of sulfonic acid
(Cys-SQH). Figure 4.8 shows the CAD spectrum and fragmeftthe oxidised

insulin B-chain after reaction with the rutheniulh@omplex AHO76.
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Figure 4.8: CAD spectrum of oxidised insulin B-chain after ggan with AHO76,
fragmented peak [M+Ru(bipy)+2H] at m/z 938.6; inset illustrates the fragments
detected with # indicating a fragment containinghemium. A full list of peak

assignments can be found in Table B-10 of AppeBdix

It can be seen that b-ions, starting at bontain ruthenium(ll) and y-ions, up until
Y22, d0 not, indicating that ruthenium(ll) is boundthw the part of the chain
including Cys, Glys, Sep and Higo. Since the pion was detected without
ruthenium(ll) bound, it minimises the possibilityat Hig is involved in binding. As
the y, does not include cysteine, it is proposed thatgdiBshe primary binding site,
which is in agreement with Horeg al'’” The importance of high mass accuracy in
the assignment of the ruthenium(ll)-containing freamts can be demonstrated by a
peak atm/z999.75. On first analysis, this was assignedyasH Ru(bipy) — OHY",

which led to the unlikely implication that the retiium(ll) could bind to cysteine
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sulfonate, through displacement of the —OH grotjhis peak was assigned with a
mass accuracy of 1.28 ppm which, although not womable, is above average
when examining all the other assignments. An médtieve molecular formula was
proposed in the form of §a+ Ru(bipy)f*, which has an improved mass accuracy of
-0.28 ppm and therefore can be assigned with aegreagree of confidence. The
data does not indicate any other amino acids imlw binding, but an He loss
observed from the b-ions starting with,bcould indicate the involvement of
glutamic acid, as was proposed for insulin. Glutaacid binding was therefore

investigated on a smaller scale using glutathione.

4.3.9 Reaction of Glutathione with AHO76

Glutathione (GSH) is a tripeptide with sequence E@@ere glutamic acid and

cysteine are connected through a gamma peptidagenk GSH can be oxidised to
form glutathione disulfide (GSSG), where two glbtahe molecules are connected
through a disulfide bond. The structures of bdtlthese compounds are shown in
Figure 4.8 and denoted)(and @) respectively. Compound AHO76 was initially
reacted with both GSH and GSSG in order to compaservations made for the

binding sites in insulin. Figures 4.9(a) and (bpw the mass spectra obtained for

the reactions of AHO76 with GSH and GSSG respelgtive
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Figure 4.9 (a) reaction of glutathione (GSH) and AHO76, hwitetected adducts
containing ruthenium labelled i) — v), peaks labelivi) - viii) are variations of
complex AHO76; * indicates an internal calibranhiand A indicates the isotope
distributions of two of the adducts; (b) mass spaeuot of the reaction between

oxidised glutathione (GSSG) and AHO76

As can be seen in Figure 4.9(a), on reaction of G8tH AHO76, a number of

ruthenium-containing adducts were detected, angethee summarised in Table 4.2.
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Table 4.2 Ruthenium(ll) adducts detected after reactioth\glutathione (GSH)

Observed GSH-Ru adductm/z Assignment

() 71812675 [GSH + {(bip)Ru(bipy)} — HI

(ii) 562.05797 [GSH + (bip)Ru} — H]

(iii) 540.08508 [Glu + {(bip)Ru(bipy)} — H - HI*

(iv) 489.01624 [Glu + Cys + Ru(bipy) — H— H*

(v) 457.04823 [CH,0; + {(bip)Ru(bipy)} — HI'

The adducts detected indicate, as was observedandgiotensin(ll) and bombesin,
that AHO76 loses its ligands in different combinas. The major product detected
was that atm/z457.05 where the {(bip)Ru(bipy)} is bound to &b} through loss of
the chloride ligand. This is more likely to origte from the glutamic acid side
chain than the C-terminus of the peptide, as arsk@uaduct aim/z 540.08 was
assigned as {(bip)Ru(bipy)} plus glutamic acid aswvhole. This supports the
observations of binding to glutamic acid, and poédly tyrosine, in insulin showing
that in addition to nitrogen, ruthenium(ll) has affinity for —OH groups, with
binding occurring through loss of HAHO76 was also detected as Ru(bipy) bound
to both glutamic acid and cysteine, indicating thaith loss of the arene,

ruthenium(ll) is able to be coordinated by both moracids.

Figure 4.8(B) shows the mass spectrum obtained aftaction between
AHO76 and oxidised glutathione (GSSG). This titiey sulfur atom of cysteine is
in a disulfide bond, and so ruthenium(ll) is unatadéind to the cysteine. The peak
at m/z613.16 corresponds to the unreacted oxidised tgiotee, showing that the
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majority is unable to react with the ruthenium(Ilfhe major adduct observed is the
same as for GSH, {(bip)Ru(bipy)} plus G8,, a peak atm/z 484.12 was also
observed which corresponds to GSSG minus glutanticl, asupporting the
conclusion that the Ci;, originates from glutamic acid and not the C-terrsimd

the peptide.

In order to determine if AHO76 could bind to cyseiwhen it is oxidised
further to sulfonic acid, as was first thought witle oxidised insulin B-chain,
glutathione was reacted with hydrogen peroxiderdeoto oxidise the cysteine side
chain to sulfonic acid (Cys-S#H). The structure of this compoung@),(is shown in
Figure 4.10 with the corresponding peaks detectetiea mass spectra, showing the

conversion of cysteine to the fully oxidised form.

308.,0916
SH
0 o b0
HO)J\;/\/U\ N /(r( N\)J\OH
NH, 05
(1)

309.10944 310.0868
|
308 309 310 m/z

356.0762 +48Da

1]
HO-S=0

(0] (0]
H
N
HO Y N OH

358.0716
A " A
356 357 358

357.10792

Figure 4.1Q Oxidation of cysteine in GSHL) to cysteine sulfonic acid); peaks at
m/z308.09 and 356.08 show the increase in 48 Da giiraaldition of three oxygen

atoms to the sulfur of cysteine
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CAD was performed on glutathione both before andrateaction with HO, and
determined that both the,yand b fragments increase by 48 Da, showing the
addition of three oxygen atoms to the sulfur ofteyse, forming cysteine sulfonic

acid. Figure 4.11 shows the mass spectrum obtafiedreaction between GSH)(

and AHO76.
[CH,0, + {(bip)Ru(bipy)}]* [GSH +0; + {Ru(bipy)}]*
611.0251 Observed
611.0255 ,
Theoretical
.\ o } ’ I ‘ |
[(bip)Ru(bipy)] 606 608 610 612 614 mlz
400 450 500 550 600 650 mi

Figure 4.11 Mass spectrum of oxidised GSB) feacted with AHO76; inset shows
adduct atm/z611.02 with A indicating its isotope distribution as comparedhe

simulation. * indicates an internal calibrant ion

As before, the major adduct detected is the addibibCHO, to {(bip)Ru(bipy)};
however, a minor product was also observedn& 611.03, and was assigned as
GSH @) plus {Ru(bipy)} with a 2H loss. Potentially, as a minor pathway, binding

could occur through loss of the Hom the —OH group of the sulfonic acid, as well
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as from the —OH group of glutamic acid. This afsticates that ruthenium(ll) is not
binding to the oxidised cysteine through displaceimaef —OH, as was initially

thought in the reaction with the oxidised insulircBain.

4.4 Conclusion

The products from reactions of two organometallithenium(ll) arene anticancer
complexes has been investigated using FTICR masgremetry with the peptides
angiotensin(ll), bombesin, and glutathione, as wveall insulin and the oxidised
insulin B-chain. In particular, insights into retiium(ll) binding sites have been
gained using collision activated dissociation (CAIDy electron capture dissociation
(ECD) to fragment the products. The amino acidsgrily involved in coordination
to ruthenium(ll) have been identified as histidiaed methionine, with additional
binding to arginine, phenylalanine, glutamic aandl gpotentially, the nitrogen atoms
of the backbone amides. Two different binding nsodere assessed; at low ratios
of ruthenium(ll) to peptide, the ruthenium(ll) cooymds were observed to lose both
the arene and the chloride ligands, providing th#hanium with four possible
binding sites. At higher ruthenium(ll) to peptid&tios, an additional species was
observed in which ruthenium(ll) lost only its cht® ligand. Interestingly,
ruthenium(ll) appeared to preferentially coordintdethe phenylalanine residue of
angiotensin(ll) and not histidine as for the lowatios; an observation that has been
made for the first time. There was no evidencetlier disruption of the disulfide
bonds of insulin after reaction with ruthenium(ll)nstead, the possible Ru(bipy)
binding sites include histidine, glutamic acid, agsine, which is in contrast to
data obtained for cisplatin. Binding to Iisvas further supported by reaction with

the oxidised insulin B-chain, and binding to glutaracid was investigated using
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glutathione and its oxidised form, GSSG. The mpjoduct observed for both GSH
and GSSG involved the addition of &b to {(bip)Ru(bipy)} indicating binding of
ruthenium(ll) to glutamic acid can occur. The a$digh mass accuracy has been
demonstrated in order to make peak assignments,sabsequently identify the

binding sites of ruthenium(ll) complexes, with glhidegree of confidence.
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Chapter 5: Further Applications of
FTICR MS (ongoing project) -
Analysis of Genuine and
Counterfeit Vodka by FTICR-MS
and GC-MS
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5.1 Introduction

The incidence of counterfeit alcohol productiomisincreasing problem. An article
in the Guardian newspaper published in Februarp 2084sed on research conducted
by the Institute of Engineering and Technology (JEfieported a 5-fold increase
over a two year period. Vodka is one of the mosamonly counterfeited spirits. It
is produced through the fermentation and distdlatof grain, followed by various
filtering processes, such as through charcoal eemboo filters, to give it its
characteristic neutral tast€. lllicit spirits can be produced by blending highality
distillates with ethanol from a cheaper raw materadding synthetic volatile
components to neutral alcohol, or through mislegdabelling about the origin of
the raw material; a common occurrence is for highlity alcohol to be replaced
with a cheaper product. In some cases, industtiahkgth alcohol has been detected,
which has a high methanol content and can lead\ers health problems, and, in

some cases, fatalitié®

The traditional approach to spirit authenticatientd analyse the volatile
components, particularly the products of the feraton process known as
congeners, which include fusel alcohols, fatty a@dd their esters. Ethyl esters in
particular contribute to the aroma and taste obladt, and are used to characterise
whiskies, rums, and girt€® Analysis by gas chromatography is well repoffted
detecting differences in congener compositions betwspirits*8° however, in
vodka, these compounds are only present in traaetijies™*° making them difficult
to detect. Therefore, efficient extraction techmisjare first necessary to concentrate

these compounds. Liquid-liquid extraction requitegye volumes of sample and

multiple extractions so is a laborious and timestoning process. Solid phase
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extraction (SPE) and solid phase micro extracti®PME) are the preferred
techniques?® SPME in particular is advantageous in terms of iméh sample
preparation as a polymer coated silica fibre iddusesample the headspace and is

therefore solvent-free.

Alternative techniques used to analyse vodka lese been investigated,
including the use of conductivity measureméfitsand ion chromatograpty? %
Spirits are reduced to bottling strength with watBy detecting inorganic ions, such
as chloride, nitrate, and phosphate, the ionic asiipn can be determined and
matched to the quality of the product. Spectrogctgchniques are also developing
considerably for the authentication of wiffe'*®and brandy?* through analysis of
the sugar and ethanol contents and relating tlasifsgally to origin. These analysis
techniques are coupled with data analysis methadh ss principal component
analysis (PCA) so as to group the alcohols by wifiees in their chemical

compositions 197

As yet, the use of high resolution mass spectroniets not been explored as
extensively for determining if a sample is courgirf?® %419 Moller et al'*® used
ESI-MS to study the proof of origin of various wkiss and to identify specific
chemical patterns, or fingerprinting mass spedchat, would indicate counterfeiting.
This method is quicker to perform than GC-MS agdhe no need for samples
extraction and concentratif however, GC is still suitable for analysis of low
molecular weight, volatile compounds. A combinatadrthese two techniques could
potentially provide a powerful, accurate methoddwmtinguishing counterfeit spirits
from the genuine products. In this work, high tegon ESI-MS has been applied to
distinguish counterfeit vodkas, in combination witlethod development for GC-MS

to provide diagnostic ions and characteristic cloahpatterns.
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5.2 Experimental

5.2.1 Chemicals and Reagents

Genuine vodka samples were purchased from a laga¢rsarket. Counterfeit

vodka samples were provided by Worcestershire 8ftierServices and West

Yorkshire Scientific Services. Methanol, etham@xane, and ammonium hydroxide

were purchased from Fisher Scientific (LoughborqugiK).

5.2.2 Analysis by ESI-FTICR-MS

All vodka samples were diluted 1000-fold in 50% hagtol, 50% Milli-Q water
(Millipore Inc., Durham, UK) and 0.1% ammonium hggide and analysed directly
in negative mode. The samples were analysed ob & Bruker solariX FTICR
mass spectrometer (Bruker Daltonics, Coventry, ,Uk)ng a nanospray ionization
source. A positive voltage of 1000 V was appliedhe capillary, a drying gas flow
rate of 2.5 L mift and temperature of 180 °C were used. lons wenenadated for
0.01 s and 200 scans were recorded for each samepleeenm/z 95 and 2000.
Trapping plate voltages of -0.5 V and -0.6 V weppleed to the front and back
plates respectively. Internal calibration was pernied using the fatty acid/ester
series, as highlighted in Table C-1, Appendix @CARanalysis was performed using
the using the software “Aabel”, version 3.0.6, wéhdre intensities of a selection of
m/z values were used to create two principal companémt each vodka sample

(Table C-2, Appendix C).

5.2.3 Solid Phase Extraction (SPE)
The samples were prepared for analysis by GC-M$ willid phase extraction,
using LiChroluf EN (200 mg, 3 mL) SPE tubes (Merck Chemicals, Dé#adts

Germany). The tubes were washed with 2 mL of arahfollowed by 2 mL of
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ethanol/water (60:40). 2 mL of the vodka sample wpplied to the tube and the

compounds eluted with 1 mL of hexane which wasyaeal directly by GC-MS.

5.2.4 Analysis by GC-MS

The analysis was carried out in a Bruker Scion ghsomatograph (Bruker
Daltonics, Coventry, UK) with a quadrupole masscsmeneter. 2.l of the sample
was injected with a split ratio of 1:5. The tengdare of the injector was 250 °C
with helium as a carrier gas flowing at 1 mL fjrand the separation was performed
using a Bruker BR-5ms fused silica column (15 m.250mm x 0.25 pum) with an
oven temperature program of 50 °C (2 minutes), nagnpp to 290 °C at a rate of 15
°C/minute. The mass detector was operated inreteginisation mode at 70 eV and

scanned betwean/z50 and 300.

5.3 Results and Discussion

5.3.1 ESI-FTICR MS Analysis of Vodka

The vodka samples were analysed using negative FRbiER mass spectrometry in
order to examine the chemical pattern of the altsplend determine if differences
could be observed between the genuine and coutpréelucts. Since the major
components of vodka used for authenticity analgsesfatty acids and their isomer
ethyl esters, these were identified first and uaedinternal calibrants for each
sample. Two different chemical patterns were olesefor the vodka samples; most
fell into the category represented by Figure 5,Madth a few resembling that shown

in Figure 5.1(b).
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Figure 5.1 (a) (-)ESI mass spectrum of genuine Smirnoff voelka, letters a-I
represent fatty acid/ethyl ester compounds asdlisieTable 5.1; (b) (-)ESI mass

spectrum of genuine Noble Russian Beluga vodka

The mass spectra of the vodka samples represeptEdybire 5.1(a) are dominated
by a peak amn/z135.08 which is assigned as 4-anisaldehydel{Q,;). There are a
large number of structures with this molecular folan but this is proposed to be the
most likely compound since it is a derivative oketiole, a flavouring compound
that will be discussed later in the chapter. Ttieomain peaks are assigned as fatty
acids and/or esters, and are labelled in red. eSimese compounds are isomers of

each other, it is not possible to distinguish th#yf acid from the ester without
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further analysis, but it is likely there is a misg¢ypresent. The assignments of these

molecular formulae are shown in Table 5.1.

Table 5.1 Assignments of fatty acids/esters in vodka

Label Observedm/z Proposed

Formula
a 101.06080 CsH100,
b 115.07645 CeH120,
C 143.10775 CsH1602
d 157.12340 CgH180-
e 171.13905 @HzoOz
f 185.15470 @H20,
g 199.17035 QH2402
h 227.20165 @H250-
i 241.21730 G@H300,
j 255.23295 G@eH3202
k 269.24860 &H340;
| 283.26425 G@eH3602

The vodka samples represented by Figure 5.1(bji@m@nated by a single peak at
m/z341, which is assigned as the sugar molecule secrdssignments for as many
peaks as possible betwesriz 100 and 400 were made, in order to create a profil
for each vodka sample in this region. The list@mpounds assigned in this region
can be found in Appendix C. Above this mass ratiggecompounds became harder
to identify, since there were significantly morespibilities for each molecular

formula even with a good internal calibration.

The MS profiles of the counterfeit samples do numtear to differ from the
genuine products; however, subtle differences batwie chemical profiles have
been observed in the form of differing relativeeimgities of the key fatty acids/esters
identified above, and a small number of flavouricgmpounds. Citric acid in

particular was identified in most of the counterfgamples, but not in any of the
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genuine products. Figure 5.2 shows the ESI masstrspn of a counterfeit vodka

sample in which the intensity of the peak assigeeditric acid is significantly high.

diethyl phthalate

citric acid
CgHgO5
CsHisOs
b C :
gingerol
j C17H2604
ul.uhll T I NP | i

100 200 300 400 500 600 700 m/z

Figure 5.2 (-)ESI mass spectrum of a counterfeit vodka sampighlighting citric

acid and gingerol; letters in red indicate fattidéester compounds

Citric acid is used as a flavouring and a food &deli It does not appear to be used
in genuine vodka products, and, as such, couldnpiatly be used as a marker for
counterfeit samples. Another flavouring identifiesl that of gingerol. This
compound is fairly intense in the sample shown igufe 5.2, but it was also
detected in all the vodka samples with a diffenatative intensity each time, so
does not exclusively provide a marker for couniegeoducts. The same was found
for a third flavouring, vanillin, which was preseint trace amounts in all of the
vodka samples. This compound has been detect@bWMS?°* however, the low
volatility of this compound makes the applicatiohgas chromatography difficult

and ESI-MS provides a better method of detectichisicase.
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Since the differences between genuine and cowitterddka samples are
subtle, the full chemical profile analysed betweefz 100 and 400 were analysed
using principal component analysis (PCA). PCA mathematical method used to
identify groupings within data so should providesimple way of determining
differences between genuine and counterfeit vodkdyzts’*> The purpose of this
method is to identify new variables, known as “pngal components” (PCs), which
account for most of the variability in the data.heTfirst PC is computed as the
direction through the data that describes the nwastability; the second and
subsequent PCs must be orthogonal to the previGuarfd describe the remaining
variability. Each sample is then given a scoredach PC; scores are calculated
from the original data multiplied by a coefficiathtat describes the PC. The scores
for each PC are then plotted revealing any grougpbejween samples that were not
obvious from the original data. In this work, tR€s were calculated from the
identified m/zvalues for each vodka in the range 100-400, aadrtensity of each
identified peak. A full list of values fam/z and intensity for each sample can be
found in appendix C, table C-1. The PCA plot ftbi2& samples is shown in Figure

5.3.

