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Abstract

An investigation of the physicochemical properties of isolated biomolecule clusters is
herein described. Three distinct subprojects examine (a) the role several complex organic
ligands may play in the promotion or disruption of guanine quadruplex structure, (b) the solvent
clustering behavior of biologically and pharmaceutically relevant ions, and (c) the differential
mobility spectrometry behavior of protonated nucleobase tautomers. A joint computational and
experimental approach has been taken. Experimental results have been obtained through
techniques such as infrared multiple photon dissociation (IRMPD) spectroscopy, differential
mobility spectrometry (DMS), and circular dichroism (CD) spectroscopy. Support for these
experimental outcomes are provided by computations involving molecular dynamics
simulations and high-level quantum mechanical calculations. Ultimately, findings of the research
conducted will not only impact drug discovery, but will also provide invaluable information that

will aid in the development of a fundamental description of DMS.
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1 Introduction

Atomic and molecular clusters provide a bridge between molecules, which have clearly
defined quantum states, and the condensed phase, where bulk properties emerge.! Interest in
the field of cluster chemistry expands beyond this function however, as unique physicochemical
properties not displayed in either molecules or the bulk phase, are exhibited by clusters.?
Although a number of cluster types exist, the focus on biomolecules is of particular interest,
owing to their ability to model and interpret biological processes. This sub-field encompasses
the study of amino acids, proteins, nucleic acids, and drug candidates. Directions of study were
evaluated based on their relevance and potential impact in the field of drug discovery and
development. This thesis outlines the three distinct subprojects that were chosen in pursuit of
this ambition. Despite the varied nature of the topics explored, together these studies
demonstrate the role cluster chemistry plays in bridging the study of small molecules and
complex biological processes.

The first subproject, discussed in Chapter 3, examines the effects of a number of complex
organic ligands on the promotion or disruption of guanine (G) quadruplex structure. G-
quadruplexes are structures found in guanine-rich sequences of eukaryotic DNA.3 Owing to their
characteristic locations on the promoter region of the oncogenes, and telomeric region of
eukaryotic chromosomes, their study has implications in both the fields of anti-aging, as well as
cancer research.* An increasing large interest is currently being shown in the study of
quadruplex-binding ligands.>-7 These large organic molecules, characterized by the presence of
an aromatic core and basic side chains, can be either naturally-occurring or synthetically
produced.® A better understanding of the interactions of these compounds with G-quadruplexes
would allow for the facilitation of rational drug design for G-quadruplex-selective binding. In this

investigation, we determine the structures and properties of a number of known G-quadruplex



binding ligands, examine their interactions with individual guanine nucleosides, as well as
explore their resulting effect on G-quadruplex structures. A bottom-up approach is taken here,
in that data obtained regarding individual ligand molecules guides the interpretation of ligand-
nucleoside interactions, and ultimately the rationalization of ligand-oligonucleotide three-
dimensional topologies.

The second subproject, outlined in Chapter 4, explores the potential application of an
emerging analytical technique known as differential mobility spectrometry (DMS), with mass
spectrometry-based studies of pharmaceutically relevant drug-like molecules. Drugs that
possess the ability to covalently modify their biological target have approval in the treatment of
a number of physiological conditions.?-11 In fact, nearly 30% of drugs available in the market
today act via a covalent mechanism.'? Advantages of these compounds over traditional,
noncovalent binding drugs include greater biological efficiency, lower required dose, longer
duration of action, as well as the potential to avoid the development of drug resistance.!3
Therefore, interest in covalent inhibitors, as well as their characterization, continues to grow. In
the pursuit of improving covalent inhibitor selectivity, characteristics such as electrophilic
reactivity, bioavailability, and pA: must be evaluated.!*15 In this investigation, the cluster-
binding behaviors of a number of closely-related acrylamide molecules were determined by
DMS, and supported by quantum mechanical calculations. Here we demonstrate that gas phase
DMS clustering behaviour, when treated with a Random Forest supervised machine learning
algorithm, can be used to quantitatively predict a number of properties associated with the
characterization and evaluation of drug candidates. Application of this technique in the drug
discovery process will aim to increase both the accuracy and efficiency of current methodologies.

Lastly, Chapter 5 discusses the use of protonated nucleobase molecules as a vehicle to

further explore both the abilities and limitations of DMS as an analytical method. In this work,



DMS is used to select for individual tautomeric forms of protonated nucleobases. Following
isolation, these molecules were further characterized through both hydrogen-deuterium
exchange (HDX) and collision-induced dissociation (CID) experiments. Upon electrospray
ionization (ESI) of the protonated nucleobase solutions, DMS ionograms showed the presence of
a number of tautomeric species, albeit preference for the creation of a single form of each
nucleobase was evident. These experiments demonstrated the necessity of additional
characterization following DMS isolation; as a number of minor ion signals were found to be
attributed to larger nucleobase-containing clusters which fragment post-DMS, rather than
tautomeric forms of the bare protonated nucleobases. The computational portion of this study
involved electronic structure calculations, which allowed for the assignment of ion signal peaks.
Findings of this study will serve in the development of a fundamental description of differential
mobility spectrometry.

An exhaustive literature review of these systems has identified key areas of study where
current research methods remain insufficient. The application of a joint computational and
experimental approach to the study of these clusters serves to overcome such deficiencies.
Experimental techniques used in these investigations include infrared multiple photon
dissociation spectroscopy, differential mobility spectrometry, and circular dichroism
spectroscopy. Parallel computational work involving both high-level quantum mechanical
calculations, as well as relatively low level molecular dynamics simulations, provide support and

rationalization of experimental outcomes.



2 Methodology

2.1 Introduction to Computational Methods

The computational methods employed in this investigation are particularly useful in the
guidance and interpretation of experiment. These molecular dynamics and quantum mechanical
calculations yield an assortment of information including molecular geometries, charge
distributions, harmonic vibrational frequencies, thermodynamic corrections, and cluster
binding energetics. For complex cluster systems, it is necessary to conduct an exhaustive search
of the potential energy surface to identify stable, chemically-relevant structures (i.e., isomers,
conformers, tautomers). To do this, we incorporate the use of molecular mechanics (MM) as an
optimization method in a custom Monte Carlo-type algorithm which guides the search. To refine
the predictions of our MM-based search of the PES, more accurate electronic structure
calculations are conducted. In general, these are undertaken at the density functional level of
theory (DFT) due to the fact that this method strikes a desirable balance between accuracy and
computational efficiency.

2.1.1 Molecular Mechanics

Molecular mechanics (MM) is a modelling method which makes use of classical
mechanics to predict the potential energies of molecular systems.1617 This technique involves
treating each atom within the molecular system as a single particle, assigning each particle a

particular Van der Waals radius, and treating each bond interaction as a harmonic spring.1® MM

BT = Ke(r—reg)’+ ) Ko(8— 0eq)"+ ) [ -

bonds angles i<j ij ij 1)

can be described with the following simplified equation.
Aj; By qiq;
r €r;;




In the above equation, K defines the force constants for bond stretching and angle
bending and torsional motions. r is the bond lengths, 6 defines bond angles, A and B are both Van
der Waals parameters, q defines the atomic partial charges, and € is equal to the vacuum
permittivity. The first term in the equation describes the harmonic stretching or compression of
each bond, while the second term describes the potential energy contribution as a result of
harmonic bond angle deformations. Both of these terms are truncated from their corresponding
Taylor Series expansions. The last term in the above equation amalgamates the contributions
from both non-bonded terms with Lennard-Jones and Coulomb potentials; electrostatic and Van
der Waals contributions are summed here.l® Molecular mechanics is a coarse model for
molecular properties, but it does provide a very fast means of assessing many (in our case
thousands) of structures for stability and relative energy. This allows for very large molecular
systems to be studied, or even thousands of iterations to be performed within several hours, thus
making MM ideal for use in the scanning of a potential energy surface using the basin hopping

method described below.

2.1.2 Density Functional Theory

Density functional theory (DFT) is an ab initio computational method used in the
modelling of electronic structure of atoms and molecules. This quantum mechanical method
provides a desirable balance between accuracy and computational cost; DFT addresses the
inaccuracy associated with the Hartree-Fock (HF) method, as well as the prohibitive
computational demands of post-HF methods.2? By accounting for electron-correlation effects,
this method improves upon HF which simply approximates these forces as an average Coulomb
repulsion.?! DFT bypasses the problem of solving the many-body Schrodinger equation by
replacing the electronic wavefunction with a function describing the electronic density as the

fundamental quantity. The objective of this method becomes the minimization of the spatially



dependent density functional.2223 Thus, the density functional approach can be summarized by

the following sequence:

n(r) = Y(r,...,ry) = v() @)

To elaborate, knowledge of the particle density, n(r), implies knowledge of the
wavefunction, y(r), and the potential, V(r), and hence all other observables. This is based on the
fundamental concept within quantum mechanics which states that the system’s wavefunction,
y, contains all possible information about the system.

There exist three broad categories of density functional methods. Local density
approximation (LDA) methods depend only on the value of the electron density at the point
where the functional is evaluated. LDA operates on the assumption that the molecule is uniform,
and thus extends this density value to the entire molecule.?* Generalized gradient approximation
(GGA) methods improve upon the description of molecules with nonhomogeneous electron
densities by incorporating the gradient of the electron density as well.?2> Hybrid methods
improve over these standard density functionals by introducing individual electronic
wavefunctions to compute the total energy of a system; the accuracy of these energy calculations
improves upon inclusion of the HF exact exchange component. The Becke, three parameter, Lee-
Yang-Parr (B3LYP) functional, which combines GGA protocols and 20% HF exact exchange,2¢
currently remains the most popular of the hybrid methods, and is the functional utilized within

this thesis.

2.1.3 Basin Hopping
Basin hopping (BH) is a global optimization technique relying on the use of a stochastic-
type algorithm.2” BH samples the potential energy surface (PES) of a molecular system in search

of its lowest energy conformation. This process involves the random displacement of



coordinates, local minimization, and subsequent acceptance or rejection of the new coordinates
based on comparison to the current global minimum (GM) structure.?8 It is not necessary for the
new optimized structure to be lower in energy than the current GM; rather, the new coordinates
must simply fall within a specified thermal distribution of the GM structure. A flow chart

outlining the basin hopping algorithm is provided below (Figure 2.1).

Initial
geometry

Geometry . .
BH iterations < Random
[ becomes new max iterations 7 distortion
geometry
BH MiA
E, becomes . optimization
terminates
new Egy (Calculate E))
ﬂ Is E; lower
than current
ET ?
E E, Discard ¢u'rent
Isa< e;:p(—-'% 7 | geometry and

O=<a<1 grab previous
geomelry

Figure 2.1 Flow chart of basin hopping algorithm.

In Figure 2.1, E; denotes the system'’s potential energy for that particular iteration, Egum is
the system’s lowest potential energy of all iterations performed to that point in the search, and
o is a random number assigned a value between 0 and 1. The ‘Random distortion’ shown is not
entirely random; a number of geometric distortion parameters (i.e. maximum translation and

rotation steps) are defined as part of the BH input.



In order to perform an exhaustive sampling of a system’s potential energy surface, a large
number of BH iterations (typically 10,000 for the cluster sizes studied herein) must be
completed. To allow for this to be done using available resources, and within a reasonable
timeframe, BH exploits the low computational cost associated with the MM modelling method),
BH is able to identify a comprehensive ensemble of unique structures for each system of interest.
These candidate geometries can then be further optimized at higher levels of theory to yield
predictions comparable to experimental data.

2.2 Introduction to Experimental Methods

A fundamental description of the experimental techniques utilized in this investigation is
provided. Each method is unique in both its underlying principles and data offered, such that a

benefit is conferred when a combination of experimental approaches is taken.

2.2.1 Infrared Multiple Photon Dissociation (IRMPD)

Infrared multiple photon dissociation (IRMPD) is a technique that combines mass
spectrometry and laser spectroscopy whereby molecules are photo-fragmented in the gas phase
as a means of structural analysis.?? Although this unimolecular fragmentation can be achieved
either through an increase in temperature, or through the absorption of photons in the
ultraviolet (UV), visible, or infrared (IR) regions of the electromagnetic spectra, IRMPD strictly
relies on the use of IR photoexcitation and dissociation.30

In order for absorption to take place, a vibrational mode must exist with the same
frequency as the laser source.3! Theoretically, a fictional species may exhibit successive
vibrational transitions of the same frequency, and thus an intense source of photons at this
resonant frequency will lead to dissociation. However, this is not the case in practice due to the

fact that all molecules display anharmonicity.32 In reality, a lower frequency will be observed for



each subsequent transition between vibrational energy levels, such that the energy requirement

of the v =0 to v = 2 transition is less than twice of that of the v = 0 to v = 1 transition. 33

Dissociation
threshold
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o

Figure 2.2 Vibrational energy levels of a fictional species void of anharmonic effects (left) and a species
displaying anharmonicity (right).

