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Summary of this PhD-thesis

Summary of this PhD-thesis

This cumulative PhD thesis put forward several aspects of the analysis of biomolecules
employing high resolution quadrupole time of flight mass spectrometry (HR-QTOF-MS).
Particular analytical challenges in the context of the analysis of various classes of analytes,
i.e. amino acids and peptides, oligonucleotide complexes, triterpenoid esters, intact proteins
have been addressed and new analytical solutions by either liquid chromatographic

separation or HR-QTOF-MS, respectively, their hyphenation have been suggested.
This PhD-Thesis is comprised of four thematically distinct parts:

The first part dealt with the stereoselective analysis of amino acids and peptides. In one
study, the complete stereoconfiguration of an antimicrobial active lipopeptide, poaeamide,
was determined. Lipopeptides are typically synthesized by a non-ribosomal enzymatic
peptide synthesis machinery. As result, they frequently contain several D-amino acids
providing hydrolysis resistance towards target organism peptidases. As lipopeptides are of
general interest for research on and development of antimicrobial compounds, complete
structural elucidation is essential, which encompasses also determination of the absolute
configurations of the amino acids constituting the respective peptide, which is presented in
Publication Il. The analysis strategy enveloped the incomplete hydrolysis of the peptide
yielding overlapping sequence fragments, micro-scale preparative liquid chromatography
and stereoconfiguration analysis of hydrolysis fragments by chiral GC-MS, ultimately
providing determination of the stereoconfigurations of its comprising amino acids
enantiomers. As the latter cannot be distinguished by mass spectrometry alone, HR-QTOF-
MS has been hyphenated with appropriate enantioselective chromatography using
cinchonan carbamate based chiral stationary phases. This work involved the optimization of
the chromatographic and MS conditions and the demonstration of the feasibility of
aforementioned phases in providing complementary chromatographic selectivity when
compared to RP and HILIC type phases, in detail emphasized in Publication VIII. A major
challenge was the determination of configurations of amino acids with more than one
stereogenic centers (Thr/allo-Thr, lle/allo-lle) and those also present as constitutional

isomers (Leu/lle).
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Summary of this PhD-thesis

A particular intricacy solved by the analysis strategy of a combined LC and GC approach
employing reversed phase (RP), hydrophilic interaction (HILIC) and enantioselective
stationary phases was the localization of D-Leu discovered in the peptide, as its position was

disguised by presence of several Leu residues in the lipopeptide.

To advance insight into the enantioselective interaction between the employed LC stationary
phases and amino acids and derivatives thereof, Publication | reported the application of
guantitative  structure-retention and structure-enantioselectivity relationships to
qguantitatively study enantioselective molecular recognition mechanisms. By employing a
Free-Wilson type generalized linear modelling approach, Publication | validated hypotheses
that describe binding energy contribution of individual molecular moieties as being linear
independent of each other. Major contribution to retention of the analytes could be
attributed to pi-interacting derivatization groups, a finding that stands in congruence to

experimental findings reported amongst others by Publication Il.

With mass spectrometry today representing the chromatographic detection method of
choice and consequently entailing the desideratum of stationary phases compatible with this
technology, the first part of this thesis was concluded by Publication VII enhancing mass
spectrometric compatibility of the employed chiral stationary phases. With a hydrolysis
stable crosslinked methylpolysiloxane type surface chemistry, also providing a scaffold for
various surface ligand modifications by the employed thiol-ene click chemistry, significant
enhancement of mass spectrometric compatibility could be demonstrated. Using the
enantioselective cinchonan carbamate based chiral stationary phases as an example ligand,
ameliorated phase stability and resultant enhancement in mass spectrometric sensitivity

was assessed and confirmed by high resolution quadrupole time of flight mass spectrometry.

In the second part, challenging analysis, both from chromatographic and mass spectrometric
perspective, of regioisomers of pentacyclic triterpenoid fatty acid esters instable even under
soft ionizing conditions was addressed by Publication V. Novel esters of triterpenoids with
anti-inflammatory potential, amongst them mixed esters of faradiol, myristic and palmitic
acid could be confirmed to be present in extracts of by employment of orthogonal

analysis methods, namely NMR, GC-MS and LC-HR-QTOF-MS. In order to address the
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Summary of this PhD-thesis

challenging liquid chromatographic separation of mixed regioisomeric diesters, molecular
shape selective chromatography was employed using C30-type RP-stationary phases tailored
for the task. Chromatographic and mass spectrometric requirements, the latter stemming
from the astonishing instability of the analytes during ionization in the presence of water,
even under the soft ionization conditions encountered in electrospray (ESI) or atmospheric
pressure chemical ionization (APCl), could be harmonized by application of a non-aqueous
binary eluent system, cold LC column temperatures facilitating entropic optimization of
regioisomer separation and adequate application and tuning of parameters of APCI-QTOF-

MS for sensitivity, mass accuracy and resolution.

The third part was dedicated to intact protein mass spectrometric analysis (Publications IV
IX X and XI). Employing the Sciex 5600+ TripleTOFs capability in mass accuracy, mass
resolution and sensitivity even for large molecular species by adequate mass spectrometric
and chromatographic method development, analytical questions revolving around analysis
of intact proteins could be addressed, including antibody characterization and, in a
straightforward approach demonstrating mass accuracy and resolution of QTOF, direct
confirmation of attachment and correct target location of covalent kinase inhibitors with sub

kDa molecular weight to >40kDa protein targets.

Finally, the fourth part of this thesis includes two studies (Publications Il and Xll) that
examine interaction between G4-DNA-selective ligands and G4-DNA-quadruplexes, the
latter representing an in vivo form of a DNA that is of oncological research interest as it is
frequently encountered in promoter regions of oncogenes. Ligands specifically binding to

this DNA form is subject of research aimed at cancer imaging or potential anticancer drugs.

Study of such non-covalent complexes in solution is preferably performed by NMR.
However, NMR spectra interpretation is both regularly and in case of Publication Ill and XII
severely hampered by extensive peak broadening and overlapping as consequence of fast to
intermediate exchange rates relative to the NMR chemical shift timescale of ligands

occupying different binding sites Fluorescence titration, employed as orthogonal method in

12



Summary of this PhD-thesis

both studies, also could not unequivocally unveil the stoichiometry of the complexes studied
in the two publications. The author’s contribution was the development of a native
electrospray ionization high resolution quadrupole time of flight mass spectrometry (ESI-HR-
QTOF) method to elucidate stoichiometry and binding mode of aforementioned complexes.
The intricacy to address for both studies was the provision of mass spectrometric method
capable of mapping non-covalent complex stoichiometries and properties from solution to
the vacuum of the mass spectrometric ion path without distortion for example of secondary
structure or ligand binding by the ionization process, by the atmosphere to vacuum
transition or flight through the ion path. The native-ESI-QTOF-MS method developed was
capable of providing these requirements for noncovalent DNA-ligand complexes of several
kDa molecular mass, yet still allowing to quantitively monitor specific binding of very low

molecular (e.g. ammonium NH4*) species to the complex.

Overall, the studies summarized in this Thesis, demonstrated the great utility and wide area
of application of high-resolution quadrupole time of flight mass spectrometry, either in its
hyphenated form with liquid chromatography or as direct infusion-MS, to solve challenging

analytical questions in the context of (bio)pharmaceutical analysis.
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Zusammenfassung der Dissertationsschrift

Zusammenfassung der Dissertationsschrift

Diese kumulative Dissertationsschrift beschreibt Beitrage zu verschiedenen Aspekten der
Analytik von Biomolekiilen unter Anwendung hochauflésender quadrupol Flugzeit-
massenspektrometrie. Spezielle Herausforderungen im Kontext der Analytik verschiedener
Analytenklassen, z.B. Aminosauren und Peptide, Oligonukleotidkomplexe, Triterpenoidester
und Intaktproteine wurden adressiert und neue analytische Losungswege mittels

Flissigchromatographie oder HR-QTOF-MS oder der Kopplung beider wurden vorgeschlagen.

Diese Dissertationsschrift gliedert sich in vier thematisch abgegrenzte Teile:

Der erste Teil beschaftigt sich mit der stereoselektiven Analyse von Aminosduren und
Peptiden. In einer Studie wurde die Stereokonfiguration des antimikrobiell wirksamen
Lipopeptides Poaeamid zur Ganze aufgeklart. Lipopeptide werden reguldr auf nicht-
ribosomalem Wege synthetisiert. Daher enthalten sie hdufig mehrere D-Aminosauren,
welche ihnen Hydrolysebestandigkeit gegenliber Peptidasen der Zielorganismen verleihen.
Da Lipopeptide von generellem Interesse der Forschung an und Entwicklung von
antimikrobiellen Substanzen sind, ist ihre vollstandige Strukturaufkldarung, welche die
Bestimmung der absoluten Konfiguration der Aminosauren beinhaltet, essentiell und wird in
Publikation Il vorgestellt. Die Analysenstrategie umfasste die partielle Hydrolyse, die
Uberlappende Sequenzfragmente bereitstellte, preparative Flissigchromatographie im
Mikromalfistab und Analyse der Stereokonfiguration der Fragmente via chiraler GC-MS, was
letztlich die Bestimmung der Stereokonfigurationen der Aminosaurenenantiomere
gestattete. Da letztere nicht massenspektrometrisch unterschieden werden kdnnen, erfolgte
Kopplung eines HR-QTOF-MS an eine geeignete enantioselektive Flissigchromatographie
unter Verwendung von Cinchonancarbamat basierten chiralen stationdren Phasen. Die
Arbeiten umfassten die Optimierung der chromatographischen und MS-Parameter und es
wurde die Brauchbarkeit der vorgenannten Phasen fiir die Bereitstellung komplementarer
chromatographischer Selektivitdt in Bezug auf RP und HILIC demonstriert, letzteres

detaillierter beschrieben in Publikation VIIl. Eine grolRe Herausforderung war die

14



Zusammenfassung der Dissertationsschrift

Bestimmung der Konfiguration der Aminosdauren mit mehr als einem stereogenem Zentrum

(Thr/allo-Thr, lle/allo-lle) und derer, die als Konstitutionsisomere vorlagen (Leu/lle).

Eine besonderes Problem, gel6st von der Analysenstrategie durch kombinierten Einsatz von
LC und GC, unter Verwendung von Umkehrphasen (RP), Phasen mit hydrophiler Interaktion
(HILIC) und enantioselektiver stationdrer Phasen, war die Lokalisierung des im Peptid
festgestellten D-Leu, da seine Position durch die Gegenwart mehrerer Leu im Lipopeptid

verschleiert wurde.

Um das Verstindnis der enantioselektiven Interaktion zwischen den eingesetzten
flissigchromatographischen stationaren Phasen und Aminosauren und Derivaten letzterer
zu vertiefen, berichtet Publikation | (iber die Anwendung quantitativer Struktur-Retentions-
und Struktur-Enantioselektivitats-Beziehungen fiir die quantitative Untersuchung enantio-
selektiver molekularer Erkennungsmechanismen. Durch Anwendung generalisierter linearer
Modellierung vom Free-Wilson-Typ, konnte Publikation | die Hypothese validieren, dass der
Beitrag individueller Molekilteile zur Bindungsenergie linear unabhangig ist. Der
Hauptbeitrag zur Retention der Analyten konnte auf m-Interaktionen mit den
Derivatisierungssubstituenten zuriickgefiihrt werden, ein Befund der sich kongruent zu den

Ergebnissen experimenteller Studien, unter anderen auch jenen von Publikation Il, verhalt.

Da Massenspektrometrie heute die chromatographische Detektionsmethode der Wahl
darstellt, was folgerichtig einen Bedarf an zu dieser Technologie kompatibler stationarer
Phasen nach sich zieht, schliet der erste Teil dieser Dissertationsschrift mit Publikation VII,
in welcher die Massenspektrometriekompatibilitdit der eingesetzten chiralen Phasen
verbessert wurde. Mit einer Oberflichenchemie auf Basis von hydrolysestabilen
quervernetzten Methylpolysiloxan, welche mittels Thiol-ene-click-Reakivitat eine Plattform
fir Modifikation mit verschiedenen Oberflachenliganden bereitstellt, konnte eine
signifikante Verbesserung der Massenspektrometriekompatibilitdit demonstriert werden.
Anhand  enantioselektiver Cinchonacarbamate als Beispielliganden wurde die erhdhte
Phasenstabilitdt und die daraus resultierende Verbesserung der massenspektrometrischen
Sensitivitat via hochauflésender quadrupol-Flugzeitmassenspektrometrie untersucht und

bestatigt.
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Im zweiten Teil dieser Dissertationsschrift wurde die anspruchsvolle Analytik, sowohl aus
chromatographischer als auch massenspektrometrischer Perspektive, von Regioisomeren
pentazyklischer Triterpenoidfettsaurenester, welche auch unter milden lonisations-
bedingungen instabil sind, von Publikation V adressiert. Bisher unbekannte
Triterpenoidester mit entziindungshemmenden Potential, unter ihnen gemischte Ester von
Faradiol, Mpyristinsaure und Palmitinsaure, konnten unter Anwendung orthogonaler
analytischer Methoden, namentlich NMR, GC-MS und LC-HR-QTOF-MS, in Extrakten von
Calendula officinalis nachgewiesen werden. Um die herausfordernde chromatographische
Trennung von gemischten regioisomeren Diestern zu adressieren, wurden speziell an diese
Aufgabe angepasste C30-RP stationdre Phasen fir die molekilformselektive
Chromatographie  eingesetzt. = Chromatographische und  massenspektrometrische
Herausforderungen, letztere resultierend aus der bemerkenswerten Instabilitdat der Analyten
wahrend der lonisation in Gegenwart von Wasser, sogar unter den milden Bedingungen der
Elektrospray (ESI) oder der chemischen lonisation bei Atmospharendruck (APCl), konnten
miteinander harmonisiert werden. Erreicht wurde dies durch Anwendung eines binaren,
nicht-wassrigen Eluentensystems, kalter und somit entropisch fiir die Regioisomerseparation
glinstiger LC-Saulentemperatur und adaquater Anwendung und Anpassung der Parameter

des APCI-QTOF-MS fir Sensitivitat, Massengenauigkeit und Auflésung.

Der dritte Teil der vorliegenden Dissertationsschrift war der Massenspektrometrie intakter
Proteine gewidmet (Publikationen IV IX X and Xl). Unter Einsatz der Massengenauigkeit,
Massenauflésung und auch fiir groBe molekulare Spezies ausreichende Sensitivitat des Sciex
5600+ TripleTOF konnten, mit angepasster massenspektrometrischer und chromato-
graphischer Methodenentwicklung, analytische Fragestellungen rund um Intaktproteine
adressiert werden. Unter diesen, u.a. Antikdrpercharakterisierung und eine, die Fahigkeit zur
Massengenauigkeit und Auflésung unterstreichende Anwendung des QTOFS, um Bindung
und korrekte Lokalisation kovalent bindender Kinaseinhibitoren mit sub-kDa Molekiilgewicht

an intakte Zielproteine mit >40kDa Molekulargewicht direkt nachzuweisen.
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Zusammenfassung der Dissertationsschrift

SchlielRlich enthalt der vierte Teil dieser Dissertationsschrift zwei Studien (Publikationen Il
and Xll), welche die Interaktion zwischen G4-DNA-selektiven Liganden und G4-DNA-
quadruplexen untersuchen. Letztere ist eine in vivo Form der DNA, welche von
onkologischem Forschungsinteresse ist, da sie haufig in den Promotorregionen von
Onkogenen anzutreffen ist. Liganden, welche spezifisch an diese DNA-Form binden, sind
Gegenstand der Forschung welche auf Onko-lmaging und potentielle Krebstherapeutika

abzielt.

Die Untersuchung solcher nichtkovalenten Komplexe wiirde bevorzugt durch NMR
vorgenommen. Erschwert wird die Auswertung solcher NMR-Spektren reguldr und auch im
Falle von Publikation Il und Xl durch betrachtliche Peakverbreiterung und -tberlagerung,
beides resultierend aus relativ zur NMR-Zeitachse schnellen bis mittelschnellen

Austauschraten von Liganden, welche an verschiedene Bindestellen binden.

Fluoreszenztitration, welche in beiden Studien als orthogonale Technik eingesetzt wurde,
konnte ebenfalls nicht die Stochiometrie der Komplexe aufklaren. Der Beitrag des Autors
war die Entwicklung einer Methode zur hochauflésenden nativen Elektrospray quadrupol-
Flugzeitmassenpektrometrie (ESI-HR-QTOF) um Stochiometrie und Bindungsmodus
vorgenannter Komplexe zu erhellen. Die zu lUberwindende Hiirde war die Bereitstellung
einer Methode, welche in der Lage ist, Stochiometrie und Eigenschaften nichtkovalenter
Komplexe unverdndert aus der Losung in das Vakuum des massenspektrometrischen
lonenpfads zu Ubertragen, ohne hierbei durch lonisationsprozess, Ubergang von
Atmosphdrendruck zu Vakuum oder den Flug durch den lonenpfad zum Beispiel

Sekundarstrukturen oder Ligandenbindung zu verfalschen.

Die entwickelte native-ESI-QTOF-MS Methode kann diese Anforderungen fir nichtkovalente
DNA-Ligand-Komplexe von mehreren kDa Molekilgewicht erfiillen, und dennoch die
spezifische Bindung niedermolekularer Spezies (z.B. Ammonium NH4*) an den Komplex

nachweisen.
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Zusammenfassung der Dissertationsschrift

Insgesamt konnten die in dieser Dissertationsschrift zusammengefassten Studien die grof3e
Nitzlichkeit und Anwendungsbreite der hochauflésenden quadrupol-Flugzeitmassen-
spektrometrie, entweder gekoppelt an entsprechende Flissigchromatographie oder als
direkt-infusions-MS,  zur Losung verschiedener herausfordernder analytischer Frage-

stellungen im Kontext der (bio)pharmazeutischen Analytik veranschaulichen.
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General introduction |

General introduction |

Short primer on quadrupole time of flight mass spectrometry

Time of flight mass spectrometry represents, predecessed only by sector field type
instruments[8], the second oldest mass analyzer[10] technology in mass spectrometric
research, with its original description by Stephens et al.[20] dating back to 1946 and its first
practical implementation in 1948 by Cameron and Eggers[3]. As with quadrupole or ion trap
(Paul and Penning types), time of flight mass spectrometry required the advent of soft
ionization techniques like electrospray (ESI)[21, 9] and matrix assisted laser desorption
ionization (MALDI)[11] in order to fully integrate the technique into chemical, biological and
pharmaceutical fields of research[10]. In contrast to triple quadrupole (QgQ) type
instruments as most prominent exponent of tandem mass spectrometers, already devised in
the late 1970s by Yost and Enke[22], tandem-TOF systems became of interest not before 20
years later with the development of TOF/TOF[7] and quadrupole-TOF (QTOF)[17]. While
TOF/TOF remained restricted mainly to offline analysis (MALDI) of biological
macromolecules, QTOF was rapidly embraced and its use spread into various application
fields of analytical chemistry/mass spectrometry[5], especially as QTOF systems could be
readily hyphenated to gas and liquid chromatographic separation, with the latter using
electrospray ionization as coupling ion source resembling the standard configuration (LC-ESI-

QTOF) encountered in contemporary mass spectrometric laboratories.
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back arrow denotes the path of ions during scan.
Reprint from Chernushevich, I. V., Loboda, A. V. and
Thomson, B. A. (2001), An introduction to quadrupole—
time-of-flight mass spectrometry. J. Mass Spectrom.,
36: 849-865An introduction to  quadrupole—
time-of-flight mass spectrometry, Copyright (2014)
with permission from Wiley

As of date of this thesis, the typical bioanalytical or pharmaceutical analytical LC-MS

laboratory is equipped with triple quadrupole (QgQ), quadrupole-time of flight (QTOF) or
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orbitrap type[15, 14] mass spectrometers. Of those three, the QqQ is still the predominant
form, especially when targeted quantitative analysis is performed. This bias towards the less
accurate and resolving system is founded, as assessed by Chernushevich et al. [5] 6 years
after the introduction of the first QTOF by Morris et al.[17], that QqQ are the more sensitive
platform for quantitative LCMS analysis, with generally lower limit of detection (LOD) and
quantification (LLOQ) and greater linear range when operated in tandem mode. The latter
describes the operational mode of isolation of the analytes of interest m/z by the first
quadrupole(Q), fragmentation by collision induced dissociation (CID) by the second
quadrupole (g2, collision chamber) and isolation of specific fragments by the third
qguadrupole (Q3) prior to detection, termed single reaction monitoring (SRM) or multi
reaction monitoring (MRM) if performed sequential for multiple analytes. As of date of this
thesis, this assertion still holds true in general, yet there are analytical situations where the
QTOF excels: when interferences are unresolved by chromatography and subsequent
quadrupole ion selection i.e. discrimination of quasi-isobaric species with mass differences
of less than 1 Da. Especially with very complex samples of biological origin, the substantially
better mass accuracy and mass peak resolution of QTOF relative to QgQ systems, can
provide quantitative equivalence or occasionally even an advantage for the time of flight

systems.