148



© Vodka
A CF

Troika:Genuine
13.0 = --rrrmrrmrmmmr s s """""""" """""""""""""""""""
CF BB04539
CF Vodka
CF S°"'et CF Arctic Ice 715
8.0 — A/
CF BBO7520 N CF B[IZ537 CF Arctlc Ice 886 _A
Vladivar Genume
Soviet Genume : ’/ '
' ‘ : Dannoff Genuine
3.0 . : . T
CFT15737 Glgns Genume\‘: Wyborowka ngume
'_| CF BB07813 : 3 Luxury Black Genuine
<i> CF Chekov : ‘
CF Drop, Vodka Aros Genuine
-2.0— : ; :
7.0 (Smlr:noff Genuine
: CFS ff 818
12.04 CF.Smirmnaff 648 mirgo
: Stolllchnaya Genume
Noble;Russian Genuine;
CF BB07682 : '
. Russian Standard Genuine
-17.0 | |
[ [ [ I I [
-17.0 -12.0 -7.0 -2.0 3.0 8.0 13.0

Figure 5.3 PCA plot of the ESI-MS data for each of the vodieemples, genuine

samples are represented by a red diamond, couhi{€f® samples are represented

by a blue triangle

The PCA plot does reveal groupings of the samplesh some significant

distinction between genuine and counterfeit vodkalpcts observed. There are two

main groups of the genuine samples, reflectingwlwechemical profiles observed in

Figure 5.1. A couple of the samples, namely Snfirh@e and Troika, remain

isolated from the others,

reflecting further diffleces even within the genuine

products. For the most part, the counterfeit samplre observed to lie separately

from the genuine ones, showing that even with allssegtion of the chemical
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profile of each vodka, differences are still detelct A few counterfeit samples are
grouped with some of the genuine samples at throdf the plot. All of these
vodkas had a chemical profile like that shown igufe 5.1 (b), with a sucrose peak
dominating the spectrum. This therefore makes dremdifficult to identify
counterfeit products since all other peaks are aedusignificantly in intensity
compared to this compound. In this case, liquidctatography would be a useful
technigue to use in order to separate the sigoalthé different components that are
suppressed by that of sucrose. This techniquesfqart of the further method
development required in order to analyse the diffees in genuine and counterfeit

products, as discussed in the conclusion below.

A further interesting observation is that the P@#ects, to some extent, the
fact that the counterfeit samples were obtainednfriovo different analytical
companies located in different regions of the UK ofdéstershire and West
Yorkshire). Five of the six samples with the codesting “BB” and T1” lie to the
left hand side of the plot away from the others] #mese all originate from West
Yorkshire. This observation has potential for kowg the sources of counterfeit
alcohol production since similarities should beearkied between samples from the
same batch as they will have been produced usiegdme method and with the
same starting materials. The PCA plot, howevenlcahange significantly by
including more data so it is still necessary tonidfg compounds over the entire

mass range, and use the entire chemical profilddtcting counterfeit products.

5.3.1 Analysis by GC-MS
A selection of the vodka samples were also analpgegdC-MS; however, due to the

aqueous nature of the samples, as well as the teepre-concentrate the volatile
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components, a method involving solid phase extactwas first developed. The
samples were extracted into hexane using SPE tarmkshen analysed by GC-MS.
In MS mode, fragmentation was performed using sbectonisation (El) and the
assignments made by matching to the NIST (Natidnsiitute of Standards and
Technology) database. Figure 5.3 shows the chemrean for a genuine sample of

Smirnoff Ice vodka.

Gas chromatogram of Smirnoff Ice vodka (genuine)
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Figure 5.4 Gas chromatogram of genuine Smirnoff Ice vodkandicates long

chain alkane compounds

The Figure shows the separation of a number of comgs; unfortunately the
majority of these peaks were assigned as long céikenes such as decane and
pentadecane. These compounds are unlikely tonatgifrom the vodka; instead, it

is likely they are from the SPE columns themselard the hexane has stripped
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these compounds from the packaging enabling thebetdetected by GC-MS. A
few useful compounds were identified in the chraygeam; terpinene is often used
as a flavouring and constituted the most intenskg@ the spectrum. In order to
determine if GC-MS could be used to identify compadsiin the counterfeit samples,
a counterfeit Smirnoff Ice sample was also analysed the resulting spectrum is

shown in Figure 5.5.

Gas chromatogram of Smirnoff Ice vodka (counterfeit)
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Figure 5.5 Gas chromatogram of counterfeit Smirnoff Ice vadkth structure of

anethole shown; * indicates long chain alkane camgs

The chromatogram appears to be very similar todgh#tte genuine product, with the
same long chain alkanes observed. One compoun@ssiggned as anethole, which
is also used as a flavouring, and was not observélte genuine product. GC-MS
has potential for identifying differences in thelatde, low molecular weight
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components of vodka. However, an alternative sarppéparation is first needed.
SPME offers advantages over SPE®since it is used to sample the headspace, it
is solvent-free and problems like that observea heill be avoided. This will be a
useful, complementary method to ESI-MS and showdgeal more specific

differences between genuine and counterfeit alceamiples.

5.4 Conclusion and Future Work

Genuine and counterfeit vodka samples have bedgsaxaby negative mode ESI
mass spectrometry and GC-MS. The differences vbden the counterfeit samples
arise through the addition of flavouring agentshsas citric acid, a compound which
is not present in any of the genuine vodka produdise low mass rangen(z 100-
400) chemical profiles of 26 vodka samples werdyaea and plotted using PCA in
order to look for groupings in the data. The ceueit samples were grouped
separately for the most part; however, a seleatfomodka samples contain mostly
sucrose making all other compounds significantlgslantense, and therefore
distinguishing the counterfeit samples is more iclift. Further method
development is required for these samples; in @dai the use of reversed phase
LC-MS should be explored in order to overcome ftigaa suppression observed in

ESI-MS, and analyse the non-polar components o¥dd&a.

GC-MS was also used to analyse the samples; howegees with sample
preparation still need to be resolved. The usetethnique like SPME coupled with
GC-MS would be ideal, as it would sample the headsglirectly thereby detecting
the volatile components without the need for aniragtion techniques that could

result in the loss of some compounds. This wolhétdfore provide a further level
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of analysis complementary to the chemical profildstained through ESI-MS.
Additionally, the coupling of a GC to an FTICR magsectrometer would take the
existing analysis one step further since this dogpis achieved through the use of
an atmospheric pressure chemical ionisation (ARGUrce. In APCI ionisation,
both protonated and radical species are formedliagahe detection of compounds
that do not ionise easily by ESI and therefore gliog another complementary

technique for detailed analysis of these samples.

This initial work carried out shows that a combioat of techniques
involving GC and ESI-FTICR-MS show potential foropiding a detailed analysis
of alcohol samples with the aim of identifying ctenfieit products. There are still
significant method development steps that needetexplored since the current

analyses on their own do not provide a definitiesttfor counterfeit vodka.
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Chapter 6: Further Applications of
FTICR MS (Ongoing Project) —
Carbon Nanotubes as a Matrix
Substitute in MALDI
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6.1 Introduction

Since its development in the 19883 matrix-assisted laser desorption/ionisation
(MALDI) mass spectrometry has proved to be an @ffedechnique for the analysis
of large molecules such as protéfisnd polymer$®® The analyte is mixed with a
matrix, typically an organic acid such as as 2[5/dioxybenzoic acid (2,5-DHB),
and irradiated with a laser. This method, howeigenot ideal for the analysis of
small (<1500 Da) molecules due to matrix interfeeereffects, with the signal
produced by the matrix and its clusters tendingdminate in this region of the mass
spectrum. Furthermore, the matrix is co-crystadlisvith the analyte on the target
plate, and can form an inhomogeneous layer regultinthe detection of “hot
spots™?®® Consequently, matrix-free approaches are beingsiigated in order to

expand the mass range of molecules for which MAisCHpplicable.

Liquid matrices such as 3-nitrobenzyl alcohol (BAY are an alternativd’
but issues with high chemical background noise hmaen encountered. The use of
particles suspended in a liquid has turned outecabmore promising avenue of
research. Tanalet al'? developed an “ultra-fine metal plus liquid matrixhereby
cobalt particles were suspended in glycerol, anohdoto improve the detection of
proteins with molecular weights up to 25 kDa. Atfi@tive surfaces have been
investigated, such as porous silicon, to trap thalydées before irradiation. This
method is known as desorption ionisation on sili@HOSYF and was reported to
effectively minimise matrix effects in MALDI speetrof peptides. Graphite
particles suspended in glycerol have been sucddssfthe analysis of proteins and
peptides?®*'% method which is known as graphite surface-assisser desorption
ionisation, or graphite SALDF® Other SALDI materials investigated include

silicon** titanium?*? carbor?*® and electrospun nanofibré¥.
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Carbon nanotubes were first discovered in ¥89&lnd have gained
considerable interest in a number of applicatiomeluding MALDI mass
spectrometry'®?® Xu et al?'® prepared carbon nanotubes as a particle suspension
in a liquid matrix, as was reported with grapifté?'°and, after solvent evaporation,

deposited peptide samples on top. Séinal®'’

used vertically aligned carbon
nanotube arrays grown on a stainless steel plaleapplied the peptide samples
directly. Both methods were reported to be effitia the analysis of peptides, with
good signal-to-noise ratios achieved, and low bemkgd noise observed. Chenh

al.’® used a citrate buffer to modify the surfaces aboa nanotubes in order to
provide a proton source for peptides, thereby reduthe intensity of alkali cation

adducts which tend to dominate these spectra.

Carbon nanotubes can be arranged in a numberfigfredit geometries,

including 3D forest§!%%?°

which are investigated in this work. The potdntia
advantages of using carbon nanotubes are that sgrgparation is reduced, there is
minimal interference from a matrix and, unlike DIOSe samples have not been
observed to degrade over time. Therefore, thederials show potential for the

detection of small molecules where signal suppoessiue to the matrix is a

significant problem.

6.2 Experimental

6.2.1 Chemicals and Reagents
PEG-1000 (polydispersity index 1.101), substancM® 1347.63 Da), 2,5-

dihydroxybenzoic acid, and sodium hydroxide werecpased from Sigma Aldrich
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(Gillingham, UK). Carbon nanotube forests werewgroby chemical vapour

depositio'® and provided by the electrochemistry group, Ursitgrof Warwick.

6.2.2 Analysis by MALDI-TOF Mass Spectrometry

2,5-dihydroxybenzoic acid, PEG-1000 and substaneeef® dissolved in Milli-Q
water (Millipore, Durham, UK) at a concentration2fuM. Sodium hydroxide (10
mM) was added to produce sodium adducts of theyasal The sample and matrix
were mixed in a 1:1 ratio and 1 pL was depositetb @aaMTP 384 ground steel
MALDI plate (Bruker Daltonics, Coventry, UK) andield in air. For analysis on
nanotubes, 1 puL of the analyte was deposited tirectto the carbon nanotube
forests and dried in air. The samples were andlgsea Bruker Ultraflex MALDI-
TOF/TOF instrument (Bruker Daltonics, Coventry, UKith a nitrogen laseri(=
337 nm) at 50 Hz and 200 laser shots per spot.rcBawltages of 25 kV and 21.5
kV were applied to the target plate and secondageltrespectively, with 9 kV
applied to the focusing lens. Delayed ion extoachf 10 ns was used with detection

in reflectron mode betwean/z 120-2000.

6.2.3 Analysis by FTICR Mass Spectrometry

The samples were prepared as described in secBidhd@hd analysed using a Bruker
solariX (Bruker Daltonics, Coventry, UK) with a NEAG laser § = 355 nm). An
offset of 100 V was applied to the target plate dorlysis in positive mode. A
dataset of 4 MW was recorded ovefz300-5000, with an ion accumulation time of
5 seconds and 32 scans. A 2000 um laser spot sembwith 200 shots fired per
scan. Trapping plate potentials of 0.4 and 0.3é&renapplied to the front and back

trapping plates respectively.
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6.3 Results and Discussion

Samples of PEG-1000 and substance P were dissmiwedter and mixed with the
matrix 2,5-dihydroxybenzoic acid (DHB) and analyssdMALDI-TOF, as shown

in Figure 6.1.
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M+Na]*
065,550 |1997-6363 [ ]

1416618 [M+H]
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1185.6868 360.9825

360.9677 * Arroe3 1229.7143
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Figure 6.1 MALDI-TOF spectra of (a) PEG-1000 (Nadduct) and (b) substance P
(H" and N4 adducts) mixed with the matrix 2,5-DHB; * repretsean unidentified
peak. A full list of peak assignments can be foumdrables D-1 and D-2 of

Appendix D

As shown in Figure 6.1, both samples can be obddbyeMALDI but there are a
significant number of additional peaks observedigaarly in the low molecular
weight region belowm/z 800. This is the region of the spectrum thatfessf
interference from the matrix and which is likelylde improved through the use of a
matrix-free method. The same samples were deploditectly onto the carbon
nanotubes and analysed by MALDI-TOF in order tcedatne if a signal could be
detected. Figure 6.2 illustrates the spectra nbthfor PEG-1000 (a), and substance

P (b).
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Figure 6.2 MALDI-TOF spectra of (a) PEG-1000 (Nadducts), and (b) substance
P (Na adduct) deposited on carbon nanotube forestspfesents an unidentified

peak

As shown in Figure 6.2, both compounds were deteasing MALDI without a
matrix, and through simple deposition of the sampleto the nanotubes. The signal
for substance P was less intense than that of BE€GGshowed some chemical noise
in the lowerm/zregion which could not be identified. Both sanspé®uld only be
observed when sodium was added to the samplegqrtitenated species were not
detected. This is in agreement with Skeinal®*’ who reported the detection of
sodium and potassium adducts but not the proton&dest. The sensitivity
specification of the Ultraflex instrument statesignal-to-noise ratio of 50:1 for 250
attomoles of a mass of 1570 Da in reflectron md8iece the amount of substance P
deposited on the plate is in the picomole regiba,dignal-to-noise observed should
be significantly higher than this. A signal-to-seiratio of 478.5 was observed with
the matrix (i.e. in Figure 6.1b) but only a ratib78.9 was observed when detected

off the nanotubes. On the other hand, the signabise ratios for PEG-1000 were
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approximately equal. The efficiency of detectionni the nanotubes therefore

seems to be sample-dependent and will need toviestigated further.

The distribution of the PEG-1000 sample shown imguFe 6.2a is
significantly distorted compared to that in Figuda. Them/z values are also
different by 4 Da. A similar effect was also obseat for substance P in that the
expectedn/zdiffered by about 6 Da. This is expected duentofact that a different
target plate had to be used for experiments inuglthe nanotubes. The nanotubes
themselves are grown on a plate a few mm thickthisdhas to be attached to the
plate for MALDI analysis. Since there is not roamthe source of the MALDI-TOF
instrument to accommodate the nanotubes on a sthMiEP 384 MALDI plate, the
samples were fastened to a plate that had groaxesto it in which the nanotube
samples could fit. This meant that the distandevéen the plate and the detector
was different to that of the samples on the MTP 3884, as a result, the time-of-
flight, and consequently thm/z observed, changed significantly. Re-calibratién o
the instrument is therefore necessary for use efn@notube samples, and should

improve the distribution of the polymer spectra.

Signal detection appears to be affected by theiyenisthe carbon nanotube

forests. Shiret al?!’

showed that with vertically aligned nanotubesigma could

not be obtained when the density of the packinginagased. The results in Figure
6.2 are from a low density nanotube forest, sopider to compare results, a
relatively higher density nanotube forest was alsed and Figure 6.3 shows the

spectrum obtained for PEG.
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Figure 6.3 MALDI-TOF spectrum of PEG deposited on a high signcarbon

nanotube forest; * represents unidentified peaks

As shown in Figure 6.3, the signal for PEG is ddeter with a signal-to-noise ratio
of 43.5, and several unidentified peaks are preserthe low m/z region of the

spectrum. This is consistent with previous resiutism Shin, and is proposed to be
due to enhanced cooling of the nanotube tips thromgre dense packing, thus

decreasing desorption of the sample from the seffdc

Since a signal was detected for both samples DR instrument, the same
samples were analysed using MALDI-FTICR mass spewtry. Figure 6.4 shows

the spectrum obtained for PEG on a low densityaaranotube forest.
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Figure 6.4 MALDI-FTICR mass spectrum of PEG-1000 deposited a carbon

nanotube forest; * represents an unidentified peak

When analysed by FTICR mass spectrometry, a canlamotube distribution was
observed over a large mass region. PEG could teetdd but the signal of both
distributions was weak as a low laser power wagl.usAs the laser power was
increased, the PEG distribution disappeared entaet the signal from the carbon

nanotubes became more intense, as shown in Figure 6
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Figure 6.5 MALDI-FTICR mass spectrum showing carbon nanotdisgribution;
inset (right) proposes molecular formulae for aesgbn of peaks, showing
difference of G between adjacent peaks and addition of sodiumasidinset (left)
shows a comparison between the experimental amteteal isotope distributions

of the assigned peak fa'z1751.99

On analysis of the spectrum, differences of 24.08€ \Were observed between
adjacent isotope distributions showing the additdi€, each time. The molecular
formulae for the peaks show a carbon series, isorgaby two carbon atoms each
time, with one hydrogen and one sodium atom atthcliels therefore likely that the

addition of sodium to the samples promotes the &on of adducts with the

164



nanotubes as well, thereby enabling their detedhioime instrument instead of the
samples. This nanotube distribution was obsermedvery spectrum; PEG could
only just be observed at low laser powers, as showfigure 6.4, but substance P
was not detected at all. The two instruments ulerent lasers for MALDI — the

TOF has a nitrogen laser, and the FTICR has a NG Yaser. The difference in the
wavelength of these lasers may be the reason wehyahotubes are only observed in

FTICR spectra.

The detection of carbon nanotubes has been obseefede?** and the use
of glycerol has been suggested to prevent detadhofi¢he nanotubes from a target
plate. However, glycerol and its associated addbeve also been detected in the
low mass region of the spectrdffi?'®so it is not ideal for producing matrix-free
spectra. An alternative approach that has beasstigated is the modification of the
surface of carbon nanotubes in suspension, throogjdation and chemical
functionalization so as to introduce carboxyl gopto the nanotube surfacé.?*"

22 The presence of these functional groups improvessolubility of the nanotubes
in water, and therefore enables a more homogenagesto be deposited onto the
target plate. Surface modifications also enab& darbon nanotubes to act as a
proton source, thereby reducing cation adductsireréasing the range of samples
for which they may be suitable. Therefore, in ortte minimise the detection of

carbon nanotube distributions in MALDI spectra, iiddal sample preparation is

first required.
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6.4 Conclusion

Carbon nanotubes have shown potential as a subsfitua matrix in MALDI. A
good signal was observed for both PEG and substBnageposited onto a low
density carbon nanotube forest, when analysed A@rOB instrument. A higher
density nanotube forest reduced the signal intgnpibtentially due to enhanced
cooling through closer packing, resulting in desesh desorption of the analyte.
Analysis using FTICR mass spectrometry resultedhm detection of a sodium
adduct distribution of the nanotubes themselvdsG Bould be detected at low laser
powers but the large mass range covered by theutamndistribution suppresses the
signal of peptides like substance P. Modificatddthe carbon nanotube surfaces is
one possible approach to preventing the nanotulma being detected in the
MALDI mass spectra, as well as providing a protoarse for compounds. This
would need to be investigated before analysis lnérosamples can be completed due

to the interference of the nanotube distributiothm spectra.
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Chapter 7: Conclusions and Future
Work
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7.1 Conclusions

This thesis contains a number of different anafytiapplications of Fourier
transform ion cyclotron resonance mass spectrometijhe main applications
chapters demonstrate the role FTICR mass spectrpnocan play in biological
applications, namely natural product structure ati@risation and identifying the
binding sites of anticancer drugs on proteins, tluehe high mass accuracies

possible.