This anharmonic behaviour can be expressed by the Morse potential. This model

describes the potential energy of diatomic molecules as a function of interatomic distance 34:
V(r) = Do(1— e @(rme))? (3)

Here ris the distance between the atoms, re is the equilibrium bond distance, D. is the
depth of the well (sum of the zero-point and dissociation energies), and a is a parameter that
controls the width of the well. The vibrational structure of these molecules can be approximated
by the following expression, where v is the vibrational quantum number, and w, and w,y, are

constants directly related to the parameters of the Morse potential.3>

E@) = @ (v+3) = wexe(® +3)? 4)



Absorption of the first photon is purely a vibrational transition, however all subsequent
photon absorptions must rely on a combination of vibrational excitation, ro-vibrational mode
excitation, anharmonic compensation, power broadening, and/ or direct multiple photon
absorption.3637 Following absorption of the first few IR photons, the absorption modes of the
molecule are able to mix with the high state density background modes. Favorable mixing of
vibrational states at this stage allows for the depopulation of the absorbing modes and further
absorption of photons in a process called intramolecular vibrational energy redistribution (IVR).
Efficient IVR allows for the system to absorb photons until the dissociation threshold is reached;

the molecule has sufficient energy to fragment. 36:37

Dissociation
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Figure 2.3 Model of IR multiphoton absorption.

For the work described here, IRMPD experiments are performed through the use of the
tunable free electron laser (FEL) available at the Centre Laser Infrarouge D’Orsay (CLIO). Unlike
conventional lasers which utilize excited atoms or molecules, the FEL makes use of a high energy
electron beam passing through a magnetic undulator to produce light.38 Retro-reflecting the axial

component of the emission serves to stimulate emission and produce coherent (laser) light.
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Figure 2.4 Schematic diagram of free electron laser. 38

Initially, the electron beam, sourced from the thermoionic gun, is accelerated to near the
speed of light through the linear accelerator. After being steered through the quadrupoles, the
beam makes its way to the undulator where it oscillates through a series of alternating
magnets.3® The centripetal acceleration that occurs within the undulator results in the
production of the necessary IR photons; these can now interact with the molecule/cluster of
interest, previously ionized by electrospray ionization (ESI), and stored within the quadrupole
ion trap (QIT). It is within the QIT where the IRMPD process takes place, and resulting mass

spectra are obtained.38

2.2.2 Circular Dichroism

Circular dichroism (CD) spectroscopy is a method often employed in the structural
determination of large biological molecules.3° CD is defined as the difference in the absorption of
left-handed circularly polarised light (L-CPL) and right-handed circularly polarised light (R-
CPL). It occurs only when a molecule contains one or more chiral chromophores.#0 CD
spectroscopy involves the measurement of the CD of the molecule of interest over a range of

wavelengths.

CD = A(A)vr-cpL - A(A)Rr-cpL (5)
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All polarized light can be described as the sum of two polarized states at a right angle to
each other. When these polarized light waves of equal amplitude are in-phase, the result is
linearly polarized light. If the two waves are out of phase to any degree, the resultant light is no
longer linearly polarized.*! Circularly polarized light (CPL) is a consequence of a helix formed

when the two polarized states are a quarter wave out-of- phase.*!

Linear

| Circular

Figure 2.5 Linear (left) and circular (right) polarized light.

Biological compounds lend themselves well to study by CD spectroscopy due to their
predominantly chiral nature. The main attraction of this spectroscopic method is its ability to
discriminate between the various topologies of large macromolecules such as proteins, DNA, and
G-quadruplexes.?? This is due to the fact that the CD spectra of these compounds is largely
dependent on their 3-dimensional structures rather than composed of a sum of their individual
chiral components. Applications of this method include the study of structural changes as a result

of various factors including temperature, pH, and introduction of ligands of interest.4?
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Figure 2.6 Schematic of CD spectrophotometer.

CD experiments are performed through the use of a spectrometer, a schematic of which
is provided in Figure 2.6. Initially, light from a broad emission source is passed through a
monochrometer which allows for the selection of a desired wavelength of light. The selected
linearly polarized monochromatic light then passes through a filter, followed by passage through
a polarizer and photo elastic modulator. It is within these last two components where the
creation and modulation of circularly polarized light takes place. Finally, the CPL is allowed to
pass through the sample, and a signal is recorded on the detector. In the absence of an optically-
active molecule, neither L-CPL nor R-CPL will be absorbed preferentially, thus only a steady
output will be measured by the detector. A chiral molecule is necessary in order to yield any
interpretable results.3?

Although the use of CD spectroscopy confers many benefits including speed of acquisition
and the ability to differentiate various topologies, a drawback of this technique lies in the fact
that the results are largely qualitative. Typically, the detected signal from a CD spectrometer
must be compared to a previously-constructed library of reference topologies in order to
perform any data interpretation.3® An example of this includes the reference library used in the

interpretation of results of the G-quadruplex subproject.*3
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2.2.3 Differential Mobility Spectrometry

Ion mobility spectrometry (IMS) widely refers to the identification or characterization of
ions by some property of their transport through a medium under the influence of
electromagnetic fields.#4-#6 Unlike traditional IMS methods, differential mobility spectrometry
(DMS) is dependent on the change in ion transport as a function of electric field at atmospheric
pressure.*’

DMS involves the transport of sample ions by flow of a carrier gas between two parallel
plate electrodes. These electrodes apply an asymmetric electric field perpendicular to the flow
of the transport gas whose amplitude in one polarity is referred to as the separation voltage
(SV).*8 This modulated asymmetric waveform leads to the “zigzagging” motion of the sample
ions as they move toward the channel’s exit. In order to correct ion trajectories, a
counterbalancing compensation voltage (CV) is applied within the DMS cell.#° Ions that
experience a net zero voltage will pass through the channel and be detected, whereas all others
will migrate towards an electrode and subsequently be neutralized. Therefore, differences in ion
mobility in high and low electric fields can be described by the CV required for trajectory

correction at a particular SV.>°
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Figure 2.7 Schematic diagram of differential mobility spectrometer. Adapted from reference 47.
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The addition of a volatile solvent to the DMS carrier gas has demonstrated the ability to
alter ion mobility further.#45152 This effect arises as a result of dynamic clustering and de-
clustering within the DMS environment. Ion solvation takes place under the low- field portion of
the SV waveform, while the high-field portion lends itself to spontaneous de-clustering.>? It is
this dynamic process that allows for the separation of isomers with even minor variations in

solvent binding energies.

cv
Type C

(hard sphere)

Figure 2.8 Possible exhibited DMS behaviors. Adapted from reference 47.

In order to visualize and interpret DMS behavior, the CV at which the maximum ion
transmission takes place, is graphed as a function of SV, in what is referred to as a dispersion
plot.#7 As illustrated in Figure 2.8, a number of prototypical DMS behaviors can be observed. In
Type A, CV is seen to decrease with an increase in SV; this comes as a result of strong clustering
between cations and the solvent modifier.#44” Weak-clustering ions exhibit Type B behaviour,
whereby an initial decrease in CV is observed as SV increases, until an extremum is reached,
followed by an increase in CV as SV is increased. Lastly, Type C describes DMS behaviour
whereby no clustering takes place, and subsequently only a positive relationship between CV

and SV is observed.**47
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3 G-Quadruplexes

3.1 Introduction

Guanine (G) quadruplexes are comprised of two or more G-tetrads, and are often found
in guanine-rich sequences of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).>3 These
planar, stacked structures are formed by Hoogsteen hydrogen bonding of guanine bases, and are
further stabilized by the presence of a monovalent metal ion.5* By occupying the central cavity
between stacked tetrads, the metal cation is able to neutralize the electrostatic repulsion of the
inward-facing 06 oxygens, ultimately stabilizing the G-quadruplex. Owing to their respective
ionic radii, the potassium ion (K+) promotes the formation of the most stable G-quadruplexes,>>

whereas the sodium ion (Na*) has been shown to result in the most stable G-tetrad.>¢
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Figure 3.1 (Left) Structure of cation-stabilized G-tetrad, and (right) structure of cation-stabilized G-quadruplex.

G-quadruplex conformation is influenced by both the DNA sequence as well as the folding
reaction conditions, thus giving rise to extensive structural polymorphism.>3 These structures
may be formed from one (intramolecular) or two or more (intermolecular) DNA strands, and
can be further described in terms of the strand orientations (parallel, antiparallel, or hybrid).4>3
It is difficult to predict which combinations of DNA and folding conditions will result in a

particular structure, therefore each combination must be characterized empirically. The
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formation of G-quadruplexes has been shown to be thermodynamically favorable under
physiological conditions.* Potential sites of quadruplex formation have been identified in G-rich
sequences of eukaryotic telomeres, as well as recently in promoter regions of non-telomeric
genomic DNA.57

These structures have been implicated in a number of biological processes, including the
inhibition of telomerase activity and the ability to control gene expression.® The telomerase
inhibition function is of particular interest, as this ribonucleoprotein is active in 80 to 85% of
cancer cells. Activation of this enzyme within certain cells essentially confers immortality, a
largely undesirable trait when associated with cancer. Limiting the proliferative capacity of
malignant cells through telomerase repression is a prominent focus of current research in
oncology.>¢

A number of studies have established the potential of G-quadruplex structures as
anticancer drug targets.>78 For example, several cationic porphyrins have demonstrated the
ability to inhibit telomerase activity in human cancer cells by binding to, and consequently
stabilizing, G-quadruplexes.858 Although a great deal of effort has been directed toward the
research and identification of potent G-quadruplex binders, the exact binding mode of these
ligands remains largely unknown.5® Potential applications in the field of anticancer drug
development makes the study of G-quadruplex-ligand interactions promising.

3.2 Methodology

A joint computational and experimental approach was taken to study the role several
organic ligands may play in the promotion or disruption of guanine quadruplex structures. The
computational portion of this investigation focused on examining the specific interactions
between a number of known G-quadruplex binders and guanine, at the molecular scale. This was

done using a series of alternating high- and low-level calculations, which allowed for the
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determination of molecular geometries, clustering interactions, and binding energies. The
experimental portion relied on the use of IRMPD spectroscopy, electrospray ionization mass
spectrometry (ESI-MS), and CD spectroscopy. The IRMPD experiments yielded frequency
spectra of deoxy- and guanosine-ligand clusters which, when combined with computational
frequency predictions, identify the nature and locations of the interactions taking place. In
contrast, the MS and CD experiments were performed on solutions of ligands with
oligonucleotides, to yield information regarding quadruplex formation at the macromolecular

scale. Details of both computational and experimental methodologies are outlined below.

3.2.1 Computational

The computational portion of this investigation involved a series of molecular dynamics
simulations and high-level quantum mechanical calculations, all of which were performed with
the Gaussian09 program.®® The process of alternating between high- and low-level calculations
allows for both the sampling of the potential energy surface (PES), as well as acquiring accurate
electronic energies. Although the ultimate goal of this study focuses on the interaction of these
complex ligands with G-quadruplexes, abottom-up approach was taken in order to better predict
the resulting physicochemical properties. This approach involves calculations examining the

ligands of interest®1-64 (Figure 3.2) clustered with a neutral guanine molecule.
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Figure 3.2 Structural formulae of ligands examined in the computational portion of this investigation (a) 360A
(2-N,6-N-bis(1-methylquinolin-1-ium-3-yl) pyridine-2,6-dicarboxamide), (b) PhenDC3 (3,3’-[1,10-
phenanthroline-2,9-diylbis(carbonylimino)]bis[1-methyl-Quinolinium]), (c) PDS (4-(2-aminoethoxy)-N2,N6-
bis[4-(2-aminoethoxy)-2-quinolinyl]-2,6-pyridinedicarboxamide), (d) TMPyP4 (5,10,15,20-tetra- (N-methyl-4-
pyridyl)porphyrin), (e) TrisQ (triazoniatrinanaphthylene).