QTOF systems excel at three performance characteristics, that in addition enable operational
modes inaccessible to QqQ sytems: mass accuracy, mass resolution, and in full mass

spectra scan speed of the time of flight compartment.

Often quoted high mass range is, however, not amongst these. As a matter of fact, the large
mass range stated by the vendors, e.g. 40000 Da for the Sciex 5600+ used in this thesis, is a
theoretical value for a single charged ion, resultant of ion path parameters like pusher
acceleration voltage, ion optic geometry and drift path length and detector speed, and
largely unused by actual ions entering a QTOF. lons have to pass multiple quadrupoles Q1,
g2 and transmission RF quadrupoles, that restrict efficient passage of ions with m/z ratios
larger than 4000, requiring the multiple charging provided by the electrospray ion source as
prerequisite to actually reach the detector. The reason QTOF is superior to QgQ for large
molecule analysis is not due to the transmissions characteristics, but provided by high mass

accuracy and resolution required to discriminate isotopically and or chemically polydisperse
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multicharged ion species. See introduction of Part Il (intact protein mass spectrometry) of

this thesis for reference.

Mass accuracy, as key function of HR-QTOF-MS, needs careful attention during operation
and data analysis. For the time of flight compartment of QTOF systems it is specified in
the low ppm range, e.g. below 2 ppm for the Sciex 5600+, which accounts for mass
differences in the range of one to four electron masses for small molecules (1-1000 Da).

Mass accuracy is calculated via:

[pp?n] — Mmeasured —Mtheoretical 106
Miheoretical

Where mmeasured is the actual signal observed and Mtheoretical is the calculated monoisotopic
mass. However, mass accuracy is not a fixed value, but instable over short periods of time, in
the range of minutes to one hour as opposed to quadrupole that retain mass accuracy over
longer periods. Temperature deviations subsequent to the preceding mass axis calibration
are the main cause by introducing changes in high power supply output voltages and
effective TOF drift path length that result in offset between theoretical and observed ion

m/z[5].

Technical countermeasures reduce the observed mass accuracy drift to approximately 50
ppm/h, still necessitating frequent mass axis calibration up to one calibration per sample
analyzed to maintain maximum mass accuracy. This is performed by intermitted
measurement of a calibration mix spanning the m/z range of interest. Various calibrants
have been described, amongst them dedicated mixtures, polymers[13, 6] or noncovalent salt
clusters[2]. For the studies of this thesis either polypropylene mixtures (PPG) or low
concentrated sodium acetate forming non covalent clusters were employed with the latter
having the benefit of less memory effect in the ion source[12]. Furthermore, mass axis
stability can be achieved by constant introduction of a “lock mass”, i.e. a compound of
known m/z ratio used for real time, also termed internal or online, mass axis stabilization by
single point calibration amenable when drift tube flight time and m/z are in linear
relationship[18, 4] or by a posteriori, termed external / offline mass axis recalibration in the

acquired raw data prior to data analysis[19, 16]
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Mass resolution as the second key function of QTOF-systems provides usually between R
30000-40000 resolution of mass peaks for MS!-TOF scan mode. In MS/MS mode, this value
can differ, e.g. for the Sciex 5600* in a tradeoff between resolution and sensitivity the
operator can choose between R=20000 (high sensitivity) and R=35000 (high resolution).
Since MS/MS spectra are less densely populated, lower resolution is often acceptable. Mass

resolution is calculated via:

m
Ampw g

;

Where R is the mass resolution, m/z value at the mass peak apex and Amrwnm is the mass

peak with at 50% of the maximum intensity.

Mass accuracy and resolution together yield, when compared to QqQ systems, far greater
fidelity of analyte identification or targeting, respective. It must be noted, that to the
guadrupole-part of a QTOF system the same performance characteristic as in a QqQ system
applies, i.e. approximately 300ppm mass accuracy and R=1000 resolution, implying, that
interferences quasi-isobaric under quadrupole selection during SIM/MRM parent ion
selection are fragmented together in the g2. Yet, due to the high resolution and accuracy of
the time of flight compartment as opposed to a Q3, even unspecific fragments, e.g. loss of
water by both interfering species, can be discriminated. An example of such an analytical
challenge resolved by higher analyte targeting fidelity by QTOF was encountered in the
experiments for Publication V, where the QTOF exhibited more actual sensitivity than the

QgQ usually regarded superior in this respect:
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Figure TOF 2 Top: Calculated theoretical spectra of uncharged acetyl salicylic acid (m=180.0423) and
Glucose (m= 180.0634). Left: QTOF at R=35000 and 2ppm mass accuracy, left QqQ at R=1000 and
300 ppm. Box indicates mass accuracy corridor, i.e. range within overlapped quasi-isobaric species
would not be discriminated. Bottom: Example of increased analyte targeting fidelity and effective
sensitivity form Publication V, where quasi isobaric background complicates analysis. Albeit QTOFs
are generally inferior regarding sensitivity when compared to QqQ systems, presence of interference
could be addressed by mass accuracy and resolution, thereby actually surpassing the latter

performance.

Specific operational modes of QTOF systems
The third key function of a QTOF system is the scan speed achieved by its time of flight

compartment. Flight time of ions for a single raw spectrum (transient) in the drift tube lies in
the us range[5]. To reduce noise and gain viable ion statistics of the mass peaks, multiple
transients are summed to yield one spectrum. Effective scan rates therefore achievable are
approximately 50 spectra per second, with the Sciex 5600 excelling with up to 100Hz
acquisition rate. This high acquisition rate allows operational modes for QTOF systems, that

are inaccessible by triple quadrupole instruments and mainly employed for untargeted

analysis[23]:
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Information dependent acquisition (IDA): The QTOF operates in a cycle of MS1-TOF-Scan
and MS/MS scans triggered as a result of the initial MS scan which is examined by an
algorithm that identifies mass peaks of interest, e.g. intensity charge state, isotopic pattern
and inclusion and exclusion lists. Mass peaks selected are then subjected to MS/MS analysis,
i.e. setting of the Q1 transmission window to the respective mass an acquisition of a full
product ion spectrum after fragmentation in g2. Collision energy can here be automatically
adjusted to m/z ratio of the analyte (rolling collision energy, especially used for peptides).
Due to the mode of operation a provision of a few production ion spectra per MS cycle (e.g.
typically top 4 to top 20), this mode is employed for untargeted qualitative analysis. MS/MS

spectra then allow the identification of the detected compounds (precursors).

Comprehensive MS/MS (SWATH): Ideally, each compound in an untargeted analysis would
be accessible quantitively with MS/MS data. Yet, relative to the required performance, slow
target mass adjusting time, accuracy and resolution of the Q1 quadrupole prohibit such an
approach of completely scanning through each component individually. Instead, the mass
spectrum is divided into intervals, by standard 25Da but also individual Q1 precursor
isolation widths are possible, that are transmitted by Q1 to fragmentation in g2 and

spectrum acquisition in the TOF compartment sequentially.
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Figure TOF 3Fig TOF: Left SWATH and IDA: Reprint from Comparison of Information-Dependent
Acquisition, SWATH, and MSAIl Techniques in Metabolite Identification Study Employing Ultrahigh-
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Performance Liquid Chromatography—Quadrupole Time-of-Flight Mass Spectrometry Chemistry 2014
86 (2), 1202-1209with Copyright (2014) permission from American Chemical Society. Right: SWATH
operation mode: Reprint from Automated SWATH Rést H.L., Aebersold R., Schubert O.T. (2017)
Automated SWATH Data Analysis Using Targeted Extraction of lon Chromatograms. In: Comai L., Katz
J., Mallick P. (eds) Proteomics. Methods in Molecular Biology, vol 1550. Humana Press, New York, NY,
with permission from Springer

Performance assessment of QTOF systems on the market - what to expect
At the beginning of this thesis, the participation in procurement[1l] of a research grade

guadrupole time of flight mass spectrometer was included. During application procedures
for the grant, a system check was developed and submitted to the vendors in order to assess
performance indicators like e.g. mass accuracy, mass resolution, scan speed, sensitivity using
a variety of analytes ranging from small molecules and metabolites to intact proteins. The
overall averages of the results of this assessment are portrayed below. Due to legal
considerations, the results are displayed in an anonymized form. It should be noted, that
sensitivity, also depicted as overall average over all small molecules, is a strongly analyte and
chromatographic method specific result influenced by various factors and should therefore

be perceived cum grano salis.
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Figure TOF 4Fig. TOF4: Results of performance assessment of research grade quadrupole time of
flight mass spectrometers. Note the missing decline of signal vs scan speed only observed with one
vendor is due to the employed detection technology that performs independent of scan speed.
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Electrospray lonisation — History, theory and practical implications

Historic development

Observations regarding electrospraying of liquids can be traced back as far as 1750, to
French physicist Jean-Antonie Nollet reporting on aerosol formation of water dripping from
an electric charged metallic vessel placed near electrical ground. The first physical and
mathematical treatment of this phenomenon was given by Rayleigh[60] , devising the first
general theory of afore mentioned aerosolization observed in electrospray processes
deriving from electrical charge amount, geometry and fluid viscosity a threshold of droplet

fission, the latter named after its discoverer Rayleigh-limit.

Further investigations by Zeleny[78, 79, 80] on forms of electrospray emission from
capillaries first described the formation of a liquid cone emitting a liquid jet under
appropriate electric conditions, providing the experimental basis for Taylors theoretical

description of cone jet emission what now is known as the Taylor-cone[68]

Figure ESI 1 Picture from Zelenys work showing Taylor cone, jet emission and droplet fission as
predicted by Rayleigh. Reprint from. "Instability of electrified liquid surfaces." Physical review 10.1
(1917): 1. Copyright (2017) with permission from American Physical Society

Until the mid 1960s electrospray research and development was, from a mass
spectrometrists perspective, macroscopically focused such as liquid dynamics or technical

applications[7, 8] . The first publication regarding molecular weight determination using
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electrospray on volatile solvents can be attributed to Dole[24]. On the basis of earlier
theoretical and applied research[34, 70, 60] , however, independent of works in the field of
desorption ionization (FDI)[41, 55, 56] also demonstrating ionization on small diameter
capillary tips in vacuo, he also proposed macromolecular ion formation by a repetitive
solvent evaporation/droplet fission mechanism, later established under the term “Charged

residue model” (CRM)[23].
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Figure ESI 2Fig ESI3: Doles original electrospray setup and skimmer system. Reprint from: Molecular
Beams of Macroions, The Journal of Chemical Physics 49:5, 2240-2249, Copyright (1968), with
permission from AIP Publishing

Although featuring already atmospheric pressure, hot nitrogen desolvation assistance, and a
3 stage nozzle/skimmer vacuum system (atmospheric pressure, 0.1mBar, 13uBar), this
pioneering setup besides providing a method for generation of molecular beams of both
polarities, the findings of Dole and Coworkers[51, 18] are not considered the birthmark of
ESI-mass spectrometry, as his detector consisted of a simple Faraday cup and a repeller grid
for m/z- filtering to some extent yielding ion current vs. repeller voltage rather than m/z-
values. More than the following decade passed till the event of electrospray ionization, as

result of the works of Fenn et al.[77].

The strong development of high-performance liquid chromatography HPLC during the 1970s
also increased the demand for a suitable coupling technigue to mass spectrometry. Various
techniques have been proposed. Online eluent drying and ionization, like the moving band
interface[52], atmospheric ionization techniques employing radionuclide (%3Ni) beta

radiation[38, 39, 36, 37] or corona discharge ionization[16] of evaporated analytes, diverting
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a small fraction, usually 1/1000, of LC eluent into a standard chemical ionization(Cl)
interface[9, 4, 53], inlet systems using membrane separators for maintaining Cl Vacuum([49,

43] or laser assisted vaporization[13].
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Figure ESI 3Fig ESI3 Two early LC-MS approaches, Moving Band interface and split flow Cl interface
Reprints from: Direct analysis of liquid chromatographic effluents Journal of Chromatography A,
Volume 122, 7 July 1976, Pages 389-396, Copyright (1976) with permission from Elsevier; and from:
Liquid chromatography-mass spectrometry. |l—continuous monitoring. Biomed. Mass Spectrom., 1:
80-82. 1974, Copyright (1974) with permission from Wiley.

At the end of the decade, a review([5] by Arpino and Guiochon summarizes and evaluate the
proposed techniques and, despite the retrospective obvious usability of electrospray for
liquid chromatography mass spectrometry coupling (LCMS), consider the split flow

interfacing and moving band interfaces the most promising approach.

All of the aforementioned ionization methods differ in the procedure of atomization prior to
the common use chemical lonization to generate molecular ions thereby suffer from Cl
related limitations like LC-solvent flow and composition constraints, analyte volatility and
stability requirements excluding especially biooligomers and —polymers from analysis and
unwanted Cl side effects i.e. solvent ionization and clustering resulting in crowded lower

m/z-spectra region.
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Vestal and coworkers established a more straightforward approach with the thermospray
ion (TS) source[12, 11, 14] , allowing for LC flow rates up to 2ml/min. In its basic
configuration the eluent is simply nebulized into a sonic jet of eluent vapor by electric
heating and expanding through a capillary into a vacuum of 3 Torr[14]. Using ionization
promoting eluent additives e.g. formic acid, no external ionization source is needed, ion
formation results from uneven charge distribution during eluent vaporization and
subsequent drying of particles. The original TS source also featured orthogonal spraying, i.e.
the path of the vapor jet was perpendicular to the mass spectrometer orifice and ion
path[14], enhancing signal to noise ratio. For analytes less prone to ionization by adduct
formation, the source could be outfitted with either electron ionization arrangement or an
electric discharge electrode pair, the latter resembling an atmospheric pressure chemical
ionization (APCI) precursor, albeit operating at reduced pressure. TS had some
disadvantages, mainly exerting thermal stress on the analytes and limited solvent

compatibility.
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Figure ESI 4 Vestals thermospray (TS) ion source. Reprint from: Thermospray interface for liquid
chromatography/mass spectrometry, Analytical Chemistry 1983 55 (4), 750-754, Copyright (1983)
with Permission from American Chemical Society

In 1984 Fenn and coworkers[77] demonstrated the first coupling of Doles electrospray ion
source to a quadrupole mass spectrometer, showing evidence for the gentle nature of the
ionization process by identifying a multitude of noncovalent adduct ion cluster consisting of
solvent molecules and a charged central ion. These findings also provided proof for Iribarne-
Thomson hypothesis,[42, 69], later known as lon-evaporation-Model (IEM) of solute ion to

gas phase ion transition, as a mechanism concurrent to Doles CRM. In contrast do Doles
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macromolecular ions, Fenn also demonstrated the usefulness of electrospray ionization for
mass spectrometric analysis of low molecular weight, organic molecules being too instable
or nonvolatile to be analyzed by at that time common ionization methods like Cl, El or TS.
According to Fenn[73], and with respect to the Iribarne-Thomson hypothesis, the ionization
process of ESI proceeds in a mirror like fashion to Thermo spray ionization. While TS in basic
mode produces net charging by atomization of solvent, ESI producing atomization of solvent

by electrochemical net charging at the capillary tip.
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Figure ESI 5 Fenns schematic of the ESI source and example spectrum. Spray jet still parallel to MS
orifice and no thermal or pneumatic assistance, yet already counterflow nitrogen. Spectrum showing
quasimolecular ions as +H* adducts and noncovalent adducts of arginine. Reprint from: Electrospray
ion source. Another variation on the free-jet theme, The Journal of Physical Chemistry 1984 88 (20),
4451-4459, Copyright (1984) with Permission from American Chemical Society
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The full capability of ESI was demonstrated in 1988 on the 36th Annual Conference on Mass
Spectrometry and Allied Topics in the well recognized (7290 cites as of Nov 2016) 1989
publication[73] of Fenn’s group, for which he got later awarded the Nobel Prize in 2002. The
paper demonstrated the use of ESI, using both polarity, for small molecule of below 100 Da,
peptides, oligonucleotides and oligomers in the 3kDa range to various proteins up to 76kDa.
The work also again demonstrated the soft nature of the electrospray ionization by
demonstrating spectra showing no signs of ionization related fragmentation and the
capability of producing noncovalent Coulomb type adducts e.g. [PEG+n*Na*]"* adducts.
Fenn and especially his coworker Mann also addressed the challenge of analyte charge
multiplicity, at the same time beneficial for low m/z transmitting quadrupoles and maleficial

with regard to spectra complexity, by devising a deconvolution algorithm reconstructing the

45



General Introduction Il

original molecular weight of a given multiplex signal. With the results of Fenn confirmed by

Covey[19], the “esi revolution” was sparked in 1989, as indicated by Fig ESI7
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Figure ESI 6 Fenns improved source utilizing a transfer capillary; Mass spectrum of cytochrome ¢
showing ESI typical charge multiplicity and the results of deconvolutions by Fenn&Manns algorithm.
Reprint from: Electrospray ion source. Another variation on the free-jet theme, The Journal of
Physical Chemistry 1984 88 (20), 4451-4459, Copyright (1984) with Permission from American

Chemical Society
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Figure ESI 7 Depicting publication statistics, showing the exponential rise in publications after Fenns
paper. Source: gopubmed.org, search words as denoted in title

Fenn’s ESI-Source was completed to its common present technical design by enabling
pneumatic assistance of electrospray[15], thermal assistance[26] and adoption of the
orthogonal design, i.e. the ESI spray jet is introduced orthogonally to the axis of the mass
spectrometer orifice entrance. Besides from manufacturer specific minor variations, there
have been no essential changes to the electrospray source design. ESI was enabled as a
mass spectrometric standard, as all commercial available general purpose research grade

mass spectrometers are equipped with at last an ESI-Source.
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Theory of electrospray ionization and practical implications

The process generating ions in an electrospray consists of three[45] sub-processes, (1)
dispersion of the analyte containing solvent at a hypodermic capillary into net charge
containing fine primary droplets, ~10um in diameter[15]. (2) evaporation of solvents and
Coulomb partition (“explosion”) to smaller sub-droplets capable of releasing gas phase ions

and (3) production of gas-phase ions.

