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Résumé

La spectrométrie de masse est une technique analytique puissante, qui est devenue
inestimable dans plusieurs domaines scientifiques, tels que les science en «-omique» (p. ex.,
protéomique), le controle antidopage et les sciences judiciaires, le développement de
médicaments, I'analyse environnementale, la recherche géologique, etc. Développé il y a plus
d'un siecle pour mesurer des masses atomiques des éléments et les abondances naturelles
des isotopes, aujourd'hui la spectrométrie de masse est un outil essentiel a caractériser la
structure de biomolécules, allant des petits métabolites aux grands assemblages
macromoléculaires. Cela inclut I'indentification de composés inconnus, la quantification de
composés connus, et I'exploration de la structure moléculaire. Cependant, l'analyse par
spectrométrie de masse se fonde sur la mesure du rapport masse sur charge d'ions, une
guantité qui n'est pas sensible a leur structure tridimensionnelle (3D). La spectroscopie d'ions
refroidis est une autre méthode d'étudier les ions en phase gazeuse, qui a prouvé sa capacité
de révéler leurs empreintes spectroscopiques, qui sont caractéristiques de la structure 3D
d’ions a un niveau fondamental. Dans cette thése nous présentons des nouvelles approches a
I'identification structurale de molécules, qui sont fondées sur l'intégration de la spectrométrie
de masse (MS) de haute résolution avec la spectroscopie haute résolution de

photofragmentation d'ions refroidis dans I'ultraviolet (UV).

La premiere partie de ce travail décrit le couplage d'un spectromeétre de masse Orbitrap
Exactive a un spectromeétre d’ions refroidis et |'utilisation de ce nouvel instrument hybride
pour mesurer des spectres bidimensionnels (2D) UV-MS d'espéces ioniques. La synergie des
deux techniques complémentaires fait ces spectres les empreintes uniques d'ions

biomoléculaire.

La deuxieme partie présente une approche qui utilise I'analyse mathématique de ces
empreintes tres spécifiques pour l'identification de biomolécules isomériques dans des
mélanges. En utilisant des bibliotheques d'empreintes provisoirement enregistrées,
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I'approche d'UV-MS a été appliquée avec succés pour l'identification quantitative des
isomeéres de position d'un peptide phosphorylé, des diastéréoisomeres d'un peptide opioide,
et des diastéréoisomeéres d'un médicament. Nous démontrons également une approche sans
bibliothéques, qui permet d'estimer le nombre de composantes présentes dans un mélange
et d’obtenir leurs spectres de masse de fragmentation et spectres d'absorption UV

directement du spectre 2D UV-MS du mélange.

Dans la troisieme partie nous employons l'approche sans bibliotheques et le
phénomeéne de la photofragmentation non-statistique pour identifier conforméres d’ions
biomoléculaires en phase gazeuse et récupérer leurs spectres d'absorption UV et spectres de
masse individuels. Nous validons cette approche sur un dipeptide de référence, Tyr-Ala, et
puis I'appliquons a un decapeptide, gramicidin S, et a un petit médicament, homatropine. Une
analyse minutieuse des spectres d'absorption UV et de masse dérivés des conformeéres de
gramicidin S et de homatropine fournit quelques renseignements structurels qui peuvent étre

utilisés pour résoudre leurs structures 3D.

Dans la derniére partie nous démontrons une utilisation de la spectroscopie UV-MS pour
estimer les distances entre les chromophores phénylalanine et tyrosine dans quatre peptides
opioides en phase gazeuse. Nous avons aussi calculé les structures 3D des leurs conformeres
de moindre énergie. Nous analyserons ces structures dans le cadre des distances

interchromophore estimées et des propriétés pharmacologiques des peptides.

Mots-clés: spectroscopie d'ions refroidis, spectroscopie dans [lultraviolet,
spectrométrie de masse de haute résolution, photodissociation, Orbitrap, UV-MS, phase
gazeuse, ions biomoléculaires, isoméres, conformeres, FRET, peptides phosphorylés, peptides

opioides, éphédrine, gramicidin S, homatropine, leucine enképhaline.



Abstract

Mass spectrometry is a powerful analytical technique, which has become invaluable
across a wide range of scientific fields, such as “omics” sciences (e.g., proteomics), doping
control and forensic sciences, drug development, environmental analysis, geologic research,
etc. Originally developed over a century ago to measure elemental atomic weights and the
natural abundances of isotopes, nowadays mass spectrometry is a vital tool for structural
characterization of biomolecules, ranging from small metabolites to large macromolecular
assemblies. This includes identifying unknown compounds, quantifying known compounds,
and exploring molecular structures. However, the mass spectrometric analysis is based on
measurements of the mass-to-charge ratio of ions, a quantity that is not sensitive to their
three-dimensional (3D) structure. Cold ion spectroscopy is another method of studying ions
in the gas phase, that has demonstrated its capability to reveal their spectroscopic
fingerprints, which are characteristic of the 3D structure of the ions on a fundamental level.
In this thesis we present novel approaches to molecular structure identification, which are
based on integration of high-resolution mass spectrometry (MS) with high-resolution

ultraviolet (UV) photofragmentation spectroscopy of cold ions.

The first part of this work describes the coupling of an Exactive Orbitrap-based mass
spectrometer to a cold ion spectrometer and the use of this novel hybrid instrument for
measuring two-dimensional (2D) UV-MS spectra of ionic species. The synergy of the two

complementary techniques makes these spectra unique fingerprints of biomolecular ions.

The second part presents an approach that uses mathematical analysis of these highly
specific fingerprints for identification of isomeric biomolecules in mixtures. Using preliminarily
recorded libraries of fingerprints, the UV-MS approach was successfully employed for
guantitative identification of positional isomers of a phosphorylated peptide, diastereomers
of an opioid peptide, and diastereomers of a drug molecule. We also demonstrate a
library-free approach, which allows estimating the number of components present in a
mixture and deriving their UV absorption and fragmentation mass spectra directly from the

2D UV-MS spectrum of the mixture.