Initially, all five ligands and a neutral G molecule were optimized using DFT with the

Becke, three parameter, Lee-Yang-Parr (B3LYP) hybrid functional, and 6-311++G(d,p) basis set.
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Atomic partial charges were also calculated at this stage using the charges from electrostatic
potentials using a grid-based method (CHELPG). BH with the universal force field (UFF)
prediction then samples the PES of all molecules whose structures are not rigidly defined;
dihedral angle manipulations are explored for all ligands excluding TrisQ, which displays zero
degrees of freedom with respect to its conformation. Each BH routine involves 10,000 steps and
a relatively high thermal energy of 0.5 eV. Dihedral angle rotations are set at a maximum of 3°
per BH step. Subsequently, analyses are performed in order to identify a much smaller number
of candidate structures from the 10,000 output files yielded by each BH routine. This analysis
process involves the rank-ordering of all output files by their electronic energies, and the
specification of a minimum derivative value, whereby all structures that vary by an electronic
energy less than this value are considered identical. In Figure 3.3, plateau regions depict a large

number of files with essentially identical structures and electronic energies.
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Figure 3.3 Basin hopping study of PhenDC3-G monomer clusters. Here, 10,000 BH steps identified 14 unique
candidate geometries.
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Next, DFT optimization of the candidate structures takes place using the B3LYP
functional and 6-311++G(d,p) basis set, and the lowest energy structure is identified. The next
stage of BH involves the sampling of each G-ligand cluster PES in five individual routines. BH
analyses are once again performed in the determination of unique structures. Finally, the
optimization of all candidate geometries at the DFT/B3LYP/6-311++G(d,p) level of theory
completes the computational process.

3.2.2 Experimental

The experimental portion of this investigation involved the use of IRMPD spectroscopy
at the Centre Laser Infrarouge D’Orsay (CLIO) in Orsay, France, as well as ESI-MS and CD
spectroscopy experiments performed at the Institut Européen de Chimie et Biologie (IECB) in
Bordeaux, France. IRMPD yielded frequency spectra of the PhenDC3 and 360A ligands
individually, as well as those of their respective clusters with guanosine and deoxyguanosine. In
contrast, the MS and CD experiments explored the resulting three-dimensional G-quadruplex
topologies as a number of parameters were manipulated in oligonucleotide-ligand solutions.
CLIO Experiments

IRMPD spectra were recorded using the free electron laser (FEL) at the University of
Paris’ CLIO facility.?® Aqueous solutions were prepared in (50/50 vol%) methanol/water with
0.1% formic acid, at concentrations of approximately 100 pmol/L. Solid guanosine and
deoxyguanosine (Sigma Aldrich), mixed with stoichiometric quantities of 360A (iodide salt) and
PhenDC3 (methylsulfonate salt) ligands (provided by Marie-Paule Telaude-Fichou at the
University of Paris), were used without further purification. Solutions were continuously
injected at 100 uL/hour into a Bruker 3000+ quadrupole ion trap mass spectrometer using an
electrospray ionization source (Agilent) in positive ion mode. The gas-phase ions were then

mass-selected and subsequently irradiated by the FEL over arange of 800-1800 cm-1. Vibrational
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spectra were generated by monitoring the depletion of the parent ion signal, and corresponding
daughter ion signal enhancement. The reported spectra illustrate IRMPD efficiencies (-

log(parent) | (Uparent + Ifragments)) as a function of photon wavenumber.

IECB Experiments

Oligonucleotides were purchased from Eurogentec in reverse-phase purified lyophilized
form, and subsequently dissolved in nuclease-free water (Ambion, Life technologies SAS). Seven
DNA sequences were selected for study based on their presence in, or relevance to, the human
telomeric sequence: GGGTA, TTAGGGT, AGGGTT, TGGGT, TAGGGT, TTAGGG, and GGGTTA
(where T is thymine, and A is adenine). Ligands PhenDC3 and HK21 (structure provided in
supplementary information), supplied by Marie-Paule Telaude-Fichou at the University of Paris,
were also dissolved in nuclease-free water.

UV absorption of the oligonucleotide stock solutions were measured at 260nm (Uvikon
XS) and concentrations were subsequently determined after applying molar absorption
coefficients and Cavaluzzi-Borer corrections®> obtained from the Integrated DNA Technologies
website. Oligonucleotides were then combined with trimethylammonium acetate (TMAA, Fluka
Analytical), a salt solution (either potassium chloride or strontium acetate), ligand solution
(PhenDC3 or HK21), and nuclease-free water. These solutions contained higher concentrations
of the DNA sequence, salt solution, and ligand, than were ultimately measured by MS or CD. These
‘folding’ solutions were left undisturbed for various lengths of time, in order to allow for
quadruplex folding. Herein, all results describe solutions which were left to fold for one day.
Immediately preceding MS or CD experiments, ‘analyzed’ solutions were diluted with TMAA,
TTTTTT (T6) oligonucleotide solution, and nuclease-free water, to prepare the ‘analyzed’

solutions. Salt solutions were included for the purpose of introducing a quadruplex-stabilizing
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cation, TMAA was added to maintain physiological ionic strength, and T6 is included as an

internal standard. The composition of the ‘folding’ and ‘analyzed’ solutions are as follows.

Table 3.1 Oligonucleotide-ligand solution compositions.

‘Folding’ solution ‘Analyzed’ solution
Single-stranded DNA 1.00 mmol/L 40.0 pmol /L
Quadruple-stranded DNA 250 pumol/L 10.0 umol/L
TMAA 100 mmol/L 100 mmol/L
Salt solution (KCI or Sr(OAc)2) 25 mmol/L 1 mmol/L
Ligand (PhenDC3 or HK21) 750 pmol/L 30.0 umol/L
T6 - 2.50 pmol/L

CD experiments were performed with a JASCO J-815 spectropolarimeter using a quartz
cell of 2 mm path length. All reported spectra are the sum of three scans, acquired at 20°C with
a scan speed of 50 nm/min and integration time of 0.5 s in the range of 240 nm to 340 nm. The
CD were normalized to molar circular-dichroic absorption (A¢) based on DNA concentration

using the following equation:

he= —2— (6)

Here 0 is the CD ellipticity in millidegrees, c is the DNA concentration in mol/L, and [ is

the path length in cm. Baseline spectra were recorded for solutions containing 100 mmol/L
TMAA and 1 mmol/L KCIl, and subsequently subtracted from oligonucleotide-ligand spectra.
All mass spectra were obtained in negative ion mode using an LCT Premier mass
spectrometer (Waters). The electrospray ionization source had a set voltage of 2200 V, a
desolvation temperature of 60°C, and a source pressure of 35 mBar. ‘Analyzed’ solutions shown
in Table 1, were injected at a rate of 200 uL/h, and the resulting ion signal intensities with a

mass-to-charge (m/z) ratio between 800-2400 were recorded. Interpretation of the spectra

requires determining the charge states of the ion signals, according to the following equation:
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1
2l = e ™

Here the charge state of the ion signal (z) is calculated at the inverse of the apparent

separation between isotopologue peaks (A ?) for the peak of interest. By multiplying the m/z

ratio of a given peak by its corresponding charge state, the mass of the ionic complex is obtained.
Stoichiometries of DNA: cation: ligand can now be assigned to ion signals. The cation
stoichiometry provides insight into the number of stable guanine quartets present; given that
cations intercalate between adjacent quartets, the number of stable quartets is equal to one more

than the number of cations.*2

3.3 Results and Discussion

3.3.1 Ligand structures

The calculated global minimum (GM) of the PhenDC3 ligand, as well as the next two
lowest-energy isomers, are shown in Figure 3.4. Dihedral angles within this molecule were
distorted in order to find the most stable conformation. The GM shown here was determined to
be a roughly symmetrical molecule, with respect to the orientation of the quinolinium moieties.
The dihedral angles between these moieties and the phenanthroline group allow for hydrogen
bonding to form a six-membered ring, which appears to confer stability within this molecule.
Unlike the optimized higher-energy isomers of this compound, the next two most stable forms
also show the quinolinium moieties orientated away from the phenanthroline subgroup.
However, neither isomer 2 or 3 exhibit two hydrogen-bond-stabilized six-membered rings.
Given that all three of isomers fall within a range of ~20 k]J/mol, a range which is considered
thermodynamically stable, it is possible that all are present in the gas phase. This assumption is

validated by the IRMPD spectra shown in Figure 3.5.
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Figure 3.4 The three lowest-energy isomers of the PhenDC3 ligand. Relative Gibbs' energies as calculated using
B3LYP/6-311++G(d,p) level of theory at 298K are provided in k] /mol.

The XYZ coordinates of the GM structure for each ligand in Figure 3.2 are provided in
Appendix I. The lowest energy conformation for all ligands displayed a high degree of symmetry
and planarity, as well as a characteristic side-chain orientation resulting in the forming of
hydrogen-bond-stabilized six membered rings.

In order to evaluate the accuracy of our computational predictions, calculated frequency
spectra of the PhenDC3 and 360A ligands were compared to IRMPD spectra obtained using a
FEL. Figure 3.5 plots the experimental IRPMD spectra against the computed frequencies of the
three lowest-energy isomers of PhenDC3, as calculated at the B3LYP/6-311+G(d,p) level of
theory. Due to the fact that these harmonic frequency calculations do not account for the effects
of anharmonicity, the calculated spectra predict vibrational peaks at wavenumbers higher than
those displayed in the experimental spectra. In order to correct for this, a commonly used DFT
scaling factor of 0.9679 has been applied to the computed spectra displayed.®® The calculated
spectra of the three lowest-isomers of PhenDC3 display good agreement with the experimental
spectra shown. This suggests that all three are likely present, and thermodynamically stable, in

the gas phase.
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Figure 3.5 Comparison of the experimental IRMPD spectrum of PhenDC3 to the calculated IR spectra of (A) the

global minimum and the next two lowest-energy isomers with relative Gibbs' energies of (B) 15.8 k]/mol, and

(C) 20.9 k] /mo], respectively. Computational spectra have been calculated at the B3LYP/6-311+G(d,p) level of
theory, and a DFT scaling factor of 0.9679 has been applied.

Based on the comparison between the calculated and experimental spectra shown in
Figure 3.5, we are able to assign the observed vibrational bands to normal modes associated with
the lowest-energy isomers of PhendDC3. The peak at ~1100 cm-1, shown highlighted in red, can
be assigned to H-scissoring and ring N-stretching motions. The vibrational peaks highlighted in
blue can be confidently associated with the stretching of bonds within the ring systems. The
vibrational peak observed at ~1475 cm-!, shown highlighted in green, is attributed to a

combination of H wagging and ring stretching motions. Lastly, C=0 stretching results in the
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vibrational band observed at approximately ~1700 cm-! as highlighted in yellow. Both the green
and yellow highlighted bands exhibit low intensities relative to the predicted spectra. Inefficient
coupling between these normal modes and the dissociative threshold leading to fragmentation
at the sites of these vibrations within the molecule, are likely leading to the evident difference in

intensities.

3.3.2 G-ligand interactions

The high level of agreement between our predicted IR spectra, and that obtained
experimentally, instills confidence in the computational methods used to study the structures of
these ligands with guanine. We can now turn our attention to studying G-ligand interactions.
Figure 3.6 illustrates the lowest-energy conformations of the clusters containing the quadruplex-
binding ligands with guanine. Here, the sites of interaction between the ligands and G are
highlighted, and the resulting H-bonds are shown as dotted lines. We observe that the carbonyl
oxygen of the guanine is always oriented to interact with the positively-charged site on the ligand
molecule. All ligands, except for PhenDC3, show the G molecule oriented roughly in the same
plane as the largely planar ligands. In contrast, the lowest energy-conformation of the G-
PhenDC3 cluster exhibits guanine positioned at a perpendicular angle, and inserted between the
quinolinium moieties of the ligand. The manner in which the ligands interact with guanine shown
here, can be used to predict the binding sites of these ligands on G-quadruplexes. The nature of
the interaction between ligands 360A, PDS, TMPyP4, and TrisQ, with guanine, predicts non-
quartet G-quadruplex binding; these ligands will likely cluster with the DNA backbone of the
quadruplex, rather than stacking with the G-quartet itself. In contrast, PhenDC3 should display

intercalation between quartets of the G-quadruplex.
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Figure 3.6 The lowest-energy conformation for each ligand clustered with guanine, as calculated at the
B3LYP/6-311++G(d,p) level of theory.
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Binding energies (BE) of the ligands with guanine were calculated according to equation
8. Zero-point energies were included for each species. Thus, the reported BEs are equivalent to

the dissociation energies of the clusters, which represent the maximum BEs.

BE = (Eygana + ZPEjigana + Esowent + ZPEsowent) = (Ectuster + ZPEcpuster) 3)

Table 3.2 summarizes the zero-point corrected binding energies for the lowest-energy
conformation of each G-ligand cluster. Here, we see that all ligands exhibit strong binding to
guanine; each cluster has a dissociation energy of greater than 1 eV. The strongest binding is
observed in the G-PDS cluster; a BE of 2.2 eV is relatively unsurprising, as the interaction
between guanine and PDS involves hydrogen bonding of a positively-charged site on the ligand,
with two electronegative atoms on the nucleobase, to result in a six-membered ring. In contrast,
the lowest binding energy is observed in the G-PhenDC3 cluster, which may be due to changes in

the ligand structure caused by nucleobase insertion.

Table 3.2. G-quadruplex-ligand binding energies of the lowest-energy cluster conformations, as calculated at the
B3LYP/6-311++G(d,p) level of theory.