General setup
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Figure ESITOP 1 Electric flow scheme of an electro spray source. a) general scheme, positive polarity
shown, in case of negative ESI mode, electron flow is reversed and reduction is occurring ad emitter
tip. Reprinted from Analytical chemistry, 79, 15, Kertesz et al. Using the electrochemistry of the
electrospray ion source, 5510--5520, Copyright (1994), with permission from ACS Publications

Dispersion to primary droplets
A potential of usually 2-5kV[17] is applied between the capillary tip and MS interface plate.

The field strength can be approximated by a relation given by Loeb et al.[50]:

2V.
E,—— ¢
reln(4d/r)
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With V. the applied potential, d the distance between tip and interface plate and r. the
capillary outer radius. As shown by the formula, the most influential geometry parameter is

rc [45]
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Figure ESITOP 2Fig ESITOP2: Left: Taylor cone formation as result of electrophoretic charge
separation. Gray: Electric field direction and isopotential lines. Source: own work. Right: Tylor cone,
droplet formation as a result of varicose waves on charged surface leading to pinching of the cone jet.
Reprinted from Journal of Mass Spectrometry, 35/7, Kebarle et al. A brief overview of the present
status of the mechanisms involved in electrospray mass spectrometry, 804-817, Copyright (2000),
with permission from John Wiley and Sons.

With common geometries of ESl-ion sources, i.e. d=2-4 cm, r.~0.5mm and V.=2-5kV, field
strengths in the order of several 10° V/m are present. This high field strength results in an
electrophoretic charge separation[7, 32, 65, 67], which provides the basis for the
deformation of the liquid at the capillary tip into the Taylor cone by electrostatic

repulsion[68].

If the potential V. is sufficiently high, the electrostatic repulsion caused by the charge
separation is high enough to overcome the surface tension of the solvent, as predicted by
Rayleigh[60]. A jet of charged solvent is subsequently emitted from the Taylor cone. Raising

V. higher changes the cone-jet emission to multiple-mode (s Fig ESITOP 2)
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Figure ESITOP 3Fig ESITOP2: Taylor cone jet modes, from left to right: pulsed single jet, dual and multi
jet mode. Reprinted from Journal of Aerosol Science, 25 /6, Cloupeau et al. Electrohydrodynamic
spraying functioning modes: a critical review, 1021—1036, Copyright (1994), with permission from
Elsevier

The actual jet breaks down into the aforementioned primary droplets as result of varicose
waves induced by interaction of viscosity and surface tension leading to instabilities that
“pinch” of droplets[54], as already theoretical postulated by Rayleigh[60] Further
theoretical[63, 58] and experimental investigation[80, 57, 27] revealed initial droplet size in
the tens of um range and that their size can be derived from the jet-cone diameter
approximately (@D/@)=1.95, see Fig ESITOP3) and that initial dispersion of droplet diameter

is basically monodispersed[57].

Figure ESITOP 4 Taylor cone jet breakdown into charged droplets Reprinted from Journal of Aerosol
Science, 25 /6, Cloupeau et al. Electrohydrodynamic spraying functioning modes: a critical review,
1021—1036, Copyright (1994), with permission from Elsevier

Electrochemistry of electrospray process and consequences
An ESl-ion source is basically and in its most encountered form a two-electrode arrangement

(s. Fig ESITOP1) operated in directed current, where the polarity can be chosen by the
operator. Fast polarity switching for quasi-synchroneous interlaced acquisition of both
polarity species can be performed. Paulie-design based ion traps often offer this option, TOF
and QTOF system, however, are not capable of this feature. The reason lies in the high
capacitance of the TOF ion optics that would need to be discharged and recharged, a process

that usually needs several seconds.
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Figure ESITOP 5 Electric flow scheme of an electro spray source. Left: grounded emitter configuration.
Right: floated emitter configuration. Res: resistance of electrospray, Ies: overall current of electrospray.
Reprinted from Analytical chemistry, 79, 15, Kertesz et al. Using the electrochemistry of the
electrospray ion source, 5510--5520, Copyright (1994), with permission from ACS Publications

Two main configurations are used: grounded and floating emitter. The former keeps the
emitter tip at ground potential, whereas in floating configuration electrospray voltage is set
at the emitter tip. Both configurations are considered equal regarding ionization, albeit the
floating emitter variant is more often encountered, both in literature and in commercial

available hardware.

Due to safety considerations, the floating emitter design is commonly used in a modified
form, where an upstream ground connection ensures operator and upstream equipment
protection from the usual high voltages (kV) used in electrospray ionization (see Fig ESITOP5).
The additional ground connection opens a second current loop quantified by the current lgxr,
so any calculations based on ion source current, e.g. attempts to provide signal correction
for matrix effects, i.e. ion suppression or ion enhancement effects have to take into account

that Iotai=lext + les.
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Figure ESITOP 6 Modified floating emitter configuration with upstream ground Res: resistance of
electrospray, Ies:electrospray current lexr: external ground current . Reprinted from Analytical
chemistry, 79, 15, Kertesz et al. Using the electrochemistry of the electrospray ion source, 5510--5520,
Copyright (1994), with permission from ACS Publications

As result of high field induced electrophoretic charge separation and ultimately emission of
net charged droplets, a net charge transportation i.e. current flow from the emitter capillary
tip toward the MS interface place occurs. The opposite charge is enriched in the emitter
capillary and charge balance requires a redox-chemical conversion. As Fenn pointed out[54]
solely for the generation of atmospheric pressure gas phase ions this conversion process
would not be necessary. Albeit it is immanent, due to the nature of the electrospray

functioning principle and source construction.

The overall process resembles in fact an electrolysis, as demonstrated by Blades et al[10].
Experimental work by Blades[10] pinpointed this considerations by using a Zinc (Zn) emitter
needle, utilizing this metals low reduction potential of Eo= -0.76V. Blades showed
qualitatively and quantitatively generation of Zn2+ ions by anodic oxidation in the emitter
capillary explained the total current observed in the ESI source. These findings could be
reproduced with stainless steel capillaries, finding actual Fe2+ release in congruency with
amounts predicted by calculations based on measured total current[46]. Using other emitter
materials redox potentials higher than that of H20 reduced the amount of metal cations,
and as Blades assumed in favor of H* generation from water.

Table ESITOP 1 Major electrochemical reactions occurring in an typical ESl-source is summarized by
Kertesz and Vilmos. SHE: Standard hydrogen electrode. Reprinted from Analytical chemistry, 79, 15,

Kertesz et al. Using the electrochemistry of the electrospray ion source, 5510--5520, Copyright (1994),
with permission from ACS Publications

Oxidation E%(V) Reduction E%(V)
(positive ion mode) vs. SHE (negative-ion mode) vs. SHE
40H = 2H,0 + O, + 4e” 0.4 | O, + 4H+ 4e™ - 2H,0 1.23
20H™ = H,0; + 2e” 0.88 | O, + 2H+ + 2e™ > H,0; 0.7
2H,0 - O; +4H + 4e” 1.23 | 2H,0+ O, +4e™ - 40H" 0.4
2H,0 = H,0; + 2H+ + 2e” 1.77 | 2H,0 + 2e- - H, + 20H- 0.07
OH™ = OH* + e~ 1.89 | 2H+ 2e” > H, 0
02+ 2H,0 + 2e™ - H,0, + 20H" -0.13
O,+e > 02 -0.33
Emitter electrode reactions
Fe + 20H™ = Fe(OH); + 2e” -0.87
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Fe > Fe? +2e” -0.44 | Emitter electrode reactions

Fe = Fe¥ + 3e- -0.03 | Pt(OH), + 2e™ > Pt + 20H" 0.16
Pt + 20H™ = Pt(OH), + 2e” 0.16 | Fe(OH); + e = Fe(OH), + OH" -0.56
Pt + 2H,0 - Pt(OH), + 2H+2e” 0.98 | Fe(OH); + 2e” - Fe + 20H" -0.87

Although reactive species like H,0, are produced and direct electrochemical reactivity of
analytes under ESI conditions have been reported[71, 76, 72, 61, 29, 28], generally the
alteration of analytes and matrix compounds is thought as of minor concern[54]. However,
regarding the field of untargeted and comprehensive analysis (metabolomics, lipidomics,
etc.) it might be necessary to reevaluate this résumé, as electrochemical processes might
introduce unwanted artificial bias or inconsistency of results in conjunction with the use of
different vendors systems on equal samples. Furthermore, alteration of ionization efficiency
as consequence inevitable emitter erosion caused by the electrolysis process introduces

such bias likewise and the sprayer assembly must be inspected regularly.

lon generation - primary droplet fission
The stability criterion for a charged droplet was first derived by Rayleigh[60] as:

g° = 647° eofyag

Where g is the maximum charge up to which the droplet is stable, a the radius of the
droplet, y the surface tension of the liquid and ¢, the electrical permittivity in vacuo. The
Rayleigh-model describes primary droplet fission as result of the dispersive force exerted by
the charged species overcoming the surface tension of the droplet liquid. With charge
density as driving moment, the process is hence also referred to as Coulomb fission or
explosion. Starting in the 1960s, studies[33, 25, 1, 6, 64] using Millikan-type condensers or
guadrupole-droplet-traps, attempted to confirm the Rayleigh formula. These studies
reported varying methodical accuracy (4-15%), yet concurred to a loss of droplet mass in the
low percentage (1-5%) and to a loss of roughly 25% of charge. Hence, the fission of droplets
does not occur as symmetric process but rather as asymmetric ejection of daughter drops.

Furthermore, fission events below the Rayleigh-limit were reported. Gomez et al. reported
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images of the fission process clearly depicting asymmetric multiple emission (fig ESITOP6).
High precision determining mass (1.0-2.3%) and charge loss (10-18%) was provided by Taflin
et. al.[66] , on the basis of optical resonance measurements, confirming also occurrence of

pre-Rayleigh-limit fissions.

Figure ESITOP 7 Flash shadowgraph of a primary solvent droplet at the moment of coulomb fission.
Visible is a parent drop and multiple offspring drops, each considerably smaller. Reprinted from
Physics of Fluids, 6 Gomez et al. Charge and fission of droplets in electrostatic sprays, 404--414,
Copyright (1994), with permission from AIP Publishing

lon generation - Charged residue model (CRM)

The most straightforward hypothesis of gas phase ion formation in light of the recursive
evaporation-fission cycles is the charged residue model proposed by Dole et al. [24]:
Primary droplets emitted from the Taylor cone are ultimately reduced to droplets
containing one analyte molecule with an additional monolayer of residual solvent and
charge carriers (H30%, NHs* etc.)[21, 24], from which after final evaporation of the solvent
the ion is transferred to the gas phase[45, 40]. Due to electrostatic considerations, it is
assumed that charge transfer to the analyte occurs during the final evaporation step[45, 40].
Support for the CRM Model was provided especially for macromolecular species, by
molecular dynamic calculations (MD) and charge series observation. MD Simulations[3, 59]
supported solvation and centered embedding of large molecular species inside the ESI
droplets, rendering direct emission (IEM, vide infra) of such large species kinetically
inviable[47]. Experimentally, support of the CRM accrued from observation of maximum
charge of proteins and macromolecules which is described by [M+zH]** , where z, is the

Rayleigh charge of a water droplet resembling the globular diameter of the protein [30, 17].
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lon generation - lon evaporation model (IEM)

The ion evaporation model (IEM) as introduced by Iribarne and Thomson[42], proposes a

solution to gas phase transition prior to complete evaporation of the solvent. Instead of

reaching the Rayleigh limit with subsequent Coulomb fission/explosion, charge load of a

droplet shrinking by evaporation is reduced beforehand by emission of ions from the

surface, giving rise to an independent gas phase transition mechanism. In contrast to the

CRM, ion evaporation is energetically only feasible for ions of small size, for example NH4+,

metabolites or drugs[2].

As MD simulations suggest, ejection of ions occurs not as an

unsolvated ion, but by emission of a small nanodrop comprised of a charged small molecular

ion solvated by few layers or a mono layer of solvent with subsequent evaporation of the

latter.[20, 2]

(d)

[NHa(H20)43]"

Figure ESITOP 8 Left: MD simulation of emission of
nanodroplet containing one NH4+ ion during ion evaporation
process. Right: Distance and Energy at emission event.
Reproduced with permission from: Ejection of Solvated lons
from Electrosprayed Methanol/Water Nanodroplets Studied
by Molecular Dynamics Simulations, Journal of the American

Chemical Society 2011 133 (24), 9354-9363, Copyright (2011),
American Chemical Society
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lon generation - Chain ejection model (CEM)
As mentioned in the previous section, intact protein ions are transferred to the gas phase via

the CRM mechanism. Yet, this holds true for proteins in solvents allowing for native
conformation, where hydrophobic residues are buried in the core of the tertiary
structure[47] . If denaturing conditions are present, MD simulations[3, 48] suggest that due
to the exposure of hydrophobic residues, proteins are not embedded in the core of the
droplet anymore[3, 59] and are expelled from the droplet surface process somewhat

resembling a repetitive ion evaporation mechanism along the protein chain.

Figure ESITOP 9 MD simulation of emission of nanodroplet containing one NH4+ ion during ion
evaporation process Reproduced with permission from: Ejection of Solvated lons from Electrosprayed
Methanol/Water Nanodroplets Studied by Molecular Dynamics Simulations, Journal of the American
Chemical Society 2011 133 (24), 9354-9363, Copyright (2011), American Chemical Society

Practical implications of the ionization models
For The first part of this thesis (Publication Il and VIIl), from the mass spectrometric

perspective, dealing with LCMS analysis of small molecules and ion suppression, intricacies
of the IEM are relevant. |IEM efficiency and therefore sensitivity is influenced by eluent
composition e.g. organic content, pH, salt concentration, viscosity and source conditions as
temperature, gas flows and voltages[17, 2] but also due to its nature as surface emission
process by competition of analytes for droplet surface and charge[35]. Droplet surface
access is not only governed by analyte hydrophobicity alone, yet is also result of a
partitioning process dependent on organic content, as nanodroplets of eluents typical for
liquid chromatography, i.e. water/organic mixtures, undergo a demixing process under ESI

conditions[2]. The essence for the practitioner is, that ideally conditions are to be
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established, where the analyte of interest is the only species entering the ESI process under
eluent composition and ion source settings finetuned for maximum sensitivity. Actually, the
resultant LCMS method is usually a tradeoff determined by chromatographic requirements
and constraints, sample complexity and origin(matrix), eluent quality and analyte of interest
properties. Distinct ion source settings can be applied on the chromatographic timescale
(e.g. scheduled LCMS), if multiple analytes are to be assessed in a single run, with the
unfortunate exception of source temperature, that usually cannot be stabilized on the

chromatographic timescale.

For protein mass spectrometry as in the third part (Publications IV IX X and XI) of this thesis,
subtleties of CRM and CEM are relevant due to their characteristics in intact protein ion
production, where CRM tends to produce lower and CEM higher charged states[47]. As
aforementioned, whether CRM or CEM applies, is dependent on protein characteristics and
the conditions in solution. i.e. the eluent composition if liquid chromatography is coupled to
the mass spectrometer. Thus, chromatographic conditions at time of elution influence
charge state, charge distribution and therefore intensity distribution, complicating
harmonization of chromatographic and mass spectrometric requirements by adding protein
parameters, e.g. pl, hydrophobic vs hydrophilic residue content, sequence, tertiary
structure, post translational modifications and overall solubility amongst others to the
equation. Furthermore, observed high charge states of a protein does not exclusively reflect
the titration state in solution in a simple manner[47, 17, 44] but are a result of charge
equilibration during the CEM process[48]. The distribution of charges determining the
charge series encountered in a protein mass spectrum is also a consequence of initial droplet
size distribution elicit by ESI sprayer dimension, source gas temperature and, voltage

settings, eluent composition and flow[45].
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Figure ESITOP 10Fig ESITOPS: Left: Influence of ionization mechanism governed by protein properties
and solvent composition on charge distribution and intensity. a and c: CRM, b and d: CEM. Reprinted
from "Modeling the behavior of coarse-grained polymer chains in charged water droplets:
implications for the mechanism of electrospray ionization." The Journal of Physical Chemistry B 116.1
(2011): 104-112. Copyright (2011), with permission from American Chemical Society. Right: Charge
distribution a consequence of distribution of primary droplet size, Reprint from: Unraveling the
Mechanism of Electrospray lonization, Analytical Chemistry 2013 85 (1), 2-9, Copyright (2013), with
permission from American Chemical Society

Furthermore, not only primary drop size distribution and thereby charge distribution are of
importance, yet also average initial droplet size has a major effect on sensitivity, as smaller
primary droplets facilitate more efficient ionization[31, 47, 74]. Smaller droplet size can be
achieved by reducing the eluent flow rate (see Fig ESITOP10). [75, 22]. Albeit in order to
maintain chromatographic performance, post column dispersion volumes. i.e. dwell
volumes, valve inner diameters, tubing and ESI sprayer needle inner diameter must be
adapted, i.e. reduced. Unfortunately, sensitivity increase is described by an inverse
exponential law[62], requiring very low flow rates on the chromatographic flow scale and
hence small inner diameters in order to harvest maximum signal increase (see Fig ESITOP10).
In practice, robustness of flow path of especially the ESI sprayer needle behaves inversely,
resulting in short maintenance intervals, spontaneous ESI spray breakdown and low

operator walk away capacity. Additionally, analyte quantitation or analyte detection at all
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when performing qualitatively analysis at limit of detection (LOD) suffers from low

reproducibility during e.g. ESI needle exchange[62].

In a tradeoff between sensitivity requirements, instrumentation robustness and results
reproducibility the fourth part of this thesis implemented a microflow-ESI(UESI)

methodology (50ul/min, 50um ESI needle ID).
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Figure ESITOP 11Fig ESITOP10: Signal gain via reduction primary droplets as consequence of reduced
flow rate. Adapted reprint from: Combined Electrospray lonization-Atmospheric Pressure Chemical
lonization Source for Use in High-Throughput LC-MS Applications Analytical Chemistry 2003 75 (4),
973-977 Copyright (2003), with permission from American Chemical Society.