In the third part, we employ the library-free approach and the phenomenon of
nonstatistical photofragmentation to identify conformers of gas-phase biomolecular ions and
to recover their individual UV absorption and fragmentation mass spectra. We validate this
approach with a benchmark dipeptide, Tyr-Ala, and then apply it to a decapeptide,
gramicidin S, and a small drug molecule, homatropine. A careful analysis of the derived UV
and mass spectra of the conformers of gramicidin S and homatropine provides some structural

information that can be used for solving their 3D structures.

In the last part, we demonstrate a use of 2D UV-MS spectroscopy for estimating the
distances between the phenylalanine and tyrosine chromophores in four gas-phase opioid
peptides. We have also calculated the 3D structures of their lowest energy conformers. We
discuss these structures in the context of the estimated interchromophore distances and the

pharmacological properties of the peptides.

Keywords: cold ion spectroscopy, UV spectroscopy, high-resolution mass spectrometry,
photodissociation, Orbitrap, UV-MS, gas phase, biomolecular ions, isomers, conformers, FRET,
phosphorylated peptides, opioid peptides, ephedrine, gramicidin S, homatropine, leucine

enkephalin.
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Chapter 1

Introduction

One of the basic principles of molecular biology is that the functions of biomolecules are
intimately related to their three-dimensional (3D) structure, which, in its turn, is determined
by their chemical structure. Therefore, over the years a number of experimental and
computational techniques have been developed for structural characterization of
biomolecules. For instance, X-ray crystallography is one of the most widely used tools for
3D structure determination of biomolecules: most of the structures included in Protein Data
Bank (more than 10° entries) were determined using this method.! Also, X-ray crystallography
was the first technique that allowed solving the 3D structures of very large species, such as
globular proteins®?® and nucleic acids.*> Owing to its remarkable resolving power, X-ray
crystallography can, in principle, provide detailed information on every atom in a molecule.
However, it has some serious limitations.®=® Obtaining large enough, well-ordered crystals of
a molecule of interest is a prerequisite for solving its 3D structure using X-ray crystallography,
and the accuracy of the determined atomic structure critically depends on the quality of these
crystals. For instance, due to the inherent thermal motion of atoms in the mobile regions of
biomolecules (e.g., the side chains of a protein), their coordinates cannot be reliably
determined. Moreover, flexible regions of proteins (e.g., intrinsically disordered domains)
often diffract so weakly that they are invisible in the crystallographic electron density maps.
Many important biomolecules cannot be crystallized at all and thus cannot be studied using
X-ray crystallography. Finally, the conditions required to crystallize biomolecules may not be

the same as those in vivo, which may significantly disturb their native 3D structure.

In contrast to X-ray crystallography, NMR spectroscopy enables the determination of

the 3D structures of biomolecules directly in solution. Although it has been demonstrated that



this technique can be employed to study macromolecular complexes with masses up to
1 MDa,>*0 its practical application is limited to small- and medium-sized biomolecules with
molecular weight below 50 kDa.!! Another limitation stems from the fact that NMR
spectroscopy does not determine the 3D coordinates of the atoms in a molecule but rather
gives a list of restraints, such as internuclear distances and torsion angles, which is then used
to build its 3D model. Typically, this model represents an ensemble of structures, all of which
are consistent with the experimentally determined restraints. Therefore, as in the case of
X-ray crystallography, the 3D structure of flexible regions of biomolecules, for which NMR
spectroscopy provides fewer and/or less strict restraints, cannot be accurately determined.
Despite recent advances in the field, the 3D structure determination of flexible biomolecules,

such as intrinsically disordered proteins, still presents challenges to NMR spectroscopy.!?

Mass spectrometry is another powerful analytical technique, which is based on
measurements of the mass-to-charge ratios of ions and their fragments. Although originally
developed to measure elemental atomic weights and the natural abundances of isotopes,
nowadays mass spectrometry is a vital tool for identification and structural characterization
of biomolecules, ranging from small metabolites to large macromolecular assemblies.'3-8 A
great variety of ionization techniques, which have been developed over the last century, allow
studying solid, liquid, and gaseous samples. Besides measuring the mass-to-charge ratio of
ions of interest, one can also fragment them and obtain their fragmentation mass spectra,
which reflect structural features of the molecules, from which they are derived from. Such
spectra may serve as fingerprints of the molecular species®® or can be used for the chemical
structure (e.g., primary structure of proteins) determination.?® Moreover, such fragmentation
techniques as electron capture and transfer dissociation, which result in prompt, non-ergodic
dissociation, may provide information about the higher order structure of biomolecules
(e.g., secondary and tertiary structure of proteins) or even give some hints about dynamical
processes, such as protein unfolding.?! Different types of mass analyzers have their own
advantages and disadvantages.?? For instance, triple quadrupole mass spectrometers have
very high sensitivity and hence are perfectly suited for quantification of known molecules,
such as disease-related biomarkers, in a sample,?® while Orbitrap-based mass spectrometers
offer very high mass resolution and accuracy, which are required for identification of protein

sequences and post-translational modifications.?* Finally, it is worth noting that mass



spectrometry can be readily coupled with various separation techniques, such as liquid
chromatography or ion mobility spectrometry, for analyzing very complex biological samples,

which contain thousands of different molecules.

Another general method used for identification and structural characterization of
biomolecules is optical spectroscopy. Although this technique is not able to determine the 3D
structure of biomolecules directly, a number of experimental approaches that provide
information on their structural features have been developed. For instance, infrared (IR)
spectroscopy enables identification of the presence of certain functional groups in
biomolecules, and similarly to fragmentation mass spectra, IR spectra may serve as
spectroscopic fingerprints of molecular species.?®> Also, since IR spectra reflect vibrational
motion of atoms in molecules, IR spectroscopy may also reveal some features of their 3D
structure, such as hydrogen-bond patterns.?6-2° Ultraviolet-visible (UV-Vis) and fluorescence
spectroscopy, although they require the presence of a chromophore/fluorophore in a
biomolecule, can be used to probe its local structural features. For example, fluorescence
guenching of tryptophan side chain indicates whether it is exposed to solvent or buried in
protein hydrophobic core;*® and the measurements of Forster Resonance Energy Transfer
(FRET) allow estimating distances between two or more fluorophores in a biomolecule.3!
Circular dichroism (CD) spectra recorded in the far-UV spectral region (190-250 nm) can be
used to determine the fraction of different secondary structure types (a-helix, B-sheet, and
random coil) in a protein, while the CD signal in the near-UV spectral region (250-350 nm) is
sensitive to protein tertiary structure.3?33 Although a lot of structural information can be
obtained from optical spectra, they are usually very broad because of the interaction with
solvent molecules, which results in the inhomogeneous spectral broadening. Obviously, this

issue can be overcome by isolating biomolecules in the gas phase.