Ligand Binding Energy (eV)
360A 1.24
PDS 2.22
PhenDC3 1.13
TMPyP4 1.51
TrisQ 1.88

The determination of binding energies plays an important role in the study of
quadruplex-binding ligands. By binding to G-quadruplexes, ligands are able to stabilize these
structures,”® and ultimately prevent the expression of the largely undesirable enzyme
telomerase. Thus, ligands that are predicted to bind more strongly to quadruplexes will likely be
more difficult to dislodge or dissociate, and thus will confer greater stability to the G-quadruplex

structure.
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A comparison of the IR frequency spectra of protonated guanosine, PhenDC3 ligand, and
their resulting complex, is shown in Figure 3.7, Here the red-highlighted region of each spectra
encompasses the vibrational peaks associated with the carbonyl stretching motion. As expected
by the G-ligand calculations, we see a shift to a lower frequency for this vibrational peak upon
complexation. This C=0 stretching band in the protonated guanosine spectrum is observed at a
frequency of ~1770 cm%, however upon clustering with the PhenDC3 ligand, we see that the
complex results in a shift of ~100 cm-1. This indicates that it is the carbonyl site of the guanine,

as well as the protonated guanosine, that is the location of interaction for the cluster.

Normalized Intensity

1000 1200 1400 1600 1800 2000
Wavenumber / cm”
Figure 3.7 Comparison of the experimental IRMPD and calculated IR spectra of (A) protonated guanosine (B)
PhenDC3 liagnd, and (C) protonated guanosine-PhenDC3 complex, respectively. Experimental spectra is shown
in black, calculated spectra for the lowest-energy isomer of each is shown in red. Computational spectra have

been calculated at the B3LYP/6-311+G(d,p) level of theory, and a DFT scaling factor of 0.9679 has been
applied.
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3.3.3 Antiparallel Tetramolecular G-quadruplexes

Despite the extensive structural polymorphism exhibited by intramolecular and
bimolecular G-quadruplexes, those composed of four individual nucleotide strands
(tetramolecular) have only ever been observed in a single conformation.>357 Specifically, these
tetrameric structures are said to only exist with all strands parallel to one another, such that all
strands have the same 5’ to 3’ orientation, and the guanine glycosidic torsional angles are all in
the anti conformation.>3 Interestingly, as part of a collaboration with the Gabelica group at the
University of Bordeaux, a member of the Hopkins Lab identified a possible example of an
antiparallel tetramolecular G-quadruplex. This classification has not been observed previously,
thus significant efforts were put forth to verify the observed structure. Here, the resulting G-
quadruplex topology is explored as a number of parameters (i.e. nucleotide sequence, cation,
quadruplex-binding ligand, stoichiometries) are manipulated. The parameters observed to
result in this antiparallel tetramolecular topology include the GGGTTA DNA sequence, K+ cation,

with 3 equivalents of PhenDC3 per quadruplex.

Nucleotide Sequence

Seven DNA oligonucleotide sequences which either contain, or are closely related to, the
human telomeric sequence repeat (GGGTTA) were initially evaluated. ESI-MS spectra of these
sequences with TMAA, KCl, and PhenDC3 (prepared according to specifications in Table 1), were
evaluated to determine the degree of quadruplex formation. With the use of an oligonucleotide
internal standard (2.5 umol/L T6) that does not form quadruplex structures,®’ the extent of
quadruplex formation for the oligonucleotide sequence of interest can be elucidated.
Comparison of the peak height of the internal standard, to those corresponding to the monomer

as well as the ligand-bound and unbound quadruplexes of the sequence of interest, yields the
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degree of quadruplex formation. Figure 3.8 displays the resulting ESI-MS results of the four DNA

oligonucleotides containing the human telomeric sequence.

AGGGTT [Te)? GGGTTA

[monomer]?
1004 [monomer]?

1004

__:_rr.]"

-~

[ miz
a0a 1000 1200 1400 1600 1800 20040 22040 1000 1200 1400 1600

(T> TAGGGT

0y

[monomer]*
it

[monamer]*

[Tel*

1000 1200 1400 1600 BOD 1000 1200 1400 1600 1800 2000 2200

Figure 3.8 Mass spectra of solutions containing 40 pymol /L DNA oligonucleotide (sequence denoted), 100
mmol/L TMAA, 1 mmol/L KCl, 7.5 pmol/L PhenDC3, and 2.5 pmol/L T6.

Each DNA sequence shown in Figure 3.8 has a molecular weight of 1847.3 g/mol, and
carries a [-2] negative charge, to give an observed m/z ratio of 923.7. Peaks corresponding to
this monomer are labelled. Similarly, the T6 sequence has a molecular weight of 1763.2 g/mol,
and carries as [-2] negative charge, for an m/z ratio of 881.6. Peaks corresponding to quadruplex
structures vary depending on both their charge and number of bound ligands, however the most
dominant quadruplex signals are attributed to those carrying a combination of [-5] or [-6] charge
with either two or three bound PhenDC3 ligands. Zooming in on these signals elucidates the
number of cations (K* here) present. Based on the intensities of the quadruplex ion signals
relative to the internal standard, two ligand sequences were selected for further evaluation;

GGGTTA and TAGGGT both displayed a high degree of quadruplex formation under the stated
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conditions. In order to evaluate the three-dimensional conformation of these structures, CD

spectra were obtained.

—— GGGTTA
150 — TAGGGT
100
w
< 50 -
04
-50 T T T T T T T T T 1
240 260 280 300 320 340

Wavelength (nm)

Figure 3.9 CD spectra of solutions containing 40 pumol/L DNA oligonucleotide, 100 mmol/L TMAA, 1 mmol/L
K(], and 7.5 umol/L PhenDC3.

The CD spectra shown in Figure 3.9 illustrate the difference in quadruplex topology as a
result of the DNA sequence used. The spectra of parallel quadruplexes are characterized by the
presence of a negative peak at ~240 nm and a positive peak at ~260 nm.#3 Alternatively, the
spectra of antiparallel G-quadruplexes display a local minimum at ~260nm and a global
maximum at ~290 nm.*3 Here, we see that under the described conditions, the solution
containing the TAGGGT sequence displays bands corresponding to a parallel quadruplex
structure. In contrast, the GGGTTA sequence results in the formation of a previously unobserved
antiparallel tetramolecular quadruplex, as evident by the characteristic antiparallel bands
previously described. Thus, we turn our focus to experiments involving the GGGTTA sequence

exclusively.
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Next, the effect of the ligand on the quadruplex topology was explored. Here, mass spectra
were obtained for solutions containing either no ligand, or PhenDC3, TrisQ, or HK21, in a 3:1
stoichiometric ratio of ligand to quadruplex concentration. The resulting spectra indicated that,
regardless of the ligand conditions used, quadruplex formation took place. However, upon
further inspection of the ion signals, it was determined that the TrisQ ligand was not bound to
the quadruplex, and thus evaluation of solutions containing this ligand were unwarranted. CD
experiments were performed on the solutions containing either no ligand, or PhenDC3, or HK21.
Figure 3.10 captures the resulting three-dimensional quadruplex topology as a result of the
ligand used. Here, we see that the solution containing no ligand results in a parallel G-quadruplex,
as evident by the characteristic negative peak at ~240 nm and the global maximum positive peak
at ~260 nm. In contrast to this, and the antiparallel structure exhibited with PhenDC3, the
solution containing HK21 ligand resulted in a hybrid topology. That is, the resulting HK21-bound
quadruplex exhibits G-quartets where three guanines are in an anti conformation and one
guanine is in a syn orientation, or vice versa. Thus, we proceed with experiments involving only

the PhenDC3 ligand hereafter.
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Figure 3.10 CD spectra of solutions containing 40 pmol/L GGGTTA DNA oligonucleotide, 100 mmol/L TMAA, 1
mmol/L KC], and 7.5 pmol/L ligand.

At this stage, the ratio of ligand to DNA oligonucleotide concentration within the solutions
was assessed. Solutions containing either 0, 1, 3, or 5 equivalents of PhenDC3 per quadruplex,
were evaluated. Both spectra containing either no ligand or 1 equivalent of ligand to quadruplex,
resulted in a parallel topology. In contrast, solutions containing either 3 or 5 equivalents
produced a CD spectra characteristic of antiparallel topology. Thus, to further evaluate the
existence of antiparallel tetramolecular quadruplexes, a minimum of 3 ligand equivalents per
quadruplex was used.

The last parameter to be evaluated was the quadruplex-stabilizing cation used. Here, we
included either potassium chloride or strontium acetate to provide K+ or Sr?*, respectively. Mass
spectra obtained of solutions containing these salts both displayed a high degree of quadruplex
formation. However, upon further examination by zooming in on the mass spectra, we observed
that despite the inclusion of strontium acetate, no strontium ions had complexed with the

quadruplexes. Rather, sodium ions, which were not intentionally introduced to the solution,
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were performing as the required stabilizing cation. Experiments with strontium acetate as the

salt solution were repeated several times, however sodium contamination could not be avoided,

and all resulting mass spectra illustrated the presence of these cations.
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Figure 3.11 Mass spectra of solutions containing 40 umol/L GGGTTA DNA oligonucleotide, 100 mmol/L TMAA,
1 mmol/L Sr(0Ac)z, 7.5 pmol/L PhenDC3, and 2.5 pumol/L T6.

In the above figure, M denotes the number of oligonucleotide monomers (M4
quadruplex), L is the ligand, and Sr depicts the number of strontium ions present.
These experiments have established the existence of the antiparallel tetramolecular

quadruplex, as well as the DNA sequence, ligand, and cation, required to form this topology.
Further studies using nuclear magnetic resonance (NMR) spectroscopy and X-ray

crystallography to determine the exact structure did not prove to be fruitful. The resulting NMR
data, as provided in Appendix I, displayed a very convoluted spectrum, pointing to the presence

of multiple structures. The X-ray crystallography experiments also did not yield any useful

information, as no crystals suitable for analysis had formed within six months (at the time of

writing this thesis) following their preparation. Collaboration with another group well-versed in
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X-ray crystallography is currently being pursued, in order to establish structure of these

quadruplexes.

3.4 Conclusions

The potential energy surface of a number of known G-quadruplex-binding ligands were
explored using the basin hopping search algorithm. The unique isomers identified by this search
were then optimized at the density functional level of theory, and their respective IR frequency
spectra were obtained. Optimized geometries of these ligands exhibited roughly planarly-
oriented sidechains. Experimental IRMPD spectra of two of these ligands were obtained using a
free electron laser, and subsequently compared to computational predictions. A good degree of
agreement was found between the experimental and calculated spectra, thus allowing for the
assignment of normal modes to observed vibrational peaks. We determined that the
computational methods employed here are suitable for the study of G-quadruplex binders. Basin
hopping was then used to explore the potential energy surface of guanine-ligand clusters.
Lowest-energy conformations of these clusters were then evaluated to determine the nature of
the guanine-ligand interactions, as well as the resulting cluster dissociation energies. Ligands
360A, PDS, TMPyP4, and TrisQ all displayed guanine molecules in a roughly planar orientation
to the ligand, whereas PhenDC3 showed a perpendicular orientation resulting in insertion of the
guanine in its quinolinium sidechains. Data obtained regarding these interactions predicts
PhenDC3 as the only ligand to intercalate between G-quartets within a quadruplex.

As part of a collaboration with the Gabelica group at the University of Bordeaux, the
existence of the previously unobserved antiparallel tetramolecular quadruplex was evaluated.
Manipulation of a number of parameters including the DNA oligonucleotide sequence, stabilizing
cation, ligand, and ligand stoichiometries, were explored. Studies on several DNA

oligonucleotides related to the human telomeric sequence established the extent to which they

37



fold into G-quadruplexes. Of the sequences displaying the greatest quantity of folded quadruplex,
only the GGGTTA sequence produced the desired antiparallel structure. It was determined that
potassium should be used as the quadruplex-stabilizing cation, as studies with strontium
displayed only sodium cation insertion, even when no sodium was intentionally added to the
solution. We also found that the PhenDC3 ligand, when used in combination with the other
optimized parameters resulted in an antiparallel topology. Although these experiments have
established the existence of the antiparallel tetramolecular quadruplex, further studies must be

conducted to unequivocally determine the exact structure.
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4 Pharmaceutically Relevant Ions

This chapter is comprised of a manuscript which ready for submission. My role involved the
completion of all differential mobility spectrometry experiments, as well as all calculations prior

to treatment with the Random Forest supervised machine learning algorithm.