For the fourth part dealing with native electrospray mass spectrometry of noncovalent
quadruplex DNA-ligand complexes, basically all ionization models or rather their prevention
or finetuning by appropriate methodology are relevant. As Hogan et al. demonstrated[35],
IEM is occurring also parallel to CRM ionization essential for native ESI mass spectrometry of
macromolecules, implying the risk of ligand depletion during ionization of the complex,
whereas occurrence of CEM processes would represent disruption of all but the primary
structure of the quadruplex DNA. The challenge with regard to ionization for Publications I
and Xl was to synergize solute and ion source conditions in a manner that provided both

stability of analyte and sensitivity of the method.
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Abbreviations
[EM: lon emission model

CRM: charged residue model
ESI: electrospray ionization

LOD: limit of detection
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Introduction to Publication Il and VIII
Structural analysis employing chromatography and mass spectrometry

Background of Publication Il and VIIl and introduction to the analyte of interest

Both publications are the result of a cooperation between the working groups of Prof. Gross
and Prof. Lammerhofer, both affiliated at the Institute of Pharmaceutical Sciences of
University of Tlbingen. Publications had its origin in the Gross group’s interest in new
antimicrobial cyclic lipopeptides (CLPs). Generally, CLPs are promising as new type of
antibiotics due to the rising occurrence of multi resistant bacteria [15, 19, 27] and due to an
observed low resistance induction [26]. Also, CLPs and their linear analogs are examined as
potential biocontrol agents in agriculture, as they not only exert antagonistic activity against
bacteria but against fungi as well [8, 21, 24, 38]. A recent review of discovery of

antimicrobial peptides, since 2000 has been provided by Xue et al. [37].

Different targets for antimicrobial activity were identified, inhibition of cell wall biosynthesis
[10, 22, 31], pore formation in [34] or depolarization of cell membrane [20], or by
degeneration of the specificity of members of the intracellular Clp protease family , inducing
uncontrolled proteolysis [16, 17]. Modes of action of CLPs were reviewed by Schneider et al.

[27].

CLPs are encountered as secondary metabolites in bacteria of the genera Actinomyces,
Streptomyces, Bacillus, and in Pseudomonas and are synthesized by nonribosomal
secondary metabolite pathways [27]. Nonribosomal biosynthesis allows for one distinctive
feature of CLPs, the incorporation of non-proteinogenic and modified amino acids, mainly D-
amino acids and other chemical classes like carboxy acids, especially fatty acids [25]. This
property of CLPs, combined with the intramolecular cyclization, facilitates enhanced general
and proteolytic stability, circumventing extracellular peptidases secreted by the addressee

organisms for metabolite acquisition and protection [5, 9, 15, 27].

As one representative of this class of bacterial secondary metabolites, the lipopeptide
Poaeamide originating from Pseudomonas poae [2] was first described by Zachow et al [40]
in the strain Pseudomonas poae RE*1-1-14. By comparison of deletion mutants to wildtype,

Poaeamide was identified as antagonist towards the soilborne pathogen Rhizoctonia solani,
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a pathogenic fungus affecting a variety of agricultural plants [40]. As with other CLPs, the
mode of action and structure vs activity relationships are of interest, at which foundations

lies the determination of the exact molecular structure of Poaeamide.

Structural analysis of cyclic lipopeptides

To completely characterize a CLP, its amino acid composition, sequence (primary structure),
position of ring closure (secondary structure), site of carboxy acid modification and tentative
other amino acid modifications have to be elucidated. Furthermore, as lipopeptides usually
contain non-proteinogenic amino acids, chiral analysis of the individual amino acids and
determination of location of D-amino acids are required. As some amino acids frequently
found in CLPs represent constitutional isomers, e.g. allo-Threonine or allo-Isoleucine, a
complete structural determination would comprise information about locations of allo-

isoforms.

Classically, structural determination of oligopeptides in the size range of CLPs could be
performed by crystallography or nuclear magnetic resonance (NMR) spectroscopy or
combination of both methods, respectively, with the prerequisite that enough adequately
purified compound for both techniques can be accumulated [12, 23]. In absence of
crystallographic data, albeit, as NMR is an achiral technique, complete investigation down to
the configuration level of amino acids needs to be assisted by complementary methods like
chiral gas chromatography coupled to mass spectrometry (GC-MS). Such an approach was
followed by Zachow et al. [40]. Yet, enantioselective GC-MS of derivatized amino acids can
only confirm absence or presence and quantity of respective enantiomers of amino acids, as
sequence information is lost during sample preparation, i.e. total peptide hydrolysis and
derivatization. The sequence position of D-amino acids is derived indirectly, by deduction of
D-amino acid positions from fragments generated by enzymatic peptide cleavage sites, as

peptide bonds with D-amino acids are not cleaved by usual proteomic enzymes [40].

Publication Il and VIII describe enhanced procedures for determination of absolute

configurations by coaction of enantioselective GC-MS, enantio-selective enzymatic and
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chemical digestion, HR-QTOF-MS assisted micropreparative reversed phase
chromatography. Also feasibility and orthogonality of ZWIX(+/-) enantionselective phases

was demonstrated.

General strategy of analysis employed in Publication Il and VIII

Enantionselective GC-MS \/ Enzymatic/ chemical Enantioselective LC-
digestion HRMS with ZWIX(+/-)

1 ,silver bullet”: undervatized direct analysis

Hycolysation \; Constraint: Availability of D/L oligopeptide standard library
6N HCL, DCL/D20

110°C 24h

[ * Evidence for ring structure and site of ring closure ]

* CID sequencing, seqeunce confirmation
Linearization Linear
by 1 NaOH Poaeamide
Pepsin digestion

—— Enantionselective GC-MS
fragments
Enantioselective
GC-MS on
Chirasil L-Val I HR-QTOF-MS/MS assisted
micropeparative RP
chromatography Incomplete fast
chemical digestion

Enantioselective
R LC-HR-QTOF-MS 6N HCL 110°C
[ Ratio D/L for each AA ] with ZWIX(+/-) LC-MS

Derivatization with
TFAA/TFAEE

Intact Poaeamide

Figure FP2 1 Analytical strategy of Publication Il and VIII. Note that CID sequencing as mentioned
under the “silver bullet” analysis pathway was not performed, as sequence of Poaeamide was already
determined by Zachow et al. [40] Source: own work.

Necessity of digestion for analysis of absolute configuration

A direct method for analyzing oligopeptides (Nstereocenters>Nmonomers) regarding configuration of
each stereocenter is not known besides crystallography. Albeit it can be hypothesized, that
chromatographic stationary phase material and method are unlikely to be developed for this
task, as expounded for cinchona alkaloid based enantioselective stationary phases, such as

the ZWIX(+/-) phases employed in Publication II.

Mechanistically, enantioselective separation can be described by differences in binding
affinity of both enantiomers (selectands) towards the stationary phase ligand (selector) that

manifest themselves in different overall retention time on the chromatographic column, see
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also introduction to Publication | for reference. These discriminative affinities result from
subtle differences in Gibbs free energy of binding of the respective selectand-selector
complexes, in the range of few kl/mol or less [7, 29, 30]. Linear independency of individual
contributions of intermolecular bonds in the selectand-selector complex to the overall
interaction, i.e. independent, noncooperative, linear additive contribution of molecular
moieties, has been demonstrated [30]. Therefore, for an oligopeptide, overall affinity could
be described in terms of Gibbs free energy by a linear combination of each amino acid
residue increment. The binding energy for each amino acid would be modified by stereo-
configuration at the a-carbon, on average by 0.1 kJ/mol [30]. The resulting overall Gibbs
free energy would be ambiguous regarding amino acid stereo-configuration. Furthermore,
this scenario would require every amino acid to interact pari passu, which is improbable due
to secondary structure formation of oligopeptides and distance between stationary phase
ligands: with practically achievable ligand densities <50% on silica based phases, average
distance from ligand to ligand, when measured as distance of silanol groups is 6.6 A [3],
whereas the distance from one amino acid side chain to the next has 3.5 A [14]. The
observed interaction and hence retention can therefore be regarded as the result of
statistical superposition of interactions of varying number of amino acids of the peptide

with chiral selectors along the path through the column.

Experimental support for this hypothesis is provided by the decline of selectivity a between
all-R and all- S oligopeptides with increasing peptide chain length [6]. Czerwenka et al. could
separate oligomers of Alanine up to n=10, yet a decreased to ~1.5 (baseline separation) or
lower above a chain length of 3. Similar selectivity has been reported for stereoisomeric D/L
permutations for di-, tri and tetrapeptides [11, 13, 36]. Mixed stereo-configurations of the
respective peptides would therefore lay in between the two retention times of the all-R and
all-S oligopeptides with the possibility of inconclusive results comprising determination due

to identical binding energy.

Constraints from a practical standpoint would be, that for an exact determination of an
intact oligopeptide of unknown stereo-configuration, chromatographic standards providing
all D/L permutations must be available, hence a library of n2 compounds, where n=length of
peptide, and chromatographic accuracy and precision (retention time) would be challenging

if not unachievable in order to unequivocally determine absolute configurations. If de novo
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analysis with unknown sequences would be targeted, the demands would be amplified by

the number of expected different amino acids.

The previous paragraphs expound the necessity of a hydrolysis step for the determination of
absolute amino acid configuration in oligopeptides, as depicted in Fig FP2.1. Usually
enzymatic proteolytic protocols (Pepsine, Trypsine, etc) as common in proteomic workflows
are employed, yet it can be beneficial to employ chemical hydrolysis protocols. On the one
hand, depending on D-amino acid position and peptide sequence, the fragments generated
by enzymatic hydrolysis may not be suited for identification of D-amino acid position, as
proteases have specific cleavage sites. Publication |l demonstrated this limitation of
enzymatic fragmentation, as position of a D-Leu was determined to be either 1 or 4, a

curtailed and inconclusive result, that needed further investigation.

On the other hand, chemical digestion can be performed much faster. As a matter of fact, for
Publication Il incubation time for chemical digestion as employed for full hydrolysis (6N HCI,
110°C, 24h) had to be reduced to the order of minutes (20 min vs 90 for enzymatic
hydrolysis) to yield a library of fragments with a length distribution expedient for D-amino
acid determination. Consequently, chemical digestion resembles a faster and more generic
method, independent of oligopeptide sequence, e.g. with chemical digestion, identification
of the D-Leu position left open by the enzymatic approach could be completed for

Publication II.

Direct analysis of digestion product mix

As aforementioned, enantioselective cinchona alkaloid based stationary phases like ZWIX(+/-
) are capable of readily separating small oligopeptides up to n=3 or 4 in some cases allowing
for straightforward analysis of oligopeptide mixes vyielded by chemical or enzymatic
digestion [6, 11, 13, 36], if suitable standard libraries are available. In case of Publication I,
suitable standards were not available due to cost reasons, yet analysis with ZWIX(+/-) phases

provided beneficial orthogonal chromatographic selectivity.
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ZWIX (+/-) as complimentary selectivity to RP C18

Peptide separation via reversed phase chromatography as part of proteomic workflows is
the standard approach [32, 35, 39]. Albeit, as these workflows usually target the generation
of longer oligopeptides (n=10-20), that are separated by C18 reversed phase
chromatography for identification, i.e. sequencing via mass spectrometric CID-MS/MS
fragmentation analysis and subsequent sequence mapping [1]. Small oligopeptides are not in
the focus of these workflows, due to their sequence ambiguity regarding large oligopeptides
and proteins and as a result employed chromatographic methods are not optimized for
separation of these small peptides. Also C18 resembles a poor choice for di- to
pentapeptides, as presence of a single hydrophilic residue (Ser, Thr, Glu , Asp) or even more
charged residue (Lys, His, Asn, GIn) under the usual acidic RP conditions (0.1% formic acid in
eluent, pH ~ 2.9) often result in non-retention and elution with column dwell time to. For
sole identification via coupled tandem high resolution mass spectrometry, this still may
suffice, yet quantitative information is usually distortet by ion suppression (see Publication
VIl for reference) and baseline separation is mandatory for workflows relying on preparative
chromatography steps for pure compounds used in downstream analysis like in Publication

Enantioselective zwitterionic stationary phase material like ZWIX(+), based on trans-
(2’S,2”’S)-N-[[[(8S,9R)-6'-methoxycinchonan-9-yl]oxy]carbonyl]-2"'-

aminocyclohexanesulphonic acid, and ZWIX(-), based on trans-(1"R,2”R)-N-[[[(8R,9S)-6-
methoxycinchonan-9-ylJoxy]carbonyl]-2"’-aminocyclohexane-sulphonic acid) bear selectivity

that is not provided and orthogonal to C18, as depicted in Fig FP2.2
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Figure FP2 2Fig FP2.2 Left: Orthogonality Plot for C18 and ZWIX. Right: Sequence of Poaeamide
hydrolysis fragments. C18 is indiscriminative against peptides of 5 residues and smaller, which elute
with dwell time to, at 2 min. ZWIX performs with orthogonal selectivity, due to the underlying
retention mechanism. Reproduced with permission from Publication Il, Copyright (2016), Elsevier
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Figure FP2 3 Structure of ZWIX (+/-) and ionic/pi-interaction binding mode Reproduced with
permission from Publication Il and from lisz I, Bajtai A., Péter A., Lindner W. (2019) Cinchona
Alkaloid-Based Zwitterionic Chiral Stationary Phases Applied for Liquid Chromatographic Enantiomer
Separations: An Overview. In: Scriba G.K.E. (eds) Chiral Separations. Methods in Molecular Biology,
vol 1985. Humana, New York, NY

ZWIX (+/-) and anomeric analysis

A full stereoconfiguration analysis would include position of allo-Isoforms of amino acids, as
the presence of this isoforms has been shown to exert influence on peptide backbone
rigidity and biological activity [4, 18]. In case of Poaeamide, the amino acids in question
would be Leucine (Leu), Isoleucine (lle) and Threonine (Thr). Literature on the separation of
allo-isoforms is scarce. For allo-Threonine, complete separation was demonstrated by Zhao
et al [41], however, by using an offline two dimensional method, with the first dimension

comprising of reversed phase and the second of a chiral stationary phase.
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As two dimensional approaches are accompanied by increased technical effort and reduced
sensitivity [28, 33], a comprehensive one-dimensional and straightforward chromatographic
method for separation all 4 configurations (D/L; allo/normal), ideally without prior
derivatization would still be desirable. The capabilities of ZWIX-type stationary phases were
examined in this regard. Although no complete separation was achievable, the results of
Publication Il could be basis for further investigation and improvement. In accordance with
the separation mechanism (s. Fig FP2. 3 and introduction Publication 1), the separation of Thr
is more complete (Fig FP2.4), as an inverted configuration of a hydroxy group is expected to
have a greater discriminatory effect on a separation mediated by polar / ionic interaction.
Isoleucine with its isomer Leucine was less readily separated, as the different configurations
of the short aliphatic sidechain are anticipated to have only minor steric effects. For
Threonine, with derivatization by Sangers reagent (1-fluoro-2,4-dinitrobenzene) to DNP-Thr,
a separation feasible for qualitative interpretation could be provided. To conclude, for ZWIX-
type and related chiral selectors, the employment of other derivatization agents, as well as
different stationary phase materials (e.g. core shell) and column dimensions, linear velocity
etc. would be a worthwhile examination, as optimization of chromatographic performance

could yield baseline separation.
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Figure FP2 4 Left column: Separation of underivatized allo-isoforms of Thr and lle/Leu. Right: column:
increase of selectivity by derivatization with Sangers reagent. Reproduced with permission from
Publication Il, Copyright (2016) Elsevier.
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Results of Publication Il / VIII

The absolute configuration of Poaeamide with exception of the allo-isomeric configurations
could be demonstrated. Although not necessary for stereo-configuration analysis in case of
Publication 1l, as results generated from pepsin and chemical digests via C18
chromatography were sufficient to solve all D and L configurations, the usefulness of
Cinchona Alkaloid-Based zwitterionic chiral stationary phases (ZWIX +/-) as valuable tools
providing orthogonality to C18 and HILIC type columns could be demonstrated. The latter

was more detailed discussed in Publication VIII.

Abbreviations

CLP: cyclic lipopeptides
NMR: nuclear magnetic resonance spectroscopy
GC-MS: gas chromatography coupled to mass spectrometry

HILIC: Hydrophilic interaction chromatography
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Introduction to Publication |

Linear modeling of binding increments in enantioselective chromatography

As mass spectrometry is a nonchiral analysis technology, enantioselective chromatographic
methods are required when examining analytical questions whose analytes can be present
with different stereo configurations, as for example retrieving individual D/L amino acid
configuration of antimicrobial active oligopeptides examined by Publication I, as described
further down in this thesis. At the foundation of enantioselective method development and
application lies the theoretical and mechanistic understanding of the process of
chromatographic enantioseparation, i.e. of the interaction of enantioselective stationary

phases (selector) and the respective chiral analytes (selectands).

Publication | contributes to the state of knowledge by examining enantioseparation of
amino acids and related compounds on cinchona alkaloid carbamate based enantioselective
stationary phases by quantitatively examining the energetic contribution of individual
substituents of the analytes to the overall binding mechanism via quantitative structural
retention relationships (QSRR) implemented in the form of Free-Wilson analysis of binding

increments.

Liquid chromatography as a tool for studying biological QSAR

Originating from pharmaceutical studies of relationship between molecular structure and
biological activity, the term quantitative structure activity relalionship (QSAR) refers to
mathematical models relating molecular constitution, structure, functional moieties and

intrinsic properties like dipole moment, polarity et cetera to biological or chemical activity.

Two different fundamental approaches were published 1964, Hansch-Analysis and Free-
Wilson-Analysis, named after their respective Nestors, Corvin Hansch [25], Spencer Free and
James Wilson [19]. The former approach uses quantitative descriptors of physicochemical
properties of a compound as predictor variables and biological activities as response value,
the latter a binary scheme of substituent presence and position in a molecule as predictor

variables [36].
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Initially, liquid chromatography was utilized as a tool assessing physico-chemcial properties
for biological QSAR, rather than itself being studied using the latter, providing for fast
probing of hydrophobic parameters of compounds and their substituents respectively [67,
68] At this juncture liquid chromatography yielded retention volumes [27] or indices [7] for
direct correlation to biological activity or supplied estimations of QSAR relevant parameters
like logP [46, 69] and CLOGP [33], pKa [27]. As of the date of Publication | (2014) there are
still studies published correlating retention data to biological activity [35]. An early review on

these applications is given by Kaliszan [31].

The term quantitative structure retention relationship (QSRR) was coined by Nasal et al. [51]
in a biological QSAR study correlating the liquid chromatographic retention of beta-
adrenolytic and antihistamine drugs on a stationary phase of alpha 1-acid glycoprotein to

their physiological protein binding data.

QSAR as a tool studying retention processes in liquid chromatography

After a pioneering work of Puech et al [55] in the field of quantitative structure retention
relationship (QSRR) in thin layer chromatography, the first application of Hansch-Analysis
studying retention processes in liquid chromatography was given by Baker et al. [8],
demonstrating on a set of morphine and fentanyl derivatives the feasibility of Hansch-
Analysis for predicting the retention index of drugs and for assigning the stereoconfiguration

from liquid chromatograms.

Characterization of stationary phases

Zhao et al. [75], focusing more on the properties of stationary phases for liquid
chromatography rather than on the analytes, devised the application of linear solvation
energy relationships (LSER) to the examination of retention characteristics of aromatic and
aliphatic stationary phases. LSERs, introduced first by Altomare et al [3] to liquid
chromatography research, generally by means of an Abraham solvation parameter model [1]
relate retention behavior of a set of analytes on a given stationary phase to excess molar

refraction, the analyte dipolarity/polarizability, the overall or effective hydrogen-bond
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acidity and basicity of the analyte, and the McGowan [44] characteristic volume by multiple

linear regression, hence the term LSER [64].