As virtually all biological molecules possess low vapor pressure, special techniques have
to be used to transfer biomolecules into the gas phase. Thermal heating is one of them.
However, this method often requires very high temperatures and thus results in significant
thermal decomposition. Therefore, it has been used only for a limited number of small
biomolecules.3*37 Alternatively, one can use a pulsed laser to instantly heat molecules
deposited on a matrix in order to avoid the thermal decomposition. Moreover, when the

laser-desorbed molecules are injected into the collision zone of a supersonic expansion and



entrained in a carrier gas pulse, they are cooled by multiple collisions with the carrier gas
atoms.38 This allows for rotational cooling to temperatures smaller than 10 K.3%4° Although
vibrational cooling is less efficient, vibrational temperatures in the range of 15 to 50 K can be
achieved.324% Such a combination of laser desorption with supersonic expansion has been
widely used to obtain highly resolved UV and IR spectra of intact isolated biomolecules with

molecular weights up to 2 kDa in the gas phase.*™*°

Typically, UV spectroscopy in molecular beams involves a use of so-called action
spectroscopy. In contrast to conventional absorption spectroscopy, which detects a change of
light intensity due to absorption, action spectroscopy monitors changes that happen with the
matter itself upon its interaction with light. For instance, laser-induced fluorescence (LIF)
spectroscopy implies measurements of the total (undispersed) fluorescence signal as a
function of the excitation wavelength, and resonance-enhanced multiphoton ionization
(REMPI) technique employs ionization of molecules by two or more photons to measure the

photoionization yield as a function of the excitation wavelength.>®

The first biomolecule studied in a supersonic jet was neutral amino acid tryptophan.
In 1985, Levy and co-workers employed resonant two-photon ionization (R2PI) spectroscopy
to measure its electronic spectrum,® and the power-dependence studies of this spectrum
revealed the presence of six different conformers.>? The use of LIF spectroscopy not only
confirmed the assignment but also allowed them to study photophysics of neutral tryptophan
in a solvent-free environment.>? Later, similar experiments were carried out on the other two
UV-absorbing amino acids, tyrosine and phenylalanine,”® and a number of other small

biomolecules.3%4143,55,56

An addition of one more laser to these spectroscopic schemes enabled the
measurements of conformer-selective UV and IR spectroscopic fingerprints. The first,
so-called pump laser is used to deplete the ground state of one of the conformers, while the
second, so-called probe laser probes the effect induced by the first one, that is, a decrease in
fluorescence intensity or photoionization yield. For instance, UV-UV spectroscopy allows for
the assighment of UV peaks to distinct conformers.>%>’” Depending on which of the two lasers
is scanned, it is referred to as either hole-burning (the probe laser is scanned) or ion-dip (the
pump laser is scanned) spectroscopy. When using an IR laser instead of a UV laser to deplete
the ground state, conformer-selective IR spectra can be obtained. In this case, the UV laser is

10



fixed at a certain vibronic transition of a single conformer and the IR laser is scanned.
Whenever the frequency of the IR laser is resonant with a vibrational transition of this
conformer, its ground state is depopulated, which results in a dip in the recorded
spectrum.’%°85% Because of the very efficient intramolecular vibrational redistribution (IVR)
process, the IR-induced depletion signal can exceed 50 % (the theoretical limit for a simple
two-level system). Alternatively, when the IR laser is fixed at a certain vibrational transition
belonging to a single conformer, one can scan the UV laser to record an IR-UV hole-burning
spectrum. The application of IR-UV ion-dip spectroscopy to measurements of
conformer-selective IR spectra of a molecule requires its UV spectrum to be sufficiently
resolved to be able to set the UV laser on a distinct vibronic transition. However, it was
recently demonstrated that even in the case when the UV spectra of different conformers
significantly overlap conformer-selective IR spectra can be obtained by means of IR-IR-UV

spectroscopy.®

A use of vacuum ultraviolet (VUV) single-photon ionization instead of R2PI enables
studying molecules that lacks a UV chromophore. For instance, if the energy of a VUV photon
is chosen to be a bit lower than the ionization energy of a molecule, absorption of an
additional IR photon prior to the VUV photon allows reaching the ionization threshold and
hence results in a photoionization signal.®® Also, the IR absorption may affect
photodissociation channels even if the energy of a VUV photon alone is sufficient for ionizing
the molecule. Thus, one can acquire an IR spectrum by measuring the photodissociation mass
spectrum while scanning the IR laser.®> For example, this enables studying weakly bound
clusters,®® which are challenging cases for IR-UV spectroscopy because they typically have a
very short excited state lifetime and hence cannot be efficiently ionized by nanosecond UV
laser pulses. It is worth noting that, alternatively, one can employ femtosecond multiphoton

ionization technique to ionize them 46>

A great variety of neutral biomolecules isolated in the gas phase have been studied over
the last thirty years. A combination of high-resolution spectroscopy with high-level quantum
chemical calculations allowed for the elucidation of the 3D structure of peptides,*6:66-8>
carbohydrates,°2 nucleobases.”®3*7 Also, spectroscopic techniques have been successfully
applied to study their weakly bound complexes?+68709398-106 a5 well as biomolecules

microsolvated by water molecules.”%87,8892,95,107-117
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However, since biomolecules in vivo are often charged (at least, locally), studying of
biomolecular ions is as important as the study of neutral biomolecules. Moreover, there are
several advantages. For instance, using matrix-assisted laser desorption ionization (MALDI)
and electrospray ionization (ESI) enables transferring intact biological molecules, ranging from
single amino acids to large macromolecular assemblies, into the gas phase in the form of
closed-shell molecular ions. Then, one can select the ions of interest on the basis of their
mass-to-charge ratios or collisional cross sections. Finally, the ions can be easily manipulated
and analyzed using a variety of mass-spectrometric techniques. Thus, photodissociation of
ionic species can be routinely detected, which allows using action spectroscopy to obtain their
UV and IR spectra (the very low typical ion density in a mass spectrometer impedes the

application of direct absorption spectroscopy).