4.1 Introduction

There is a great deal of interest in drugs which covalently modify their biological target.®-
11,6869 This interest stems from the potential for increased selectivity by targeting specific
nucleophilic residues in proteins, and the possibility that covalent drugs might exhibit enhanced
efficacy due to the silencing of enzymatic activity until protein re-synthesis can occur.6® To date,
dozens of covalent drugs have been approved for treatment of, e.g., hyperlipidemia, infectious
diseases, and cancer.? These drugs contain electrophilic moieties such as carbamates, acetates,
B-lactones, B-lactams, and acrylamides, and several reviews have described the efforts to
develop covalent inhibitor therapeutics.?-11.69 Covalent inhibitors offer several advantages over
non-covalent analogues, including longer duration of action, increased biochemical efficiency,
and the potential to avoid some mechanisms of drug resistance.13 However, employing a covalent
approach for drug interactions does present additional risk for hypersensitivity and toxicity
arising from covalent modification of unintended targets and/or high reactivity.”0-72

A 2013 study by Dahal et al. showed that high rates of reaction with glutathione (GSH)
correlated with high covalent binding burdens in hepatocytes.”? It has also been shown that the
degree of covalent binding burden observed in hepatocytes (when combined with the daily dose
of drug) is predictive of human hepatotoxicity.”+75 Consequently, the reactivity of covalent
inhibitors with GSH has been utilized in the assessment of biological activity and selectivity.”? In

2014, Flanagan et al. outlined chemical and computational methods to characterize covalent
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reactive groups (CRGs) for the prospective design of irreversible covalent inhibitors.68 Their
experimental methods employed mass spectrometry [method A; reference 30] and NMR
spectroscopy [method B; reference 30] to determine pseudo-first-order kinetics for a series of
GSH reactions with various CRGs. Their computational method employed a Monte Carlo
conformational search followed by DFT calculations at the B3LYP/6-311+G(d,p) level of theory
to estimate the Kkinetic reaction barrier (AG¥) for acrylamide CRGs interacting with
methanethiolate (MeS—), which was used as a computational surrogate for the thiolate ion GS-.
A global analysis of the experimental and computational data showed that the calculated values
of AG* correlated strongly with the measured reaction half-life (R? = 0.915).68 Besides
introducing an accurate computational method for in silico screening, the work of Flanagan et al.
also provided insight into the rate limiting step for the reaction of acrylamide CRGs with GSH.
Specifically, calculations showed that the activation energy of the conjugate reactions were well
approximated by calculating the Gibbs’ energy difference between the precursor molecules and
the transition state associated with complexation, and that the transition state energy could be
tuned by manipulating the stereo-electronic properties of the acryloyl group.®® Stated in another
way, the chemical reactivities of the acrylamide CRGs are strongly influenced by their interaction
potential energy surface.

Recently, we have demonstrated the use of differential mobility spectrometry (DMS) for
assessing molecular properties in the gas phase (e.g., ion-solvent binding energy),*>47 which we
have shown also correlate with condensed phase physicochemical properties (e.g., solubility, cell
permeability).”® The outcomes of these recent studies suggest that the strong correlations
observed between DMS behavior and molecular properties occur because DMS provides an
indirect measurement of the interaction potential between an analyte and its environment.”¢ A

detailed description of DMS is available in references 4447.48505177.78 [n brief, the critical output
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of the DMS instrument is the relationship between the separation voltage (SV) and the
compensation voltage (CV) that is required for optimal transmission of an analyte through the
DMS cell. A global view of this behavior across the full SV and CV range is known as a dispersion
plot.444779 Analytes which interact strongly with the collision gas in the DMS cell require
increasingly negative CV with increasing SV for optimal transmission (termed Type-A behavior),
whereas those which exhibit hard sphere collisions require increasingly positive CV with
increasing SV (termed Type-C behavior). Weakly interacting species initially exhibit increasingly
negative CV with increasing SV, but reach a minimum value of CV before adopting a positive
trend (Type-B behavior).4447.79 We have demonstrated previously that DMS is able to distinguish
subtle stereo-electronic effects based on differences in an analyte’s trajectory as it transits the
DMS cell.7’®¢ We have also recently demonstrated that DMS data can be treated with supervised
machine learning (ML) to assess quantitatively a variety of molecular properties which are
related to an analyte’s interaction potential. Here we show that DMS dispersion data can be
treated with ML to generate a predictive model of the physicochemical properties acrylamide

CRGs, including their reactivities with GSH.

4.2 Methodology

In total, twenty-four acrylamide CRGs were studied. These species were selected from
the set of those characterized in reference 68, and included molecules which can be classified
into four different structural motifs: (I) unsubstituted aromatic derivatives, (II) unsubstituted
non-aromatic derivatives, (III) substituted derivatives which do not contain heteroatoms, and
(IV) substituted derivatives which contain heteroatoms. Examples of these four structural motifs
are shown in Figure 4.1, and the remaining molecules in our test set are provided in the

supplementary information.
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Figure 4.1 The structural motifs of the acrylamide CRGs.

The DMS behaviors of the twenty-four CRGs were recorded in an Nz environment (1 atm,
150 °C) that was seeded with 1.5 % isopropyl alcohol vapor. The dispersion plot data were then
combined with calculated ion-solvent binding energies (Do) and collision cross sections (CCSs),80
and measured condensed phase physicochemical properties (pKa, pKb, LogD, ti/2). This
combined data set was subsequently analyzed with a Random Forest supervised machine
learning (ML) algorithm, for which we provide details in the supplementary material. In previous
work, we conducted a survey of ML models and identified the Random Forest algorithm as
implemented in the Python Orange data mining package as the best model for treating DMS data

based on fit R2 values.8!

4.3 Results and Discussion

Figure 4.2 shows the results of a Random Forest model which predicts ion-solvent
binding energy (Do) using only DMS data (Figure 4.2; top panel) and the combination of DMS
data and CCS (Figure 4.2; bottom panel). Note that the fits shown in Figure 4.2 also included data
for twenty 2-methylquinonlin-8-ol (MQOH) derivatives, which we published previously.”’¢ The
MQOH data set was included to ensure that the DMS methodology was valid across a variety of

molecule types/chemistries. We have shown previously that DMS behavior is a strong predictor
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of ion-solvent binding energy,*+4>47.76 and it is clear from Figure 4.2 that this is also the case for
the acrylamide CRGs. However, the correlation between Do and the observed DMS behavior is
weaker for the CRGs than was observed in studies of other molecular systems. We hypothesized
that poorer correlation observed for the CRGs is due to the significant variation in molecular size
across the data set; in principle, DMS behavior also depends on the CCS of the analytes, but this
was neglected in previous studies due to negligible size differences across the studied test
sets.#>76 Here we are studying a collection of molecules which vary significantly in molecular size
from the smallest to largest species (ca. 15 % difference). The bottom panel of Figure 4.2
demonstrates that accounting for molecular size in the ML fit of the DMS data yields a marked
improvement of the correlation between calculated ion-solvent binding energy and ML
predictions. Note that if a vector of random numbers is included in place of the CCS data in the
ML fit, the R? value increases marginally to 0.757 (viz. CCS has a significant impact on the quality

of the fit).
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Figure 4.2 (Top panel) The correlation between calculated Do for ion-solvent binding and the predictions of the
Random Forest ML model when using only DMS data as the input. (Bottom panel) The correlation between
calculated Do for ion-solvent binding and the predictions of the Random Forest ML model when using DMS data
and calculated collision cross section as the inputs.

To further explore the correlations between DMS behavior and molecular
physicochemical properties, we treated the combined CRG and MQOH data set with the Random
Forest algorithm to predict solution phase pKa and pKs. The results of these fits, which again
included DMS data and calculated CCSs, are shown in Figure 4.3. Clearly, there are exceptionally
strong correlations between the gas phase DMS measurements and the experimental pKa. / pKp
values. It is notable that the ML model easily distinguishes between the acrylamide and MQOH
sub-sets, and predicts equally accurate pKa. / pKy values for both groups of molecules. It is also
worth noting that, in general, species which exhibit stronger ion-solvent binding energies tend
to exhibit higher values of pK. (compare CRGs in the top pane of Figure 4.3 to Figure 4.2). We

made this observation previously in our original study of the MQOH data set.”6
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Figure 4.3 (Top panel) The correlation between measured pKa and the predictions of the Random Forest ML
model. (Bottom panel) The correlation between measured pKs and the predictions of the Random Forest ML
model. Both fits used DMS data and calculated collision cross section as the inputs.

Figure 4.4 shows the correlations between ML predictions and experimentally
determined values of LogD (water/octanol distribution coefficient) and Log (t1/2), the half-life
for reactions between GSH and the acrylamide CRGs. Note that MQOH data was not included in
these fits because these properties have not been measured for the 2-methylquinolin-8-ol
derivatives. We find that ML treatment of the CCS and DMS data also yields a very accurate
predictive model for LogD coefficients (Figure 4.4; top panel) and reaction kinetics for GSH with
the acrylamide CRGs (Figure 4.4; bottom panel). Further consideration of the correlation plot for
Log (ti/2) seems to reveal additional insight concerning acrylamide CRG reactivity. The
substituted species (motifs III and IV) exhibit reaction rates which are approximately an order

of magnitude less than those of the unsubstituted non-aromatic species (motif II) and two orders
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of magnitude less than those of the unsubstituted aromatic CRGs (motif). Flanagan et al. showed
that this trend roughly correlated with increasing values of AG*.8 Here we see that the trend in
CRG reactivity also roughly correlates with ion-solvent binding energy (Do) which, like AG#, is
clearly influenced by the stereo-electronic properties, and thus interaction potential, of the

acryloyl group.
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Figure 4.4 (Top panel) The correlation between measured LogD and the predictions of the Random Forest ML
model. (Bottom panel) The correlation between measured t1/2 for reaction with GSH and the predictions of the
Random Forest ML model. Both fits used DMS data and calculated collision cross section as the inputs.

Itis important to highlight the fact that DMS measurements probe the charged molecules
(either protonated or de-protonated), whereas the condensed phase measurements probe the
neutral species. In all cases, protonation occurred at the carbonyl group and deprotonation at the
amine. Since the DMS ion-solvent interactions, which occur at the site of charging, directly sample

the interaction potential of the acryloyl moiety, the charged species are useful representations
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for the hydrogen bonding experienced by the neutral CRGs in bulk protic solution; intermolecular
H-bonding is the initial step in protonation or deprotonation of a molecule, and it has been shown

that these structures resemble the early stages of the proton transfer process.82-84

4.4 Conclusions

The observed correlations between the DMS behavior of the acrylamide CRGs and their
solution phase physicochemical properties is very appealing because the DMS behavior of an
analyte can be recorded in minutes using only picograms of sample. This suggests that DMS might
find use as a new technique for fast and accurate physicochemical properties measurements.
However, there are still open questions and caveats to be addressed. Despite the fact that we have
here conducted an ML-based analysis on a combined CRG and MQOH data set (where possible),
there is still much work to be done to unambiguously demonstrate the efficacy of using DMS to
assess the properties of a wide variety of molecular types / chemistries. Furthermore, although
DMS data were shown to accurately correlate with reaction kinetics for CRGs with GSH, it is
important to note that GSH is not necessarily an accurate simulacrum for the active sites of
enzymatic systems. Nevertheless, the work reported here does demonstrate the potential for
DMS measurements to be incorporated into the suite of measurement techniques which are

currently utilized to assay molecular properties for drug discovery and development.

47



5 Nucleobase Tautomers

This chapter is comprised of a manuscript which has recently been accepted for
publication. It will appear in the /nternational Journal of Mass Spectrometry, as part of a special
edition in honor of Prof. Terry McMahon.

The outlined study involves the use of differential mobility spectrometry (DMS) to
separate tautomers of protonated nucleobases, prior to probing with HDX and CID. We
demonstrate that population distributions of these tautomers can be selectively tuned using a
declustering voltage ramp post-DMS. Here, we find that some ion signals that would typically be
assigned to a higher-energy species, arise from fragmentation of larger nucleobase-containing
clusters. Findings of this study illustrate the need for characterization prior to the assignment of
ion peaks, and ultimately furthers the development of a fundamental description of DMS.