The LSER used by Zhao correlated the analytes retention to its molecular volume, dipolarity,
hydrogen bond acidity and basicity and molar refraction as well as parameters describing the
mobile and stationary phase. While being more complex than a Hansch-Analysis, Zhao’s
work demonstrated the applicability of molecular structure based approaches to the

examination of chromatographic interaction and the characterization of stationary phases.

Predicting retention times — Evaluation of LCMS-data as research driving force

Major research interest regarding QSRR was elicited by the desideratum of predicting
retention times. A literature database search refined for results treating only QSRR on
reversed phase chromatography (RPLC) on Pubmed-services [72] using combinations of

n "

search terms like “retention” “prediction”/”predicting”, “chromatography”, “modeling”
yielded 20 publications studying the prediction of small molecule retention and, driven by
the interest in the proteomic analytical key technology liquid chromatography coupled mass
spectrometry (LCMS) 45 works handling the accurate prediction of peptide retention times.
Amongst the techniques employed for predicting retention times were simple Hansch and
Free Wilson-like additive models of molecular residue or hydrophobicity coefficients and
peptide chain length [22, 26, 43] and combination of aforementioned additive models with
calculated molecular properties like van der Waals volume and cLOGP [32, 6, 5], artificial
neuronal networks [53, 61, 18], machine learning approaches like support vector machines

[40, 58], regression trees and random forests [57, 66], bayesian regression [66] and

uninformative variable elimination [56].

Although Publication | dealing with enantioseparation on quinine-carbamate based chiral
ion-exchange columns, being the most extensively researched subfield in this discipline,
peptide related QSRR on C18 columns serves as an exemplification of what can be expected
from modeling of chromatographic processes and attempts on predicting retention. In the
scope of this introduction it adjusts expectance for a rather simple linear regression based

Free-Wilson- type of analysis.
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In a recent review Moruz and Kall [49] recapitulate predictive accuracy which various
retention prediction techniques for peptides. However, as Motuz and Kall demonstrate
referencing various works ([34, 54, 59], to cite just a few) even with overall correlation
coefficients of R?>0.9 an accurate prediction cannot be accomplished. Accurate prediction in
this regard would be a retention time forecast with deviations not significantly exceling
experimental retention fluctuations. Albeit some peptide sequences can be predicted
accurately, alteration in single amino acid sequence position [29], secondary structure [76]
and mobile phase can lead to outliers in experimental vs. predicted retention. Especially, as
Moruz points out, de novo QSRR prediction, i.e. accurate retention time forecast relying
solely on sequence, synonymous to molecular descriptor information in the terminology of

QSSR, and description of stationary and mobile phase is yet to be achieved.

The same holds true for QSRR of organic molecules other than peptides, like metabolites,
drugs, xenobiotics, toxins, etc, as demonstrated by Wang et al. [71]. Comparing multiple
linear regression, partial least squares and random forests methods on a set of over 1700
compounds in C18 chromatography, Wang demonstrated general applicability of
aforementioned QSRR techniques, yet lack of exact retention prediction and retention order

compared to experimental chromatograms.

Value of QSRR in LCMS / chromatographic fundamental research and application

Rather than accurately predicting retention times, the value of QSRR, especially for mass
spectrometry coupled to liquid chromatography, currently lies elsewhere: Improved positive
identification of analytes [52, 63], minimizing of false positive identification [34], reduction
of interferences [48], optimization of information dependent acquisition (IDA) mass
spectrometry in complex mixtures [45], determination of nonlinear chromatographic
gradients for optimal usage of gradient peak capacity for whole cell digests [50], bottom-up
proteomics [41], and studying of retention mechanisms [2, 74]. As Moruz and Kall [49] also
pointed out, data independent (mass spectrometric) analysis (SWATH) [70] in order to
reduce complexity and amount of data generated thereby would be a highly desirable
application of QSRR, given that the de novo prediction obstacle could be overcome

sufficiently.
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More recently, with the advent of high resolution mass spectrometry based metabolomics,
employing especially non-targeted LCMS-strategies as its major tool, increased research
interest in application of QSRR to untargeted metabolite identification [21, 73, 39, 77, 13,

23] emerged.

QSRR and stereoselective chromatography

Whereas the major research interest in QSRR is focused on non-stereoselective, especially
reversed-phase chromatography, the very nature of stereoselective chromatography
discriminating between structural species as a matter of course leads to examination of
relationships between structure and retention. The term QSRR was extended to quantitative
structure enantioseparation relationships (QSERR) by Kaliszan et al. [30]. Among the
published studies, in QSERR models like Hansch-Analysis [30, 4, 11, 12] linear solvation
energy relationships [14, 42, 10, 47], comparative molecular field analysis
(CoMFA)/comparative molecular similarity analysis (CoMSIA) [14, 60, 17, 16] and neural

networks [65] have been utilized.

Chiral retention - molecular interaction

Before describing the application of Free-Wilson Analysis to rationalize the individual group
contributions to the retention and enantioseparation of N-derivatized amino acids on
quinine carbamate chiral stationary phases [30], a brief description of basic chiral
recognition principles in enantioselective chromatography is given. A substantial review of

mechanisms of chiral recognition in liquid chromatography is given by Limmerhofer [37].

In contrast to the solvophobic theory of Horvath [28] or the lipophilic theory of Carr [15]
applicable to the description of reversed phase chromatography, chiral recognition in
enantioseparation cannot be explained by macroscopic observables like bulk solubility or
partition between aqueous and organic phases, respectively, as enantiomers exhibit
identical physicochemical properties. Neither the thermodynamics of exclusion from the
bulk mobile phase (solvophobic theory) nor the adsorption to or partition into the bulk
stationary phase (analogous to Carrs lipophilic theory for RP) are suitable to adequately

describe enantioseparation. Instead, molecular spatial differences between enantiomers
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affecting attractive and repulsive forces, like H-bonds, ionic interactions pi-pi-interactions or
dipole stacking [37] give rise to a net difference in free energy of transition between the

mobile and stationary phase, hence the difference in retention.

The most common yet simplistic model of chiral recognition is the “three point interaction

III

model” describing the formation of a complex between chiral selective stationary phase
(CS) and each of the two R/S-enantiomers (selectands SA: R-SA and S-SA). As depicted in Fig
FP1.1, the ideal three point interaction is only achieved by one of the selectands, while the
other is only capable of less selector-selectand interactions. The complex formation is
governed by intermolecular forces resulting in a complex stabilising enthalpic contribution
(AHint). According to Fig FP1.1 the complex formation/stabillisation is thermodynamically
affected by destabilizing entropic contributions (loss of translational, rotational and
vibrational degrees of freedom ASx, ASro, ASvib), destabilizing enthalpic contributions
(desolvation of CS and SA, AHsow) on the one hand, and stabilizing enthalpic and entropic
contributions (intermolecular forces AHint, entropy increase by desolvation ASson). The
respective steric configurations of both selectands allow the intermolecular bonds/forces
and subsequent enthalpic and entropic contributions to be established to different
magnitudes. This results in an “ideal fit” of one enantiomer, a complex possessing lower
Gibbs free energy, resulting in a more stable complex, stronger interaction and thus longer

retention on the stationary phase.
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Figure FP1 1 Three-point interaction model illustrating molecular recognition of two chiral selectands
(SA) R-SA and S-SA with one chiral center. Reproduced from Journal of Chromatography A, 1217,6,
Ldmmerhofer, M., Chiral recognition by enantioselective liquid chromatography: Mechanisms and
modern chiral stationary phases, 814-856, Copyright (2010), with permission from Elsevier.
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Figure FP1 2 Magnitude of intermolecular forces governing chiral recognition. Values are in vacuo,
actual energies are modulated by experimental parameters, e.g. mobile phase composition,
temperature. Reproduced from Journal of Chromatography A, 1217,6, Ldmmerhofer, M., Chiral
recognition by enantioselective liquid chromatography: Mechanisms and modern chiral stationary
phases, 814-856, Copyright (2010), with permission from Elsevier.

Thermodynamic description of chiral recognition

The binding of each of the selectands SA to the chiral selector CS reversible forming the [CS-
SA] complex is an equilibrium process, thus being quantified by the standard Gibbs free

energy. Let Ki be the equilibrium constant of chiral selector and selectand interaction:

CS+ SA=[CS — SA] @ CS — SA]
AG) = —RT .Ink; o Bi= [CS]+[SA] ¥

As described before referring to [37], the Gibbs free energy of the binding process consists

of enthalpic (AHint, AHson) and entropic contribution (ASy/t, ASrot, ASvib, ASsolv)
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AH) = AH)  +AHY @

Solfu
AS0; = AS)), + ASp +ASy + AS, ©
(6)

rot

AGY = AHQ — TASY
Both equations can be combined to the van’t Hoff equation

A 70 Ac0 (7
L AH) | AS (7)

InKi = —3=¢ R

Now the equilibrium constant K; is not directly observable in liquid chromatography. Yet a
linear relationship between K; and the retention factor kican be established using the phase
ratio ¢= Vstationary /Vmobie, Where V is the volume of the respective phase in the

chromatographic column:

— @Ki ()
Although other equations describing the relation between ki and K,, are known this one is

the most widely used in basic chromatographic theory.

Therefore, equation 7 can also be written as

Ink; = —ﬁ(AGO) +Ing ©

This describes a linear relationship between retention factors and the Gibbs free energy of
complex formation. Here, the basic assumption for Publication | emerges with Equation 9: If
all Gibbs free energy contributions to the complex formation of individual molecular groups
responsible for binding of SA to CS behave additively, i.e. non-cooperatively, the retention
factors are a linear combination of the individual group contributions and the magnitude of

the individual group contributions can be accessed by a general linear regression model.

T
Ink; AG? = Z AG? (10)
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As Publication | treats chiral separation, besides ki also the selectivity a can be expressed

accordingly and enantioseparation is the given by

T
In o ox AAG? = Z AAG? (11)
1

An early study employing this thermodynamic framework was published by Berthod et al.

[9].

Free-Wilson-Analysis — QSAR method originating from pharmaceutical research

In the original work [19], SM Free and JW Wilson use a linear equation | to describe and to
some extend predict the biological activity of several classes of compounds. Other than
Hansch-analysis [hansch1964p], the Free-Wilson approach uses binary coefficients
describing the presence or absence of a molecular group at given position in the compounds

structure. Let Y; be the observable biological activity of the compound i the equation can be

Y, = ib; -
i=1

written as:

Where G is the functional groups’ individual contribution to the observable Y and bj is a
binary coefficient, denoting presence by 1 and absence by 0 and n being the overall number
of different substituents. Commonly the group contributions C; are calculated either relative
to the average contribution of all residues tested [19] or relative to an unsubstituted
reference compound [20], e.g. having only H-substituents in all examined positions, where u

is the reference compounds observable:

}?=ib;-0j-+p
i=1

The latter approach resembles somewhat close [36] the Hammet-equation for reactivity of
organic compounds [24], also assigning the H-substituted compound as reference.
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Also commonly, the response is found to be linear on a logarithmic scale. Consistently, as
shown in the previous paragraph, the responses kr, Ks and ags of chiral separations are

expected to be found on the logarithmic scale according to the thermodynamic equations.

The group contributions are solved for by linear regression analysis on a training set of
compounds, which, provided there is indeed a linear independence of group contributions,
eliminate the need for comprehensive testing of all possible combinations of functional
groups and positions in the molecule: Table TP1.1 demonstrates the principle of Free Wilson
Analysis, by means of a Free-Wilson-Table and shows the results published in the original
study of Free and Wilson on the inhibitory potencies of a series of tetracyclines against
Staphylococcus aureus [19]. A review on Free-Wilson QSAR principles and studies is given by

Kubinyi et. al. [36].

Table TP1 1Free-Wilson QSAR analysis of biological activity of tetracyclines. Reproduced from Journal
of Medicinal Chemistry, 7,4, Free and Wilson, A mathematical contribution to structure-activity
studies, 395--399, Copyright (1964), with permission from ACS Publications

R X Y Biological
activity

Compound | H CH3 NO2 cl Br NO2 NH2 CH3CCONH

11 1 1 1 60

v 1 1 1 21

Vv 1 1 15

\ 1 1 1 525
Vi 1 1 1 320
VI 1 1 275
IX 1 1 160

X 1 1 15

Xl 1 1 140
Xl 1 1 75
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R|H CH3
75 -112
X NO2 Cl Br
-26 84 -16
Y NO2 NH2 CH3CCONH
-218 123 123

Utility of Free-Wilson-Analysis

As Free and Wilson state, the main utility of such an approach is to study the underlying
additivity principle of group contributions, i.e. independence of individual group
contributions and gain a quantitative measure of each group contribution. Molecular
moieties violating the additivity principle, e.g. those with cooperative effects are revealed by

their poor fit to linear model, i.e. high regression residuals.

Functional groups can be assessed by their influence on chiral separation, especially those
specifically introduced by derivatization in order to modify enantioseparation. Also groups

actually diminishing enantioseparation can be revealed.

Binding hypotheses of CS-SA complexes derived from structural chemistry methods (X-ray
diffraction, NOE-NMR) can be examined quantitatively without the need of a comprehensive

library of compounds, as long as the linear independence of group contributions holds true.

Limitations of Free-Wilson-Analysis

Inherently to its principle using only presence or absence of groups instead of
physicochemical or spatial parameters, Free-Wilson-Analysis can only provide group
contributions for groups being examined in the training set. De novo calculations are
impossible and estimations on compounds bearing untrained groups or having an altered
molecular structure of the basis compound are not feasible, as this would require invalid

presumptions of the untrained groups enthalpic and entropic contributions. The Free-
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Wilson-Model is thus no approach used for de novo challenges, but rather in a descriptive

and explorative application.

The assessment of the predictive quality Free-Wilson models is dependent furthermore on
acceptance criteria for successful prediction. Where accounting for ca. 90% of observed
variance by a linear model can be sufficient in biological activity analysis, like in the original
work [19], it can be inadequate for calculations demanding better accuracy like retention

time prediction in liquid chromatography.

Goal and approach of this work

Goal of publication | was to examine and rationalize the individual group contributions to the
retention and enantioseparation of N-derivatized amino acids on quinine carbamate chiral
stationary phases [30][38]. The set of compounds consisted of 142 training compounds,
mostly amino acids which were N-carbonyl derivatized with the protecting groups shown in
fig FP1.3. The chromatography was conducted on a quinine carbamate chiral stationary

phase, also shown in Fig. FP1.3:
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Figure FP1 3 Protecting groups (a), chiral selector (b) and (c) X-ray crystal structure of co-crystallized
quinine carbamate and 3,5-dinitrobenzoylamino acid leucine and illustrating the CS-SA complex and
the intermolecular bonds stabilizing the complex. Reproduced from Journal of Chromatography A,
1363, Sievers-Engler et. al, Ligand-receptor binding increments in enantioselective liquid
chromatography, 79-88, Copyright (2014), with permission from Elsevier.
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In order to handle the size of the dataset and facilitate statistical procedures, a software

network as shown in Fig FP1.4 was implemented using Java, R, and MySQL:

Free-Wilson Table
Generator
N

o - -\ % = o = ™\
GNU R-Script Controller Output
Ge?'\":r‘x:‘lfzz:‘ll.lc:;ar FRmTEters fog ParamZS:r‘sQ;:’:l?;ms
7 Experiment Design Rrlas !
g Modelling J Tables

[ My SQL-Database )
Contains
chromatographic
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Figure FP1 4 Software network implemented for Publication I. Reproduced from Journal of
Chromatography A, 1363, Sievers-Engler et. al, Ligand--receptor binding increments in
enantioselective liquid chromatography, 79-88, Copyright (2014), with permission from Elsevier.

Results and discussion

The successful application of Free-Wilson-Analysis to derive the retention increments on the
enantiomers could be shown in Publication 1. This success was based on the finding, that the
assumed independence of contributions of the respective molecular groups to the binding to
the stationary phase holds true. Otherwise, the application of a linear model would result in
insufficient performance expressed in low correlation coefficients. These findings were
substantiated by cross validation by means of scrambling tests and by leave-n-out. The
scrambling test was conducted by randomly reassigning retention coefficients k1 and k2 to
tested compounds, resulting as expected in low quality linear models and predictive
capability of the latter. The leave-n-out test was derived from the frequently used leave-one-
out cross-validation test in order to deal with the extent of the data set. Monitoring the
correlation coefficient R? and the predictive capability while repeatedly (n=10) removing an
increasing number of randomly chosen training compounds, the Free-Wilson approach
maintained modeling performance up to over 40% of the initial 142 training compounds

removed.

Whilst the models exhibiting good correlation (R>0.95), the standard deviations of the
predicted retention indices were too large measured by the demanding requirements of an
exact prediction of retention time and enantioseparation, a finding in accordance to the

simplistic approach of the Free-Wilson model.

Albeit good overall fit, a deviation from the additivity principle could be revealed: Derivatives

of basic, i.e. positive charged compounds e.g. Arginine or Histidine, showed poor fit to the
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linear model. These findings were confirmed by establishing a GLM with only neutral
charged training compounds und subsequently adding an increasing number of negative,
positive or neutral charged compounds to the model. Whilst negative and neutral charged
compounds had no effect on model quality, the addition of positive charged training

compounds deteriorated model quality.

While the examination of the mechanistic nature of nonconformance of basic compounds to
the GLM was not in the scope of Publication I, the disclosure of these compounds behavior
attests to the usefulness of the Free-Wilson modeling approach. As linear modeling revealed
inapt, this could be an indication for a cooperative binding mechanism. Although other
reasons could account for this deviation from linearity as well, the results demonstrate how
linear modeling can serve as cross-check for mechanistic assumptions revealing demand for

further mechanistic investigation.

With regard to the different stabilization of CS-R-SA / CS-S-SA complexes, hence the
difference in retention and enantioseperative selectivity, the Gibbs free energy contribution
of the protecting groups was found to be the driving factor, while the influence of the amino
acid side chain itself is not significant. While three of the aliphatic amino acid residues, tert-
Leucine, Isoleucine and allo-Isoleucine, exerted an increasing effect on selectivity, all other
side chains contributed via a reduction of enantionselectivity. Furthermore, a second acidic
group in the amino acid side chain revealed to be competitive to the primary one, though

only when in close proximity to the stereogenic center.

Finally, one finding directly assent to the binding model derived from the x-ray structure for
co-crystallized CS-SA complexes and further showcasing the mechanistic utility of Free-
Willson-Analysis: As illustrated in Fig FP1-3 there is a stabilizing in H-bond between the
chiral selectors carbamate-carbonyl oxygen and the selectands alpha-N-H-moiety, its
formation sterically affected by the configuration of the stereogenic centre. Accordingly,
beta-amino acids with reduced interaction possibility due to longer distance and secondary
amino acids lacking the possibility of the H-Bond completely, exert almost no difference in

contribution of the side chain between the two enantiomers.