For instance, photofragmentation of ions can be induced by the absorption of multiple
IR photons, which, however, requires an IR laser source to deliver a relatively high photon flux
(the rate of photon absorption should exceed the rate of collisional and radiative energy
relaxation). With the advent of high pulse-energy optical parametric oscillators and free

electron lasers, numerous IR multiple photon dissociation (IRMPD) studies appeared.118-124

While this spectroscopic technique works well for small biomolecular ions,18125-135 the
3D structure determination of larger species becomes less convincing and reliable.128136.137
Indeed, as the size of biomolecules and hence the number of vibrational modes increase, the
IR spectra become much more complicated. Also, in contrast to conventional spectroscopic
methods based on one-photon absorption, IRMPD spectroscopy involves the sequential
absorption of a large number of IR photons, which may distort the resulting IR spectra
(vibrational bands are typically broadened and red-shifted).13%!39 Since the 3D structure is
determined by comparing experimentally measured and theoretically calculated vibrational

frequencies, using vibrational spectroscopy as a structural tool for larger molecules requires

reducing all sources of spectral congestion.

One of the sources is thermal broadening, which arises from distribution of thermally
populated states. In the case of spectroscopic studies of neutral biomolecules in supersonic
jets, thermal broadening is suppressed by cooling their internal degrees of freedom in
collisions with a carrier gas. Another source of spectral congestion is conformational
heterogeneity. And again, rotational and vibrational cooling of biomolecules in supersonic jet

12



expansions often makes their UV spectra highly resolved, which allows utilizing IR-UV
double-resonance spectroscopy to obtain their conformer-selective IR spectra. Thus, cooling
of biomolecular ions is required to facilitate spectroscopic analysis and their 3D structure

determination.

One of the widely used approaches to cooling of gas-phase ions is buffer-gas cooling,
which uses a cold ion trap to trap and cool the ions. The ion trap is installed inside a box, which
is cooled down to a desired temperature and filled with a buffer gas. The buffer gas is either
leaked or pulsed into the trap, where it thermalizes in collisions with the surrounding cold box.
Thus, the ions entering the cold ion trap lose their kinetic and internal energy in inelastic
collision with the cold buffer gas atoms/molecules. For instance, in 2004, Weinkauf and
co-workers used a modified commercial ESI mass spectrometer with a 3D Paul ion trap cooled
by liquid nitrogen to measure the electronic spectrum of cold protonated tryptophan;'*° and
in 2006, three separate groups reported the development of cold ion spectrometers based on
a cryogenically cooled 22-pole ion trap,**'*3 introduced by Dieter Gerlich in 1993.14 A
number of other cold ion traps and spectrometers have been developed over the last

decade 145-159

One of the spectroscopic techniques that can be employed to measure the IR spectra of
cold gas-phase ions is a “messenger tagging” approach,®® which is particularly useful in the
absence of an electronic chromophore. In this approach, inert species, such as H, and N3
molecules or rare gas atoms, are condensed onto the ions that are trapped and cooled down
to a temperature of about 10 K in a cold ion trap, and IR excitation of the formed adducts
results in fast photo-evaporation of these “tags”. Thus, by monitoring the photofragmentation
yield of the adducts as a function of the excitation laser wavenumber, one can acquire the IR
spectrum of the ion (the weakly bound “tags” are thought to have little effect on the

vibrational spectrum).t61-163

Recently, a different approach to producing ultracold biomolecular ions and studying
them by means of laser spectroscopy was proposed by von Helden and co-workers.'%* In this
approach, gas-phase ions are produced by ESI and trapped in a room temperature ion trap.
Ultracold helium droplets, produced by a helium droplet source, traverse the trap and pick up
the ions. Once the pick-up takes place, the ions are cooled down to the temperature of the
helium droplets (= 0.4 K), and then, the doped droplets are intersected by a laser beam. Upon

13



UV or IR excitation, the ions are ejected from the droplets. Thus, UV and/or IR spectra of
ultracold biomolecular ions embedded in helium droplets can be obtained by recording the

photo-ejection yield while scanning the excitation laser wavenumber,1>7,16>166

In our Laboratory, buffer-gas cooling in a 22-pole linear ion trap, mounted on a cold head
of a closed cycle refrigerator, is used to cool biomolecular ions, produced by ESI. For instance,
Boyarkin et al. measured UV spectra of cold protonated tyrosine and tryptophan by recording
the photodissociation signal as a function of the UV laser wavenumber.'*!* While the obtained
UV spectrum of protonated tyrosine with a well-resolved vibronic structure and the 2.7 cm™
linewidth of individual peaks proved the capability of this method to cool biomolecularions in
the gas phase to very low internal temperatures (= 10 K), the UV spectrum of protonated
tryptophan remained rather broad due to its short excited state lifetime. However,
Mercier et al. demonstrated that solvation of protonated tryptophan even by only two water
molecules dramatically sharpens its UV spectrum.'®’ Moreover, the appearance of sharply
resolved features in UV spectra of cold ions allowed for the measurements of their
conformer-specific IR spectra using IR-UV double-resonance spectroscopy, when a UV laser is
set to a distinct sharp UV peak and an IR laser is scanned. The IR pulse precedes the UV pulse
by approximately 100 ns so that, whenever the IR laser frequency is resonant with a ground
state vibration of the conformer excited by the UV laser, its ground state is depopulated,
which is detected as a depletion in the UV-induced photofragmentation signal. For example,
Stearns et al. employed IR-UV spectroscopy to measure the conformer-specific IR spectra of
protonated phenylalanine and tyrosine and, by comparing them with the results of high-level
quantum chemical calculations, determined the 3D structure of the conformers.'® Later on,
the same approach was used for the 3D structure determination of a number of small
protonated peptide containing either phenylalanine or tyrosine as a UV chromophore.16°-17>
To date, the largest species, for which its exact 3D structure has been revealed by cold ion
spectroscopy, is the most abundant gas-phase conformer of a doubly-protonated
decapeptide, gramicidin S.27® Furthermore, Nagornova et al. demonstrated that cold ion
spectroscopy can be applied to track changes in its 3D structure upon addition of 1 to 50 water

molecules in a gas-phase cluster.'””