Natural products, particularly polyketides and mdoosomal peptides, are
becoming increasingly important as sources of @ihdrugs, and efficient methods
for their structural characterisation are essentighis work has demonstrated the
combined use of two tandem mass spectrometry tgebsj one of which is unique
to FTICR, to provide detailed, complementary st information on examples of
these classes of compounds. In particular, theoti<@AD and EID in multistage
mass spectrometry has been shown to be effectidistinguishing between two
polyketide isomers, lasalocid A and iso-lasalocidwiich is necessary to elucidate
the biosynthetic pathways of these compounds. Tieshod has started to be
applied to identifying intermediate structures ime tbiosynthesis process, but
developments in sample preparation are necessampimve signal intensities for
tandem mass spectrometry experiments, before trepe implemented. The use of
CAD and EID has also been applied to non-ribosopegitides; EID in particular
was found to be useful in providing detailed stowat information on the compound
actinomycin D. Multiple ion isolation was invesiigd in order to provide an
accurate internal calibration for the fragment ipnsduced by EID; in doing so, the
use of in-cell isolation proved to increase themsities of the product ions, enabling

many more fragments to be detected than with eakesolation. The combination
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of CAD, EID, and multiple ion isolation has therefdoeen developed as a method
for providing detailed, complementary, accuratedyibrated structural information

for natural products.

The identification of anticancer drug binding sitesproteins is essential for
understanding the mode of action of these drugsyedlsas investigating potential
side effects these compounds may cause. The usmlofmass accuracy tandem
mass spectrometry has shown to provide insights the binding of potential
ruthenium(ll) arene anticancer complexes, by stuglyineir interaction with peptides
and proteins. In this case, CAD alone was usedetermine the binding sites, as
ECD, in most cases, resulted in capture of an relecit the ruthenium metal and
caused cleavage of the complex from the peptideeptidke binding of two
ruthenium(ll) complexes revealed binding at histeli and methionine; an
observation that was expected based on previouk.wddowever, binding at
phenylalanine and glutamic acid was also obserezd for the first time. Binding
to insulin and the oxidised insulin B-chain suppdrevidence of histidine binding,
with glutamic acid binding being investigated fuathoy reaction with glutathione.
This project in particular demonstrated the needstd-ppm mass accuracy when
identifying molecular formulae. An assignment madth a mass accuracy above 1
ppm indicated potential binding to cysteine suléomicid, which is an unlikely
occurrence. Re-assignment of this peak revealed-i@am with a mass accuracy
below 1 ppm, indicating this is the more likelytbe two. Instruments which can
only achieve 1 ppm mass accuracy would not haveenttaid distinction, therefore

demonstrating how FTICR is a powerful analyticallton biological applications.

Two further applications of FTICR mass spectrometigve also been

investigated and are ongoing projects. First,ube of FTICR mass spectrometry
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and GC-MS have been used for identifying differante genuine and counterfeit
vodkas. The negative mode ESI mass spectra weaenetl and the chemical
profiles analysed between/z100 and 400. PCA was used to look for groupirfgs o
the samples; for the most part, the counterfeigdgaswere grouped separately to the
genuine products. The main differences betweesdhgples arise from the addition
of flavouring agents; citric acid was detected iostof the counterfeit samples, but
not in any of the genuine products showing its pid as a marker for identifying
counterfeit vodka. GC-MS was also used to invastiglifferences in the volatile
components of the vodkas; however, improved sarppd@aration techniques are
first needed, such as the use of solid phase mitemtion. The flavouring
compound anethole was observed in the gas chronaatogf a counterfeit sample
and not in the genuine product, which again mag petential marker for detecting

illicit vodka.

The second ongoing project investigated carbon tades as a substitute for
a matrix in MALDI, in order to minimise matrix intierence effects commonly
observed in the low mass region. PEG and subsf@ngere successfully detected
on a MALDI-TOF instrument; analysis by FTICR regudltin the observation of a
strong signal belonging to the carbon nanotubemskbé/es. There are various
approaches reported for preventing detection ofneotubes, most successful of
which appears to be modification of the carbon amef through oxidation.
Investigation into this is outside the scope of {hiioject; however, carbon nanotubes

do show potential in MALDI analysis.

Overall, the importance of high mass accuracy leen demonstrated in
this work in the design and implementation of tand®ass spectrometry methods

for structure characterisation and binding sitenidieation. Improvements in

170



FTICR instrumentation will ensure high mass acdesa@re routinely achieved,
which should see this technique continue to playinaportant role in analytical

applications in the future.

7.2 Future Work

7.2.1 Natural Product Analysis

A method involving the use of high mass accuragydéan mass spectrometry,
specifically the techniques of CAD and EID, hasrbdeveloped to characterise the
structures of natural products. The ultimate gmalto apply this method to

characterise the structures of intermediates foriedughout the biosynthetic

pathway of polyketides, such as lasalocid A, and-misosomal peptides, such as
actinomycin D. As yet, the intermediates captuaee not present in sufficient

abundances for this method to work successfullyugber sample preparation steps
are first required. This will involve purificatioand separation of the crude cell
extract mixtures which contain the intermediatedtires, so may involve the use of
liquid chromatography coupled with FTICR mass smewoetry in order to increase

the abundance of the compounds. Once this hasdmeeved, this method can be
applied to characterising these structures anddgtiog the biosynthetic processes

involved.

7.2.2 Drug Binding Site Analysis

The use of high mass accuracy tandem mass spettyoihmes been applied to
successfully identify the binding sites of ruthenianticancer drugs on peptides and
proteins. These preliminary experiments can béedcap so that ultimately, the

mechanisms and modes of action of these compoumgs/e can be understood.
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The two ruthenium complexes studied here are twseweral complexes that have
been synthesised and exhibit anticancer activitg, @nsist of different arene and
chelating ligands attached to the ruthenium. Thseoved loss of the arene in this
work can be investigated further so that the eflifferent ligands have on the
observed peptide and protein binding can be stud&dce these experiments have
involved peptides and small proteins, the usemfiti chromatography coupled to
FTICR mass spectrometry should be investigatedh®melucidation of binding sites

on much larger proteins, where a bottom-up protesmpproach may be necessary.

7.2.3 Counterfeit Vodka Analysis

The use of ESI-FTICR-MS and gas chromatographyléatify counterfeit samples
showed potential but there are a number of altemmaanalysis techniques and
sample preparation steps that need to be explorsl ih order to optimise the
developing method. Solid phase extraction resuitedletection of long chain
alkanes from the tubes themselves. A more effimeethod to use would be that of
solid phase micro extraction (SPME) whereby thedbpace is sampled to analyse
the volatile components directly. Additional arsasywith LC-MS would overcome
the signal suppression observed in the ESI-FTICR-&h&lysis of some vodka
samples which contained high levels of sucrosemli@oing gas chromatography
with FTICR mass spectrometry has also started tmestigated. The GC can be
coupled to an atmospheric pressure chemical ioors§APCI) source and used to
analyse the vodka samples by GC-APCI-FTICR masstigpeetry. This technique
Is not widely used and may be a more efficient mettor combining the separation
of GC with the high resolving power and mass aauraf FTICR mass

spectrometry to identify counterfeit spirits.
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7.2.4 Carbon Nanotubes in MALDI

Mass spectra of small molecules using carbon nlestas a matrix substitute were
observed; however, serious contamination from theotubes themselves was
encountered. Methods to improve the spectra h&ready been reported in the
literature but these mainly involve the modificatimf the nanotubes through
oxidation and chemical functionalization. This t@would be explored in order to

achieve MALDI-FTICR spectra without the use of atixa
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Appendix A

Appendix A contains the supplementary data tabbesclhapters 2 and 3, detailing
tandem mass spectrometry data for the structuaaiackerisation of polyketides and

non-ribosomal peptides.

Table A-1: Fragment ions produced by CAD of Erythromycinpkegcursor iorm/z
734.48); peaks used for internal calibration areked by A

Observed  Observed  Theoretical Proposed Mass Mass Fragment
m/z (ext  m/z (int cal) m/z formula Error error Cleavage
cal) (extcal) (intcal)
/ ppm / ppm
734.47682 A 734.46863 734.46895 EsgNO;s 10.72 - [M+HT
716.46591 A 716.45798 716.45795 CyHeNOy, 11.11 - [M+H-H,0]"
698.45518 A 698.44749  698.44739 s NO;; 11.15 - [M+H-HO,]*
684.43880 684.43130 684.43174 CigHg:NOy;" 10.32 -0.64 [M+H-CH,0]"
680.44376 680.43631 680.43682 47s:NOyo 10.20 -0.75 [M+H-HO4*
666.42843 666.42117  666.42117 CsgHgoNO1o" 10.89 0.00 [M+H-CHgO4]*
658.42272 658.41557 658.41609 34@sNOy;" 10.07 -0.79 a
640.37547 640.36855 - unassigned - - -
602.39591 602.38949 602.38987 5 M:NO;o" 10.03 -0.63 b
592.37507 592.36878 592.36914 C,gHs5:,NOy;" 10.01 -0.61 o
590.35958 590.35331 590.35349 ,qf:,NO;;" 10.32 -0.30 c—H
576.38016 A 576.37407 576.37422 CygHs/NOyo' 10.31 - d
558.36898 558.36312 558.36366 5o, NOg" 9.53 -0.97 d-ED
540.35761 540.35197 540.35309 CygHs5oNOg" 8.36 -2.07 d - HO,
522.34760 522.34218 522.34253 ,gTyNO;" 9.71 -0.67 d - kDs
500.32668 500.32154 500.32179  CygHseNOg" 9.77 -0.50 ef
482.31604 482.31111 482.31123 ,¢,,NO;" 9.97 -0.25 ef — KD
480.30044 480.29553  480.29558  CygHiNO;" 10.12 -0.10 ef - HO
464.30531 464.30060 464.30066 6y,NOg" 10.02 -0.13 ef — O,
44429981 44429534  444.29558 C,HNO;* 9.52 -0.54 gh
438.32569 438.32128 438.32140 ,4y,NO;" 9.79 -0.27 fi
426.28924 426.28497  426.28501 CygHsoNOg" 9.92 -0.09 gh - HO
420.31497 420.31077 420.31084 ,54,NO," 9.83 -0.17 fi— HO
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408.27851 408.27445  408.27445 CyH3zgNOs5" 9.94 0.00 gh — HO,
401.25732 401.25334 - unassigned - - -
393.23101 393.22713 - unassigned - - -
383.24660 383.24282 - unassigned - - -
365.23584 A 365.23227 365.23225 CxiH305" 9.83 - jK
360.24156 360.23804 360.23806  1gl@:,NOg" 9.72 -0.06 hi
347.22514 347.22177  347.22169 C,;H3NO, 9.94 0.23 jk = H,O
342.23084 342.22752 342.22750 1g@s,NOs 9.76 0.06 hl — KD
325.20408 325.20095  325.20095 CigH2s05" 9.62 0.00 hl-H,0, -NH;
316.21496 316.21192 316.21185 13 NOs" 9.84 0.22 fm
307.19342 307.19048 307.19039 CiaH270," 9.86 0.29 jnp
284.18837 284.18567 284.18563 1MNO," 9.64 0.14 fm — CED
279.18513  279.18249 - Ci3H7062 - - o
270.17740 270.17458 - 2#EHsoNOg>* - - oy
261.67619  261.17179 - CagHgNO;* - - o
250.16384 250.16151 - unassigned - - -
24482811  244.82582 - CaHegNO, 5™ - - o3
238.82440 238.82208 - 3BleeNO > - - 3
232.82062 232.81846 - CaHeNO1** - - ®3
192.12827 192.12651 - s NO; > - - o3
186.12446 186.11227 - CaoHsNOG>* - - ®3
180.12056 180.11892 - 2E1soNOg™* - - o3
174.11711 174.11553 - CooHsgNO* - - ®3
158.11907 158.11765 158.11756 gHENO," 9.55 0.57 q

Mean Absolute Average 9.98 -0.33

Standard Deviation 0.49 0.50

Table A-2: Fragment ions produced by EID of Erythromycin gkecursor iomrm/z
734.48); peaks used for internal calibration arekethby A

Observed  Observed Theoretical Proposed Mass Mass Fragment
m/z (ext m/z (int m/z formula Error error Cleavage
cal) cal) (extcal) (intcal)
/ ppm / ppm
734.46862 A 734.46833  734.46852  3@ENO;s 0.14 - [M+HT
716.45845 A 716.45806 716.45795  CyHegNOy,' 0.70 - [M+H-H,0]"
703.45105 703.45060 703.45013  3sNO;, 1.31 0.67 [M+H-CHO]™
685.44003 685.43949 685.43956  CagHeaNO1;"™ 0.69 -0.10 [M+H-CH50,]*
674.4118 674.41121 674.411 34860NOy," 1.19 0.31 [M+H-GHgO]"
660.43248 660.43183 660.43174  CaHeNOy;" 1.12 0.14 [M+H-C3HgO,]"
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648.39613
644.40121
630.38569
604.37000
602.39082
584.38007
576.37525
575.36735
574.35967
560.34395
558.36474
557.3569
556.3491
542.36984
540.35421
539.34616
522.34359
514.33863
512.29923
494.28857
490.30221
489.33095
488.28665
486.34349
484.32813
477.28586
472.29168
468.33313
464.30187
444.29678
429.24958
411.23896
408.27598
404.26539
401.2546
393.22836
388.27065
383.24402
381.22833
375.2628

648.39542
644.40049
630.38491
604.36912
602.38994
584.37913
A 576.37429
575.36638
574.35870
560.34294
558.36372
557.35588
556.34808
542.36878
540.35315
539.34510
522.34248
514.33751
512.29810
494.28742
490.30105
489.32979
488.28548
486.34232
484.32696
477.28468
472.29050
468.33193
464.30067
444 29557
429.24835
411.23773
408.27474
404.26415
401.25336
393.22713
388.26942
383.24279
381.22710
375.26156

648.39535
644.40044
630.38479
604.36914
602.38987
584.37931
576.37422
575.3664
574.35837
560.34292
558.36366
557.35583
556.34801
542.36874
540.35309
539.34527
522.34253
514.33744
512.29798
494.28742
490.30106
489.32962
488.28541
486.34252
484.32688
477.28468
472.28915
468.33196
464.30066
444 .29558
429.24829
411.23639
408.27445
404.26427
401.25337
393.22717
388.26936
383.24282
381.22717
375.26154

32|€‘68N 012+
C33H 58N Oll+
32|€:56N Oll+
CSOH 54N ()11+
31|€:56N OlO+
CBlH 54N ()9+
25]}' 54N OlO+

QQH 53N OlO+.

205N O30
CogHsoNO1o"
205N Og"
CoeHs:NOg™
20850NOg"
CoeHsoNOg"
205N Og”
CogHagNOg"™
20sgNO;"
CoHsgNOg"
274€1405™
CoH405™
241€4NOg"
CosHaNOg™
244€,NOg"
CogHagNO;"
26sgNO;"
CoHu07
241€4NOg"
CoeHasNOg"
26tuNOg"
CoHaoNO;"
2265:05"
CoaH3s0;"
233N Os"
CooH3sNO;
21857,07"
Co2H3306"
205N Og”
Co1H3506"
21403306"
CioH3NOg™
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1.2
1.19
1.43
1.42
1.58
1.30
1.79
1.65
2.26
1.84
1.93
1.92
1.96
2.03
2.07
1.65
2.03
231
2.44
2.33
2.35
2.72
2.54
1.99
2.58
2.47
5.36
2.5
2.61
2.70
3.01
6.25
3.75
2.77
3.07
3.03
3.32
3.13
3.04
3.36

0.11
0.08

0.19
-0.03

0.12
-0.31

-0.03
0.57
0.04
0.11
0.09
0.13
0.07
0.11
-0.32
-0.10
0.14
0.23

-0.02
0.35

0.14
-0.41

0.17

2.86
-0.06
0.02
-0.02
0.14
3.26
0.71
-0.3
-0.02
-0.1
0.15
-0.08
-0.18
0.05

[M+H-GH,0]"

[M+H-C4H100,]"

[M+H-GH;,0,]*
ac

bd

jk
hi — B
fim
fim-H
g — GH103
jk—CH
hi — H,0
hk — k0,



367.23599 367.23480 - 3ElaNO ™" - - o
365.23347 A 365.23224 365.23225 C2H3405" 3.34 - fg
360.23919 360.23796 360.23806  1g5NOg" 3.14 -0.28 it
349.23862 349.23740 349.23734 CxH30," 3.67 0.17 fg— O
347.22286 347.22165 347.22169  ,i@3,0," 3.37 -0.12 fg— kD
342.22873 342.22752 342.2275 CygH3NOs" 3.59 0.06 is — HO
335.18642 335.18521 335.1853 108,705 3.34 -0.27 fguv
334.22363 334.22243 334.22241  CygH3NOg" 3.65 0.06 is — GH,
332.24437 332.24316 332.24315  17MNO5" 3.67 0.03 is—CO
325.20214 325.20094 325.20095 CigH290s5" 3.66 -0.03 fg — GH,
316.21303 316.21184 316.21185  1¢NOs" 3.73 -0.03 is — ¢,0
315.18137 315.18018 - unassigned - - -
307.19155 307.19038 307.19039 1,0, 3.78 -0.03 fg — gHsO
302.19732 302.19616 302.1962 CysH2eNOs" 3.71 -0.13 is — GHeO
293.68408 293.68293 - 3ssNO ™ - - 2
289.1809 289.17976 289.17982 CigH2505" 3.73 -0.21 fg — GHgO
284.67875 284.67761 - 3E15:NOG™* - - o
279.16027 279.15915 - unassigned - - -
275.67349 275.67237 - oFH1NOg>* - - o,
270.68132 270.68022 - CogHs:NOg?* - - >
261.67596 261.67487 - 2F1NO>* - - o,
260.18676 260.18568 260.18563  CiaHyeNO," 4.34 0.19 is — GHgO;
258.20753 258.20645 258.20637  148gNO3" 4.49 0.31 is — (HO3
251.16533 251.16427 - unassigned - - -
232.65499 232.65395 - 2E45NO™* - - 2
221.15452 221.1536 - unassigned - - -
195.13888 195.13797 - unassigned - -
193.12311 193.12221 - unassigned - - -
183.61868 183.86856 - unassigned - -
181.12314 181.12228 - unassigned - -
176.12895 176.1281 176.12812  gHzNO;" 4.71 -0.11 w + H
17411330 A 174.1125 174.11247 CgH1gNO3" 4.77 - W
158.11836 158.1176 158.11756  gHzNO," 5.06 0.19 X