5.1 Introduction

Owing to the importance of DNA and RNA in encoding and expressing genetic information,

and the central role that nucleobases play in establishing the structure and functionality of

nucleic acid sequences, a great deal of experimental 8788 and theoretical 8° 2 effort has gone into

determining the structures and properties of cytosine (C), guanine (G), adenine (A), thymine (T),
and uracil (U). Of importance are the sites of protonation and the tautomeric forms that the
nucleobases exhibit, since these variations are thought to impact mutagenic processes (e.g, point
mutation during nucleic acid replication)?? and the stabilization of triplex structures.’* Mass

spectrometry and quantum chemical calculations have been employed to great success in

determining nucleobase properties such as gas-phase acidity and basicity.?> 191 However, it has

been shown previously that several different tautomers are likely to exist simultaneously in a

given nucleobase ensemble.102103 For example, Salpin et al used infrared multiple photon
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dissociation (IRMPD) spectroscopy to demonstrate the presence of at least two tautomeric forms
of (C+ H)*, (T + H)*, and (U + H)* in ion populations generated by ESI.1%4 Comparison of the
experimental IRMPD spectra with IR spectra that were calculated at the B3LYP/6-31++G(d,p)
level of theory indicated that the three protonated nucleobases existed predominantly as enolic
tautomers, with a small sub-population of oxo tautomers. Subsequent work by Bakker et al
showed that the vibrational spectra of monohydrated protonated uracil, (U + H)*eOH, and
cytosine, (C + H)*eOHz, were also consistent with the presence of two tautomeric species arising
from the production of two protonated forms of the associated nucleobases via ESI.105106 This
suggests that the molecular properties of protonated nucleobases as determined by mass
spectrometry are likely to correspond to an ensemble average for the various tautomeric
structures that are present under the experimental conditions employed during measurement.
It is therefore desirable to separate the tautomeric species prior to mass spectrometric or
spectroscopic interrogation.

Various forms of ion mobility spectrometry have been employed to separate tautomers prior

to MS analysis.1977109 For example, the Attygalle laboratory recently reported on the

characterization of tautomer populations of deprotonated hydroxybenzoic acid with travelling
wave ion mobility spectrometry.119 This work challenges the notion that ESI-MS results reflect
solution phase population distributions, and demonstrates that tautomer populations can be
tuned by varying ESI source conditions. We have also recently reported on the use of ion mobility
to characterize tautomer populations generated via ESI by using differential mobility
spectrometry (DMS)51111 to separate and probe the nitrogen- and oxygen-protonated tautomers
of para-aminobenzoic acid.*47° By taking advantage of the different DMS behaviors of the two
tautomers, we could examine the MS/MS fragmentation patterns and HDX behaviors of each

species individually and demonstrate that each structure did, indeed, exhibit its own
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characteristic physicochemical properties. We also demonstrated that a great deal of care had to
be taken in HDX experiments since high vapor pressures of HDX reagent can drive in situ
tautomerization via proton-transfer relay networks established upon ion-solvent clustering.”®
Studies like these show that ESI solvent effects are not necessarily the primary criteria that
determine relative tautomer (or, by extension, isomer or conformer) population distributions.
Instead, a variety of post-ESI instrument conditions could potentially contribute to the observed
sub-populations within a gas phase ensemble.

Here, we utilize the DMS technique to separate and study the individual tautomeric forms of
protonated adenine, (A + H)*, guanine, (G + H)*, cytosine, (C + H)*, thymine, (T + H)*, and
uracil, (U + H)* that are generated via ESI. The various tautomers of these molecules are studied
individually by HDX and CID, and we show that the relative tautomer populations can be
manipulated post-ESI and post-DMS by using the instrument declustering potential to selectively

fragment high-energy, kinetically trapped tautomers prior to MS characterization.

5.2 Methods
5.2.1 Experimental Details

A SelexION differential mobility spectrometer was used in conjunction with a QTRAP 5500
system (SCIEX; Concord, ON).#4464877 [nstrument parameters included a ESI probe voltage of
5500 V, a source temperature of 32 °C, nebulizing gas pressure of 20 psi, and auxiliary gas
pressure of 0 psi. The DMS was set to a temperature of 150 °C, and nitrogen was used as both the
curtain gas (20 psi) and collisionally activated dissociation gas (~9 mTorr) for all experiments.
Nucleobase solids were purchased from Sigma-Aldrich and subsequently dissolved in a 50:50
mixture of ultrapure water and methanol with 0.1% formic acid to yield solutions of 10 ng/mL.

Analyte solutions were pumped into the ESI source at 7 uL/min. HPLC-grade methanol,
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isopropanol, and deuterium oxide were also purchased from Sigma-Aldrich and used without
further purification or dilution.

DMS experiments involved the stepping of the separation voltage (SV) from 0 to 4000 V in
500 V increments. At each SV, the compensation voltage (CV) was scanned from —80 V to 15V
in increments of 0.1 V to produce an ionogram. A dispersion plot,*750 which plots optimal
conditions for ion transmission as a function of SV and CV, was then generated. Dispersion plots
enable the identification of the DMS behavior of particular ions according to known
patterns.*75077 These data were acquired for each nucleobase in a pure N, DMS environment, as
well as with DMS environments that had been seeded with 1.5% (mole ratio) methanol (MeOH)
and isopropanol (IPA) chemical modifiers. Hydrogen-deuterium exchange (HDX) experiments
were conducted through the infusion of deuterium oxide into the throttle gas. These experiments
were conducted under two different HDX conditions. In the first implementation, the throttle gas
was bubbled through D70 to saturate the N2> with HDX reagent. This yields maximum rates of
HDX in the junction chamber between the DMS cell and the orifice of the mass spectrometer, as
described in reference 79. In the second implementation, the throttle gas sampled only the
headspace above the DO HDX reagent vessel, resulting in a lower D,0 partial pressure and
slower rates of HDX.”? In this way, the DMS cell was used to select a specific tautomer prior to
HDX, which was monitored by recording a full scan mass spectrum (Q1).

Enhanced product ion (EPI) scans were also conducted for each of the separated nucleobase
tautomers. Following DMS isolation of a given tautomer, the collision energy (CE) of the Q2 ion
trap was ramped from 0V to 60 V in 0.25 V increments, while recording the complete mass
spectrum at each interval. By plotting the fraction of the parent and each fragment ion present
as a function of collision energy, breakdown curves were produced.!'? A schematic diagram of

the DMS region is shown in Figure 5.1.
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Figure 5.1 A schematic diagram of the DMS cell and the QJet region of the mass spectrometer. Adapted from
reference 44.

5.2.2 Computational Details

All possible tautomeric forms of the protonated nucleobases (C, G, A, T, and U) were
considered. Optimization and frequency calculations (T = 298.15 K, P = 1 atm) were performed
at the B3LYP level of theory using a 6-311++G(d,p) basis set as implemented in Gaussian 09.%0
Harmonic frequency calculations were conducted for all tautomers to estimate thermochemical
corrections to the DFT electronic energies. These calculations also generated harmonic
vibrational spectra for the tautomers of (C + H)*, (T + H)*, and (U + H)* for comparison with
the experimental IRMPD spectra reported in reference 104 as a means of validating our
computational methodology. Using the calculated standard Gibbs’ energies, the various
tautomers were sorted energetically to determine the species most likely to be present in the
probed ensembles. The four lowest energies tautomers of each protonated nucleobase were then
carried forward for treatment with the coupled cluster single, double, and perturbative triple
excitations method (ze, CCSD(T)/6-311++G(d,p) level of theory). These improved electronic

energies were combined with the DFT thermochemical corrections to produce the standard
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Gibbs’ energies that we report in this manuscript. Calculated structures and thermodynamic data

are provided in the supporting information.

5.3 Results
5.3.1 Protonated Cytosine (C + H)*

The dispersion plots recorded for CeH* (m/z 112) in a pure N environment, and in
environments seeded with 1.5 % (mole ratio) MeOH or IPA vapor are shown in Figures 5.2A-C,
respectively. Three major peaks are observed for (C + H)*, thus suggesting the presence of at
least three different tautomers in the sample. Upon seeding the DMS cell with MeOH vapor, the
observed Type B ion trajectories are deflected to lower values of CV compared to those observed
in the pure N2 environment.>152 This is expected due to the ion-solvent clustering interactions
experienced by the (C + H)* tautomers in the modified environment.113 When the stronger
clustering IPA modifier is introduced to the DMS cell, the tautomers all adopt Type A behavior.
Interestingly, the two weakest features diminish in intensity and disappear by SV = 2500 V in
the [PA-modified environment. This is likely an indication of in situ tautomerization induced by
the IPA clustering,52 or of proton scavenging by the IPA at higher values of SV (ie, IPA has a
higher gas phase basicity than those two tautomers at high field). The errors (20) given on the
dispersion plots are determined from Gaussian fits of the peaks observed in the associated
ionograms. An example is provided in Figure 5.2D, which plots the ionogram recorded when
monitoring the m/z 112 peak with the separation voltage set to SV = 3500 V.

The three lowest energy tautomers of (C + H)* as identified by CCSD(T)//B3LYP calculations
are shown in the inset of Figure 5.2. These are the same lowest energy species reported by Salpin
et al. in reference 104. It is worth highlighting the fact that Salpin et al observed only two
tautomers via IRMPD, whereas our DMS results show three peaks in the ionogram for m/z 112.

There are several possible explanations for this discord, which include the fact that different ion
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sources might produce different population distributions and that similar structures (eg, (C +
H)* isomers 1 and 3) might exhibit similar spectra in the region studied by Salpin et al Indeed,
the calculated vibrational spectra for isomers 1 and 3 exhibit very similar spectra in the 1000 -
2000 cm~1! region. However, to explore further the properties of the separated species, we
examined the CID behavior of the (C + H)* species associated with each peak in the ionogram.
Figure 5.3 plots the breakdown curves obtained for each of the three peaks shown in the

ionogram in Figure 5.2D. As expected, (C + H)* exhibits fragmentation channels associated with

loss of NH3, H20, and HNCO.1147116 While all three DMS-separated species displayed the same

fragmentation channels in roughly the same distributions, peak I showed an onset of
fragmentation 4-5 V lower in energy than peaks II and III. Although we expect that these
measurements are somewhat coarse, they are reproducible and provide some evidence that the

structure associated with peak I in the ionogram is, indeed, a unique tautomeric species.
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Figure 5.2 The dispersion plot obtained for (C + H)+ (m/z 112) with a DMS cell containing (A) a pure N2
environment, and a Nz environment seeded with 1.5% (mole ratio) (B) methanol vapor, and (C) isopropyl alcohol
vapor. Error bars are 20 obtained from Gaussian fits to the ionogram peaks. (D) The ionogram recorded for the
m/z 112 peak in a pure N2 environment with SV = 3500 V (highlighted green in A). (Inset) The three lowest
energy tautomers of (C + H)* as calculated at the CCSD(T)/6-311++G(d,p)//B3LYP/6-311++G(d,p) level of
theory. Energies are reported as standard Gibbs’ energies in k] mol-1.
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Figure 5.3 The breakdown curves obtained for (C + H)* (m/z 112) when isolating on the ionogram peaks plotted
in Figure 5.2D. (A) peak I (CV = —6V), (B) peakII (CV = 1 V), and (C) peak III (CV = 4 V). Collision energy was
increased in 2.5 V increments from 0 to 50 V. Ion kinetic energy is calculated with respect to the center of mass
frame for the collision partners.

To further probe the separated species, the relative rates of HDX for each (C + H)* structure
were assessed.”®117 Figure 5.4 plots the results of the HDX experiments for (C + H)*. It is clear
from Figures 5.4B-D that the (C + H)* species associated with the three peaks in the ionogram
all exhibit different HDX behavior. Although (C + H)* has four exchangeable protons, in all three
cases we see little evidence of HDX of the third and fourth nuclei. When gating the DMS on peak

I, rapid exchange of one H atom is observed under both the high and low D,0 partial pressure
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conditions. This accords with the expected acidity of the protonated carbonyl of the global
minimum structure. The structure associated with peak II shows a relatively low rate of
exchange for the first H atom, going to completion under high D0 partial pressure, but
remaining relatively unaffected in the low pressure D20 environment. This might be evidence
for saturation of the HDX environment under high partial pressure, or evidence of HDX-induced
tautomerization.”® The lower rate of HDX for peak Il accords with the lower relative acidity

expected for the protonated nitrogen atoms of isomer 2.
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Figure 5.4 (A) The ionogram recorded when gating on (C + H)* (m/z 112). The results of HDX experiments when
isolating on (B) peak ], (C) peakI], and (D) peak III. The black traces show the observed mass distributions in the
absence of HDX reagent. The blue traces show the effect of introducing a low vapor pressure of D20, and the red
traces are observed following HDX in N2 at 18 °C seeded with a saturated partial pressure of Dz0.