While cold ion spectroscopy has been successfully employed for structural studies of

relatively small biomolecular ions, its application to larger species becomes less
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straightforward. First, investigations of larger systems are usually inhibited because of their
lower photofragmentation yields. This issue can be, at least, partially solved by infrared
multiple-photon excitation (IRMPE) of ions after the UV excitation of their chromophores. For
instance, Guidi et al. reported an increase in the photofragmentation yield of up to two orders
of magnitude by using a pulsed CO; laser for IRMPE.’® Alternatively, one can use the
“messenger tagging” approach described above. Another problem is due to conformational
heterogeneity, which can still be a significant source of spectral congestion. One possible
solution to this problem is to separate conformers prior to the spectroscopic analysis using
ion mobility spectrometry. For example, a combination of high-field asymmetric waveform ion
mobility spectrometry (FAIMS) and cold ion spectroscopy enabled to partially separate the
conformational families of a doubly- and triply-protonated peptide, bradykinin, and thus to
resolve their spectra.’®#179180 YV spectra of large biomolecular ions may also be unstructured
because of the very large number of low-frequency vibrations. Although this inhibits the use
of conformer-selective IR-UV spectroscopy, it was demonstrated that it is still possible to
record all-conformer IR “gain” spectra of molecules as large as small proteins.'®! Moreover,
an addition of one more IR laser to this spectroscopic scheme may, in principle, enable
measurements of conformer-specific IR spectra. For instance, IR-IR-UV spectroscopy has been
recently employed to obtain individual IR spectra of two conformers of protonated
tryptophan,8? the UV spectrum of which is intrinsically broad. Finally, the practical use of cold
ion spectroscopy for the 3D structure determination of biomolecules larger than di- and
tri-peptides is usually impeded by unfeasibly time-consuming quantum chemical calculations.
Thus, development of novel approaches that do not rely on the high-level calculations would

be highly desirable.

While cold ion spectroscopy is inherently based on various mass-spectrometric
techniques, the information contained in photofragmentation mass spectra is typically
overlooked. At the same time, it was shown that two conformational families of protonated
tyrosine display different photofragmentation mass spectra,®® which, in principle, may allow
distinguishing them. Also, we have demonstrated that the enhanced selectivity offered by a
combination of cold ion spectroscopy and mass spectrometry may be useful, in particular, for
identification of tyrosine-phosphorylated peptides and, in general, for identification of UV

chromophores in biomolecular ions.83
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To sum up, the main objective of this work is to develop novel approaches for structural
characterization of cold biomolecular ions in the gas phase that use not only the spectroscopic
fingerprints of these species but also the information provided by the fragmentation mass
spectra that the electronic excitation produces. First, we describe a coupling of the existing
cold ion spectrometer with a commercial high-resolution Orbitrap-based mass spectrometer,
which allows recording the entire photofragmentation mass spectra at each excitation
wavenumber. Then, we demonstrate three particular applications of this new hybrid
instrument, namely: 1) identification of isomeric biomolecules in mixtures; 2) identification of
conformers of biomolecular ions and deriving structural information on the basis of their
conformer-specific UV and MS spectra; and 3) measurements of interchromophore distances

in gas-phase opioid peptides.
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Chapter 2

Experimental Setup

2.1. Cold lon Spectrometer

A schematic diagram of the cold ion spectrometer that was built more than a decade
ago and upgraded by adding a cryogenically cooled 22-pole ion trap is shown in Figure 2.1. It
consists of a number of differentially pumped vacuum chambers (not shown in Figure 2.1) and
an ion optical system, which guides ions from their entrance to the spectrometer from the
atmospheric-pressure region, where they are produced by nano-electrospray ionization
(nanoESl) technique, to the region, where they are detected by a channeltron detector. The
ion optical system includes a transfer capillary, a skimmer, a hexapole ion trap, two
guadrupole mass filters, two quadrupole deflectors, an octupole ion guide, electrostatic
lenses, and a 22-pole ion trap, mounted on a cold head of a cryocooler. The cold ion
spectrometer is not linear, but rather Z-shaped, with two deflectors giving two 90° turns to
the ion beam. Apart from reducing the gas load to turbomolecular pumps and reducing the
background pressure in the high-vacuum stages, this creates a clear path for laser beams on
the axis of the 22-pole ion trap, allowing them to enter and exit the cold ion spectrometer

through windows placed at Brewster's angle.

A typical experimental workflow is the following. The sample to be studied is dissolved
in water, methanol, or their mixture with addition of acetic acid and sprayed at atmospheric
pressure from a metal-coated glass needle towards the entrance of the metal-coated glass
capillary. The ions, produced by nanoESl, are transferred with the airflow through the capillary
to the first vacuum stage, which is pumped to a pressure of about 2 mbar. Then, the ions pass
through the skimmer and are pre-trapped in the 6 cm long linear hexapole ion trap, which
spans the second and the third vacuum stages. The pressures in these stages are at the level

of 5-10 and 5-10° mbar, respectively. A pulsed voltage is applied to the exit electrode of the

17



Deflector 1

Stack of lenses Channeltron_.