Mean Absolute Average 2.78 0.14

Standard Deviation 1.18 0.57
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Table A-3: Fragment ions produced by CAD of Lasalocid A,” Nalduct (/z
613.37); peaks used for internal calibration arekethby A

Observed m/z  Observed Theoretica Proposed Mass Mass Fragment

(locked mass m/z (int I m/z formula Error error Cleavage

613.3) cal) (extcal)/ (intcal)
ppm / ppm

613.37109 613.37041 613.37109 3,0sNa" - -1.11 [M+Na]
595.36121 A595.36052 595.36053 CyHs,0/Na’ 1.14 - [M+Na-H,0]"
577.35119 577.35048 577.34996 5@5,0sNa" 2.13 -0.02 [M+Na-HO,]*
569.38251 569.38180 569.38126 CsHs.O¢Na’ 2.20 0.90 [M+Na-CO,]*
559.34060 559.33988 559.33940 3,40sNa’ 2.15 0.95 [M+Na-HO5]*
551.37184  551.37112  551.37070 CsgHs,0sNa’ 2.07 0.86  [M+Na-CO,, H,O]
497.28838 497.28765 497.28736  ,g,,0sNa" 2.05 0.76 a
481.25706 481.25632 481.25606 CyH3g0OsNa" 2.08 0.58 b
479.27758 479.27701 479.27680 gy OsNa" 1.62 0.54 a—Ko
463.24657 463.24583 463.24550 C,7/H3g0sNa" 2.30 0.44 a—HO, CH,
461.26716 461.26643 461.26623 ,gld0,Na" 2.02 0.71 a— KD,
405.26190 A405.26118 405.26115 CyH3s0:Na’ 1.85 - c
395.26499 395.26428 - unassigned - - -
377.26691 A377.26621 377.26623 CyH3s0,Na’ 1.80 - d
359.25632 359.25562 359.25567 o iOsNa’ 1.80 -0.14 d-kD
204.46073 204.46024 - CaHs40sNa>* - - O3
198.45649  198.456801 - CaHs,0/Na> - - o3
192.45376  192.45329 - CaHsoOsNa>"* - - o3
125.75704 125.75672 - CoH3g0Na>* - - w3

Mean Absolute Average 1.94 0.45

Standard Deviation 0.30 0.60

Table A-4: Fragment ions produced by EID of Lasalocid A," Nalduct (/z
613.37); peaks used for internal calibration arekethby A

Observedm/z  Observed Theoretical Proposed Mass Mass Fragment
(locked mass m/z (int m/z formula Error error Cleavage
613.3) cal) (locked) (int
/ ppm cal) /
ppm
613.37109 A613.37119 613.37109  3@5,0sNa’ 0.00 0.16 [M+Nal]
595.36020 A595.36043 595.36053 CyHs,0/Na’ -0.55 -0.17 [M+Na-H,0]"
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593.39632
585.37662
583.32440
577.35005
575.33425
569.38145
567.36624
559.33939
554.36024
551.37087
543.33168
525.28232
515.35007
509.28739
497.28749
481.25626
479.27694
473.30288
470.26496
469.25646
468.28694
463.24574
461.26650
451.24567
447.30818
429.26393
414.20163
405.26148
399.21455
389.26663
387.17816
381.20389
377.26659
376.25881
375.25085
374.20881
372.19098
371.18328
369.16772
361.23520

593.39631
585.37640
583.32415
577.35005
575.33431
569.38121
567.36645
559.33934
554.36028
551.37080
543.33160
525.28219
515.35003
509.28723
497.28730
481.25603
479.27672
473.30259
470.26388
469.25622
468.28688
463.24549
461.26630
451.24542
447.30814
429.26363
414.20131
A 405.26115
399.21422
389.26621
387.17781
381.20361
A377.26623
376.25839
375.25050
374.20877
372.19070
371.18296
369.16735
361.23479

585.37618
583.32414
577.34996
575.33431
569.38126
567.36561
559.33940

551.37070
525.28227
515.34957
509.28736
497.28736
481.25606
479.27680
470.26389
469.25606
463.24550
461.26623
451.24550
447.30810
414.20128
405.26115
399.21420
387.17781
381.20363
377.26623
376.25841
375.25058

371.18290
369.16725

unassigned
CaaHs4O/Na"
3olugOsNa’
CasHs0OsNa"
34iyg06Na"
CagHs,06Na"
aal50sNa"
CasHagOsNa"
unassigned
CaaHs,0sNa"
unassigned
CagH40/Na"
aafugOsNa’
CagH40sNa"
26 06Na"
CarHagOsNa"
26uOsNa’
unassigned
26fag0sNa"™
CoeHzg0sNa"
unassigned
CarHacOsNa"
26550,Na"
CaeHacOsNa"
251,OsNa"
unassigned
2245,:06Na"™
CyHzgOsNa"
2245,0sNa"
unassigned
20l506Na"
CaoHagOsNa"
2B1560,Na’
CpH3z0O4Na"
21KG360,Na”"
unassigned
unassigned
CaoH2g0sNa"
20l60sNa’
unassigned
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0.75
0.45
0.16
-0.10
0.33
1.11
-0.02

0.31

0.10
0.97
0.06
0.26
0.42
0.29

2.28
0.85

0.52
0.59
0.38
0.18

0.84
0.81
0.88

0.90
0.68
0.95
1.06
0.72

1.02
1.27

0.38
0.02
0.16
0.00
-0.09
1.48
-0.11

0.18

-0.15

0.89
-0.26
-0.12
-0.06
-0.17

-0.02
0.34

-0.02
0.15
-0.18
0.09

0.07
0.00
0.05

0.00
-0.05
0.00
-0.05
-0.21

0.16
0.27

[M+Na-COJ*

[M+Na-GHe”
[M+Na-H,0,]*

[M+Na-H0,]"
[M+Na-CO,]*
[M+Na-CHO,|*
[M+Na-HgO4]*

[M+Na-CH,O4]"
ac
[M+Na-ChOs] "
ad
bd
de

bd - O

ki
kl—H



358.17538 358.17510 358.17507 1gi;0sNa’™ 0.87 0.08 n
357.16796 357.16731 357.16725  CigHyOsNa’ 1.99 0.17 n-—H
347.21969 347.21931 347.21928 ,45,0,Na" 1.18 0.09 -
341.17278 341.17240 341.17233  CygHO4Na’ 1.32 0.21 n— OH
319.22477 319.22438 319.22437 ,gd5,0:Na" 1.25 0.03 p
306.68557 306.68547 - CaHs 0N - - ®;
305.20911 305.20869 - unassigned - -
303.22985 303.22952 303.22945 CigH30,Na’ 1.32 0.23 p-0O
297.68011 297.68001 - unassigned - -
291.19347 291.19308 291.19307  CygHpg0sNa’ 1.37 0.03 p—GH,
288.13363 288.13323 288.13321 ,,,0,Na”™ 1.46 0.07 q
287.12573 287.12537 287.12538  CysH,O4Na’ 1.22 -0.03 g-—H
283.16056 283.16046 - unassigned - -
277.17785 277.17746 277.17742  CysH0sNa’ 1.55 0.14 r
263.16224 263.16179 263.16177  1448,0sNa" 1.79 0.08 r— CH
261.18293 261.18256 261.18250 CisHy0.Na’ 1.65 0.23 r-0O
259.09452 259.09413 259.09408 14@cO,Na" 1.70 0.19 S
248.17510 248.17471 248.17468 Cy4Hps0,Na"™ 1.69 0.12 tu
241.08397 241.08357 241.08352 ,,0;Na”  1.87 0.21 S— kD
233.15164 233.15125 233.15120 Cy3H0,Na’ 1.89 0.21 s-HO
230.09180 230.09139 230.09134 Ms0sNa”™ 2.00 0.22 Y
221.15163 221.15126 221.15120 CyHy0,Na’ 1.94 0.27 WX
219.10201 219.10161 - unassigned - -
211.16968 211.16932 - unassigned - - -
204.46055 204.46044 - 3F15,0sNa>" - - ®3
166.09683 166.09651 166.09643  CgHisO.Na™ 241 0.48 y

Mean Absolute Average 1.16 0.28

Standard Deviation 1.07 0.98

Table A-5. Fragment ions produced by CAD ddo-Lasalocid A, N& adduct

(precursor iorm/z613.37); peaks used for internal calibration aseked by A

Observedm/z  Observed Theoretical Proposed Mass Mass Fragment
(locked mass m/z (int m/z formula Error error Cleavage
613.3) cal) (extcal)/ (intcal)
ppm / ppm
613.37109 613.37069 613.37109 3,45,0sNa" - -0.65 [M+Na]
595.36092 A 595.36052 595.36053 CgzHs,0/Na’ 0.66 - [M+Na-H,0]"
577.35041 577.35002 577.34996 5 ,OsNa’ 0.78 0.10 [M+Na-HO,]*
569.38172 569.38133 569.38126 Cj3Hs0sNa" 0.81 0.12 [M+Na-CO,]*
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559.33977 559.33938 559.33940 5@OsNa’  0.66 -0.04 [M+Na-KO4]*
[M+Na-CO,,
551.37113 551.37074 551.37070 CgzgHs,0sNa’ 0.78 0.07 H,0]"
497.28783 497.28745 497.28736  ,gd,,0sNa" 0.95 0.18 a
481.25651 481.25613 481.25606 CyH3g0OsNa" 0.94 0.15 b
479.27688 479.27686 479.27680 gy ONa®  0.17 0.13 a-Ko
463.24586 463.24548 463.24550 CyH3cOsNa" 0.78 -0.04 a—HO, CH,
461.26686 461.26616 461.26623 ,gf3s0,Na" 1.37 -0.15 a— kD,
447.08503 447.08466 - unassigned - - -
405.26152 A 405.26117 405.26115  ,@30sNa’ 0.91 - c
377.26655 A377.26622 377.26623 C,H3g0O,Na" 0.85 - d
359.25599 359.25566 359.25567 ,MzONa®  0.89 -0.03 d-KD
353.26662 353.26629 - unassigned - - -
337.27412 337.27375 337.27372 @505 1.19 0.09 d - OH, Na
319.26354 319.26321 319.26316 CiH3s0," 1.19 0.16 d — OH,Na, HO
237.18519 237.18494 - unassigned - - -
219.17463 219.17440 - unassigned - - -
204.46054 204.46032 - a5, 05Na>" - - ®3
198.45689 198.45597 - CaHs,0/Na™ - - ®3
192.45323 192.45302 - s 0Na - - 03
125.75686  125.75646 - CoHagO Na™ - - ®3
Mean Absolute Average 0.86 0.01
Standard Deviation 0.28 0.21

Table A-6:

(precursor ioom/z613.37); peaks used for internal calibration aseked byA

Fragment lons produced by EID @&fo-Lasalocid A, N& adduct

Observed  Observed Theoretical Proposed Mass Mass Fragment
m/z (locked  m/z (int m/z formula Error error Cleavage
mass 613.3) cal) (locked)  (int

/ ppm cal) /

ppm

613.37109  A613.37105 613.37109  @-,0sNa’ - - [M+Na]*
595.36080 A595.36058 595.36053 CgzHs0/Na' 0.45 - [M+Na-H,0]"
593.39581 593.39572 - unassigned - -
577.35075 577.35056  577.34996  CsHsc0sNa" 1.37 1.04 [M+Na-H,0,]"
559.33949 559.33931 559.33940  CsHsgOsNa’ 0.16 -0.16 [M+Na-HeO3]*
479.20260 479.20229 - unassigned - - -
473.30288 473.30284 - unassigned - - -
447.27454 447.27419  447.27412  CyuHzOs' 0.94 0.16 a
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431.14284 431.14247 - unassigned - - -
415.20932 415.20893  415.20911  C,H30¢Na" 0.51 -0.43 b
414.20143 414.20104 414.20128 ,,M5,0sNa™ 0.36 -0.58 b-H
405.26154 A405.26115 405.26115 CyHzgOsNa' 0.96 - (o
403.13174 403.13135 - unassigned - -
399.21478 399.21438  399.21420  C,H;0sNa’ 1.45 0.45 d
377.26665 A377.26623 377.26623  ,(E3g0,Na’ 1.11 - e
359.25598 359.25556 - unassigned - - -
319.22480 319.22436 319.22437  14i5,0sNa" 1.35 -0.03 f
281.05156 281.05113 - unassigned - - -
277.17784 277.17741  277.17742  CysH,dOsNa" 1.52 -0.03 g
259.09456 259.09414  259.09408 C;H;cO,Na’ 1.85 0.23 h
248.17504 248.17462 248.17468 CyH,:O,Na" 1.45 -0.24 i
221.15160 221.15120 221.15120 C;H,,0.Na" 1.81 0 j
204.46074 204.46036 - 25, 05Na>" - - ®3
166.09677 166.09644  166.09643  CgH;sO.Na™ 2.05 0.06 k

Mean Absolute Average 1.16 0.04

Standard Deviation 0.58 0.42

Table A-7:

(precursor iorm/z608.42); peaks used for internal calibration aseked by A

Observed Theoretical Proposed  Mass error Fragment
m/z (int cal) m/z formula  (int cal) / ppm Cleavage
591.38910 59938015  CuHsOs 0.08 [M-NH|
A573.37863 o o ocg CH.O" i [M-NH 3,H;0]
A555.36804 ..o ooco0s CoHuOF" i [M-NH 3,-H,0,]
A537.35749 oo oo GHiO:" i [M-NH3,-HeO3]
519.34691 51934689  CuHHO4 0.04 [M-NH3,-HsO.]
501.33636 501 33632 GHaeOs' 0.08 [M-NH3,-H160¢]
483.32565 463.39576 CatHusOy* 0.93 [M-NH 3,-H1,0q]
46929488 469 29485 GHaOs" 0.06 ab —HO
459.27402 . .
- unassigned -
455.27908 455 97920 GHO:" -0.26 ac - HO
451.28436 45108429  CoeHsO" 0.16 ab — RO,
446.14937 . -
- unassigned -
443.27966 44397920  ChHeOs" 1.04 T2
441.26356 441 26355 CH O 0.02 ad - HO, H,
433.27388 43327385 CooHarOs* 0.07 ab — HO;
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429.26362
427.28456
425.26852
411.25306
409.27378
398.14592
380.13529
375.28942
371.22159
365.26885
355.28418
A 337.27364
335.25791
335.20043
331.19026
325.23725
319.26306
317.24750
313.17970
307.22675
305.17496
301.25254
301.17979
299.16420
297.09820
293.13829
289.21615
281.24749
279.23187
275.12781
263.23697
261.22133
259.24208
255.19548
251.20059
245.22641
A237.18494
233.19005
219.17440
219.10164

429.26355
427.28429
425.26864
411.25299
409.27372

371.22169
365.26864
355.28429
337.27372
335.25807
335.20056
331.19039
325.23734
319.26316
317.24751
313.17982
307.22677
301.25259
301.17982
299.16417
293.13835
289.21615
281.24751
279.23186
275.12779
263.23694
261.22129
255.19547
251.20056
237.18491

219.10157

QGH3705+
Q7H3904+
GH3704"
C26H35()4+
GH3705"
unassigned
unassigned
unassigned
%H3104+
Q2H37O4+
GiH3¢04"
C21H37()3+
GiH3:05"
C23H27()2+
€1‘1'1H27O4+
C19H3304+
QH3502+
C21H33()2+
GoH2:05"
C19H31()3+
unassigned
Q1H330+
(;9H2503+
C19H2303+
unassigned
C16H21()5+
GeH240,"
ClSHSE()Z+
GeH3,0;"
ClGH 1904+
GeHz;0"
CZLSH290+
unassigned
C15H2703+
GeH270,"
unassigned
(;SHZSOZ+
unassigned
unassigned
CyH 1503+
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0.16
0.63
-0.28
0.17
0.15

-0.27
0.57
-0.31
-0.24
-0.48
-0.39
-0.39
-0.28
-0.31
-0.03
-0.38
-0.07

-0.17
-0.10
0.10

-0.20

-0.07

0.04

0.07

0.11

0.15

0.04
0.12

0.13

0.32

ad -HO, O
ad — HO,
e — HO,

ad - HO,, O
fg — H,O
h - HO

i
i —H,O

i—H0, H,
fg — HiO;
fi— H,O

k
i — H40;

i — H40,, H,
fj — H40,
k- H.0
i — HeOs

|- H,0, O
| — HsO,

m



211.16932

- unassigned -

209.19005 . -
- unassigned -

207.17442 . -
- unassigned -

201.16384 . -
- unassigned -

19918292 4199 13287 GH105" 0.25 rs

19715368 19715361  CyHnO,' 0.36 w

195.17442 . -
- unassigned -

191.17951 . -
- unassigned -

185.12563 . -
- unassigned -

183.13804 18313796  CiHuO," 0.44 rs-0

179.12190 . -
- unassigned -

177.16386 . -
- unassigned -

169.12240 . -
- unassigned -

163.14824 . -
- unassigned -

161.13260 . -
- unassigned -

155.14318 . -
- unassigned -

153.12754 . -
- unassigned -

151.11187 . -
- unassigned -

141.09113 141.09101 QH1:0," 0.85 v-H

137.13261 . -
- unassigned -

Mean Absolute Average 0.04

Standard Deviation 0.33

Table A-8: Fragment ions produced by CAD isfo-Lasalocid A, NH4 adduct

(precursor ionrm/z608.42); peaks used for internal calibration aseked byA .

Observed m/z Theoretica  Proposed Mass Fragment
(int cal) | m/z formula error (int Cleavage
cal) /
ppm
591.38958 591.38915 CsHs:05" 0.73 [M-NH]*
A573.37875 573.37858 3@5:0;" - [M-NH3,H,0]"
A 555.36801 555.36802 CaH5:06" - [M-NH 3,-H,0,]*
A537.35742 537.35745 3@405" - [M-NH3,-HgO4]"
519.34685 519.34689 CsHi7/04" -0.08 [M-NH 3,-HgO,] "
404.18715 - unassigned - -
337.27364 337.27372 Cy1H3,05" -0.24 a—HO
319.26308 319.26316 HH:0," -0.25 a— Ho,
315.20680 - unassigned - -
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301.25262 301.25259 230" 0.10 a— KOs

289.21653 289.21615 CigH200," 1.31 b - HO,
281.24756 281.24751 181350, 0.18 c-0
279.23184 279.23186 CigH3:0," -0.07 c-HO
275.12766 275.12779 184160, -0.47 d - HO
263.23696 263.23694 CigH3,0" 0.08 c-HO, O
255.19550 255.19547 16H,705" 0.12 e
251.20062 251.20056 CieH2705" 0.24
245.22644 - unassigned - -
237.18494 237.18491 CisH250," 0.13 e — HO
219.17439 - unassigned - -
209.19003 - unassigned - -
177.11219 - unassigned - -

Mean Absolute Average 0.14

Standard Deviation 0.46

Table A-9: Fragment ions produced by CAD of Lasalocid A adlduct (precursor

ion m/z597.39); peaks used for internal calibration asekad byA .