The HDX profile of peak III is somewhat difficult to interpret in the context of peaks I and II.
Unlike the species associated with peaks I and II, the structure responsible for peak III does not
undergo complete exchange of the first proton in the saturated D20 environment. This suggests

that the rate of HDX for peak IIl is lower than that of peaks I and II. However, in the low pressure
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D20 environment, the rate of HDX for peak III is higher than that of peak II. Moreover, the HDX
profile for peak III is very nearly identical in both the high and low D;0 partial pressure
environments. This intriguing behavior led us to rethink the DMS sampling procedure, and
specifically, the identity of the molecules giving rise to the (C + H)* (m/z 112) peak in the mass
spectrum. We began by investigating ESI source conditions, but ultimately found that there was
little variation in the observed ionogram across the parameter range that we explored (eg,
solution flow rate, ESI voltage, etc.). However, significant variation of the ionogram was observed
upon variation of the instrument declustering potential (DP). Figure 5.5 plots the ionogram
recorded for CeH* (m/z 112) as DP is stepped from 0-300 V in 50 V increments. At DP =0V,
four peaks are observed in the ionogram - a new, weak feature is observed at CV = —3 V. As DP
is increased, peaks I and II, and the new feature at CV = —3 V deplete, indicating that the (C +
H)* parent ion is fragmenting at the higher DP voltages. This behavior is expected since this
voltage-ramp experiment can be viewed as a coarse version of CID; following selection by the
DMS, the ions are accelerated /heated by the DP en route to the mass analyzer. The use of high
DP voltages has previously been employed to activate ions prior to MS analysis in a form of ersatz
“in-source MS/MS” fragmentation.118 Interestingly, peak III, which showed the anomalous HDX
behavior, grows in intensity with increasing DP voltage. We attribute this behavior to the
fragmentation of larger clusters to produce (C + H)*. This is supported by the mass spectra at
low DP voltages where signals are observed at masses corresponding to (C + H)* clustered with,
e.g, water and formic acid. If a larger cluster fragments post-DMS to yield (C + H)*, the trajectory
of that larger cluster will appear in the (C + H)* ionogram and dispersion plot. Consequently,
care must be taken to ensure that species separated by the DMS cell are attributed to the correct
parent ion. This is an important consideration that has gone unaddressed in DMS-based studies

to date. Ion behavior as a function of DP seems to be a satisfactory means of distinguishing target
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ions from larger clusters which contain the ions of interest. Note that there is a slight initial
increase in the signals attributed to the bare (C + H)* ions at low DP voltages; we interpret this
depletion at low DP voltages to clustering with trace amounts solvent vapor in the region

between the DMS and the mass spectrometer (see Figure 5.1).

Normalized Intensity

CV/V

Figure 5.5 The ionogram recorded for CeH+ (m/z 112) in a pure N2 environment at SV = 3000 V as the
declustering potential, DP, is stepped from 0-300 V in 50 V increments.

Based on the analysis described above, we assign peaks I and I, and the weak feature at CV =
—3V (observed at low DP) to the three lowest energy isomers of (C + H)* (shown in Figure 5.2;
highlighted with green downward arrows in Figure 5.5). These species are completely resolved
by DMS, and they exhibit different breakdown curves and HDX profiles. Our calculations also
suggest that the two lowest energy tautomers observed here are the same structures that were
identified by Salpin et al with IRMPD spectroscopy.l% Note that these two species differ
structurally by a simple proton transfer between adjacent proton acceptor sites. This proton

transfer process is easily facilitated by a relay mechanism via an intermolecular hydrogen-

bonding network with a protic solvent molecule.”?1197121 For example, the two lowest energy
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proton-bound cytosine-methanol complexes, (C + H)*¢(MeOH), (n= 1,2), are shown in Figure
5.6. Given that these structures are likely to be present in a methanol-modified DMS
environment, and that similar structures are likely to be present in the high partial pressure HDX
environment, interconversion of isomers 1 and 2 is likely to occur prior to MS characterization
under these conditions. This interpretation is supported by the loss in signal intensity for the
weaker features in the alcohol-modified environments. Similar observations were previously

reported in our study of protonated 4-aminobenzoic acid.”®
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Figure 5.6 The lowest energy proton-bound cytosine-methanol clusters, (C + H)*eMeOH and (C +
H)+te(MeOH)z. Proton transfer along the intermolecular hydrogen-bond network could facilitate
interconversion of the two lowest energy isomers of (C + H)*. Standard Gibbs’ energies were calculated at the
B3LYP/6-311++G(d,p) level of theory.

53.2(A+ H)*, (T+H)*, (U+H)* and (G+ H)*
Having established a method to clearly identify bare- and clustered-ion signal in the DMS data,
we proceeded to conduct analogous studies for (A + H)*, (T + H)*, (U + H)*, and (G + H)*. The

dispersion plots that were recorded for these species in an unmodified N, environment are
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plotted in Figure 5.7. The dispersion plots for the MeOH- and IPA-modified environments, the
DP-scans, the HDX data, and the breakdown curves for these species are all available in the
supporting information that accompanies this manuscript. The greyed-out traces in Figure 5.7
are associated with larger clusters, which produce the ion of interest upon fragmentation post-
DMS cell. When running with a declustering potential of DP = 150 V (the standard instrument
setting), we can clearly resolve two tautomers for (A + H)*, (T + H)*, and (U + H)*, and three
tautomers for (G + H)* (see supporting information for additional details). This accords with
the work of Salpin et al, who identified contributions from two tautomers in the IRMPD spectra
of (T + H)*, and (U + H)*. Moreover, as was the case with (C + H)*, trace amounts of a third
tautomeric species are observed for (A + H)*, (T + H)*, and (U + H)* under low declustering
potential conditions (see DP scans in supporting information). This suggests that (C + H)*, (A +
H)*, (T + H)*, and (U + H)* all have two tautomeric forms at relatively low energy, and a third
at higher energy which fragments under low-to-moderate declustering potential voltages. In the
case of (G + H)*, a single tautomer accounts for most (ca. 80%) of the total ion signal. Two other
weaker features persist to higher DP voltages (ca. 150-200 V), indicating the presence of two
additional higher-energy tautomers in the ensemble (see Figure S26). At low DP, these two
features exhibit intensities that are approximately equal, but the structure associated with the
CV = —1 V ionogram peak (at SV = 3500 V) depletes at a substantially higher rate as DP is

increased.
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Figure 5.7 The dispersion plots obtained for (A) (T + H)* (m/z 117), (B) (U + H)* (m/z 113), (C) (A+ H)+
(m/z 136), and (D) (G + H)* (m/z 152) for a pure Nz environment with DP set to 150 V. Curves that are
greyed-out are associated with larger clusters which fragment to produce the ion of interest post-DMS. The
numeric labels indicate the tautomer associated with a particular dispersion plot (see Figure 5.2).

To estimate the relative standard Gibbs’ energies of the various protonated nucleobase
tautomers, electronic structure calculations were undertaken at the CCSD(T)/6-
311++G(d,p)//B3LYP/6-311++G(d,p) level of theory. The four lowest energy tautomers of the
protonated nucleobases are shown in Figure 5.8. As expected based on the experimental results,
(C+ H)*, (T + H)*, and (U + H)* exhibit two tautomers at relatively low energy, which can
interconvert via solvent-mediated proton-transfer between adjacent basic sites on the
nucleobase. The third lowest energy tautomer for these species lies at least 20 k] mol-1 above
the global minimum structure. This suggests that the higher energy tautomers are kinetically
trapped during the ESI process,110120 since they are expected to have a negligible contribution to
the ensemble population in a stochastic Boltzmann distribution at the experimental temperature

and pressure (see Table 1). In the case of (A + H)*, calculations suggest that three low-energy
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tautomers are likely to be observed in the probed ensemble. Our DMS experiments clearly
separate two structures. At low declustering potential we observe an asymmetry/skewing to the
low-CV side of the dominant ionogram peak (see Figure S25), which suggests the presence of a
third, higher-energy tautomer, but attempts to fully resolve this signal have been unsuccessful.
For (G + H)*, our calculations indicate that the population distribution should be dominated by
a single tautomer (as was observed experimentally). The second and third lowest energy
tautomers of (G + H)* are calculated to lie 16.9 k] mol~! and 19.1 k] mol-! above the global
minimum, respectively. This suggests that the two weak features observed in the (G + H)*
ionogram are metastable species which were kinetically trapped during production. To compare
the calculated fractional populations to those observed experimentally, the ionogram peaks
were fit to Gaussian distributions and peak areas were extracted. The relative population
percentages of the lowest energies tautomers for each protonated nucleobase are reported in
Table 1. These values are provided for experiments where DP was set to 0 V and 150 V to
illustrate how sensitive nucleobase tautomer populations are to the declustering potential.
Although experiment and theory are in relatively good agreement when it comes to (U + H)*
tautomer populations, for the most part there are significant differences between the observed
and calculated tautomer populations of the protonated nucleobases. This, taken together with
the tautomer population variability as a function of DP, indicates that the gas phase ensembles
of the protonated nucleobases are generated and trapped in non-equilibrium conditions, and
that these populations can be manipulated post-production via instrument conditions. It is also
worth noting that, in the case of (T + H)*, there is a significant difference between the relative
tautomer populations at DP = 0 Vand DP = 150 V (see Table 1). This is likely due to loss of the
global minimum tautomer signal due to ion-solvent clustering at low DP since the expected

relative populations are re-established at DP = 150 V.
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Figure 5.8 The four lowest energy tautomeric forms of (C + H)*, (T + H)*, (U + H)*, (A+ H)*, and (G + H)*.
Electronic energies were calculated at the CCSD(T)/6-311++4G(d,p) level of theory and thermochemical
corrections were calculated at the B3LYP/6-311++G(d,p) level of theory. Standard Gibbs’ energies are
reported in k] mol-1.
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Table 5.1 The percentage of the ensemble population of the three lowest emergy tautomeric forms of (C + H)*,

(T + H)*, (U + H)*, (A + H)*, and (G + H)*. Experimental populations were determined by Gaussian fits of the

ionogram distributions recorded at DP = 0 Vand at DP = 150 V. Errors (1 ) are reported in parentheses. The

calculated population percentages are based on relative standard Gibbs’ energies which were calculated at the
CCSD(T)//B3LYP level of theory employing a 6-311++G(d,p) basis set.

Percentage of Population

Species

DP=0V DP =150V Calculated
(C+H)*

Global Minimum  79.5 (0.4) 73.5(0.5) 91.5
Tautomer 2 8.1 (0.5) 26.5 (0.9) 8.5
Tautomer 3 12.4 (0.5) 0.0 0.0

(A+H)*

Global Minimum  73.6 (4.2) 100.0 79.3
Tautomer 2 17.7 (1.2) 0.0 17.8
Tautomer 3 8.7 (4.1) 0.0 2.9

(G+H)*

Global Minimum  74.7 (0.4) 79.5 (0.4) 99.8
Tautomer 2 10.8 (4.5) 20.5 (1.3) 0.1
Tautomer 3 14.6 (1.8) trace 0.0

(T+H)*

Global Minimum  30.9 (0.5) 86.6 (0.9) 99.7
Tautomer 2  39.4 (1.4) 13.4 (1.0) 0.3
Tautomer3  29.7 (1.5) 0.0 0.0

U+ H)+

Global Minimum  91.1 (0.3) 94.6 (0.3) 97.7
Tautomer 2 6.2 (0.3) 5.4 (0.4) 2.3
Tautomer 3 2.7 (0.5) 0.0 0.0

5.4 Conclusions

Differential mobility spectrometry has been used to separate the various tautomers present
in gas phase ensembles of (C + H)*, (T + H)*, (U + H)*, (A + H)*, and (G + H)*. We find that
these populations are dominated by contributions from a single tautomeric species for each
protonated nucleobase, but the observation of weaker features in the DMS data indicates that
higher-energy, metastable species are present in the sample. The unique identity of these
tautomers has been confirmed via differences in the observed HDX profiles and breakdown
curves, and structures are assigned based on CCSD(T)//B3LYP calculations. The observation of
multiple protonated nucleobase tautomers is in accordance with an IRMPD spectroscopy study

by Salpin et al, who identified contributions from at least two tautomeric forms of (C + H)*, (T
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+ H)*, and (U + H)+.1%4 Supporting electronic structure calculations yield results for relative
tautomer energies which are in general agreement with the observed populations, and we find
the same low energy structures for (C + H)*, (T + H)*, and (U + H)* as were determined
spectroscopically.104 This suggests that DMS could find use as a pre-filter to separate tautomeric
species prior to laser interrogation, thereby facilitating deconvolution of spectra. Indeed, similar
methodology has already been employed in studies of isomeric lipid and saccharide
species.122123

It is, however, important to note that the DMS data for all five protonated nucleobases
exhibited spurious ion signals that arose from fragmentation of larger nucleobase-containing
clusters following DMS-separation and prior to MS detection. These species could not be
distinguished from the bare protonated nucleobases simply by monitoring the ion signals
corresponding to the bare protonated nucleobase or its product ions. Instead, we could identify
contributions from larger clusters by monitoring ion signal as post-DMS DP voltages were
ramped. The ion signals of the bare protonated nucleobases increased slightly at low DP voltages
(DP < 50V), and then decreased dramatically in intensity as the DP voltage was ramped up to
300 V. It should be noted that depletion of the various tautomer signals did not occur at the same
rate, presumably due to relative differences in fragmentation energies. We are currently
investigating this more detail. In contrast, the ion signals arising from fragmentation of larger
clusters continued to increase in intensity well into the DP ramp, depleting only at very high
voltages (DP > 200 V). This is an important consideration for future experiments wherein DMS
is used to separate isomers, conformers, or tautomers prior to spectroscopic or mass
spectrometric characterization, since ion populations that are produced from declustering

processes are likely to yield convoluted results owing to contributions from multiple structures.
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6 Concluding Remarks

Cluster chemistry provides a bridge between molecules and the condensed phase. The
study of biomolecule clusters allows for the modelling and interpretation of complex biological
processes, and thus is an example of the practicality of cluster chemistry. Three distinct
subprojects evaluating the physicochemical properties of isolated biomolecule clusters were
herein described. Topics of study were selected based on their relevance and potential impact in
the drug discovery and development process. The three subprojects examine (a) the role several
complex organic ligands may play in the promotion or disruption of guanine quadruplex
structure, (b) the solvent clustering behavior of biologically and pharmaceutically relevant ions,
and (c) the differential mobility spectrometry behavior of protonated nucleobase tautomers. A
joint computational and experimental approach was taken in each study, and a brief description
of these methodologies is provided in Chapter 2.