(5 electrodes)
Quadrupele (Q,) %

Skimmer
SHMmer 22-pole cold trap

Octupole 4

@ : " Hexapole N
§ Quadrupole (Qj)

’ . Deflector 2

. Capillary

Figure 2.1. Schematic diagram of the cold ion spectrometer.

hexapole, which allows accumulating ions and periodically releasing them as dense ion
packets. The hexapole is followed by the first quadrupole mass filter (4™ vacuum stage,
p = 2-107 mbar), which selects ions of a particular mass-to-charge ratio (m/z). The
mass-selected ions are turned by 90° by the first quadrupole deflector and transmitted
through the linear RF-only octupole ion guide to the 22-pole ion trap, where they get trapped
and cooled in collisions with a pulse of helium buffer gas, which is introduced into the trap =
0.2 ms before the arrival of the ion packet. The trap is installed on the cold head of the
cryocooler (SRDK-408R, Sumitomo Heavy Industries). Thus, helium atoms thermalize in
collisions with the walls of the trap and attain a translational temperature of 6 K, which allows
cooling the ions to a vibrational temperature of about 10 K.'4! After about 30 ms, when the
helium is pumped out, photofragmentation spectroscopy is performed inside the 22-pole ion
trap by irradiating the trapped ions with a UV and/or IR laser pulse. Then both parent and
fragment ions are released from the trap and turned by 90° by the second quadrupole
deflector. The second quadrupole mass filter selects either parent ions or fragment ions of a
particular m/z, and the transmitted ions are detected by the channeltron detector. The
pressures in the octupole ion guide, the 22-pole ion trap, and the second quadrupole mass
filter, which correspond to the 5%, 6%, and 7t vacuum stages, respectively, are in the range of

10° mbar (ultimate vacuum) to 10* mbar (peak pressure during a He pulse).
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2.2. Laser Setups and Spectroscopic Techniques

UV laser light used for electronic excitation of chromophores is produced by frequency
doubling in a BBO (beta barium borate) crystal the visible output of a dye laser (HD-500,
Lumonics) pumped by the third harmonic of a Nd:YAG (neodymium-doped yttrium aluminum
garnet) laser (GCR-250, Spectra Physics). The resulting UV beam is separated from the
remaining visible light via reflections on two dichroic mirrors and sent into the vacuum
manifold of the cold ion spectrometer through a BaF, window placed at Brewster's angle. This
is schematically depicted in Figure 2.2. For all the experiments described in this thesis
Coumarin 540A dye was used. The BBO crystal is mounted along with a fused silica
compensator in an Autotracker lll (Inrad), and both are automatically rotated to the
phase-matching angle as the visible wavelength is scanned. The UV pulses have a duration of

5 to 10 ns, and a typical energy is in the range of 1 to 4 mJ at 10 Hz repetition rate of the

Nd:YAG laser.
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Figure 2.2. Schematic diagram of the UV light generation.

To generate IR laser light in the 3 um region, we use an optical parametric
oscillator/amplifier (OPO/OPA) system (LaserVision), pumped by the 1064 nm fundamental
mode of a Nd:YAG laser (SpitLight 600, Innolas).The vertically polarized idler beam from the
OPO/OPA is sent into the vacuum manifold of the cold ion spectrometer through another BaF,

window placed at Brewster's angle (Figure 2.2). The Nd:YAG laser operates at 5 or 10 Hz
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repetition rate. The IR pulse energy varies in the range of 1 to 10 mJ depending on the IR
wavenumber. To generate IR light in the 6 um region we remove a Brewster plate polarizer at
the exit of the OPA stage and perform a difference frequency mixing of the horizontally
polarized signal (= 1.5 um) and vertically polarized idler (= 3 um) outputs of the OPA stage in
a AgGaSe; crystal. Both signal and idler waves are removed by a ZnSe filter, placed right after
the nonlinear crystal, while the 6 um light goes to the cold ion spectrometer via the same
optical path (Figure 2.2). The IR pulse energy in the 6 um region varies in the range of 0.5 to

2 mJ depending on the IR wavenumber.

[ Nd:YAG [==e{ OPO/OPA [\ [ Nd:YAG fed OPOJOPA |\
- . 1.5um- 3 um
—
6um
N \ N \

Figure 2.3. Schematic diagram of the generation of IR light in the 3 um (left panel) and 6 um

(right panel) regions.

Different types of spectra can be obtained using the cold ions spectrometer. First, one
can record a photofragmentation mass spectrum by fixing the wavenumber of the UV laser
and scanning the Qs quadrupole mass filter over a certain m/z range. Once the m/z of a
photofragment(s) is known, a UV spectrum is recorded by fixing the Qs quadrupole mass filter
at the m/z of a particular fragment and monitoring the intensity of the photofragmentation
signal (i.e., the number of photofragments) as a function of the UV laser wavenumber
(Figure 2.4(a)). In order to increase the photofragmentation signal, the ions can be additionally
activated by a CO; laser pulse following the UV excitation. CO; laser light enters the cold ions

spectrometer via the same optical path as IR laser light.

To record a conformer-selective IR spectrum, we set the UV laser wavelength on a
particular feature (i.e., narrow vibronic transitions) in UV spectrum. In this experiment UV and
IR laser pulses are generated at 20Hz and 10 Hz repetition rates, respectively. The IR pulse
precedes the UV pulse by about 100 ns. We measure the difference between the number of

photofragments in the two alternating cycles, with UV-only and IR-UV excitation, as a function
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of the IR laser wavenumber (Figure 2.4(b)). Alternatively, the UV laser wavenumber is tuned
to the low-wavenumber, red edge of the UV spectrum. In this case we measure an increase of

the photofragmentation signal of IR-preheated ions (Figure 2.4(c)).
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Figure 2.4. Spectroscopic schemes for the measurements of (a) UV, (b) IR depletion and (c) IR

gain spectra.
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Chapter 3
Coupling an Orbitrap-based Mass Spectrometer

to the Existing Cold lon Spectrometer

This chapter describes coupling of an Exactive Orbitrap-based mass spectrometer to the
existing cold ion spectrometer. First, we give a brief description of the Exactive mass
spectrometer. Then, we present an interface that was used to couple the two instruments.
And finally, we describe a typical experimental workflow and the details of experimental data

processing.