Observed Theoretical Proposed Mass error Fragment
m/z (int m/z formula (int cal) / Cleavage
cal) ppm

A57938665 oo a0ces  CoHLOLI” ) [M+Li-H ,O]"
561.37601 561.37627 GuHsOpLii * -0.46 [M+Li-H 07"
5340753 £R3 40757  CaHsOeLi* 0.07 [M+Li-CO,"
54336561 54336570  GHaOLI® -0.17 [M+Li-H 605"
3539675 53539700  CyuHsOslit  -0.47 DRSO
A52535508  ocopcis  on oL ) [M+Li-H 4O,
S17.38678 51738644  CyHsOuLi* 0.66 [M+LI-CO2 H,0:]"
49937597 40027587 GHLOLI 0.20 [M+Li-CO 5,Hs04]*
49736042 40700000 CoHOLIT 0.40 [M+Li-CO 5,HeO3, H]*
486.68660 ] unassigned ] -
48329302 48359202  CyHaOuLi* 0.21 e
48131356 48131365  GH.OMLI" -0.19 cd
46528253 46598235  ChHaOuLi* 0.39 0=l
46330310 46330309  GHuOuLi® 0.02 cd - HO
457.32899 - unassigned - i
AA127186 44797179 GHaOWLI* 0.16 bd - HO, H,
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445.29257
A437.32411
429.26141
427.28224
421.29263
419.31354
415.33960
406.15216
403.28240
401.30287
397.32923
389.28775
384.28043
375.30841
A361.29241
343.28202
337.29271
331.24580
313.23525
307.18827
298.19947
289.69454
280.68916
271.68387
267.69942
247.18836
245.20906
232.64205
223.63666
222.64701
199.13626
193.13255
187.12880
180.64668
154.43674
149.35180
144.84905
140.34625
135.84350
133.85122

445.29253
437.32382
429.26122
427.28196
421.29252

389.28743
375.30816
361.29251
343.28202
331.24556
313.23499
307.18804

Q8H3804Li ’
Q7H4204|-i ’
GH3,0,LI "
CogH3eOsLi "
GeH3gO4LI "
unassigned
unassigned
unassigned
unassigned
unassigned
unassigned
CoHyOuLi ™
unassigned
CoHaOuli ™
GH3gO4LI "
CoiH3eO4L ’
unassigned
CygH3,04L1 "
GeHacOsLi ™
CygH2,05Li "
CaiHs4OpLi**
CaHs:05Li%
CadHscOeLi**
CasHagOsLi**
CaaHsOsLi**
unassigned
unassigned
Co7H3606Li **
CHzeOsLi >
CoeH3O,Li %"
CadHsOLi
CaHs0Li %"
CadHscOeLi **
CoiH3e0,LI %
CieH2405Li %
CasHs,0gLi**
unassigned
CaHs 0L ™
CadHagOsLi ™
CaaHszO6Li**
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0.09

0.44
0.66
0.26

0.82

0.67
-0.28
0.00

0.72
0.83
0.75

cd — HO,
bd - Q
bd — HO,, H,
cd — HO,
e-HGQ

2
2
W2
2

W2

2
2
2
3
3
3
2
2

W4

(OF1
(O]

(OF1



120.32230 03

- CpiH3s04Li %" -

Mean Absolute Average 0.27
Standard Deviation 0.40

Table A-10: Fragment ions produced by EID of Lasalocid A, adlduct (precursor

ion m/z597.39); peaks used for internal calibration areke by A

Observed Theoretical Proposed Mass error Fragment
m/z (int cal) m/z formula  (intcal) / ppm Cleavage
595.38132 59538175 CuHeOuLi” 072 [M+Li=H]
A579.38683 oo accen  cmooLit [M+Li-H ,0]
561.37640 55937627  GHLOLLI" 0.23 [M+Li-H .O]
54336484 54336570  CaHaOsLi* -1.58 [M+Li-H O]
530.24634 . .
- unassigned -
509.30793 53930851  ChHuO-LI" 1.14 HE =g
481.31334 3131365  CheHaOuLi” -0.64 cd
463.30303 45330300  ChgHuOuli’ 013 Tl
457.32861 . ]
- unassigned -
447.27169 44797179 CpHaOLi" -0.22 B! = 70 b
445.29225 44599253  ChHaOLLI" -0.63 cd - HO;
398.22748 498 99752 CpHaOWLi™ -0.10 g
389.28737 53998743  GHaOLLI" -0.15 f
383.24035 59394043  CpHsOMLI" 0.21 il
371.20388 450950404  GH,OLLI" -0.43 gl
A361.29246 551 59251 CuHuOLI" - £
343.28183 51398202 GHaOLLI" -0.55 k= H0
337.29244 . .
- unassigned -
332.25347 53595334 GHaO.LI™ 0.39 !
32519853 55519856  CuHaOLLi* -0.09 m =k,
307.18793 53718800  GH,OLLI* -0.23 m — Fp, H,0
303.25061 34395060  CyHs,OLLi* 0.03 =15
289.69309 . ;
- unassigned -
287.25567 59795669 CuHaO.Li" -0.07 o ©
275.21894 . -
- unassigned -
261.20344 551 90368  CicHyOLi* -0.92 =7
A247.18801  5/718803  CoH,OuLit ; ar
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24520884 54590886  CieHpeOoli” .0.08 p=©H
24312040 54312031  CyHyOuLi* 0.37 s
237.65130 : -
- unassigned -
232.20096 232.20091  CyHsO.Li*™ 0.22 qt-H
225.10971 . .
- unassigned -
205.17747 205.17744  CyHp0,Li* 0.15 v
199.13526 ) CaHeOaLi® ) o3
189.14610 15914614  CyHLOLLI" 021 - F
172.07061 17507062  CoHeOLLI™ -0.06 i
149.35101 ] CaHeOnLi ) o4
119.48152 ) CaHaOLi® ) s
Mean Absolute Average -0.27
Standard Deviation 0.47

Table A-11: Fragment ions produced by CAD isfo-Lasalocid A, Li adduct

(precursor iorm/z597.39); peaks used for internal calibration areked by A .

Observed Theoretical Proposed Mass error Fragment
m/z (int cal) m/z formula (int cal) / Cleavage
ppm ' .
A579.38673 51939683 CLHLOLI" ] [M+Li-H ,0]
S561.37621 56137627  GHsOWLi* 011 [M+LI-H (O]
55340736 55340757  CaHsdOeli® 038 L]
54336566 54336570  GH.OLLI" 0.07 [M+Li-H 6Ol
53539674 53539700  CaHsOsLi* 049  [M#LI-CO2HO]
517.38638 517 38644 GH-OuLi* 012 [M+Li-CO,,H;0,]
499.37587 499.37587  CoHuOuli® 0 [M+Li-CO ,,HgO4]
483.29302 483.29292 GH4OsLi ™ 0.21 ab
481.31367 48131365  ChHuOuLi* 0.04 cd
465.28243 46528235  CpHaOuLi" 0.17 bd - H
463.30312 46330309  CpeHaOueli® 0.06 cd - HO
457.32894 . -
- unassigned -
YL 44727179  CyHaOsLi” 0.11 5 =170, 17
445.29255 445.29253  CyHaO,Li" 0.04 cd - HO,
LSRR 437.32382 CoH404LI0 " - o=
421.21977 . -
- unassigned -
415.16882 . -
- unassigned -
401.15319 . -
- unassigned -
397.32907 . -
- unassigned -
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389.28741 38928743  GHaOWLi’ 0.05 e-H
383.27694 . -
- unassigned -
375.30818 375.30818 GHaO,LI " 0 e-0
A361.29246 36120251  CyHxOALI" : f
343.28201 343.28202 GH3O4LI -0.03 f—H0
337.29258 . =
- unassigned -
33124561 331 94556  GHOMLI" 0.15 g
313.23503 31393499  CyeHyOMLi* 0.13 g-HO
309.26112 . -
- unassigned -
298.69887 i CaHaiOgLi?" ) 7
289.69359 . -
- unassigned -
283.10656 . =
- unassigned -
271.09022 . -
- unassigned -
261.20377 26120368  CyeHyeOLi* 0.34 h
252.14190 . -
- unassigned -
24718813 51718803 CiHpOsLi* 0.40 J
24520906 54550886  GHOLI* 0.82 h-O
243.09533 . -
- unassigned -
239.14665 239.14655 GHoOsLi 0.42 k
236.12825 . =
- unassigned -
233.10558 . -
- unassigned -
227.10039 . -
- unassigned -
199.13560 i CasHeiOLi®" ) O3
193.13188 i CatHs,0oLi ™ i O3
187.12823 i CatHeOLi ™ i o
180.64642 ) CpHaOuLi% _ >
170.04255 . -
- unassigned -
120.43199 i CotHagOuLi™ i ®3
96.21726 . -
- noise -
Mean Absolute Average 0.08
Standard Deviation 0.28

Table A-12 Fragment ions produced by EID @fo-Lasalocid A, Li adduct
(precursor ionrm/z597.39); peaks used for internal calibration arekedby A .

Observed m/z Theoretical Proposed Mass error Fragment
(int cal) m/z formula (int cal) / Cleavage
ppm
A579.38653 579.38683 CyHs0qLi" - [M+Li-H ,01"
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557.22609 - unassigned - -
541.27305 - unassigned - -
513.24205 - unassigned - -
499.22644 - unassigned - -
485.21081 - unassigned - -
415.16887 - unassigned - -
A399.23549 399.23539 CyHs3,Ogli” 0.25 ab
389.28745  389.28743  CyHazgOsli” 0.05 c+H
385.21982  385.21974  CyH3OcLi” 0.21 ab-CH
383.24032  383.24043  CyHzOsLi” -0.29 ad
371.20430 371.20404  gH,406Li" 0.70 be
A361.29258 361.29251 CyH3gO,Li" - f
343.28206 343.28202  »(H3O4Li" 0.12 f—HO
337.29263 - unassigned - -
303.25060  303.25060 CigH30sLi" 0 g
298.69900 - CaaHs0gLi > - 2
275.21947 275.21930  1(H40sLI" 0.62 h — HO,, H,
A261.20365 261.20368 CisHaeOsLi” -0.11 i
236.12821 - unassigned - -
199.13526 - CaaHs08Li** - ®3
166.41079 - unassigned - -
119.48049 - CaaHs08Li > - ®s
Mean Absolute Average 0.20
Standard Deviation 0.35

Table A-13 Fragment ions produced by CAD/EID of Lasalocid IA" adduct
(precursor iomm/z597.39 fragmented by CAD, followed Iny/z361.29 fragmented
by EID); peaks used for internal calibration areked by A .

Observed Theoretical Proposed Mass Fragment
m/z (int m/z formula error (int Cleavage
cal) cal) /
ppm
361.29203 361.29251  ,(H3g0,LI" -1.33 [M+Li]"
A 343.28202 343.28195 CyH,60sLi™ - [M+Li-H ,01"
331.24499 331.24551  @H3,04LI" -1.57 f
A261.20358 261.20365 C15H2603Li * = a
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247.18805 247.18803  H,,04Li" 0.08 b

A 205.17748 205.17746 CH,0.Li" - cd
189.14614 189.14614  #,0.Li" 0.00 de — H
180.64633 - CoiHagOuLi % - o
120.43177 - GHas0,LI %" - o3
90.32330 - CoiHasO,LI ™ - 4

Mean Absolute Average -0.94

Standard Deviation 0.73

Table A-14 Fragment ions produced by CAD/EID isb-Lasalocid A, Li adduct
(precursor iomm/z597.39 fragmented by CAD, followed Iny/z361.29 fragmented
by EID); peaks used for internal calibration areked by A .

Observed Theoretical  Proposed Mass error Fragment
m/z (int m/z formula (int cal) / Cleavage
cal) ppm
361.29265 361.29251  ,@Ha0,Li" 0.39 [M+Li]*
A 303.25057  303.25064 CigH305LI " - a
273.20347 273.20365 16E12605LI1 " -0.66 bc-H
A 261.20373 261.20365 CisH260sLi " - d
245.20875 245.20874 16E1260,L1 " 0.04 def
217.17747 217.17746  CigH0,Li0" 0.05 g
A 205.17748 205.17746  ,,0.Li* - fh
180.14598 - CoiH3s0,Li % - o
120.43090 - @H350,Li %" - o3
96.21726 - noise - -
90.32318 - GiH3g0,Li** - 4
Mean Absolute Average -0.05
Standard Deviation 0.38

Table A-15 CAD fragments of Actinomycin D (H; [M+H]" m/z1255.63575

Exot. m/z Theo.m/z Proposed Mass Error Fragment
Pt ' Formula (ppm) Cleavage
A1227.64075 1227.64084 CgHg/N101s - [M+H - COJ"
974.46184 974.46181 48164NgO15" 0.03 ab
A956.45129  956.45124  CugHeNgOro" - ab - HO
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928.45644 928.45633 4B16NgO11" 0.12 cd
875.39345 875.9340 CaaHssNgO1o" 0.06 ae
A 857.38288 857.38283 4153011 - ae — HO
829.38784 829.38792 CyoHs3NgO1 " -0.10 cf
657.26635 657.26674 3@3/NOs" -0.60 bcgh
558.19828 558.19832 CagH2aNs07" -0.07 bcgi
A 459.12992 459.12991 2B1oN4Og" - cegi
428.69598 - [P = =
418.55413 - 03 - -
399.26020 399.26020 CigH3sN,Os" 0.00 jk
251.13211 - s - -
Mean Absolute Average 0.12
Standard Deviation 0.18

Table A-16: EID fragments of Actinomycin D (H; [M+H]" m/z1255.63575

Expt. m/z Theo.m/z Proposed Mass Error Fragment Cleavage
Formula (ppm)

1227.64165  1227.64084 CgHg/N1Os5' 0.66 [M+H - COT"
1211.64618 1211.64592  fBlgsN1:014 0.21 [M+H - CQ]"
1209.63127  1209.63027 CgHgsN1014" 0.83 [M+H —CO, —H,0]"
1183.61508 1183.61462  sgBlgaN1:014 0.39 Im
1156.56816  1156.56734 Cs/H7gN11Os5" 0.71 en
1142.55421 114255437  s4817,N1:015" -0.14 [M+H-H;04-C3Hs)
1127.54180 1127.54079 CseH75N1¢Oss’ 0.90 eqr
112454153 112454112 CseH74N11014" 0.36 cp
1098.56477 - unassigned - -
1084.54778 - unassigned - -
1057.49868  1057.49892 CsHeoN1¢Ows" -0.23 ft
1025.51443 - unassigned - -
1012.51443 - unassigned - -
974.46146 974.46181  CugHgNgOy3 -0.36 ab
972.44299 - unassigned - -
A 956.45126 956.45124  4Hs:NgOy," - ab - HO
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938.44101 - unassigned - -
928.45676 928.45633  C4HsNgO11" 0.46 cd
875.39296 875.39340  Cy3HssNgOyo" -0.45 ae
A857.38274  857.38283  C,3Hs3NgOy;' - ae - HO
839.37237 839.37227  Cu3H5:1NgOyo 0.12 ae — HO;,
829.38744 829.38792  ,HsaNgOyo -0.58 cf
825.35741 825.35662  CyH49NgO1o" 0.96 ae — HO, —CH,
813.39406 813.39300  CyyHs3NgOo" 1.30 ae — HO -CQ
803.37273 803.37227  CugHsiNgOyo 0.57 fm
776.36116 776.36137  CzgHsoN;Oyo" -0.27 u
774.34555 774.34572  CagHyaN;Oyo -0.22 u-—H
760.33055 760.33007  CagHueN;O10 0.63 u-H-CH,
758.31444 758.31442  CagHaN;Oyp 0.03 u-—CH -2H,
744.29930 744.29877  CaHgN;Oy' 0.71 u-—2CH -2H,
726.28858 726.28820  Ca/H4oN;Og" 0.52 u—2CH -2H, -H,0O
686.29370 686.29329  CisH4oN;Og" 0.60 u-3CH -H, -H,O -CO
675.27686 675.27730  CagH3gNgOo" -0.65 bcgh + HO
657.26677 657.26674  CagH3/NeOsg" 0.05 bcgh
655.25031 655.25109  CagH3sNeOs" -1.19 bcgh - H
645.26695 645.26674  Ca3H3/NgOg" 0.33 bcgh - C
627.81997 - ®2 - -
576.19840 576.20889  C,gH3NsOsg" -0.38 bcgi + HO
A558.19840 558.19832  CygH»NsO;" - bcgi
556.18206 556.18267  CygH26NsO;" -1.10 bcgi — H
546.19773 - unassigned - -
542.20350 542.20341  CygH2gNsOs" 0.17 bcgi - O
530.20344 530.20341  CygH2gNsOs" 0.06 bcgi - CO
514.20801 514.20850  CygH2gNsOs" -0.95 bcgi — CQ
508.27650 508.27658  CyHzgNsO;" -0.16 v
498.32874 - unassigned - -
477.14075 477.14048  CoHx:N,O; 0.57 cegi + HO
A459.12998  459.12991  CyH19N,Os - cegi
433.15064 433.15065  Cy3Hx:N4Os' -0.02 cegi + K -CO
431.13515 431.13500  Cy3H1gN4Os" 0.35 cfgi
428.70063 - 7 - -
418.56138 - O3 - -
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399.26009 399.26020  CygH3sN,Os" -0.28 jk
381.24968 381.24963  CigH3N,O;" 0.13 kx
354.23861 354.23873  CigH3 N30, -0.34 Iw
318.82712 - P - -
313.91508 - 3 - -
300.19169 300.19178 C14Ho6N30," -0.30 nx + HO
285.80253 - 3 - -
282.18121 282.18122 C14H24N305" -0.04 nx
268.16553 268.16557  Ci3H2N3z05" -0.15 nx — CH
169.09707 169.09715 CgH1aNL,0," -0.47 np

Mean Absolute Average 0.45

Standard Deviation 0.32

Table A-17: EID fragments of Actinomycin D (N [M+Na]* m/z1277.61770

Proposed Mass
Expt. m/z Theo.m/z Formula Error Fragment Cleavage
(ppm)

1249.62374  1249.62278  CgHggN1:015Na’ 0.77 [M+H - COJ"
1233.62829 1233.62787  fElggN1,01Na" 0.34 ab
1220.59748  1220.59623  CgoHgaN;;055Na’ 1.02 cd
1205.59618 1205.59657  5éElgN;,01.Na" -0.32 ae
1180.56572  1180.56493  Cs/HzgN;;O55Na’ 0.67 fg
A 1164.53373 1164.53363  5¢El7sN1:0sNa” - hi
A1146.52297 1146.52307  CsgH7aN1;:01Na" - hi — H,0O
1136.53958 1136.53872  CssHzsN1;O4Na’ 0.76 dh
1120.54436  1120.54380 CssHzsN1O53Na’ 0.50 dj
1051.45018 1051.44957  5@leN1 0N 0.58 kn
1049.50844  1049.50669  CsHzgN;gOpNa 1.67 jm
1033.43653  1033.43900 CsoHeN;gO13Na’ -2.39 kn — HO
A978.43318 978.43319 CiugHsiNgO1Na" - jr