Overall the derived models provide useful information on the chiral recognition mechanism

and importance of the group contributions to retention and enantiomer separation.
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Abbreviations

QSRR: quantitative structural retention relationships

QSAR: quantitative structure activity relationship

logP: octanol-water-partition coefficient

CLOGP: logP predicted by group contribution calculation method

pKa: negative decadic logarithm of acid constant

LSER: linear solvation energy relationships

IDA: information dependent acquisition

QSERR: quantitative structure enantioseparation relationships

CoMSIA: comparative molecular similarity analysis

CoMFA: comparative molecular field analysis

CS: chiral selective stationary phase

SA: selectand

GLM: generalized linear model
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Introduction to Publication VII

Low bleed mass spectrometry compatible stationary phase
Minimizing noise and continuous ion suppression

Background of Publication VI

Publication VII put forward a platform technology for preparation of stable functionalized
silica based stationary phases for liquid chromatography utilizing a thiol-ene click reaction to
graft surface-crosslinked poly(3-mercaptopropyl)methylsiloxane-coatings and ligands onto
vinyl-modified silica particles. The main objective was to devise a surface chemistry that,
under conventional chromatographic conditions, exhibits minimal ligand bleeding interfering
with subsequent coupled detection technologies. The feasibility of the employed bonding
chemistry to attain this objective was exemplified on stationary phases with enantioselective

tert-butylcarbamoylquinine (tBuCQN) surface ligand chemistry[38]

Low ligand bleed stationary phases are beneficial for the most common detection
technologies applied at present in liquid chromatography, namely UV-VIS, fluorescence,

charged aerosol and mass spectrometric detection [24, 2, 45]

UV-VIS detection and fluorescence are the least affected by ligand bleeding when referring
to alkylsilane surface chemistry, the most common being of C18-type as usually no
interference of absorption wavelengths of ligands and analytes are encountered. Yet, with
surface chemistries that provide additional binding mechanisms, especially offering m-
interaction by plain or substituted phenylalkyl surface chemistries, or more complex ligands
that contain molecular moieties of interfering absorbance either by functional requirements
or simply by necessity of the synthetic route building the ligand scaffold, raised baseline
signal levels can become of concern. If actually disturbing UV-VIS detection, signal
interference is additive, i.e. noticeable by increased baseline or background noise. Albeit and
still, the relative insensitivity of optical spectroscopy based coupled detection technologies
towards ligand bleeding manifested itself in these technologies not expediting research
interest in the field of stable stationary phases, especially what isocratic elution is

concerned. For gradient elution the situation may be different and the problem also
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significant manifested by baseline drifts. Consequently, with the increasing dominance of
mass spectrometry as major detection technology, in liquid chromatographic terminology

“low bleed stationary phase” is regarded synonymical for “mass spectrometry compatible”

Charged Aerosol detection (CAD) and its predecessor technology evaporative light scattering
detection (ELSD) in contrast are highly susceptible towards column bleeding and require
stable stationary phases [45]. By nature of both detection processes, i.e. evaporation to a
solid aerosol cloud and detection by lateral light scattering (ELSD) or electric aerosol
detection (CAD) and due to the lack of an analytical discriminatory dimension of this
technologies [33, 11] other than the required nonvolatility of responsive analytes, essentially
signals of all compounds regardless of their constitution or chemical nature are affected.
Lower limit of detection (LLOD), lower limit of quantitation (LLOQ) are severely affected by
instable stationary phases. Conversely CAD is a valuable method for investigation of column

bleeding.

Mass spectrometry, representing the most selective of the aforementioned detection
technologies by nature of its signal generation (ionization and specific fragmentation) and
general signal resolution (mass peak broadness) especially with high resolution mass
analyzers time of flight systems (TOF, QTOF, Orbitrap) is affected by column bleeding in a
more specific way. With the rare exception of analytes of interest as well as lysed ligands
being isobaric/possessing identical MS" transitions, stationary phase ligand bleeding affects
mass spectrometry not by overlaying the desired signals by increased baseline and noise, but

rather by quelling the analyte signal in an undesired process termed ion suppression [24].

As the authors contribution to publication VII was the mass spectrometric examination of
the reduced ligand bleeding of the new presented stationary phase platform, the following
paragraphs highlight some of the aspects of ion suppression and stationary phase stability in

liquid chromatography coupled mass spectrometry.
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lon Suppression in liquid chromatography coupled mass spectrometry - general aspects

In general, the term ion suppression when referring to liquid chromatography coupled mass
spectrometry describes a deleterious effect of compounds coeluting to the analytes of
interest, hence the absolute analyte signal is governed by more factors than analyte
concentration itself. The signal of interest is reduced or even subject to complete extinction
[2]. The opposite effect of elevated signal levels, named ion enhancement, although less
frequently encountered, can also be observed [19, 16]. Even though the latter effect can be
exploited beneficially e.g. by usage of a dopant additive in the eluent (e.g. NH4F in LC-MS of
estradiol [15]), generally any kind of distortion of ion signals is undesired and aim of
respective countermeasures. The undesirability of any signal alteration is especially
aggravated for untargeted comprehensive mass spectrometric workflows (e.g. of SWATH-
type [1]) as it is not ascertainable nor ensurable by the very nature of an untargeted
approach that signal enhancement or suppression affects all analytes in an uniform manner,
thereby introducing problematic signal bias for subsequent statistical evaluation procedures

of such workflows [22, 48].

Worse and in opposite to targeted mass spectrometric approaches where signal deviations
are usually detected by use of internal standards, or to ion suppression events caused by
singular causes revealing themselves during appropriate statistical treatment enabling
removal of such outlier results, signal alteration in untargeted approaches may remain
unnoticed in spite of method validation and QC efforts, especially for low abundant analytes
[39]. In consequence, ion suppression is a main concern regarding the fidelity of untargeted
LC-MS" approaches [17] and measures reducing or even eliminating know sources of ion
suppression, like ion suppression caused by constant elution of lysed column ligand as result

of instable ligand-scaffold binding chemistry, are of paramount importance [46, 10, 23]

As described in the following paragraphs (vide infra), such a signal bias is essentially to be

expected when operating chromatography in gradient mode, thereby altering ionization
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conditions by means of the changing eluent composition itself, or when complete
compound separation is expected to be incomplete, as, for example, in samples containing

biological matrix and therefore a plethora of different compounds.

As aforementioned, ion suppression can be caused by coeluting compounds causing peak
shaped regions/intervals of certain extent of ion suppression in the chromatogram
(momentary ion suppression) or by compounds eluting and affecting ionization permanently
(continuous ion suppression) either as part of the mobile phase, contaminants captured by
and eluted from various parts of the LC-MS-system (fluidic path, column, ion source) or
originating from stationary phases susceptible to degradation, especially by lysis of the
stationary phase surface modification, e.g. for a common C18-type column the C18-ligand or
alkyl endcapping moieties of lower molecular weight. Combination of both sources of ion
suppression are also encountered, depending on the sample matrix, eluent system,

stationary phase type and especially in gradient mode [ [2, 19, 16].

To eliminate one source of ion suppression, stationary phases employed in liquid
chromatography coupled to mass spectrometry should exert minimal lysis and elution of
ligand. i.e. a bonding chemistry providing excellent chemical stability under the
chromatographic conditions (eluent compositions, column operating temperatures, sample
composition). Stationary phases featuring this property are labeled as mass spectrometry
compatible. Regarding the influence of the surface chemistry, besides the minimized chronic
ion suppression, also chromatographic performance parameters like retention capacity,
retention times, peak shape and asymmetry are preserved for longer time by low bleed
columns, thereby reducing data distortion by column aging-induced shifts of elution

parameters in untargeted approaches.

Mechanisms of ion suppression

The predominant ionization method employed in liquid chromatography coupled mass
spectrometry especially in the field of analysis of biological samples is the electrospray
ionization (ESI) [25]. Besides this major ionization technique, atmospheric pressure chemical
ionization (APCI) and atmospheric pressure photoionization are employed if examined
analytes are less compatible with the ESI process (s. general introduction for reference). All

described techniques share in common charging and transfer to the gas phase of analytes,
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yet with ESI charging occurs in the primary step, opposed to APCI/APPI gas phase transfer is
the initial process. Furthermore, as described in the general introduction of this thesis, for
ESI two models describe the transition of charged analytes to the gas phase, the ion
evaporation model (IEM) for small molecules, and the charged residue model (CRM) for
large molecules, e.g. large peptides, proteins or polymers. This crystalizes four vantage
points for ion suppression processes [3]: 1) competitive inhibition of charging of the analyte
by matrix solutes, 1l) gas phase ion charge neutralization, inhibition of gas phase transition
by 1) coprecipitation or IV) by deferral of efficient electrospray ionization via interference
with the iterative droplet-fission process or with the ion evaporation processes by alteration

of viscosity and surface tension of the generated droplets.

Charge competition (I) between different solutes during the primary ESI-droplet formation
was described first by Kerbale et.al [25], stating a maximum amount of 10 charged ions in

one primary ESI-droplet.

lon suppression by gas phase charge neutralization (1), foremost by proton transfer reaction

were observed by Chin et al [7] and Buhrman et al [6].

Evidence for precipitation hypothesis (Ill) was provided by King et al[27] by collecting
residues generated under ion suppressing conditions from the mass spectrometers orifice
spray shield surface and reanalyzing these under non suppressing conditions, revealing that
a fraction several times the detected analyte amount is excluded from the ESI process and
deposited on the orifice surface. King et al. also confirmed that ion suppression by

coprecipitation is, as expected, facilitated by sulfates or phosphates.

Interference with the ion generation process (IV) has been reported regarding analyte vs

matrix competition for surface access necessary for IEM [9, 44]

To conclude from the enumerated vantage points for ion suppression described by the
literature cited above, the only copious remedy for ion suppression is the removal of matrix
components, adequate chromatographic separation where the latter is not achievable and,
as in Publication VII, minimizing of any further introduction of extraneous compounds like

surface ligands form chromatographic stationary phases.
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Momentary lon Suppression

Acute ion suppression evokes from compounds coeluting with a chromatographic peak
profile simultaneously with the respective analytes of interest. A plethora of ion suppressing
compounds have been identified [3, 16], e.g. detergents, ion pairing reagents [4, 13, 20],
inorganic anions or other buffer compounds [27], polymers [35] and compounds facilitating
proton exchange [34]. By their very nature being complex mixtures of a large variety of
compounds that are often charged as essential property of their metabolic function or for
containment inside the cell membrane [49], raw biological samples generally give rise to
chromatograms with extended regions of ion suppression and appropriate assessment

thereof and countermeasures against during method development must be applied [24].

The source of acute ion suppression usually lies within the sample matrix compounds
themselves. Yet other origins are known. One example is accumulation of eluent or additive
impurities [26] on the column head during weak elution conditions and separation during
the following gradient, essentially mimicking an injection. This is aggravated by non RP-types
of chromatography, like HILIC or IEC chromatography, as strong ion suppressing ionic
compounds are particularly enriched on the column during initial weak eluting conditions
[21]. Furthermore, introduction of ion suppression by sample preparation workflows or

inappropriate materials in contact with samples matrix must be avoided.

As stated above, with targeted approaches acute ion suppression can be detected, in some
cases evaded by apt measures during method development or to some extent corrected for.
Consequently, examination of matrix/ion suppression effects during bioanalytical method
development and validation is advised for the research laboratory [2] and required by
regulatory bodies [14] for clinical, monitoring, forensic etc. applications. On the contrary,
with untargeted comprehensive mass spectrometric approaches, the actual presence of ion

suppression remain unnoticed.

Continuous lon Suppression

In opposite to momentary ion suppression, chronic ion suppression is the result of ion
suppressing compounds permanently being introduced to the ESI source. Potential sources
are unretained eluent constituents/contaminants, contaminations of the fluidic path of the

chromatographic system or column perpetually desorbed by the eluent stream, or, more
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inherently, ligands eluting from the column as result of lysis reactions of the stationary phase
surface modification, mainly by lysis of the Si-O-Si-ligand bond. Albeit being introduced
permanently and uniformly into the ion source, the extent of ion suppression is dependent
on respective analyte species and can be modified by eluent composition in case of gradient
elution mode. Lower limit of detection (LLOD), lower limit of quantification (LLOQ), method
sensitivity are affected always, and additionally and linear range can be reduced by chronic

ion suppression [3].

Countermeasures towards ion suppression - Objective of Publication VII

Momentary ion suppression can be reduced by appropriate sample preparation reducing
matrix compounds with adverse effect. Usually this can be achieved by solvent or solid
extraction protocols, the latter also applicable as online-SPE performed by the
chromatographic system. If not possible to remove ion suppression factors, chromatographic
separation thereof from the analytes of interest should be achieved by tuning the
chromatographic parameters like column selectivity, temperature, eluent composition,

gradient shape, or by two dimensional liquid chromatography (2DLC).

Chronic ion suppression can be counteracted by ensuring adequate chromatographic eluent
quality, integration of cleaning procedures in chromatographic methods and sample

sequences, preemptive ion suppression assessment and preemptive cleaning procedures.

Fundamentally, as focused in Publication VII, stable stationary phases with minimized
column bleeding allowing for labeling as LC-MS compatible are a necessity in order to

minimize chronic ion suppression.

Chemical instability of silica based columns — column bleeding

Main contributors to degradation of silica particle based stationary phases are temperature
and foremost pH. While high pH (>8) eluent compositions are known to rapidly degrade the
silica support material hydrolytically, effectively altering the column bed in the sense of
critical chromatographic properties of the internal eluent pathways (altering A and C terms
of van-Deemter equation when using isocratic conditions for assessment) to an extent of
physical collapse of stationary phase particles and column bed as whole [28], acidic

conditions decompose porous silica particle based stationary phases more gradually yet
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permanently by catalyzing hydrolysis of the Si-O-Si siloxane bonds of the surface ligand [28]
while leaving the silica support intact during the usual operational life cycle (few thousand
injections) of chromatographic columns [47, 29]. Ligand lysis has been described extensively

by Kirkland et al [28, 31, 30, 18].

Ligand siloxane bond lysis results in a continuous deterioration of chromatographic
performance, observable by decline of chromatographic retention factors k and peak
resolution and symmetry, hence reduced peak capacity of the column. Unfortunately, as
observed by Kirkland [29] the loss of chromatographic performance can be described by an
exponential decay law, i.e. the adverse interanalysis effects are most strongly observed
during the initial phase of chromatographic column lifetime and impact on chromatographic
results in between analytical runs and sequences/batches of runs is particularly large during
the initial decay phase. This property of instable silica based stationary phases is especially
undesirable for untargeted mass spectrometric applications, as bias between samples is

introduced by chromatographic performance and simultaneous ion suppression decrease.

Stable surface chemistry for LC-MS applications

Generally, in order to provide for stable stationary phases for liquid chromatography, two
major approaches have been pursued in the past: use of alternate scaffold materials, based
on inorganic metal oxides e.g. alumina, zirconia or titanium based stationary phases and as
second approach, development of stable surface chemistry for silica based stationary phases
[8]. The first approach has been studied intensively and yielded stationary phase scaffolds
with overall pH stability (0-14) exceeding those of silica materials [36, 8, 12]. Albeit, as result
of a less stable M-0-Si bond (M= Zr, Al) of alternate metal-oxide scaffolds [40] , the general
superior stability of the scaffold material relative to silica based materials does not apply to
surface ligand modification stability, actually the contrary is reported [37, 8]. In order to
achieve enhanced ligand stability, polymer coating or cladding techniques have been applied
[42]. Yet, alternate metal-oxide based materials suffer from reduced achievable theoretical
plates due to reduced specific surface area [5] or reduced chromatographic efficiency as

result of restricted mass transfer [42].
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A major disadvantage described for the alternate scaffold materials results from strong
Lewis base and acid activity effectively providing stationary phase scaffolds with inherent ion
exchange (IEX) capabilities, in contrast to an ideal stationary phase material whose
chromatographic selectivity would solely be governed by surface modification, as a matter of
speaking possessing chromatographic inertness. While the inherent IEX mechanism can be
used beneficially for particular analytical questions [38], generally it must be masked by
mobile phase additives when RP retention mechanism are required [42]. These additives,
necessarily ionic by mode of action, e.g. phosphates, are incompatible with mass
spectrometric detection and with surface ligands that rely on specific ionic interactions
adjusted by mobile phase ionic activity as the quinine carbamates [38] employed in

Publication VII.

To summarize, up to the present day, alternate scaffold materials provide no substitute for
mass spectrometric compatible silica based stationary phases, an observation the majority
of chromatography aimed research literature in this field [8] and availability of

commercially stationary phases and columns for LC-MS applications stands testimony to.

As silica still provides the principal scaffold for stationary phases in liquid chromatography
[8] the second general approach aims to enhance ligand stability by application of surface
ligand chemistries that circumvent or reduce the susceptibility of the Si-O-Si-ligand bond to
hydrolysis under chromatographic conditions. A straightforward method hereby is, to utilize
organo-silanes with bulky moieties bonded directly to the silicone atom in the ligand in order
to sterically hinder the hydrolysis, while still resembling a brush type surface modification

[29].
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Figure FP7 1 Steric protection as simple and effective approach to protect the labile Si-O-Si bond in
silica based stationary phases Left: Schematic of silica surface and employed ligands, Right top: Steric
protection from hydrogen bonding of residual unmodified silanols. Right bottom: phase stability
expressed via perpetuation of k of 1-phenylheptane vs column volumes of eluent flow applied to
column. Reproduced from Review on the chemical and thermal stability of stationary phases for
reversed-phase liquid chromatography Journal of Chromatography A Volume 1060, Issues 1-2, 10
December 2004, Pages 23-41 Copyright (2004), with permission from Elsevier

The stability enhancement observed by chromatographic assessment, e.g. monitoring of
evolution of retention factors of appropriate indicator analytes [29] could be confirmed by
the orthogonal methodology of CP/MAS 2°Si-NMR by Scholten et al. [43]. According to the
findings of Scholten et al. steric protection by suitable groups at the ligand Si shield the Si-O-
Si hydrogen bonding by vicinal unmodified silanol groups, as depicted in Fig. FP7.1. which

supports the assumption of effective steric protection against acidic eluents.

A further variant of the steric protection concept is the use of bidendate stationary phases.
Instead of monomeric brush type ligand, two ligands are interconnected via Si-Q-Si bridge,

where Q is an ethyl or propionyl chain.
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Figure FP7 2 Bidendate stationary phase. R= steric protection group or second ligand Reproduced
from Review on the chemical and thermal stability of stationary phases for reversed-phase liquid
chromatography Journal of Chromatography A Volume 1060, Issues 1-2, 10 December 2004, Pages
23-41 Copyright (2004), with permission from Elsevier

An advancement of the bidendate concept for futher improvement of column stability could
be achieved by combining mechanical resilience of silica based materials with chemical
inertness by immobilization of polymer coatings on the material surface, amongst others
mainly polysiloxane coatings [41, 8]. Usually, these coatings represent crosslinking of the

brush type ligands by aforementioned polymers, e.g. polymethylsiloxane in case of
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Publication VII. The crosslinked immobilized linkers employ the same bonding chemistry as
the brush type ligands e.g. Si-substituted alkylchlorosilanes incorporating also the steric
protection of the Si-O-Si-Bond as in the stable brush type ligands, see Fig FP7.2 for reference.
These types of stable stationary phases were assessed to have excellent stability in neutral
conditions with up to 50000 column volumes and enhanced stability in alkaline pH,
indicating a protecting effect for the silica scaffold that is usually the cause of column failure

under these conditions rather than ligand hydrolysis.
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Figure FP7 3 Left a: Cross linking via polymethylsiloxane; b: sterically protected brush type ligand.
Reproduced from Publication VI, Copyright (2016), with permission from Elsevier Right: Stability
assessment in neutral (top) and alkaline (bottom) eluent for different immbilisation and
posttreatments of polymer coated columns. see reference for details. Reproduced from High-
performance liquid chromatographic stationary phases based on poly(methyloctylsiloxane)
immobilized on silica: Ill. Stability evaluations, Journal of Chromatography A Volume 987, Issues 1-2,
14 February 2003, Pages 93-101 Copyright(2003) with permission from Elsevier.