3.1. Introduction

The Orbitrap, invented by Alexander Makarov in 1999,%4185 is 3 purely electrostatic
mass analyzer based on the principle of orbital trapping, introduced by Kingdon in 1923, 8 |t
consists of an outer barrel-like electrode and a central spindle-like electrode (see the Orbitrap

Mass Analyzer in Figure 3.1), which create a quadrologarithmic electrostatic potential:
k r?\ k T
2,2 _ ZoR2 i n(—
U(r,z)—2 <z 2>+2 R: ln(Rm>+const (3.1)

where r and z are cylindrical coordinates, k is field curvature and R,, is the characteristic
radius. Stable ion trajectories involve both orbital motion around the central electrode and
oscillations in the z-direction around the plane of symmetry (z = 0).18 Since the electrostatic

potential is quadratic with respect to the z coordinate, the ion motion along the z-axis can be
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described as simple harmonic oscillations with an angular frequency determined by the mass-

to-charge ratio (m/z) of the ions:

k
W= /) (3.2)

The outer electrode is split into two halves at z = 0 so that the oscillations of the ion
cloud induce an image current on the two halves, which is differentially amplified and
subsequently converted from the frequency domain into the m/z domain by means of the

fast Fourier transform (FFT).

The key features of any mass spectrometer are its mass resolution, mass accuracy and
dynamic range. Mass resolution, R, depends on the spectrum acquisition time: a longer
acquisition time results in a higher resolution in the frequency domain and hence in a higher
mass resolution. The maximum acquisition time is determined by several factors such as
collisions with background gas, field imperfections, electric field instability, and space-charge
effects, which all result in ion losses and an ion package dephasing.'®” In commercial
instruments these effects are markedly reduced by employing highly accurate manufacturing,
very stable power supplies, and ultrahigh vacuum (< 10° mbar) so that a resolving power
above 108 has been demonstrated for m/z below 300-350.%8 The mass accuracy is affected
by such factors as variations in the initial injection positions of ions, space-charge effects, very
weak cross-terms (r, z) in the electrostatic potential, low signal-to-noise (S/N) ratio. Currently
mass accuracy better than 1 ppm can be achieved.'® The dynamic range is determined by the
maximum total number of ions that can be analyzed with the Orbitrap and its detection limit.
The former is limited by the size and configuration of an Orbitrap analyzer and lies in the range
of (0.5-1)-10° elementary charges,?* while the latter is limited mainly by the internal noise of
the used preamplifier and can be as low as 1-2 ions.*° For instance, it was shown that a mass

accuracy of 5 ppm can be reached at a dynamic range of more than 5000.%°*

Orbitrap-based mass spectrometers have been successfully applied in the fields of
proteomics,'9?71%> lipidomics,'°61%° metabolomics,?42%0-202 environmental analysis,203204
doping control,29>:2% etc. A number of fragmentation techniques have been implemented on

Orbitrap mass spectrometers for MS/MS analysis.89193.207-210 particularly, infrared multiple-
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photon dissociation (IRMPD) and vacuum ultraviolet (VUV) dissociation were integrated into
commercial Orbitrap mass spectrometers,?!1=21> however, to our knowledge, there are no
examples of using tunable light sources and Orbitrap mass spectrometers for measuring 2D

spectra (i.e., high-resolution mass spectra as a function of the excitation wavelength) of ions.

3.2. Description of the Exactive Mass Spectrometer

The Exactive Orbitrap-based mass spectrometer (Thermo Fisher Scientific) available to
us is a standalone commercial instrument intended for high-throughput LC-MS applications.
Figure 3.1 schematically shows its main components: an atmospheric pressure ionization (API)

source, ion optics, a curved linear ion trap (C-Trap), a collision cell, and an Orbitrap mass

analyzer.
HCD Collision Cell (optional)  Trap Lens C-Trap  Gate Lens Octapole (Multipole 2) ~ SplitLens Lens L1 90° Flatapole
| S (Multipole 1)
| —
Py | —— Lens LO
RFLens (RAD) ||le=—==r= = ===
ﬁ_ [ — Skimmer l I |
Tube Lens /e Q
]
/ =,
Orbitrap \
Mass Analyzer \ / Heated Capillary
ESI Sprayer

API lon Source

Figure 3.1. Schematic representation of the Exactive Orbitrap-based mass spectrometer.

Samples are introduced into the API source either directly via a syringe pump or after
preliminary separation by means of a LC system. lons generated from a solution using an

electrospray ionization (ESI) technique are transferred through the heated capillary and
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focused by the tube lens towards the orifice of the skimmer. The skimmer serves as a vacuum
baffle between the higher and lower pressure regions of the vacuum manifold. The
capillary-skimmer region is pumped out by a rotary-vane pump (Sogevac SV 40 BI, Oerlikon
Leybold Vacuum). After passing the skimmer, the ions are focused by the RF lens (RFO) and
transmitted to the RF-only flatapole (Multipole 1) through the aperture of the lens LO. The
flatapole rods are bent through a 90° arc in order to minimize the transmission of unwanted
neutral species. lons from the flatapole pass through the lens L1 and the Split lens to the
RF-only octupole (Multipole 2), which transmits them to the C-Trap. Lenses LO and L1, both
act as vacuum baffles and split the second vacuum chamber into three differential pumping
stages, pumped out by a split-flow turbomolecular pump (SplitFlow 310, Pfeiffer Vacuum).
The injection of ions into the C-Trap is controlled by applying either a “closed” (+ 350 V) or an
“open” (0 V) voltage to the Split lens. The C-Trap is a curved linear ion trap intended for
accumulating the ions, squeezing, and injecting them into the Orbitrap mass analyzer.
Voltages applied to the two end-cap electrodes (gate and trap lenses) of the C-Trap create a
potential well along its axis. A constant nitrogen flow (= 0.2 mL/min) is directed to the C-Trap
so that the trap is kept at a pressure of about 2:10° mbar. The ions entering the C-Trap lose
their kinetic energy in collisions with the nitrogen buffer gas and are eventually focused close
to the trap axis. In order to extract the trapped ions towards the mass analyzer, the C-Trap RF
voltage is switched off, while the DC voltages applied to its rods and to the end-cap electrodes
squeeze the ions along the curved axis and push them orthogonally to this axis. Then, the ions
are transmitted through the Z-lens, electrostatically deflected, and injected into the Orbitrap
through a slot in its outer electrode. The use of the Z-lens and the deflector allows for very
efficient differential pumping so that the pressure inside the Orbitrap is kept lower than
1-10° mbar. The vacuum in the analyzer chamber is maintained by a second split-flow

turbomolecular pump (Turbovac TW 290/20/20-UHV, Oerlikon Leybold Vacuum).