950.43770 950.43827 C47Hs1NgO11Na" -0.60 jl—H,

934.44378 934.44336 C47Hgs1NgO gNa’ 0.45 jl—H,0O

896.39034 896.39132 481s5NoO1Na’ -1.09 gj + NH

879.36479 879.36478 CyaHs:NgOpNa’ 0.01 gj—H
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865.34907 865.34913 CyoHsoNgO1:Na" -0.07 gj—CH,
853.38494 853.38551 CyoHs4NgO Na’ -0.67 is
837.35420 837.35421 C41HsoNgO Na’ -0.01 js — CH,
825.35420 825.35421 CagHsoNgOroNa’ -0.01 as
821.35941 821.35930 4E150NgOgNa" 0.13 js — CH-H,O
796.32756 796.32766 CagH47N;O0Na" -0.13 t
770.34857 770.34840 CsgHioN;OgNa’ 0.22 u
766.27997 766.28071 Cs7HuN;O Na’ -0.97 t— CH; —H, —NH;
740.30069 740.30145 CseHaaN;OgNa’ -1.03 u— GHe
683.24275 683.24360 CsaH3eNgOgNa'" -1.24 jrvw — CH,
657.26443 657.26433 CsH3gNgOgNa' 0.15 uxy — Ch
530.25822 530.25852 Ca4H37:Ns0O/Na" -0.57 A
504.27896 504.27926 CaaH3oNsOsNa" -0.59 c
447.22044 - unassigned - -

Mean Absolute Average 0.63

Standard Deviation 0.55

Table A-18 EID fragments of Actinomycin D ([); [M+Li] * m/z1261.64393

Mass

Expt. m/z Theo.m/z IIZZ)OrFr):uSIZd Error 'gg %Taegé
(Ppm)
1247.62815 1247.62839 Cs1HgsN1,046Li * -0.19 [M+H — CH,]"
A 1233.64950 1233.64913 6{BlgeN120sLi - [M+H - COT
1217.65446 1217.65421 Cs1HgeN1204L1 ™ 0.21 [M+H - CO)]"
1204.62130 1204.62247 6BlgaN1104sLI * -0.97 ab
1189.62270 - unassigned - -
1174.59207 - unassigned - -
1164.59303 - unassigned - -
A 114855956 1148.55998 CseH75N1104sLi * - cd
A1130.54941 1130.54942 CseH7aN1104Li ™ - cd - HO
1120.56370 1120.56507 548175N 110410 * -1.22 bc
1104.57073 1104.57015 CssH7sN1104Li ™ 0.53 be
1086.55903 1086.55959 CssHgaN11OpLi * -0.52 be - HO
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1059.47571 - unassigned - -
1035.47576 1035.47591 CsoHeaN10OaLi ™ -0.14 fg
1017.46607 1017.46524 CsoHeoN1¢Onali 0.82 fg — H,O
A 962.45961 962.45953 48161NgOoLi * - €j
934.46489 934.46461 CaHeNoOpaLi * 0.30 ek-H
918.47035 918.46959 Cy7Hg1NgOyoLi * 0.83 ek -ChH
880.41758 880.41756 CagHssNoOyaLi * 0.02 eg
863.39104 863.39110 CaaHsNgOyaLi -0.07 el-H
849.37557 849.37545 CaoHsoNgOyaLi 0.14 el —CH,
837.41172 837.41183 4E15,NgOoLi * -0.13 em
821.38081 821.38053 Ca1HsoNgO1olLi 0.34 em—-CH
809.38036 809.38045 CaoHsaNgO1oLi -0.11 mn
797.38062 797.38045 CagHs5oNgO1gli * 0.21 p + NH;
780.35410 780.35390 CagHarN7OoLi ™ 0.26 p
754.37446 754.37463 CagHaoN7O0Li * -0.23 p - CHO
750.30707 750.30702 CaHaN7Ooli ™ 0.07 p— NH,—CH;
724.32763 724.32776 CseHaaN7O0Li * -0.18 q-GH,
653.29010 - unassigned - -
630.83735 - 2 - -
514.28480 - unassigned - -
431.24756 - unassigned - -
420.56211 - ®3 - -
298.17595 - unassigned - -
252.33934 - ® - -
Mean Absolute Average 0.36
Standard Deviation 0.33

Table A-19 Multiple ion isolation and EID fragments of Aatimycin D (N&);

[M+Na]* m/z1277.61770

Proposed Mass
Expt. m/z Theo.m/z b Error Fragment Cleavage
Formula
(ppm)
1249.62249  1249.62278  CgHggN1:015Na -0.23 [M+H - COJ"
1233.62787 1233.62787  &fElggN,0Na" 0.00 ab
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1220.59637
1205.59668
1189.56510
1180.56506
1164.53330
1146.52274
1136.53848
1120.54370
1118.52751
1109.52732
1107.51161
1102.53281
1092.51214
1075.48514
1065.50165
1051.44924
1049.50658
1047.49069
1033.43861
1017.44441
1007.45962
1005.44423
996.44324
993.44384
978.43278
968.44919
961.40666
956.45163
952.45365
950.43785
936.42234
934.44301
921.41148
918.41221
917.41571
906.44836

1220.59623
1205.59657
1189.56527
1180.56493
1164.53363
1146.52307
1136.53872
1120.54380
1118.52815
1109.52782
1107.51217
1102.53324
1092.51250
1075.48595
1065.50160
1051.44957
1049.50669
1047.49104
1033.43900
1017.44409
1007.45974
1005.44409
996.44375
993.44409
978.43319
968.44884
961.40664
952.45393
950.43827
936.42262
934.44336
918.41206
917.41681
906.44845

CooHgsN11015Na’
sdlg2N1201,Na"
CsgH7eN12014Na"
5fB17gN1;10;sNa"
CseH7sN1101sNa’
CseH7aN11014Na"
CssH7sN11014Na"
CssH7sN1101Na"
CssH7aN1101Na"
s88174N1001Na"
CssH74N1001Na"
sdEl7aN1,01,Na"
CssH7iN11015Na"
516N 1001aNa"
Cs2H7oN10O15Na"
sl6aN1001Na"
Cs2H7oN10O12Na"
CszHesN10O12Na"
CsoHs2N10015Na"
CsoHs2N10012Na"
CagHeaN1001,Na"
CagHeaN1001Na"
CugHeaNgO1aNa"
CugHeaN1001Na"
CagHeiNgO1Na"
Ca7HgaNgO1Na"
CagHsgNgO1Na"
unassigned
Ca7HgaNgO1Na"
Cu7Hs:NgO1iNa"
CaeHsgNgO1iNa"
C47Hes:NgOoNa"
unassigned
4815:NgO oNa"
Ca7HsgNgO1Na"
4816:NgOpNa"

0.11
0.09
-0.14
0.11
-0.28
-0.29
-0.21
-0.09
-0.57
-0.45
-0.51
-0.39
-0.33
-0.75
0.05
-0.31
-0.10
-0.33
-0.38
0.31
-0.12
0.14
-0.51
-0.25
-0.42
0.36
0.02

-0.29
-0.44
-0.30
-0.37

0.16
-1.20
-0.10

cd
ae
ae —CH
fg
hi
hi — H,O
dh
dj
di-H
ki
kl — H,
dj—HO
ad
ad — NH
hm
kn
jm
jm—H,
kn — HO
kn — HO,
np-0
np — HO
jr + H,O
np — CHO
ir
jr—H,O -CO
ar — HO —NH;
jl
jl—H:
jl = CH;
jl—H0O
jl— HO —CH,
jl = H,O —=NH;
jl—-HO -CO
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896.39099
893.41666
879.36439

A 871.56574

868.34293
865.34888
853.38521
851.36958
848.32234
837.35392
835.37434
825.35380
821.35925
820.32749
814.33782
809.37095
804.33238
796.32737
794.31177
783.30693
770.34808
766.28045
752.33749
740.30118
738.28553
733.29528
722.29055
712.26990
708.34767
701.25391

A 697.45397

695.24337
683.24336
669.26411
667.24853
657.26407

896.39132
879.36478
871.56565
865.34913
853.38551
851.36986
848.32258
837.35421
835.37495
825.35421
821.35930
820.32766

804.33275
796.32766
794.31201
770.34840
766.28071
752.33783
740.30145
738.28580
733.29563
722.29088
712.27015
708.34800
697.45398
695.24360
683.24360
669.26433
667.24868
657.26433

CuaHssNgOrNa"
unassigned
Ca3Hs5NgO1Na"
(D-Arg)s
unassigned
Ca2Hs0NgO1Na"
Ca2Hs4NgO10Na"
Ca2Hs5:NgO1oNa"
Ca2Ha7N;OpNa"
Ca1Hs0NgO1oNa"
Ca2Hs:NgOgNa"
CuoHsoNgOroNa"
Cu1HsoNgOgNa"
48147N,O1Na"
unassigned
unassigned
CuiH47N7OgNa"
CagHa7N7O10Na"
CagHasN7O10Na"
unassigned
CagHoN,OgNa"
CaHaiN;O10Na"
CagH47N,OgNa"
CaeHa3aN,OgNa"
CaeHiN,OgNa"
CagHNsOgNa"
CaeHiN,OgNa"
CaqH3aoN,OgNa"
Ca7H4N,OsNa"
unassigned
(D-Arg),
CasH3gNgOgNa"
Ca3H3eNsOgNa"
CaaH3gNgOgNa'"
Ca3H3eNsOgNa"
CaH3gNgOgNa'"

-0.37

-0.44

-0.29
-0.35
-0.33
-0.28
-0.35
-0.73
-0.50
-0.06
-0.21

-0.46
-0.36
-0.30

-0.42
-0.34
-0.45
-0.36
-0.37
-0.48
-0.46
-0.35
-0.47

-0.33
-0.35
-0.33
-0.22
-0.40

gj + NHs

9 —H

g — CH,
Is
js-hH
9 — NH,
js—CH
js — HO
as
js — CH -H,O
js —NH-CH,
js — HO —NH; —CH,
t
t—H
u
t— CH;—H, —NH;
u-HO
u — GHs
u—GHs—H,
u—HO —NH;-H,
u — GHg —H,O
jrvw + NH;
u-HO -CO
jrvw — H,
jrvw — CH,
uxy
uxy — H
uxy — Ch
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653.26939
651.25354
639.25358
635.25871
625.27427
623.25868
621.24308
612.20634
611.25864
598.19071
595.22741
586.22704
580.18016
572.21139
570.19579
568.21667
566.20092
554.20089
552.18527
540.22160
536.19041
530.25838
526.20597
A523.34225
512.19042
508.19530
504.27896
502.22723
498.17478
489.17431
486.26855
481.11178
471.12753
455.13255
453.11687
447.22132

651.25377
639.25377
635.25885
625.27450
623.25885
621.24320
612.20648
611.25885
598.19083
595.22755
586.22722
580.18027
572.21157
570.19592
568.21665
566.20100
554.20100
552.18535
540.22174
536.19044
530.25852
526.20609
523.34230
512.19044
508.19553
504.27926

486.26869
481.11186
471.12751
455.13259
453.11695

unassigned
CagHagNgO/Na"
CazH3eNeO,Na"
CasHaeNeOeNa"
CazH3gNeOeNa"
CsH3eNgOgNa'"
CsH3NgONa'
CaoHaiNsOsNa"
Cs1H3eNgOgNa"
CaoH20NsOsNa"
CaoHaaNeOsNa"
CogH3aNsO/Na"
CaoH27/NsO/Na"
CogH3iNsO/Na"
CogHoNsO/Na"
CogH3iNsOgNa"
CogH2gNsOgNa"
CagH2oNs0sNa"
CogH27NsOgNa"
CogH3iNsOsNa"
CagH2NsOsNa"
Ca4H37:NsO;/Na’
CarH20NsOsNa"

(D-Arg)s

CaeH2NsOsNa"
Cy7H27:NsO4Na’
CasHaoNsOgNa"

unassigned

unassigned

unassigned
CogHa7NsOsNa"
Co4H1N4OgNa"
CaaH20N4OsNa”"
CaaH20N,OsNa”"
CaaH1gN,OsNa”"

unassigned

-0.35
-0.30
-0.22
-0.37
-0.27
-0.19
-0.23
-0.34
-0.20
-0.24
-0.31
-0.19
-0.31
-0.23
0.04
-0.14
-0.20
-0.14
-0.26
-0.06
-0.26
-0.23

-0.04
-0.45
-0.59

-0.29
-0.17
0.04
-0.09
-0.18

uxy — HO
uzo
uxy — KO,
uxy — CQ
uzo — HO
uzo — HO —H,
gipy
uzo — CHO
gipy — Ch
uva — GHe
uxoe
jrvB
uxo
uxt — CH,
uxde — H,O
uxoe — H,O —H,
uxe — HO
uxe — HO —H,
uxde — HO -CO
uxc — HO,
A
uxrt — H,O
uxt — CH,
uxrt — H,0;
(o)

c — HO
agivp
jsvB
sz}

js#B-H,
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443.16892 - unassigned - -
437.12195 437.12203 CaaH1gN,O4Na" -0.18 jsz8 — HO
425.99279 - O3 - -
421.24211 421.24214 CigH3N,OsNa’ -0.07 be
413.12193 - unassigned - -
409.12710 - unassigned - -
403.23152 403.23158 CioH3N4O4Na" -0.15 be — H,O
399.26020 399.26020 CioH3sN4O5" 0.00 be - Na
391.19517 391.19519 Ci7H26N4OsNa" -0.05 bp — GHe
377.25231 377.25231 CigH3N,O3Na’ 0.00 bp — CQ,
375.23666 375.23666 CigH3N4O3Na" 0.00 bp — CO, —H;
373.18461 373.18463 Ci7H2eN4O4Na" -0.05 be — H,O —GHe
370.07986 - unassigned - -

A 349.23064  349.23063 (D-Arg), - -
344.10056 - unassigned - -
334.13735 334.13734 C14H21N30sNa’ 0.03 y(—CH
320.15809 320.15808 C14H23N30,Na’ 0.03 fC
308.15810 - unassigned - -
300.19183 300.19178 CraH26N304" 0.17 fC—Na+H
276.16829 276.16825 CiaH23N30,Na’ 0.14 f(—CQO
251.10670 - unassigned - -

Mean Absolute Average 0.27
Standard Deviation 0.18

Table A-20. Multiple ion isolation and EID fragments of Actimycin D (Li);

[M+Li] * m/z1261.64393

Proposed Mass
Expt. m/z Theo.m/z P Error Fragment Cleavage

Formula

(ppm)

1233.64903  1233.64913  CgHgegN1Ogsli * -0.08 [M+H - COT
1217.65426  1217.65421  CgHgegN1Ouli * 0.04 [M+H - CO)]*
1203.61450 1203.61477  CgoHgoN11OssLi * -0.22 ab
1189.62270 - unassigned - -
1148.55988  1148.55998  CsgHzsN11Ogsli -0.09 cd

227



1130.54915
1120.56505
1104.57017
1086.55917
1035.47571
1017.46506
991.48632
989.47026
977.47016
962.45939
934.46445
920.44857
863.39095
A 871.56566
849.37557
837.41167
821.38036
809.38043
805.38546
788.35900
780.35383
778.33790
750.30692
736.36389
724.32762
722.31180
717.32173
706.31717
A 697.45398
679.26983
667.26977
653.29010
651.27458
635.28002
633.26436
623.28000

1130.54942
1120.56507
1104.57015
1086.55959
1035.47591
1017.46534
991.48608
989.47043
977.47042
962.45953
934.46461
920.44896
863.39110
871.56565
849.37545
837.41183
821.38053
809.38045
805.38562
788.35907
780.35390
778.33833
750.30702
736.36415
724.32776
722.31211
717.32195
706.31719
697.45398
679.26990
667.26990
651.27499
635.28007
633.26442
623.28007

CseH75N1101aLi *
CssH7sN11014Li *
CossH7sN1104aLi ¥
CossH7aN110pLi
CsoHeaN10014Li *
CsoHezN100saLi *

4816N1oOroLi "
CagHeaN1001,Li *

4B 162N1oOroLi "
CagHeiNgOLi *
CarHeiNgOyLi ™
CagHsgNgOnaLi *
CusHs2NgOnLi ™

(D-Arg)s

CazHsoNgOnaLi *
CazHsaNgOxoli *
CaiHsoNgOgoli *
CaoHsaNgOgoli *
CaiHsoNgOgLi *
CaiHa7N7OqLi *
CaoHaN7OsLi *
CaoHasN7OsLi *
CarHaiN7Oyli ¥
CsgHsN;OgLi *
CaeHaaN7OoLi *
CseHaiN7O0Li *
CagHaaNgOsli *
CseHaiN7OgLii *

(D-Arg)s

Cs4H36NgO0Li "
CaaH3NgO0Li

unassigned
CaaH3NgOgLii *
CasHzeNeOrLi *
C?;3H34N6()7I-i *
Cs2HzeN6OL *

-0.24
-0.02
0.02
-0.39
-0.19
-0.28
0.24
-0.17
-0.27
-0.15
-0.17
-0.42
-0.17

0.14
-0.19
-0.21
-0.02
-0.20
-0.09
-0.09
-0.55
-0.13
-0.35
-0.19
-0.43
-0.31
-0.03

-0.10
-0.19

-0.63
-0.08
-0.09
-0.11

cd - HO
bc
be
be - HO
fg
fg — H,O
g-0
gi— H,0
gi— CHO
ej
ek—-H
ek-CH
el-H

el-CH,
em
em-CH

mn

em - CH-H,O
em — CH —NH;

p-H
p —~ NF, —CH
q-HO
q-—GH,
g — GHe —H;

q— HO -NH; —H;

g — GHg —H,O

ejrs—H
ejrs - CH

qu—H
gtu — HO
qtu — HO —H,
qvw
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607.28505 607.28515 CaHzeNeOeLi * -0.16 qrw

570.25342 570.25352 CagH33NsOLi ™ -0.18 gtxy
568.23753 568.23787 CagH3iNsOLi * -0.60 gtxy — H
564.20648 564.20657 CagH2NsOLi * -0.16 ejrz
556.23782 556.23786 CagH3iNsOLi * -0.07 gtxy — CH
554.22225 554.22221 CagH2oNsO7Li * 0.07 gtxy — CH,
538.22719 538.22730 CagHoNsO6Li * -0.20 gto. — H,O
536.21154 536.21165 CagHoNsOeLi * -0.21 gta — H,O —H,

A523.34230 523.34230 (D-Arg)s - -
510.23233 510.23238 CaH2oNsOsLi * -0.10 gtp — H,O
508.21661 508.21673 CoH27NsOsLi * -0.24 gtp — HO —H,
488.30526 488.30554 CaaH3oNsO6Li -0.57 Y
465.13805 465.13814 CaaH1gN4O6Li -0.19 elrz
457.16956 457.16944 CaaH2oN4O6Li ™ 0.26 emrz + H
437.14318 437.14322 CaaH1gN4OsLi ™ -0.09 emvz
431.24762 - unassigned - -
420.55755 - O3 - -
411.16390 - unassigned - -
401.20068 - unassigned - -
393.15332 - unassigned - -
391.19925 - unassigned - -
387.25785 387.25785 CioH3N4O4Li * 0.00 de
375.22142 375.22146 Ci7H2gN,OsLi ™ -0.11 de — GHe
366.29170 - unassigned - -
356.12171 - unassigned - -

A 349.23063  349.23063 (D-Arg), - -
328.12681 - unassigned - -
318.16359 318.16361 C1H2Nz0sLiI * -0.06 no
312.13562 - unassigned - -
292.18436 292.18434 CiaH23N304LI ™ 0.07 o — CQ,

Mean Absolute Average 0.22
Standard Deviation 0.17
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Appendix B

Appendix B contains the supplementary data tabdegHe analysis of ruthenium

anticancer drug binding sites on peptides in chiahte

Table B-1: CAD Fragments of Angiotensin and AHO076, where AHGZ6denoted by

Ru(bipy) through loss of chloride and arene ligands

Assignment Expt.m/z Theo.m/z Error
(Ppm)