Publication VII contributed to stable stationary phase research in advancing the
polymethylsiloxane polymer coated type of column by providing an easy modifiable platform
bearing as polymer coating poly(3-mercaptopropyl)methylsiloxane that could easily be
modified with ligand via a thiol-ene click reaction. For demonstration of concept,
enantioselective stationary phases based on quinine carbamates [38] were synthesized and

examined regarding column stability and mass spectrometric compatibility.
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Methods for evaluating phase stability and MS compatibility

Stationary phase stability can be assessed either indirect by functional assessment via an
appropriate chromatographic test case, usually probing retention factors (k), peak resolution
(R) and asymmetry, theoretical plates (N) or plate height (H), peak capacity etc. of amenable
analytes or direct i.e. by monitoring of the surface ligand lysis, usually by charged aerosol
detection or mass spectrometry [45, 8]. The first route of assessment is independent of
coupled detection technology and gives a straightforward estimation of maximum
achievable useful column lifetime under given eluent composition (pH, salt concentration)
and column operation temperature. However, by only evaluating chromatographic
readouts, no conclusions can be drawn regarding compatibility with particular detection
technologies, i.e. mass spectrometry or charged aerosol detectors, that can readily be
affected by ligand concentrations in the eluate generated by ligand bleeding from a new
manufactured column, as small amounts of ligand lysis products can exert strong influence

on signal generation e.g. ion suppression [45, 2, 24].

The assessment of detector technology compatibility e.g. mass spectrometry compatibility of
a stationary phase is therefore best done by the direct approach. However, it should be
noted, that chromatographic lifetime of the column as revealed by the functional
assessment of chromatographic parameters might not be derivable in a straightforward

manner from the direct measurement approach.

Publication VII employed two general test methods, first direct monitoring of ligand bleed
intensity by MRM and TIC monitoring and second comparison of LLOQ for selected
compounds on brush type vs. immobilized polymethylsiloxane coated stationary phase. The
examination of LLOQ improvements gives direct insight to stationary phase LC-MS

compatibility.
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Results of Publication IV

Publication IV could provide a platform technology for the preparation of functionalized
silica modified by immobilized poly(3-mercaptopropyl) methylsiloxane instead of plain
polymethylsiloxane. This scaffold can easily be functionalized to various column selectivities
by thiol-ene click reaction with respective alkene mojety bearing ligands. Demonstration of
the basic principle was performed with the preparation of enantioselective tert-
butylcarbamoylquinine carbamates based stationary phases [38]. The ligand stability was
assessed by high resolution time of flight mass spectrometry (HRMS QTOF). Relative to brush
type ligands, the background intensity measured by total ion current (TIC) could be lowered
by 70-80%, indicating significant reduction of column bleeding and increase of mass
spectrometric compatibility. This finding was confirmed by enhanced sensitivity of the
polymer coated columns relative to the brush type variant with comparable

chromatographic performance, as LOD as well as LLOQ were also decreased by 70%

Abbreviations

IEM: lon evaporation model
IEX: lon exchange chromatography

CP/MAS %°Si-NMR: cross polarization/magic angle spinning nuclear magnetic resonance

spectrometry
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Introduction to Publication V / Conference Publication I:

Shape selective chromatography coupled to atmospheric pressure chemical ionization mass
spectrometry for the analysis of instable triterpenoid ester regioisomers

Background of Publication V / Conference Publication |

Lipophilic extracts and preparations thereof from Asteraceae Calendula officinalis are
applied for centuries [31] as well as worldwide [32], due to their assumed anti-inflammatory
and wound healing properties. Although still under discussion [5, 27] it is considered, that
the anti-inflammatory properties arise from 20-taraxastene derivatives, especially monols,
diols, and triols and fatty acid esters thereof [19, 58] foremost of the extracts’ major

triterpenoid compound faradiol [10, 57, 34].

Publication V originated in cooperation with and from works of Nicolaus et al. studying the
properties of triterpene alcohols and esters [35, 37, 36] with the group of Prof. I. Merfort,
Institute of Pharmaceutical Sciences, Pharmaceutical Biology and Biotechnology, University
of Freiburg. During these works, elucidating presence and the intact structure of potential
fatty acid diesters was targeted. Albeit their general presence reported earlier [56] exact

intact structures of presumed diesters were not established and verified previously.

The 20-taraxastene derivatives focused on in Publication V were faradiol, arnidiol, arnitriol,

maniladiol and lupane-3p,16p,20-triol.

Due to the complex composition of lipophilic extracts of Calendula officinalis, structural
elucidation has to be performed by employing a concerted multiplicity of analytical methods
like NMR, MALDI-MS, GC-EI-MS and APCI- and ESI-LC-MS/MS [35] i.e. complementary
techniques that in summa compensate sufficiently for the lack of a single preferable

analytical method for each compound constituting the extract.

The author’s contribution to Publication V comprised the development of suitable mass
spectrometric and liquid chromatography coupled mass spectrometric methods and

procedures to complement the NMR based findings of Nicolaus et al.

As described in the following paragraphs, instability of compounds of interest under the

respective analytical technique conditions, ambiguity of their decay products and
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regioisomerism impairing standard chromatographic methods had to be addressed by
adequate methodological countermeasures and preparation of customized chromatographic

materials and columns.

In source decay instability and implications on chromatographic requirements

A major difficulty in mass spectrometric detection of regioisomers of the faradiol esters and
diesters examined in Publication V was the instability of generated [M+H]* pseudomolecular
ions. Instability of terpenoids in electrospray ionization (ESI) has been reported earlier by
[25] and by Ma et al.[30]. Both reported instability predominantly for terpenoids bearing
hydroxyl groups, with the extent of instability depending on the molecular structure.
Congruent with the findings of Publication V, Ma et al [30] reported instability in extenso for

terpenoid diols.

Whereas the general intricacy is, that all connate species give rise to similar fragmentation
patterns in collision induced dissociation tandem mass spectrometry (CID-MS?), this
ramification is especially aggravated in case in source decay gives rise to isobaric species, as

depicted in Fig FP5.XX:

faradiol 3,16-dimyristate H* faradiol 3-myristate, 16-palmitate 1 H
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sl o H| ]
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i NG istoy! 1§ ookl halmi
myristoyl—0O /\H b , myristoyl— O/ X palmitoyl
/ [M+H] / \H [M+H]*
m/z: 863.785 m/z: 891.816
- myristic acid - palmitic acid
1 H* (-228.209) (-256,430)
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Figure FP5 1 Fragmentation pattern of [M+H]* homogeneous and heterogeneous faradiol esters
examined in Publication V. Reproduced from Journal of Pharmaceutical and Biomedical Analysis, 118,
195-205 Mastering analytical challenges for the characterization of pentacyclic triterpene mono- and
diesters of Calendula officinalis flowers by non-aqueous C30 HPLC and hyphenation with APCI-QTOF-
MS, Copyright (2016), with permission from Elsevier
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For the faradiol esters, it was perceived during experimentation with mono and diester
standards, that the 16-hydroxy-group was particularly prone to decay into a [M+H-H20]* As
depicted in Fig FP5.XX, this leads to a common in source fragment ion with m/z=635.576 for
the 3-O-myristoyl derivatives, and for m/z=663.6074 for the 3-O-palmitoyl derivatives. The
ambiguity of origin of both respective decay products precluded these ions to be used for
confirmation of presence of the diesters by direct infusion experiments without prior

chromatographic separation, particularly from a complex extract.

What is referred to as “in source decay” can occur at two locations in common commercial
mass spectrometers (ref. Fig FP5.2): In the source itself and in the transition zone between
rough vacuum and high vacuum. The decay processes in the transition zone are influenced
by rough vacuum pressure and voltages accelerating the ions in the ion beam, and resemble
collision induced dissociation (CID). Albeit ion path layout and tuning of voltages is
commonly optimized for neutral particles removal and maximum ion transmission in order
to provide maximum sensitivity, some manufacturers designs permit the user to
intentionally tune specific voltages in order to achieve fragmentation, in particular with
single quadrupole mass spectrometers, where no other means of CID are present (e.g.
“Fragmentor voltages” between transfer capillaries and skimmer in Agilent mass
spectrometers). The processes at this stage are largely unaffected by the source chemistry.
Covalent pseudomolecular ions ([M+nH]"™ / [M-nH]"™ ) can be fragmented reproducibly and
predictably in the same manner as in QqQ-CID, whereas noncovalent, coulomb type clusters
like metal cation, acid anion or water adducts ([M+nX]"*/)/ [M+nX+xH20]"*/") predominantly

are dissociated without breaking of covalent bonds, in consequence lowering sensitiivity.

The Sciex 5600+ TripleTof mass spectrometer used in Publication V employs neither a
transfer capillary nor a skimmer at the transition from rough to high vacuum due to
sensitivity enhancement reasons (higher transmittance). In source decay occurs besides the
ion source in the Qlet™-compartment and in the transition zone right after the orifice
assembly. Relevant voltages are ion source floating voltage (ISFV) and declustering potential

(DP), as both modulate the ions longitudinal kinetic energy (ref. Fig FP5.2).
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Figure FP5 2 Quadrupole compartment of Sciex 5600+ ion path, applied voltages and locations of in
source decay. Note that the only user adjustable voltages are DP and ISVF. Source: own work and
reproduced from J. Jasak, AB SCIEX TripleTOF™ 5600 System Basic Training, Part 1 Technology,
Copyright (2014), with permission from Sciex.

The decay processes in the source on the other hand is dependent on source parameters
and chemistry [25]. The faradiol esters of Publication V exhibited neutral loss of water or a
fatty acid, that can be tuned for maximum sensitivity or at last relative minimization of decay
by solvent composition and ion source parameters like voltages, gas flows and

temperatures.

In source fragmentation was found to be extensive and complete using electrospray
ionization as no [M+H]* species of the triterpene diesters were detectable. Albeit still
extensive, with atmospheric pressure chemical ionization (APCI) and optimized settings the
[M+H]* species could be identified. For this, ion collision energy was kept at low levels
(CE=5V for MS, 17 V for MS/MS), employing high sensitivity MS/MS mode, long acquisition
time (1Hz) and multichannel averaging (MCA, 80 time bins), the latter reducing noise at the

cost of resolution. Results are summarized in Table TP5.1
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Table TP5 1 Results for direct infusion experiments. Reproduced from Journal of Pharmaceutical and
Biomedical Analysis, 118, 195-205 Mastering analytical challenges for the characterization of
pentacyclic triterpene mono- and diesters of Calendula officinalis flowers by non-aqueous C30 HPLC
and hyphenation with APCI-QTOF-MS. Copyright (2016), with permission from Elsevier.

Compound Sum formula | Calculated Foundm/z | A A

m/z mDa ppm
FMM CssH10204 863.7851 863.7815 | —3.60 -4.17
FMP /FPM CeoH10604 891.81639 891.8181 1.71 1.92
FPP Ce2H11004 919.84769 919.8358 | -11.89 |-12.93

While these findings confirmed the presence of dimyristoyl (FMM) and dipalmitoyl (FPP)
diesters in the C. officinalis extract complementary to the NMR results, the actual presence
of the mixed esters FMP/FPM needed to be further elucidated as the 16-O deacetylation was
common, yet not exclusive. Comparison (Fig FP5.3) of 3-O-deacylation intensities exhibited
by diester standards synthesized from 3-O-monoesters with the extract could not rule out

presence of both diesters.

2000 =
1800 =

891.8181

1600 -

§

Intensity
5
8

800 =

00 -

407.3682 635.5723

400 o

200 - 663.6008

D T . T L T | T T 1

350 450 550 650 750 850 950
milz

126



Part 2 - Publication V

1200

1000

Intensity
g

&

200

350

1200

1000

800

Intensity
g

400

200

350

Figure FP5 3 Results for direct infusion experiment for mixed esters. Top: Extract, middle: FMP
standard, Down: FMP standard, down: extract. Reproduced from Journal of Pharmaceutical and
Biomedical Analysis, 118, 195-205 Mastering analytical challenges for the characterization of
pentacyclic triterpene mono- and diesters of Calendula officinalis flowers by non-aqueous C30 HPLC
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Hence, chromatographic separation prior to mass spectrometry was mandatory. As FMP and
FPM are regioisomers with identical methylene (CH2) count, the chromatography could not
only rely on the well-established methylene selectivity of C18-type phases [50, 21], yet had
to constitute regioselective/shape selective RP-chromatography. Foundations of the C30

chromatography will be described in the following paragraphs.

C30-n-alkyl silica as favourable shape selective material

Early accounts of shape selectivity are given by Sander et al.[47] demonstrating the shape
selectivity of monomeric and polymeric phases of various alkyl chain length separating
phenanthro[3,4-c]phenanthrene (PhPH),1,2:3,4:5,6:7,8-tetrabenzonapthalene (TBN) and
benzo[a]pyrene (BaP). Interest in chromatographic separation of PAHs in field of oil analysis
and other fields in which PAHs are of importance, led to the development of according
Standard Reference Materials (SRM) at the National Institute of Standards and Technology
(NIST) [54]. Of these, SRM 869 was established to judge shape selectivity of chromatographic

phases [6].
Low Shape Selectivity High Shape Selectivity Q O
G
BaP,planar
PhPh
PhPh
ad
BaP TBN,
anlanar
- L S
(%raunee > 17) (% pme = 1)

Figure FP5 4 Use of SRM 869 for examination of shape selectivity. Reproduced from LCGC North
America, 26, 10, Shape Selectivity in Reversed-Phase Liquid Chromatography, 948-998, Copyright
(2008), with permission from Advanstar Communications.

Shape selectivity is judged by the separation factor aren ; sap, Where lower values of alpha

indicate higher shape selectivity, see Rimmer et al. [6]. for reference. One of Sanders
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findings were, that longer alkyl chain lengths on the immobilized selector increased shape
selectivity [47]. An early review on shape selectivity regarding planar and aplanar molecules

like PAHs or triterpenoids as examined in Publication V is also given by Sander [48].

Following these early works, after being established by Sander [45], a plethora (selected
examples [17, 42, 53, 52]) of papers dealing with application of C30 phases has been
published. A notable amount of these works is dedicated to analysis of carotenes and similar

compounds, establishing the C30 bond silica phases as “carotenoid phase”.

Albert [1] in 1998 reviewing some of the intervening works, summarizing that the C30
phases, albeit offering no benefit over C18 regarding small molecules, indeed possess
superior shape selectivity, as long as mobile phase and separation temperature are

customized to the respective analytical question.

Basic requirements on the structure of n-alkyl bond silica surfaces regarding shape selectivity

In order to provide for shape selectivity, the stationary phase must provide some kind of
scaffold discriminating solutes possessing similar polarity, solubility and lipophilicity but
unequal spatial configuration. Considering the most fundamental case of shape selectivity,
i.e. shape selective separation of solutes with different shape yet otherwise identical
properties regarding RP chromatography, in analogy (yet not identical!) to chiral recognition
(ref. to introduction of Publication |) Gibbs free energies of both analytes binding to the

shape selective phase must be different from each other.

A model for this mode of action where the difference in Gibbs free energy arises from
differences in steric hindrance was given by Wise and Sanders [55], named the “slot model”.
According to this model, the stationary phase is comprised of “slots” of defined diameter
and length. The first discriminant of the analytes is the length-to-breath (L/B) ratio, those
with high L/B ratio are capable do permeate further in the alkyl layer, establish more
interactions with the alkyl phase and thus are longer retained. With SRM 869, as expected a

shape selective phase will retain the planar BaP longer, hence arsn; sap, <1. See Fig FP5.4 for

reference.
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% % Figure FP5 5 “Slot model” illustrating molecular recognition of analytes
with varying L/B-ratio. Reproduced from LCGC North America, 26, 10,

Shape Selectivity in Reversed-Phase Liquid Chromatography, 948-998,
y Copyright (2008), with permission from Advanstar Communications.

These properties can result neither from a phase mode of binding exactly following a

solvophobic mechanism / partitioning mechanism [28] nor by the opposing binding enthalpy
based view by Carr and coworkers [41] as both models explain retention based on isotropic
interaction of eluents, stationary phase and solutes [44]. Concordantly, the n-alkyl layer of
shape selective RP stationary phases cannot solely interact with the solutes in an equivalent

manner than to corresponding bulk phase of free n-alkanes.

Insights on n-Alkyl bond silica by FTIR

The surface density of alkyl ligands was found to be half that of the corresponding bulk
liquids [8] indicating, that the properties of the respective bulk alkane phase are not
applicable [9]. An earlier work by Sander et al. [43] employing FT-IR for the study of RP
stationary phases revealed, that, judged by the matching IR-spectra, dry C18 bound silica
show indeed some similarity to the same silica material with only physically associated
alkylsilane or n-alkanes. This behavior is however altered by the mobile phase: under aquatic
conditions, the alkyl layer assumes a liquid or glass like phase (indistinguishable by IR)
whereas in a high organic environment a brisle / brush like conformation with organic

solvent in between is assumed.

An in depth study of the n-alkyl bond silica employing FTIR was provided by Singh et al [49].
Monitoring CH2 stretching modes for conformational order, deuterated CD2 rocking modes
for gauche conformation monitoring at selected sites and wagging modes to assess kink
(gtg), double gauche (gg) and end gauche (tg) sequences, his work elucidated that, the
length of the alkyl chain is proportional to conformational order, the amount of double

gauche conformers is reduced with increasing chain length and by lowering temperature.
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Figure FP5 6 Conformers of n-alkane chains. Source: own work.

Singh also demonstrated, that of all chain lengths (C8-C30) examined, C30 exhibits the
lowest number of gtg- and gg-conformers at a given temperature and that the fraction of
both conformers is minimized rapidly with decreasing temperature, making it the most
ordered phase studied. These findings regarding C30 have been confirmed later by [51].
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Figure FP5 7 Top: Change of CH2-anti-symmetric stretch band maxima as result of decreasing number
gauche conformers. Bottom: C30 exhibiting highest order i.e. lowest gauche defect number over
broad temperature range. Reproduced from Singh et al., J. Phys. Chem. B, 2002, 106 (4), pp 878—888,
Shape Selectivity in Variable Temperature FT-IR Studies of n-Alkyl Modified Silica Gels, Copyright
(2002), with permission from American Chemical Society.

Figure FP5 8 Changes in conformational order in C18 phases in high (left) and low (right)
temperature, as portrayed by Singh et al. Reproduced from Singh et al., J. Phys. Chem. B, 2002, 106
(4), pp 878-888, Shape Selectivity in Variable Temperature FT-IR Studies of n-Alkyl Modified Silica
Gels,, Copyright (2002), with permission from American Chemical Society.

Raman spectroscopy — a method complementary to FTIR, same results.

Employing mostly the ratio of antisymmetric to symmetric methylene bands
I[vs(CH3)]/I[vs(CH2)] [26] as a measure of conformational order, Raman spectroscopy as
method complementary to FTIR was used to confirm the latter findings on the influence of
alkyl chain length [11], column temperature [13] and mobile phase composition [12]. Being
an emission type spectroscopy, Raman spectroscopy could even be employed to study the

properties of stationary phases / RP ligands in actual chromatographic columns [11].