Chapter 3 discusses the effect several complex organic ligands may have on the
promotion or disruption of G-quadruplex structure. G-quadruplexes are structures commonly
found in guanine-rich sequences of eukaryotic DNA, namely the telomeric region of
chromosomes. Due to the ability of G-quadruplexes to inhibit the activity of telomerase, an
enzyme largely associated with conferring immortality to cancer cells, a great deal of effort is
being shown toward their study. Specifically, the identification and characterization of ligands
which selectively bind and stabilize these structures, is currently of interest. This study involved
both computational predictions and experimental data to explore the interactions of a number
of ligands with G-quadruplexes. Following a search of the potential energy surface of each
quadruplex-binding ligand, and subsequent optimization at the density functional level of
theory, the global minimum structure of each compound was found. Good agreement between

the calculated and experimental IRMPD spectra of these ligands allowed for the assignment of
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the observed IR peaks to vibrational normal modes. Guanine-ligand interactions were then
evaluated computationally, and the resulting data yielded predictions for the location and
strength of binding of these ligands to G-quadruplexes. A number of mass spectrometry and
circular dichroism spectroscopy experiments were also performed in an effort to establish the
existence of the antiparallel tetramolecular G-quadruplex. Although the specific conditions that
yield this previously unobserved topology were determined, further studies must be performed
to determine the exact structure.

Chapter 4 discusses the potential application of differential mobility spectrometry in the
drug discovery process. Here, the clustering behavior of pharmaceutically relevant drug-like
molecules was examined both computationally and experimentally, A series of low-level
(molecular mechanics) and high-level (density functional theory) calculations were performed
in order to determine the lowest-energy structure of each acrylamide molecule. Sites of
protonatation or deprotonatation were also determined, as was the binding strength of each
compound when clustered with a solvent molecule. Experimentally, the DMS clustering behavior
was determined in a variety of DMS cell environments. When these data were treated with a
Random Forest supervised learning algorithm, a number of properties evaluated in the drug
development process were quantitatively predicted. Application of this technique in the drug
discovery process will aim to increase both the accuracy and efficiency of current methodologies.

The final projectis discussed in Chapter 5. Here, we use protonated nucleobase molecules
as a model to further the development of a fundamental description of DMS theory and
application. In this study, individual tautomeric forms of protonated nucleobases are isolated
with DMS, and characterized using hydrogen-deuterium exchange and collision-induced
dissociation experiments. Upon electrospray ionization of the protonated nucleobase solutions,

a number of tautomeric forms of each molecule are produced. Density functional theory
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calculations determine the lowest-energy isomers of each species, and allow for the assignment
of peaks within the observed ionograms. We demonstrate the necessity of additional
characterization following DMS isolation; minor ion signals typically associated with higher-
level tautomeric species, were found to be attributed to larger nucleobase-containing clusters
which fragment post-DMS. Findings of this study elicit important considerations that should be
take in future experiments using DMS as an isolation method for closely-related species.

The diversity of the projects explored in this thesis illustrate the role cluster chemistry
plays in bridging the study of small molecules and complex biological processes. The joint
computational and experimental approach to each study allowed for a comprehensive analysis
and interpretation of data. Results of these subprojects each have unique implications for the

future of drug discovery and development.
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Appendix I: G-Quadruplexes - Supporting Information

Structural Formulae of HK21 Ligand

XYZ Coordinates of Optimized Geometries
Coordinate data of lowest energy isomer of each quadruplex-binding ligand, as calculated at the

B3LYP/6-311++G(d,p) level of theory.
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H 0.057026 -3.546979 -0.000225
H 3.537774 -0.116182 0.000142

NMR Spectra

The resulting NMR spectra (shown in blue) obtained for a solution containing 87.5 pmol/L GGGTTA
DNA, 35 mmol/L TMAA, 8.75 mmol/L KCl, and 262.5 pmol/L PhenDC3 ligand.

Sample NMR spectra of a well-resolved quadruplex is shown for comparison (in red).
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Appendix II: Pharmaceutically Relevant lons - Supporting Information

Structural Formulae

Asterisks denote compounds that will be deprotonated; all others will be protonated.
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Calculation Results
Thermochemical data for the protonated or deprotonated acrylamide CRGs, as calculated at the
B3LYP/6-311++G(d,p) level of theory at a temperature of T = 298 K and a pressure of P =1 atm.

Electronic Zero Point
Acrylamide Energy Corrected Gibbs Energy Enthalpy
CRG (hartrees) Energy (hartrees) (hartrees)
(hartrees)

A01 -518.1733318 -517.9727518  -518.0115608 -517.9603158
A02 -325.1173493 -324.9936263 -325.0252413 -324.9854793
A03 -518.1493725 -517.9492685 -517.9885725 -517.9366465
A04* -570.2032574 -570.0589554  -570.0972184  -570.0468064
A05 -403.8239084 -403.6392174  -403.6748384  -403.6286434
A06 -287.0451822 -286.9248782 -286.9566462 -286.9166682
A07 -494.9106571 -494.7488171 -494.7839031 -494.7384321
A08 -440.9350759 -440.7538199 -440.7915029 -440.7417739
A09* -477.9198091 -477.7743961 -477.8098871 -477.7640511
A10 -401.6210212 -401.4684792 -401.5031262 -401.4581812
All -365.7096243 -365.5329683 -365.5696593 -365.5218493
Al12 -326.3825199 -326.2347229 -326.2680199 -326.2249689
B01 -518.1573530 -517.9559270 -517.9950660 -517.9436290
B02* -577.1958128 -577.0586478  -577.0954448 -577.0474518
B03 -365.7072028 -365.5307368  -365.5661678 -365.5197138
B04* -623.2829060 -623.1854050 -623.2222640 -623.1744660
B05 -593.3952402 -593.1899512 -593.2292782 -593.1766012
B06 -518.1610511 -517.9600061 -517.9985031 -517.9477711
B07 -593.3960541 -593.1909801 -593.2311131 -593.1775191
B08 -365.7114059 -365.5351879 -365.5706359 -365.5240439
B12 -479.0538810 -478.8643780 -478.8998910 -478.8532940
Cco1 -364.4933826 -364.3357376  -364.3672466  -364.3273836
Co2* -937.5515230 -937.4155610 -937.4532990 -937.4039530
Cco3 -443.1411319 -442.9279879 -442.9634989 -442.9166409

Note: Asterisks (*) denote deprotonated compounds carrying a -1 charge; all other compounds

were protonated and carried a +1 charge.
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Zero point corrected binding energies (equivalent to Do dissociation energies), as calculated at the
B3LYP/6-311++G(d,p) level of theory, according to equation (8) in the maintext.

XYZ Coordinates of Optimized Geometries

Coordinate data of lowest energy isomer of each acrylamide CRG, as calculated at the B3LYP/6-

Note: Asterisks (*) denote deprotonated compounds carrying a -1 charge; all other compounds

Acrylamide Isopropanol BE Methanol BE Water BE
CRG (kcal/mol) (kcal/mol) (kcal/mol)

A01 6.0530822 5.6693014 5.5303722
A02 23.9519778 21.7047640 19.0634784
A03 18.1236044 16.7178094 14.6615448
A04* 11.5071500 11.3331434 10.6714415
A05 19.5797879 17.8694029 15.6863200
A06 21.6868802 19.9062777 17.3978972
A07 10.9477311 10.2197649 9.5681030
A08 19.9387823 18.4036590 16.1759606
AQ9* 12.6909344 12.4023458 11.6421887
A10 17.7293443 16.4150392 14.4011939
All 19.7328358 18.1436845 15.8594481
Al12 19.4211551 17.9657874 15.6815510
B01 19.7302003 18.1933200 15.8612051
B02* 12.0063287 11.8419856 11.1746362
B03 19.2761392 17.4848063 15.0542362
B04* 13.9911206 13.4815255 12.5326154
B05 17.4529919 16.0577390 13.4941383
B06 18.8773610 17.4448972 15.3427621
B07 17.3145020 15.9972477 13.5463465
B08 19.2793394 17.5898503 15.2888596
B12 18.3506977 16.8325170 5.4135939
Co1 23.3350168 21.2928083 18.7415066
Co2* 10.9818045 11.7798628 11.0823305
Co3 18.5398271 17.1500335 15.0271281

were protonated and carried a +1 charge.

311++G(d,p) level of theory.
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.129251
.874478
.286141
.945742
.209808
.788783
.590649
.917884

.227296
.161631
.091283
.286091
.211018
.046174
.196487
.306256

-0.240932
0.261339
0.435026
0.112106

-0.388547

-0.577078

-0.385318
0.514320
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0 ~2.789476 1.173122  -0.000018
C 1.068931 -0.722710 0.000166
H 0.968087 -1.800313 0.000237
Cl 3.770167 -1.157066 -0.000039
Cco3

C -0.591979 -1.536016 0.186758
C -2.115414 -1.379584 0.262939
C -2.406070 -0.167094 -0.634635
C -1.249778 0.802519 -0.347670
H -0.142906 -1.900664 1.110286
H -0.298196 -2.189681 -0.638484
H -2.426655 -1.188248 1.291513
H -2.621351 -2.284758 -0.071493
H -2.398532 -0.460253 -1.687749
H -3.371468 0.292572 -0.423729
H -0.987382 1.406674 -1.216832
C -1.477578 1.709576 0.864936
H -0.599481 2.318394 1.082249
H -1.737443 1.135792 1.757167
H -2.305989 2.385495 0.643357
N -0.106663 -0.153029 -0.109984
C 1.146702 0.186356 -0.195443
C 2.239906 -0.772420 -0.031216
H 1.991910 -1.816636 -0.171056
C 3.484814 -0.413712 0.296623
H 3.781678 0.611261 0.499024
H 4.262754 -1.159460 0.404180
0 1.387193 1.465344 -0.445886
H 2.318528 1.620209 -0.655216
Dispersion Plots

The dispersion plots obtained for protonated or deprotonated CRGs with a DMS cell (300 °C)
containing (red) a pure Nz environment, and a N; environment seeded with 1.5% (mole percent)
(green) water vapor, (blue) methanol vapor, and (black) isopropyl alcohol vapor. The lowest
energy isomer of each charged CRG is shown, as calculated at the B3LYP/6-3114++G(d,p) level of
theory.
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(A08 + H)*+ (m/z = 130)

(A09 - H)- (m/z = 146)

1000

2000 3000 4000
SV/V

(A10 + H)+

20 T

1000

(m/z=116)

2000 3000 4000
SV/V

1000

2000 3000 4000
SV/V

98



(A1l + H)*+ (m/z = 114)

CV/Iv

Q 1000 2000 3000 4000
SV/V

(A12 + H)* (m/z = 100)

0 1000 2000 3000 4000
SV/V

(BO1 + H)* (m/z = 162)

20 T T T T T T T

Cv/v

99



(B02 - H) (m/z = 164)

CV/Iv

50 s I . I R I . L
o] 1000 2000 3000 4000

SV/V

(B03 + H)* (m/z = 114)

0 1000 2000 3000 4000
SV/V

(B04 - H)- (m/z = 152)

T T T T T T
10 -
. -/ _

10 - 4

20 - 4

Cv/v

30 - 4

40 | -
50 |- ]

60 F 4

0 1000 2000 3000 4000
SV/V

100



(BO5 + H)* (m/z = 178)
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(BO8 + H)* (m/z = 114)
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(C02 - H)- (m/z = 180)
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Appendix III: Nucleobase Tautomers - Supporting Information

The supporting information associated with this article can be found, in the online version, at
[https://doi.org/10.1016/j.ijms.2017.08.008].
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