Ay, 263.13900 263.13900 -
Ab 272.13530 272.13530 -

[as + Ru(bipy) — 2H]* 506.68988 506.68993 -0.10
Ay, 513.28196 513.28200 -

[ys + Ru(bipy) — H]** 516.18921 516.18923 -0.04
[bs + Ru(bipy) — H]** 520.68734 520.68739 -0.10
b, 528.09273 528.09278 -0.13
unassigned 551.29358 - -

[bs + Ru(bipy) — 2H]* 627.16115 627.16119 -0.06
[M + Ru(bipy) — HOJ** 642.74792 642.74798 -0.09
[M + Ru(bipy)F* 651.75324 651.75326 -0.03
unassigned 664.37777 - -

Ys 676.34527 676.34530 -0.04
[ys + Ru(bipy) — 2H]" 769.23941 769.23944 -0.04
Ay 775.41371 775.41370 -
A b 784.41010 784.41000 -
[ys+ Ru(bipy) — 2H]" 1031.37099 1031.37118 -0.18
Mean Absolute Average -0.08

230



Standard Deviation

0.05

Table B-2: CAD Fragments of Angiotensin and AH078, where AH@¥8enoted by Ru(o-

pda) through loss of chloride and arene ligands

Assignment Expt.m/z Theo.m/z Error
(PPmM)

3 Of ys5 255.44939 - -
) 244.14040 244.14040 0.00
b, — NH; 255.10875 255.10880 -0.20
o3 of y6 258.47249 - -
Ay, 263.13900 263.13900 -
Ab 272.13530 272.13530 -
unassigned 341.30499 - -
A b 371.20368 371.20370 -
ys — H0 382.18734 382.18737 -0.08
be”* 392.70863 392.70866 -0.08
Ay; 400.19790 400.19790 -
YIH 414.21354 414.21358 -0.10
[DR-Ru(o-pda)-HPF]

419.14632 419.14636 -0.10
(-CON)
[a; — 2He — HO+ Ru(o-pda) — 2H" 433.07944 433.07947 -0.07
v/ 466.26103 466.26106 -0.06
[D-R-Ru(o-pda)-H-P-FJ

441.64515 441.64519 -0.09
(+CO0)
[a,— 2He + Ru(o-pda) — 2H 450.08217 450.08221 -0.09
[b,— 2He + Ru(o-pda) -2H" 478.07708 478.07749 -0.86
[ys — 2He + Ru(o-pda) — {** 491.18141 491.18141 0.00
[b — 2He + Ru(o-pda) — {** 495.67953 495.67997 -0.91
& 506.27206 506.27216 -0.20
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Ay, 513.28195 513.28200 -
[y; — 3He + Ru — F** 514.69360 514.69368 -0.16
[M+2H]* 523.77449 523.77453 -0.08
[b; — 3He + Ru — F** 528.69106 528.69113 -0.13
ADb 534.26705 534.26710 =
unassigned 536.71398 - -
unassigned 539.09031 - -
[M — 2He — COOH + RU' 550.21218 550.21223 -0.09
unassigned 557.10089 - =
[y7; — 2He + Ru(o-pda) — {** 569.23191 569.23196 -0.09
[M — 2He — GHgO + Ru(o-pdajf 572.71536 572.71668 -2.30
[b3— 2He + Ru(o-pda) — 2H" 577.14549 577.14601 -0.90
[M — 2He — COOH + Ru(o-pdé)] 604.24657 604.24661 -0.07
unassigned 612.16288 - -
[M — 2He — HO + Ru(o-pdaf 617.74000 617.74015 -0.24
Abs 647.35114 647.35110 -
Ay 676.34527 676.34530 -
[ys— 2He + Ru(o-pda) — 2H" 719.22380 719.22448 -0.95
23 756.41497 756.41513 -0.21
Ay 775.41373 775.41370 -
A b 784.41004 784.41000 -
Xs 801.39283 801.39300 -0.21
[M+H]* 1046.54206  1046.54179 0.26
[DR-Ru(o-pda)-HPF]

837.28538 837.28545 -0.08
(-CON)
[DR-Ru(0-pda)-HPF]

881.27532 881.27527 0.06
(+CO0)
[ys— 2He + Ru(o-pda) — 2H 981.35545 981.35646 -1.03
Mean Absolute Average 0.32
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Standard Deviation

0.48

Table B-3: CAD Fragments of Bombesin and AHO76 where AHO76otksh by Ru(bipy)

through loss of the arene and chloride ligands

Assignment Expt.m/z Theo.m/z Error
(ppm)
Y2 262.15844 262.15837 0.27
bs 396.19905 396.19910 -0.13
b, > 404.70674 404.70665 0.22
[ys + Ru(bipy) - H]** 441.65461 441.65451 0.23
unassigned 474.73602 - -
bg ** 497.74636 497.74631 0.10
by 509.28313 509.28310 0.06
[b12 + Ru(bipy)f* 538.88110 538.88108 0.04
[a15 + Ru(bipy)f* 567.24415 567.24413 0.04
[b13 + Ru(bipy)}* 576.57574 576.57577 -0.05
by 582.79916 582.79907 0.15
[M + Ru(bipy) — CONH — SCH]** 594.92310 594.92317 -0.12
[M + Ru(bipy) — CONH]** 611.25870 611.25875 -0.08
[M + Ru(bipy) — NH]** 620.25583 620.25593 -0.16
[M + Ru(bipy) + H]** 625.93131 625.93145 -0.22
a,”" 665.84187 665.84180 0.11
be 680.34753 680.34750 0.04
[ys + Ru(bipy) — 2H]" 712.19625 712.19620 0.07
bys** 736.38137 736.38129 0.11
unassigned 744.89462 - -
[a;2 + Ru(bipy) — H]** 793.82042 793.82053 -0.14
b, 808.40609 808.40610 -0.01
[ys + Ru(bipy) — 2H]" 811.26467 811.26461 0.07
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[b13 + Ru(bipy) — H]** 864.35997 864.36002 -0.06
[y + Ru(bipy) — 2H]" 882.30182 882.30173 0.10
bg 994.48541 994.48540 0.01
bg 1065.52261 1065.52250 0.10
bio 1164.59088 1164.59090 -0.02
b1 1221.61229 1221.61240 -0.09
Mean Absolute Average 0.10
Standard Deviation 0.07

Table B-4: CAD Fragments of Bombesin and AH078 where AHO78ésoted by Ru(o-

pda) through loss of chloride and arene ligands

Assignment Expt.m/z Theo.m/z Error (ppm)
Ay, 262.15844 262.15837 =

[ys — 2He + Ru(o-pda)-H** 331.59391 331.59392 -0.03
be’* 340.67740 340.67736 0.12
Y5 381.12800 381.12811 -0.29
[ys — 2He + Ru(o-pda)-H** 381.12814 381.12812 0.05
[bg + NHg]** 349.19065 349.19064 0.03
bs 396.19909 396.19910 -0.03
b, 404.70667 404.70665 0.05
[ys — 2He + Ru(o-pda)-H§2* 416.64670  416.64667 0.07
[bg — GH/N]** 439.21739 439.21739 0.00
[bg — No;H,COP* 466.72232 466.72230 0.04
[y2 — 2He + Ru(o-pda)-2H* 468.10018 468.10018 0.00
[bg — GeH/N]** 474.73596 474.73594 0.04
[og — NoH,]** 480.71978 480.71976 0.04
a" 483.74887 483.74885 0.04
[bg — NH]** 489.23305 489.23303 0.04
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b
A Db

[y7 — 2He + Ru(o-pda)-H?*

[a1, — 2He + Ru(o-pdajf

[b1, — 2He + Ru(o-pdaf]

[be — NH;]**

b2

[a13 — 2He + Ru(o-pdajf

[b15 — 2He + Ru(o-pdaf]

A b

[M +Ru + HT*

by

[M — He + Ru(o-pda) — Ng**
[ys— 2He + Ru(o-pda)-2H*

[M — 2He + Ru(o-pda)}

[M + Ru(CizHg) + Hi**

[ys — 2He + Ru(o-pda) — NH2H"
[ys— 2He + Ru(o-pda) -2H"

A b

bs + NH;

[ys — He + Ru — 2F*

by2"

[ys — 2He + Ru(o-pda) — H NH,]*
[ys — 2He + Ru(o-pda) — 2H"

[a12 — 2He + Ru(o-pda) — B

[b1, — 2He + Ru(o-pda) — B**

b; — NHs

A b,

[ye — 2He + Ru(o-pda) — 2H NH,]*

497.74633
509.28322
509.68636
512.87756
522.20930
524.75161
533.26489
550.57224
559.90389
566.30453
573.90855
582.79912
603.58404
605.15919
609.25932
625.26777
645.15393
662.18060
680.34740
697.37405
725.22520
736.38128
744.22235
761.24890
768.81239
782.80987
791.37952
808.40568
815.25957

497.74631
509.28310
509.68634
512.87756
522.20959
524.75159
533.26486
550.57225
559.90389
566.30460
573.90854
582.79907
603.58448
605.15960
609.25954
625.26795
645.15401
662.18110
680.34750
697.37400
725.22516
736.38129
744.22241
761.24961
768.81328
782.81074
791.37948
808.40603
815.25953

0.04

0.04
0.00
-0.56
0.04
0.06
-0.02
0.00

0.02
0.09
-0.73
-0.68
-0.36
-0.29
-0.12
-0.76

0.07
0.06
-0.01
-0.08
-0.93
-1.16
-1.11
0.05

0.05
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[ys — 2He + Ru(o-pda) — 21 832.28599 832.28677 -0.94
[013— 2He + Ru(o-pda) — B** 839.35170 839.35281 -1.32

bg — GH/N 865.42757 865.42749 0.09
bg — GH/N 877.42745 877.42804 -0.67

bg + H,O — GH;N 919.43826 919.43805 0.23
bg + H,O — GH4N 936.46466 936.46460 0.06

3 966.49059 966.49042 0.18
bs — NH; 977.45891 977.45879 0.12

A b 994.48557 994.48540 -
[y; — 2He + Ru(o-pda) — 21 1018.36529  1018.36627 -0.96

8 1037.52807 1037.52754 0.51
by — NH; 1048.49631  1048.49590 0.39

A by 1065.52258 1065.52247 -
A by 1164.59094  1164.59087 =

bus 1221.61251 1221.61237 0.15
Mean Absolute Average 0.27
Standard Deviation 0.36

Table B-5: ECD Fragments of Bombesin and AH076 where AHO7eisoted by Ru(bipy)

through loss of chloride and arene ligands

Assignment Expt.m/z Theo.m/z Error (ppm)
A G 413.22555 413.22554 -
Ac 526.30963 526.30961 -
AG 583.33107 583.33107 -
[M — He + Ru(bipy) + H]** 625.93145 625.93145 0.00
[M — He + Ru(bipy) + H + GHsN]**  639.60684 639.60696 -0.19
[M — He + Ru(bipy) + H + GHeN-|**  653.28249  653.28248 0.02
unassigned 655.51197 - -
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[xs + Ru(bipy)T 683.16965  683.16965 0.00
Ac 697.37399 697.37410 -
[as, + Ru(bipy) — H]** 794.32418  794.32444 -0.33
[b:2 + Ru(bipy) — H]** 808.32163 808.32190 -0.33
[z12 + Ru(bipy)f* 810.83853  810.83888 -0.43
[z15 + Ru(bipy)f™ 874.86795 874.86817 -0.25
[M + Ru(bipy) — NH]** 930.38383  930.38418 -0.38
[M — He + Ru(bipy) + H*" 938.89717 038.89745 0.30
A c 1011.51218 1011.51189 -

an 1193.61768  1193.61742 0.22
/\ Gap 1238.63912 1238.63890 -

an 1330.67666  1330.67633 0.25
a3 1443.76082  1443.76039 0.30

A Ci; 1488.78182  1488.78190 -
[c11+ Ru(bipy) — 2H]* 1494.59633  1494.59633 0.00
[a:2 + Ru(bipy)T 1588.64974  1588.64943 0.20
[bs, + Ru(bipy) — 2H]* 1614.62893 1614.62870 0.14
[z12 + Ru(bipy)[" 1621.67852  1621.67830 0.14
[c13 + Ru(bipy) — 2H]* 1744.74078 1744.73931 0.84
[z15 + Ru(bipy)[" 1749.73638  1749.73688 -0.29
[M + Ru(bipy) — H]* 1875.78163  1875.77981 0.97
Mean Absolute Average 0.28
Standard Deviation 0.24

Table B-6: ECD Fragments of Bombesin and AHO78 where AHO78eisoted by Ru(o-

pda) through loss of chloride and arene ligands

Assignment

Expt.m/z

Theo.m/z

Error
(ppm)

A G

413.22555

413.22554
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Ac 526.30960 526.30961 -
AGc 583.33116 583.33107

[M — 2He + Ru(o-pda) + B* 609.25942 609.25938 -0.08
[M — 2He + Ru(o-pda) + H+ GHsN]J** 622.93486 622.93491 -0.05
[M — 2He + Ru(o-pda) + H+ C4HeN,]** 636.61039 636.61042 -0.06

A G 697.37406 697.37410 -
[212— 2He + Ru(o-pdaj]’ 785.83076 785.83105 -0.37
A 825.43258 825.43258 -
[c13— 2He + Ru(o-pda) — N§* 839.85571 839.85611 -0.48
[213— 2He + Ru(o-pdaf[’ 849.86003 849.86034 -0.36
[M + Ru — H]* 859.85525 859.85526 -0.01
[M — 2Hs + Ru(o-pda) + H>* 913.88976 913.88963 0.14
[M + Ru(C2Hg) + Hy]** 937.90184 937.90221 -0.39

A G 1011.51194 1011.51189 -
A G 1082.54915 1082.54900 =

A ¢ 1181.61770 1181.61750 -
Acy 1238.63897 1238.63888 -

anp 1330.67623 1330.67640 -0.13
[c11 + Ru—2H]" 1338.52736  1338.52758 -0.16
C12 1375.69779 1375.69790 -0.08
[c1o+ Ru—2H — NHy]* 1458.55971  1458.55955 0.11
[c13+ Ru—2H]" 1587.66101 1587.66274 -1.09
[M + Ru — GH1;0N]" 1593.62114 1593.61917 1.24
[M + Ru — GHgO]" 1610.64742 1610.64572 1.06
[M + Ru—2H — CONH]" 1674.68968 1674.69069 -0.60
[M + Ru—2H — NH,]* 1702.68529 1702.68561 -0.19
[M + Ru- H]" 1719.71248 1719.71161 0.51
Mean Absolute Average 0.37
Standard Deviation 0.34
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Table B-7: CAD Fragments of Angiotensin and AHO76 where AHOdénoted by

(bip)Ru(bipy) through loss of chloride ligand only

Assignment Expt.m/z Theo.m/z Error

[y2 + (bip)Ru(bipy) — H]** 337.09092 337.09100 (ppr-no).24
[y, + Ru— 2H]* 363.02763 363.02772 -0.25
a”’ 378.71112 378.71121 -0.24
unassigned 370.19785 = -

be 2* 392.70858 392.70866 -0.20
[y + (bip)Ru(bipy) — HI** 396.49553  396.49562 -0.23
Y3 400.19786 400.19790 -0.10
[(bip)Ru(bipy) — H]* 411.04290  411.04297 -0.17
[M + (bip)Ru(bipy) + H]** 434.83784 434.83793 -0.21
[y + (bip)Ru(bipy)f* 447.85495 447.85503 -0.18
[b7 + H,OJ** 450.24029 450.24033 -0.09
vy 466.26101  466.26106 -0.11
[M + 2H" — COOHF* 500.77176 500.77179 -0.06
[as + (bip)Ru(bipy) — H]?* 506.68991 506.68993 -0.04
Ay, 513.28198 513.28199 -
[M + 2H]? 523.77446 523.77453 -0.13
Ab, 534.26712 534.26707 -

[F + (bip)Ru(bipy) — H]* 576.12194  576.12195 -0.02

3 619.35618 619.35620 -0.03
[bs + (bip)Ru(bipy) — 2F]* 627.16126 627.16119 0.11

A Db 647.35099 647.35110 -
[ys + (bip)Ru(bipy) — 2F]* 656.15544  656.15538 0.09
Avys 676.34538 676.34530 -
3 756.41522 756.41510 0.16
[y + (bip)Ru(bipy) — 2H]* 769.23960 769.23944 0.21

239



Ay 775.41379 775.41379 -
A b 784.40999 784.41000 -
M+ HT* 1046.54224 1046.54179 0.43
Mean Absolute Average 0.16
Standard Deviation 0.10

Table B-8: CAD Fragments of Bombesin and AHO76 where AHO76 otlsth by

(bip)Ru(bipy) through loss of chloride ligand only

Assignment Expt.m/z Theo.m/z Error
(Ppm)

be”™* 340.67740 340.67736 0.12
[bs+ NHs]** 349.19067 349.19064 0.09
[ys + Ru(bipy) — H]** 356.60175 356.60174 0.03
[ys + Ru(bipy) — HO, HT** 393.48122 393.48120 0.05
ADb; 396.19902 396.19910 -
Ay 399.21735 399.21728 -

b, > 404.70669 404.70665 0.10
[(bip)Ru(bipy) — H]* 411.04302 411.04297 0.12
unassigned 425.82002 - -

[ys + Ru(bipy) — NH - H']** 433.14131 433.14123 0.18
[ys + Ru(bipy) — H]** 441.65457 441.65450 0.16
[(bip)Ru(bipy) + SCH—-HT" 459.04640 459.04635 0.11
unassigned 466.72238 - -

bg ** 497.74637 497.74631 0.12
Ab, 509.28308 509.28310 -

[M + 3H"- SCH]** 524.61123 524.61117 0.11
[y7 + Ru(bipy) — H]** 534.69425 534.69416 0.17
Ay 555.30456 555.30716 -

A Db 566.30456 566.30460 -
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[ys + Ru(bipy) — NH - H]? 590.21024  590.221017 0.12
unassigned 621.15075 - -
Ay 626.34433 626.34427 -
[ys + Ru(bipy) — H]** 655.74496 655.74491 0.08
ay,”" 665.84191 665.84180 0.17
[y1o+ Ru(bipy) — NH - H]* 675.74235 675.74237 -0.03
by ** 679.83929 679.83926 0.04
A b 680.34746 680.34750 -
[y1o + Ru(bipy) — H]** 684.25564 684.25564 0.00
Y2 690.86962 690.86951 0.16
bs + NH; 697.37410 697.37400 0.14
[y. + Ru(bipy) — 2H]* 712.19629 712.19620 0.13
a3 722.38391 722.38383 0.11
b3 736.38127 736.38129 -0.03
[M + 2H" - NHg)** 801.90156 801.90153 0.04
Ab 808.40604 808.40610 -
[M + 2H? 810.41468 810.41481 -0.16
[ys + Ru(bipy) — 2H]* 882.30179 882.30173 0.07
bg — NH; 977.45885 977.45879 0.06
A b 994.48539 994.48534 -
bo — NH; 1048.49604  1048.49590 0.13
be 1065.52247  1065.52250 -0.03
b1o— NH; 1147.56452 1147.56432 0.17
bio 1164.59087 1164.59090 -0.03
b1y 1221.61241  1221.61240 0.01
Mean Absolute Average 0.10
Standard Deviation 0.05
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Table B-9: CAD Fragments of Insulin and AHO76