Our Exactive mass spectrometer is also equipped with a collision cell, which allows
performing higher-energy collision-induced dissociation (HCD) experiments. The collision cell
is an additional vacuum chamber with an octupole ion trap inside. The HCD cell is coupled to
the C-Trap, so that for HCD experiments the ions leaving the Multipole 2 pass through the
C-Trap (both gate and trap lenses are set to transmit ions) and are accelerated at the entrance

to the HCD cell, which is filled with a collision gas. In collisions with the buffer gas the ions are
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fragmented, and then both parent and fragment ions are returned back to the C-Trap. After

being accumulated in the C-Trap, the ions are sent to the Orbitrap for mass analysis.

The Exactive mass spectrometer is controlled by an external PC running the Exactive
Tune software. The Exactive contains an internal computer, which communicates with the
external PC via an Ethernet interface. The internal computer, therefore, serves as a front end
for all the electronics of the Exactive, which comprise a number of printed circuit boards (PCB).
The PCBs supply the Exactive components with the DC and RF voltages; they also monitor
readbacks, control the vacuum system (turbomolecular pumps, pressure gauges, valves),
supply high voltage to the ESI needle, communicate with peripheral devices (syringe pump, LC
system), acquire and process the induced current from the Orbitrap mass analyzer, etc. The
PCBs extensively communicate with each other to synchronize the operation of all the Exactive
components. After all, there are interlocks that ensure safe and reliable operation of the

Exactive as an entire instrument.
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Figure 3.2. Schematic view of the coupled instrument.
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3.3. Design of the Interface

As it follows from the above description of the Exactive, it is a complicated instrument,
intended for being used as a standalone mass spectrometer or as a part of an LC-MS system.
Thus, coupling it to our existing cold ion spectrometer (CIS) and using them together required
certain technical issues to be solved. First, in order to increase the number of both parent and
photofragment ions as well as to improve the stability of the ion signal, we replaced the
skimmer-based ion source by an orthogonal double-ion-funnel ion source (Spectroglyph) and
replaced the 22-pole by an 8-pole cold ion trap (for details see ref. 1°® and the Supporting
Information in ref. 2'6). Then, we wanted to employ the Exactive for measuring mass spectra
of the ions stored in the cold ion trap but at the same time to keep the possibility of using the
guadrupole mass filter (Q3) for our experiments. Therefore, we decided to couple the Exactive
to the second quadrupole deflector (D2) of the CIS, which allows turning the ions from the
cold trap either to the Q3 or towards the Exactive (Figure 3.2). However, since the Exactive
itself does not provide means for coupling its vacuum manifold as well as its ion optics to the
CIS, we have replaced the ion source section of the Exactive by a custom piece, which mimics

the overall dimensions of the original assembly and has a CF flange on one side.

The Exactive mass spectrometer can operate with a number of APl ion sources, such as
ESI and nano-ESI (nESI) ionization, atmospheric pressure chemical ionization (APCI) and
atmospheric pressure photoionization (APPI) sources. The Exactive monitors whether any of
these ion sources are connected to switch on the ion optics and high voltage (8kV) power
supplies and attempts to automatically identify the ion source type. Therefore, the only
interlock that we had to overcome after the replacement of the ion source section of the
Exactive is the ion source interlock. Each APl source compatible with the Exactive has an
identifier (ID), which is encoded in the source D-Sub plug via resistors soldered to its pins. The
Exactive has a corresponding D-Sub socket on its front side so that, when an API source is
connected to the Exactive, it probes the resistance between certain pins and determines the
ion source type. To emulate the ESl ion source we connected to the D-Sub socket a plug with
the following pinout: a 2.2 kQ resistor is soldered between pins 7 and 8; pins 5 and 12 and pins
6 and 13 are short-circuited in pairs; pins 9, 10 and 11 are soldered together; the remaining

pins are left unconnected.
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The pressure inside the source chamber of the Exactive is on the order of 10° mbar,
while the pressure in the region of D2 is in the range of 10° mbar (ultimate vacuum) to
10 mbar (peak pressure during He pulse). Therefore, to isolate the vacuum manifolds of the
Exactive and the CIS from each other, we have coupled them via an interface (Figure 3.3) that
consists of two differentially pumped vacuum chambers. Each chamber is evacuated by a
260 L/s turbomolecular pump (HiPace 300, Pfeiffer Vacuum) backed by a 4.8 m3/h dry pump
(XDS 5, Edwards). The pressure inside the chambers is monitored by cold cathode gauges (IKR
261, Pfeiffer Vacuum).

DC/RF
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Figure 3.3. Section view of the interface that couples the cold ion spectrometer (on the right

side) and the Exactive mass spectrometer (on the left side).

The interface ion optics include two 30 cm long RF-only octupoles (Thermo Fisher
Scientific) with 1.85 mm diameter rods on an inscribed radius of 2.875 mm, driven by a 1 MHz
RF power supply built in-house by our electronic workshop, and five DC electrodes. The
peak-to-peak RF amplitude is determined by an external DC power supply (MCL 160-650,
F.u.G. Elektronik) and can be varied from zero to a few hundred volts. A PC-controlled DC

power supply (Extrel CMS) is used to supply voltages to the DC electrodes.
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3.4. Synchronization of the Duty Cycles

Once the Exactive mass spectrometer had been physically connected to the CIS, the
next step was to synchronize their duty cycles. The duty cycle of the CIS is determined by the
repetition rate of a Nd:YAG laser. For stable and reliable operation, the laser flashlamps should
be triggered with a repetition rate of 20 £ 5 Hz. Therefore, the duration of the duty cycle has
to be a multiple of 50 ms and its minimum duration is limited by 50 ms. On the other hand,
the Exactive mass spectrometer is much more complicated system with a number of
parameters affecting its duty cycle (ion injection time, resolution, various delays, HCD settings,
etc.) and a number of PCBs synchronizing over the serial peripheral interface (SPI) bus and
coaxial cables. For this reason, we decided not to interfere in the internal logic of the Exactive

but rather to trigger the CIS with a certain synchronization pulse from the Exactive.

Figure 3.4. (Left panel) Schematic diagram of triggering the cold ion spectrometer by e