Assignment Expt.m/z Theo.m/z Error (ppm)
Ay; 315.20270 315.20270 -
by 399.22384 399.22380 0.10
Ay, 416.25039 416.25040 -

B bs 489.24587 489.24560 0.55
bs 527.28240 527.28240 0.00
unassigned 534.25590 - -

Yoo ! 543.79021 543.79018 0.06
ys — H,O 561.30310 561.30312 -0.04

Ys 579.31369 579.31369 0.00
Yio 608.31157 608.31148 0.15

B by,** 618.80072 618.80076 -0.06
B bs 626.30446 626.30450 -0.06
[y11— HO)** 627.81698 627.81693 0.08
unassigned 631.27219 - -

il 636.82221 636.82221 0.00
unassigned 648.29877 - -
[Ays+Byq* 662.29398 662.29419 -0.32
B by,™* 668.33507 668.33496 0.16
[y1,— SH* 671.33309 671.33294 0.22
[y 12 — HOJ** 679.32184 679.32152  0.47
oo 688.32681 688.32681 0.00
[Ays+ By 699.98883 699.98888  -0.07
[B y>y12 + A Cysd? 704.31284 704.31284 0.00
Ys — H:O 708.37138 708.37150 -0.17
Ayt 716.31266 716.31150 1.62
Ay 726.38206 726.38210 -0.06

B by 732.85636 732.85626 0.14
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2+

Y13
B bs

[Ays+Byid™

[B y2-yis + A Cysd**

B b142+

[Ays+Byd™

2+

Y14
[Ay,+Byg*

[B yo-Y1a + A Cysd™

[Ay7+Byg*
B by
[Ays+ Byg*

[Ayz+Byid™

[Ay7+ B yis— H,O, NHg**

[Ay7+ B yis— H0]*

[Ay7+ By

[Ays+Byig*

[B by, -2He + Ru(bipy) — H]**

unassigned
[Ay:+By*
Ays

[Ays+ By

[Ays+ By~ NHy**

[Ays+ By]*

[M + Ru(bipy) + 4H -F -L]*"

[GERGFFYT - HOJ"

B b,/

[M + RU(pry) + 4H -F _HZO]6+

[M ar Ru(b|py) + 4H _N]6+

737.86093
739.38881
743.00302
753.84712
768.37482
781.03214
794.40328
804.85025
810.38918
817.38041
824.91687
840.04377
854.38456
866.05936
871.73467
877.73840
886.38192
895.34547
906.44857
910.92645
930.47193
932.09276
934.88991
943.40331
952.91048
958.44161
962.99048
971.75740
976.92629

737.86101
739.38859
743.00308
753.84705
768.37482
781.03224
794.40304
804.85032
810.38908
817.38044
824.91685
840.04372
854.38452
866.05937
871.73488
877.73840
886.38198
895.34573
910.92656
930.47198
932.09285
934.89017
943.40345
952.90942
958.44174
962.99055
971.75676
976.92587

-0.11
0.30
-0.08
0.09
0.00
-0.13
0.30
-0.09
0.12
-0.04
0.02
0.06
0.05
-0.01
-0.24
0.00
-0.07
-0.29

-0.12
-0.05
-0.10
-0.28
-0.15
1.11
-0.14
-0.07
0.66
0.43
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[M + Ru(bipy) + 4H -L]°
[Ays+Byi*'

[Ays+ By + H,0*

[M + Ru(bipy) + 4H —H,0]**

[M + Ru(bipy) + 4H1®*
unassigned

[A bys + B bis + Ru(bipy) — H]**

[B bys -2He + Ru(bipy) — H]**
[Ay,+ B yi— NH*
[Aya+Byi*

[A by; + B bys + Ru(bipy) — H]**
[Ays+ B yig*"

[Ays+ By

[A by, + B bys+ Ru(bipy) — H]**

[B byz — 2He + Ru(bipy) — F**

[B byg -2He + Ru(bipy) — A — H**
[Ays+ By’

[A bis + B bys + Ru(bipy) — HJ**

[M + Ru(bipy) + 3H -F-V-L —H,0]**
[Ay7+Byi*

unassigned

[Aya+ By’

[M + Ru(bipy) + 3H -A-L-L —H,OJ**
[M + Ru(bipy) + 3H -F-V-L ]**

[M + Ru(bipy) + 3H -F -L]**

[M + Ru(bipy) + 3H -F -V]**

[M + Ru(bipy) + 3H -F =V — HOJ**
[M + Ru(bipy) + 3H -F -V]**

[M + Ru(bipy) + 3H -Y]**

980.25467

983.45268

992.45807

996.26600

999.10180

1021.41070
1027.74804
1033.41930
1040.96644
1049.47965
1053.09243
1057.45872
1064.46700
1082.10260
1089.96239
1105.98968
1114.00128
1119.79767
1123.67784
1128.49695
1129.88079
1131.01188
1136.08193
1139.68657
1143.49202
1149.69270
1152.48591
1156.08979
1166.10800

980.25461
983.45294
992.45822
996.10019
999.10195
1027.74757
1033.41942
1040.96641
1049.47968
1053.09134
1057.45895
1064.46677
1082.10202
1089.96146
1105.99051
1114.00098
1119.79670
1123.67772
1128.49606
1131.01135
1136.08182
1139.68393
1143.49141
1149.69605
1152.48768
1156.08979
1166.10919

0.06
-0.26

-0.15
0.34

-0.15

0.46
-0.12
0.03
-0.03
1.04
-0.22
0.22
0.54
0.85
-0.75
0.27
0.87
0.11
0.79

0.47
0.10
2.32
0.53
-2.91
-1.54
0.00
-1.02
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[Aye+ By* 1170.54283 1170.54301 -0.15
[M + Ru(bipy) + 3H -NJ** 1172.10963 1172.10959 0.03
[M + Ru(bipy) + 3H -L]** 1175.70260 1175.70095 1.40
[M + Ru(bipy) + 3H -V]** 1178.70504 1178.70660 -1.32
[A bis + B bis + Ru(bipy) — H]** 1200.51093 1200.51353 -2.17
[Ays+ By]* 1201.51344 1201.51445 -0.84
[Ays+ By]* 1210.02719 1210.02773 -0.45

[A bys + B bys + Ru(bipy) — H]** 1216.83749 1216.83734 0.12
[Ay7+ B yu— NHg* 1226.05943 1226.05903  0.33
[Ay7+ By]* 1234.57256 1234.57230 0.21
[A by7 + B bis + Ru(bipy) — H]** 1243.19400 1243.19178 1.79
[Aye+ B yig* 1252.07390 1252.07468 -0.62
[A bis + B by; + Ru(bipy) — HJ** 125453246  1254.53203  0.34
[Avys+ B yig?" 1259.56057 1259.56193  -1.08
[A chain + B b3 + Ru(bipy) + H]** 1280.03684 1280.03656  0.22
[A bis + B b7 + Ru(bipy) — H]** 1292.22625 1292.22671 -0.36
[A by7 + B bis + Ru(bipy) — H]** 1297.88087 1297.88217 -1.00
[Aygs+ B yia— NH* 1307.59052 1307.59069 -0.13
[Ays+ By* 1316.10365 1316.10397 -0.24

[A bag + B by + Ru(bipy) — H]%* 1335.55997 1335.56053  -0.42
[A chain + B bs + Ru(bipy) + H]* 1353.57192 1353.57391 -1.55
[A bis + B b7 + Ru(bipy) — H]** 1373.25487 1373.25522 -0.25
[A bis + B bis + Ru(bipy) — H]** 1389.91565 1389.91565 0.00
AB b 1648.82659 1648.82600 0.36
[A bys + B bys + Ru(bipy) — 2H]** 1679.19237 1679.19142 0.57
Mean Absolute Average 0.08
Standard Deviation 0.68
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Table B-10: CAD Fragments of Oxidised Insulin B-chain and AHO76

Assignment Expt.m/z Theo.m/z Error (ppm)
Y2 218.14977 218.14990 -0.60
noise 226.15481 - -
noise 265.89283 - -
Ay 315.20271 315.20270 -

bs 361.18705 361.18700 -
unassigned 412.18673 - -

Ya 416.25037 416.25036 0.02
unassigned 494.16640 - -

Yo 543.79021 543.79018 0.06
unassigned 561.30316 - =
Ay 579.31370 579.31370 -
unassigned 601.30368 - =

Yio 608.31150 608.31148 0.03
A Db 626.30458 626.30450 -
il 636.82221 636.82221 0.00
unassigned 655.34499 - =
unassigned 699.22225 - -

Ye — HO 708.37132 708.37154 -0.31
Y12 712.31909 712.31918 -0.13
[b10— He + Ru(bipy) — H** 713.72573 713.72592 -0.27
Ay 726.38205 726.38210 -
A b 739.38852 739.38860 -
iz 761.85338 761.85338 0.00
Yid " 818.39537 818.39542 -0.06
[b1, + Ru(bipy) — H]** 820.30626 820.30607 0.23
Ay, 873.45051 873.45050 -

[b13 + Ru(bipy) — H]** 884.82757 884.82737 0.23
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2+

Yis

unassigned

unassigned

[M + Ru(bipy) + 2H - H,0 — CH — NHy**

Vs
[b.4 + Ru(bipy) — H]*

[y22 - 3He + Ru(bipy)f*
Yo

[bis — He + Ru(bipy) — HJ?*
[az4 + Ru(bipy)F*

[b24 + Ru(bipy)f*

unassigned

2+

Y18
[b16 - He + Ru(bipy) — H]*
Yo

2+

Yis
[bas -He + Ru(bipy)f*

[b17 -He + Ru(bipy) — H**
[b27 — He + Ru(bipy) — HOJ**
[bo7 — He + Ru(bipy)f*

[y 20— HO]**

[byg -He + Ru(bipy) — H]**

2+

Y20

unassigned
unassigned
[byg - He + Ru(bipy) — H**
unassigned

ALYLVCGERGF

Ay,

899.92705
907.89279
913.13762
926.14440
930.47184
920.34510
934.73555
956.46880
976.88658
999.74924
1009.41595
1038.91884
1056.50832
1057.91506
1086.57323
1106.04297
1112.45942
1114.96023
1140.13817
1146.14131
1153.58038
1164.49414
1162.58498
1194.48649
1220.54028
1239.99060
1244.50987
1257.59302
1272.63720

899.92708

926.14321
930.47198
920.34592
934.73532
956.46911
976.88571
999.74952
1009.41711
1056.50896
1057.91571
1086.57310
1106.04317
1112.45898
1114.95941
1140.13804
1146.14156
1153.57992
1164.49362
1162.58520

1239.99059
1257.59323
1272.63710

-0.03

1.28
-0.15
-0.89

0.25
-0.32
0.89
-0.28
-1.15

-0.61
-0.61
0.12
-0.18
0.40
0.74
0.11
-0.22
0.40
0.45
-0.19

0.01

-0.17
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unassigned 1303.57739 - -
unassigned 1383.60369 - =
[EALYLVCGERGF — H,0]" 1386.63546  1386.63583 -0.27
Ay, 1423.63060  1423.63100 -
[b,s + Ru(bipy) — H]** 1440.08826  1440.08781 0.31
unassigned 1466.64051 - -
unassigned 1484.65119 - -
[b24 + Ru(bipy) — H]** 1513.62217  1513.62202 0.10
Y13 1522.69902  1522.69940 -0.25
[b2s + Ru(bipy) — H]** 1587.15656  1587.15622 0.21
unassigned 1598.78783 - -
EALYLVCGERGFFY 1696.76653 1696.76757 -0.61
EALYLVCGERGFFYT 1797.81361  1797.81525 -0.91
Mean Absolute Average 0.34
Standard Deviation 0.32
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Appendix C

Appendix C contains the list of compounds assignetie selected mass region for
the genuine and counterfeit vodka samples in chdpteas well as the principal

component scores calculated and plotted in the B@&ysis.

Table C-1 Assigned peaks in the (-) ESI mass spectra ofiigenand counterfeit

samples A indicates a peak used for internal calibration

Theo.m/z Proposed molecular
formula
A 101.06080 CsH100,
A 115.07645 6H1,0,
121.02950 C;HeO>
A 143.10775 6H160,
145.12340 CgH10,
149.02442 GHsO3
151.04007 CgHsOs
153.03240 6H1005
155.00176 CH;NO
155.07137 @H1:05
155.10775 CoH160,
157.08702 6H1405
A 157.12340 CoH150,
159.10267 6H1605
161.08193 C:H140,
163.04007 GHgOs
164.98382 CsHeS,

249



165.01933
166.95752
166.99390
168.97317
169.08702
171.10267

A 171.13905

173.00666
175.09758
176.98382
177.05572
179.03498
179.05611
182.98882
182.99438
183.03306
183.10267
184.96808

A 185.15470

187.06120
187.09758
187.13397
188.99938
189.11323
191.01973
191.12888
192.97873
194.95799
197.00447
197.04555

€HeO4
C4H405S
GHsO,.S
C4HeOsS
6H1405
CoH1603
CdH2002
Ci10HsOS
6H1604
CoHeS
GH1003
CyHgO4
6H1206
CsHgOsS
CeHs0S,
CgHgNO
Ci1oH1605
CsHeOsS
C11H2.0,
CgH1205S
CoH1604
Ci1oH2005
C4H1004S
CoH1g04
CeHsOy
CoH2004
CoHsOS,
CsH30,S;
CeH1005S
CoH100s
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197.15470
198.98373

A199.17035

200.94524
201.11323
202.92450
205.15979
207.08741
209.09500
212.99938
213.18600
214.93006
215.03279
219.17544
221.08193
225.06159
225.08991
225.18600
226.97865
227.09250

A227.20165

229.14453
235.17035
239.07724
239.12888
239.16527
240.99430

A241.21730

242.97356
245.02779

Ci12H20,
CsHgO.S
C12H240,
CiHeOsS,
Ci10H1804
C3H,O.S;
C14H220
CgH1606
CgH1503
CeH1004S
C13H260,
CHAO,S;
CeH1206
CisH240
Ci12H1404
C7H140s
CoH150,
C14H260,
CeHsOsS
C11H160s
C14H260,
C12H2,0,4
Ci5H240;,
CgH160s
C13H2004
C14H2405
C/H1¢0sS
C1sH300;
CeHsO0sS
C13H1005S
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248.96049
249.15300
250.14487
250.93976
253.21730
255.00995
255.10048
255.16018

A 255.23295

256.93256
256.98921
257.17583
263.03835
264.16052
264.95541
265.14790
267.08741
267.12717
267.16018
269.17583

A 269.24860

270.91183
271.00486
278.97106
280.98671
281.24860

A 283.26425

286.90674
293.13945
293.17583

CioHeS,
Ci12H2605S
C14H21NO5
C1H/0S,

Ci6H3002
CgH1205S

C10H200s

C14H240,4

Ci16H30,

CioHeSs
C7/H1006S

C14H2604
Ci3H1204S
Ci15H23NO5

CiHeO0S,
Ci12H2604S

C13H160s
C11H2405S

C15H240,4

C15H2604

Ci7H340;

Ci10H,0S
CsH1206S
CiHs0S,
Ci1sH10S

CigH340,

C1gH3602
C10H40.S;
C16H2205

Ci17H2604




295.00236
301.23843
303.13686
305.06448
307.21261
310.99727
311.16864
314.93804
317.28499
319.08013
325.18429
329.26973
339.19994
340.97145
341.10894
354.98710
357.30103
359.11950
363.09078
365.24641
369.00275
373.09876
373.25956
373.34759
374.10677
377.08561
387.11441
393.27771
401.13006
401.29086

C1H1.0S
Ci17H3404
C15H240,4
CoH1509
Ci5H3206

C14H1.0.S;

Ci7H2605S

C12Hs0,S;
CooH30
C10H2000

Ci18H3005S
Ci1oH350,4

Ci19H3205S

C14H1004S;

Ci2H22011

Ci15H1204S;
C21H420,4

Ci12H24012

C18H2006S
Ci1oH350,4

Ci16H1404S;

C12H2:015
Ca0H330s
Ca6H160

C1H21NOsS

Ci12H22011

Ci13H24013
C21H40,4

Ci14H26013
C22H4206
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403.30651 C22H4406

415.14571 CisH26013
417.32216 Cu3H4606
421.04978 C24H10N4O,
683.22515 Co4H1405;

Table C-2 Principal component scores calculated for eaatka&sample using the
intensities for them/z values listed in Table C-1; gen = genuine prod@f, =

counterfeit product

Vodka PC1 PC2
Smirnoff (gen) -7.771 1.028
Stoilichnaya (gen) -13.475 0.262

Soviet (gen) 4.120 0.406
Aros (gen) -0.490 4.635
Dannoff (gen) 4.480 4.760
Luxury Blk (gen) 0.146 3.250
Vladivar (gen) 4.914 4.073
Wyborowka (gen) 3.677 3.158
Noble Russian (gen) -14.329 -0.093
Russian Std (gen) -14.550 -0.182
Glens (gen) 2.179 2.449
Troika (gen) 14.284 5.424
Soviet 541 (CF) 7.928 1.299
Smirnoff 648 (CF) -13.448 -0.232
Smirnoff 818 (CF) -13.343 0.206
Arctic Ice 815 (CF) 7.261 5.006
Arctic Ice 886 (CF) 7.027 1.568
Chekov (CF) 1.303 -1.175
Vodka (CF) 7.492 3.418
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Drop (CF)
BB07520 (CF)
BB07682 (CF)
BB02537 (CF)
BB04539 (CF)
BB07813 (CF)
T15737 (CF)

0.867
6.148
-14.335
5.346

9.786
1.543

3.238

-0.787
-9.982
-0.522
-6.812
-8.955
-4.676
-7.525
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Appendix D

Appendix D contains the supplementary information ¢hapter 6 — the use of

carbon nanotubes as an alternative to a matrixAbM analysis.

Table D-1. Assignment of peaks detected in MALDI-TOF spettiraf PEG-1000

plus 2,5-DHB matrix

Assignment m/z
unassigned 176.9284
unassigned 198.8956
unassigned 268.1576
unassigned 338.9832
unassigned 354.9451
unassigned 360.9660
unassigned 521.0155
unassigned 683.0485
unassigned) 699.0276
unassigned 701.3885
unassigned 715.0002

Cs4H700.5Na 789.4453

CseH74010Na 833.4740

CsgH7g020Na 877.4977

CuoHg202:Na 921.5255

CuoHgsO22Na 965.5503

CuaHgoO23Na 1009.5786

CueHosO24Na 1053.6045

CigHogO2sNa 1097.6295

CsoH10026Na 1141.6560

CsoH106027Na 1185.6782
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C54H110023Na. 1229.7060

CseH11400Na 1273.7342
CsgH114050Na 1317.7544
CeoH122031Na 1361.7866
Ce2H12¢03:Na 1405.8080
CesH130033Na 1449.8346
CeeH134034Na 1493.8674
CagH13e018Na 1537.8931

Table D-2: Assignment of peaks detected in MALDI-TOF spettrof substance P

plus 2,5-DHB
Assignment m/z
unassigned 339.0004
unassigned 359.9880
unassigned 360.9842
unassigned 537.0264
unassigned 698.0636
unassigned 699.0625
unassigned 700.0627
unassigned 1037.1111
[M+H]* 1347.8166
[M+Na]* 1369.7984
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