Influence of solvent organic content - SFG spectroscopy

Studying influence of solvent composition on structure and topology of alkyl silica phases by
sum frequency generation (SFG) spectroscopy Henry et al. [20] demonstrated C18 phases
are unaffected by high aqueous conditions in terms of the “phase collapse myth”, i.e. that

under high concentrations of water in the mobile phase the alkyl phase, collapses to a “oil
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drop” liquid / glass like state conformation. Henry’s findings confirm Raman spectroscopic
observations by Doyle et al [11]. Yet, presence of water reduces order in the alkyl layer. In

contrast, pure organic conditions were found to facilitate additional order of the alkyl chains.

NMR of alkyl silica phases

Nuclear magnetic resonance can be used to study surface coverage and conformational
conditions of alkyl silica phases. Due to the insoluble nature, NMR on alkyl silica phases is
performed either as solid state or suspended state NMR [2]. The modification of the surface,
ligand density can be monitored by 29Si-CP/MAS NMR spectroscopy. Insights to the tethered
alkyl chain can be retrieved by 13C- CP/MAS or HR/MAS NMR spectroscopy. C30 phases in
particular have been studied by NMR by Albert and coworkers at University of Tibingen [3,
16, 38, 40]. One of these works by Pursch et al. [39] yielded the same results as other
spectroscopic methods: Examining the ~2.6 ppm distant signals arising from trans and
gauche conformers [15] (see Fig FP5.8) yielded: increased surface bonding density decreases

gauche conformers, whereas temperature and gauche ratio are positively correlated.
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Figure FP5 9 C30 alkyl chain conformation shift for main chain CH2 groups (C4-C27), from trans

=32.6 ppm to gauche 6=30 ppm with increasing temperature and decreasing surface density a.
Reproduced from Anal. Chem., 1996, 68 (2), pp 386—393, Temperature-Dependent Behavior of C30
Interphases. A Solid-State NMR and LC-NMR Study Copyright (1996), with permission American
Chemical Society.

In silico chemistry — Simulations of RP-Phases

Most in silico molecular studies on chromatographic systems are performed by molecular
dynamics (MD) simulations, as Monte Carlo (MC) approaches are too computationally
intensive for the extent of the simulated systems. Two fundamental works regarding alkyl
silica surface order employing MD simulations on C8, C18 and C30 type of RP-Phases by
Lippa et al. examined influence of chain length and ligand surface density [28] and of mobile
phase and column temperature [29]. The results of these studies are congruent with the

spectroscopic and chromatographic experimental findings:
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3.28 umol/m® mono-C,, 3.28 umol/m’
a=1.72(L)

24.8°C (298.0K)

35.9°C (309.1 K)

Monomeric C,,
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45.8°C (319.0K)
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Figure FP5 10 Results from Lippa et al. MD calculations, Anal. Chem., 2005, 77 (24), pp 7862-7871,
Copyright (2005), with permission from American Chemical Society Publications.
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Order, governed by a low ratio of gauche (tg), double gauche (gg), and kink (gtg)
conformers to trans conformers of the chains of the alkyl phase increases with chain length

and surface density but decreases with temperature. See Fig FP5.4 for reference).

Furthermore, the work of Lippa [29] revealed, that C30 ligands require less surface density,
see fig FP5.9. As depicted, the same order can be achieved at room temperature and with
lower surface density in C30 phases as with C18 at higher surface densities and sub ambient

temperatures.

Facilitating shape selectivity — C30, high surface density and low temperature

To summarize, the in silico results of Lippa and others [4, 24, 29, 28], as well as the
congruent experimental results [7], [14], [13, 43, 49, 23] by FTIR, Raman, NMR and
chromatographic experimentation revealed why C30 phases possess advanced capabilities

as shape selectors / carotenoid phase:

e Gauche dihedrals and shape selectivity: Gauche dihedrals and of the alkyl chain
relative to silica surface are reciprocal to each other. Up to 20% gauche dihedrals do
not impair high shape selectivity (arsn / sar <1.0), 20%-30% result in intermediate
(oren/Bap 1.0-1.7), above 30% yield low shape selectivity (arsn/sap >1.7).

e Gauche dihedrals and temperature: Increasing temperature for C18 from 274K to
332K more than doubles gauche dihedrals (12% to 16). Directly Comparing
trifunctional C18 to C30, increasing temperature from 24° to 60° affects order of
C18 (19% to 26.5% gauche), but does not affect C30 (9.5% to 10.7% gauche).

e Chain density: Chain density does not affect gauche concentration in C30 as strong as
it affects C18. In order to achieve low gauche concentration (10%-15%) surface
density has to be increased to over 5 pmol/m? (5.9 for 10% gauche), an occupancy
difficult to achieve experimentally. With C30 this value is already reached with at 2.7
umol/m? (16% gauche) and high shape selectivity (10%gauche, aren,/sap 0.55), can be
achieved still below 5 pmol/m?2.

e Monomeric vs polymeric alkylsilanes: With C18, in order to achieve low gauche

concentrations, trifunctional C18 (polymeric phase) and therefore a more extensive
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synthetic route [46] must be employed. In contrast, with C30 10% gauche and aren/
gap 0.55, is readily achievable using monofunctional chlorotriacontylsilane, hence
the preferable easier synthetic route to a monomeric alkyl silica phase can be
followed.

e Phase diameter: With C18 phase thickness varies with temperature, albeit the effect
is stronger with monomeric phases (25% vs 4% reduction of phase thickness
between 273 and 298 K). With C30, phase thickness is, as expected from low
temperature influence on gauche concentration and tilt angle not significantly
affected.

e Topography: Smoothness of the alkyl phases surface, described by tile angle of the
alkyl chains relative to the silica surface and by the peak to valley distance on the
top of the alkyl surface (for graphical ref. see FP5.9). C30 materials have lower tilt
angles, and are as aforementioned, less susceptible to temperature influence.

A comprehensive more recent review of order, disorder and shape selectivity in alkyl

stationary phases is given by Sander [44].

Results of Publication V

The more straightforward task of confirming the presence of faradiol as well as the myristate
and palmitate esters of arnidiol, arnitriol A, lupane-33,16[3,20-triol, and maniladiol, was
achieved by non-aqueous reversed phase C18 chromatography. Due to the high lipophilicity
of the triterpene monoesters, no elution could be achieved employing a classic RP
water/acetonitrile gradient. Hence, a non-aqueous gradient was applied, running from 100
% acetonitrile delivered by Channel A to 100% methanol delivered by Channel B in 25 min.
Non-aqueous gradients, while uncommon to RP chromatography, have been applied by

previous works [18, 33] .

As described in the sections on shape selective chromatography, C30 was considered as the
eligible stationary phase. Concluded from the cited previous works, a monomeric type ligand

chemistry would suffice, achieving high shape selectivity (aren ; sap =0.55) already with low
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surface density. Different surface coverages have been synthesized, employing surface

modification by reflux of Kromasil 100 A 5 um silica gel with triacontyldimethylchlorosilane.
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Figure FP5 11 Kromasil 100, 5um modification as employed in Publication V. Molar ratio of
triacontyldimethylchlorosilane to silanol groups was varied to yield several surface densities, of which
1.41 umol/m? was evaluated as suitable. Source: own work. See Publication V for reference.

Implementing the reciprocal temperature/shape selectivity relationship, chromatography
was conducted at low temperature (8°C). Albeit it has to be ascertained, that lowering
temperature was limited by backpressure of the chromatographic column and the given flow
rate and binary gradient from methanol to isopropanol. Instrumentation hardware (Agilent
1290 Infinity | Series) limits backpressure to a maximum of 120 MPa. Under these
conditions, FMM, FMP/FPM, FPP could be resolved. The pronounced 16-O-instability of the
mixed esters could be utilized for structural assignement. For cross checking, the trace of the
20-taraxastene skeleton (m/z = 407.3673) was compared to the results, revealing not only
the FMP/FPM regioisomers could be partially resolved by C30-RP chromatography, but also

the regioisomers of the faradiol monoesters.

7000 FMM

FMP

1400

F3-M

FMP / FPM

20 2
retention time [min] time [min]

Figure FP5 12 Left: High-Res TOF-MS C30 low temperature, nonaqueous gradient extracted ion
chromatograms. Blue: XIC for FMP, m/z 635.5761+2.5 mDa; Red; FPM in source decay, m/z 663.6074
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+2.5 mDa Dotted trace: synthesized standards. Right: cross check on 20-taraxastene skeleton (m/z =
407.3673). Reproduced from Journal of Pharmaceutical and Biomedical Analysis, 118, 195-205
Mastering analytical challenges for the characterization of pentacyclic triterpene mono- and diesters
of Calendula officinalis flowers by non-aqueous C30

The gradient employed was a non-aqueous type, running from 100 % methanol delivered by
Channel A to 100% isopropanol delivered by Channel B in 25 min, as with classic RP water to
organic gradients separation could not be achieved. It was assumed, that this results on the
one hand from the strong lipophilicity of the diesters hence long retention time and peak
broadening (longitudinal diffusion term of van-Deemter equation B/v) under
aqueous/organic conditions. On the other hand, it can be hypothesized, that the reported
(ref. previous section, Doyle et al. [11]) reduction of order in alkyl silica phases under high
water concentration reduces the shape selectivity of the given in house manufactured C30

phase below a threshold required for separation of the diesters, especially FMP\FPM.

Additionally, the confirmation of the presence of monoesters of faradiol, arnidiol, arnitriol,

maniladiol and lupane-3$3,16,20-triol could be achieved.

To conclude, advanced chromatographic separation by shape selective C30 phase and
particular MS settings with APCI ion source and MCA feature could lead to the adequate
analysis of these difficult to characterize analytes and sample mixtures. Only the smart

combination of the appropriate LC and finetuned MS could accomplish this success.

Abbreviations

FTIR: Fourier-transform infrared spectroscopy

FMM: Faradioldimyristate

FPP: Faradioldipalmitate

FMP/FPM: Mixed esters of faradiol and myristic/pamitic acid
SFG: sum frequency generation

MC: Monte Carlo simmulation
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Introduction to Publications IV, IX, X, and XI

Intact protein mass spectrometry

Background

This part will be focused on some fundamental properties of commercial QTOF-systems
regarding large ion species mass spectrometry, in particular mass spectrometry of intact
proteins, as they are usually optimized for small molecules and peptides. As Compton et
al[15] describe, expectations regarding mass accuracy, mass resolution and sensitivity must
be adjusted, as these performance parameters are subject to effects resulting the chemistry
and physics of ion motion in mass spectrometers. For the experimenter, these properties
must be understood and applied to instrumental settings in order to achieve maximum

analytical performance with intact protein mass spectrometry.

Deconvolution errors, isotopic peak broadening and chemical noise

Deconvolution Error: Mass resolution, and thereby peak broadness, is described by R=
m/FWHM meaning the absolute amount of the relative measure R is dependent on mass of
the ion. e.g. FWHM at 500 dalton is 14mDa, where at 150kDa it is already 4.2 Da for single
charged ions at the same resolution. Fortunately with ESI, proteins are multiply charged, i.e.
their mass spectrum consists of an array of m/z signals described by m/z= [MtnH]*" /z,
termed a charge envelope (s. Fig FP4.1). This multi charging shifts their m/z signals in the
m/z=1000-4000 range, implying apparent peak broadness (FWHM) of ~30-100 mDa during
measurement. However, a drawback is introduced by data interpretation. For spectral
interpretation, the charge of each peak zca is derived from the charge envelope and used to
calculate the mass M of the protein as shown in Fig FP4.1 for a H-adducted charged 42kDa

protein.
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Figure FP4 1 Charge envelope of 42kDa JNK3 kinase with m/z values and corresponding charge.
Source: unpublished data, method according to Publication X. A and B denote two subsequent m/z
signals (with m/z B > m/z A), z.a the calculated charge in the series, Mpwoton, mass of proton
(1.007276466583 Da, usually 1.0073 or even 1 suffices Note that peak is broad (~10-20Da at the
basis) as result of isotope envelope and adduct subspecies

As shown in figure FP4.1 the charge and mass of the protein is reconstructed from the m/z-
domain by multiplication, also multiplying deviation measured from theoretical m/z-value
arising from actual measurement errors, peak maximum detection errors or calibration
errors. Randomly distributed errors can be rectified by averaging over charge envelope as

opposed to calibration errors.

Resolution is more severely affected when reconstructing mass peaks during deconvolution.
As the m/z peaks are comprised of a finite amount of data points their spacing is increased
by the factor identical to charge state, resulting in a reconstructed peak that appears
broader than the actual peak would be detected. Also, each signal has a different

“broadening factor”, as it has a different charge
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Figure FP4 2 Deconvolution result of an IgG antibody. Note the reconstructed peak is much broader as
resolution (35000) of the Sciex 5600+ would imply. Reproduced from Publication XI Papain-
functionalized gold nanoparticles as heterogeneous biocatalyst for bioanalysis and
biopharmaceuticals analysis, Analytica Chimica Acta, Volume 963, Pages 33-43 Copyright (2017),
with permission from Elsevier.

The problem of charge multiplicity induced calculation errors cannot be remedied physically
on QTOF-Systems, as the transition window vyielding sufficient S/N is determined by Q1
transmission characteristic fixing the useable m/z—corridor (for Sciex 5600*: ~900-4000 m/z).
This requires higher charge states for larger proteins to pass Q1 and thereby introducing a
mass dependency of mass accuracy and resolution, degrading with increasing mass. An exact
and frequent calibration of TOF mass axis is mandatory to prevent systematic errors, e.g. a
drift of 50ppm, typically in the time scale of one hour, for the 42kDa protein of Fig FP4.1

would give rise to 2 Da deviation, inacceptable for many applications.

As a consequence, data interpretation/deconvolution algorithms usually operate on the m/z

data, rather than reconstructing an uncharged molecular peak[32, 40, 35].

Isotopic peak broadening and asymmetry) A major effect on mass spectroscopic resolution
is elicited by isotopic distributions[8, 26]. Proteins consist mainly from elements with the
following number of sotopes: Carbon(3), Hydrogen(3), Nitrogen(2) and Oxygen(3). With
increasing atom count, the monoisotopic peak becomes less predominant, e.g. for an alkane
with chain length of 90 the monoisotopic and (1x*3C)-Species have already same intensity.
With large Proteins, what is actually ionized and detected, is a series of Isotopologues each
observed separated by A(m/z) =1/z. With typical High-Res-QTOF systems, the threshold
where the peaks cannot be resolved any more lies in the low 20kDa region. Above, isotope
patterns converge to one peak that resembles the average mass instead of monoisotopic
mass. This effect can be observed in Fig FP4.1 where the base of the peaks of the charge
envelope is much broader as resolution at this m/z value (R=35000, ~ 40mDa FWHM) would

suggest. Fig FP4.3 gives a depiction of theoretical calculations demonstrating the effect.
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Figure FP4 3 Model of monoisotopic peak and 1x13C isotope pea. Calculated for a QTOF-System with
R=35000. Left: Protein with 18kDa, 15fold charged at m/z=1201.0072. Isotope peak can be clearly
distinguished. Right: Protein with 42kDa, 35fold charged no isotopic peaks can be resolved at this
molecular weight due to high charge of protein moving individual peaks too close together. Source:
calculation by R-script.

Isotopic peak broadening contributes to sensitivity decreasing with protein mass additionally
to decreasing detector response (vide infra) as a respective amount of protein is distributed
into a plethora of Isotopologues, of which a certain amount manifests as noise at the peak

flanks rather than as signal.

Some deviation in mass accuracy can occur as result of asymmetry of Isotopologue
distribution when using data interpretation software that employs symmetric gaussian
smoothing. Peaks arising from Isotopologue distributions are described by a Poisson
distribution. Standard mass spectrometric data interpretation software albeit usually
employs gaussian based signal filter algorithms for mass spectra analysis, e.g. for data
representation or smoothing steps during peak detection[21]). Some distortion of peak

maxima position is introduced and S/N increase by filtering is not at maximum[41].

With increasing protein mass the isotopic distribution approaches gaussian shape [48] which
reduces the effect. For smaller proteins, this effect can be minimized by choosing
appropriate calibration standards, i.e. macromolecules, ideally proteins/peptides of similar
masses and subjecting calibrant signals and mass spectra to identical post measurement

recalibration. Furthermore, adapted smoothing and peak detection algorithms can be
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relative abundance

applied. If not required by sample amount/concentration, instrument settings (vide infra)

yielding isotopic resolution completely eliminate this issue.
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Figure FP4 4 Top: Asymmetric Isotopologue distribution and influence of gaussian filtering on mass
accuracy. Dotted line) simulated theoretical peak shape by combining gaussians with o= 0.5 and 1.5
respectively, xo=10. Gray line) simulated noise added, solid line) Gaussian smoothed data exhibiting
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divergence from actual peak maximum. Middle: Small peptide/protein with asymmetrical isotope
envelope, yielding mass determination error when measured as overlapped m/z signal due to
instrument settings. Bottom: large protein (~60kDa). Poisson distribution of Isotopologues is
symmetrical enough to be approximated by Gaussian filter without mass accuracy distortion

Chemical noise) As charge state increases with size, so does the probability of forming mixed
adducts that not only contain H+ but non-covalent charge carriers like Na+ and NH3+ or
neutral adducts in some instances. This results in a decreased S/N ratio by generating
multiple closely spaced m/z signals for each charge state. For example, when using a High-
Resolution QTOF with R=35000 the calculated FWHM peak broadness in antibodies is 50 to
100mDa. Measuring a 150kDa IgG with a charge state of z=100 gives a signal at m/z
1501.0072, with one proton exchanged for Na* at m/z 1501.22702, with NH4* at m/z
1501.17746, with a H,0 molecule as neutral adduct at m/z 1501.17723.

ESI source noise) Mass spectra generated by ESI always exhibit a noticeable amount of
noise, due to instabilities in the ionization process and[9], especially with low S/N spectra as
encountered often due to analyte amount restrictions. Fig. FP4.5 demonstrates this with a
mass spectrum of IgG. Especially high signal spikes on the flanks of the charge envelope m/z

signals affect peak detection and achievable mass accuracy.
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Figure FP4 5 Typical example of intact IgG mass Spectrum 1.8ug of Intact IgG on column. Note peaks
are not Gaussian symmetric as opposed to the smoothing and detection filters commonly employed.
With low signal intensity, ESI source fluctuations manifest as spikes that can give rise to artifacts by
smoothing and peak maximum detection. Source: unpublished data, method according to Publication
IX
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lon transmission in QTOF-mass spectrometers and its practical implications

For ion trajectories in the time of flight mass spectrometric compartment itself it has been
demonstrated that mass resolution and mass accuracy are independent of m/z, with a slight
deviation from this rule on the lower end of the m/z ratio due to increased impact of
detector pulse duration variations and voltage jitter[13]. However, these studies have
employed in vacuo ion generation. With an atmospheric pressure ion source, this finding
gets invalidated by the processes during transition from atmospheric pressure to the

vacuum of the ion path and the perpendicular extraction employed in QTOF-systems.

During the ESl-process, ions get accelerated by the ion spray potential (ISFV, ion spray
floating voltage with Sciex 5600+) towards and through the orifice (opening of few um) into
of the mass spectrometers ion path. Naturally, driven by the large pressure gradient
between ESI-source housing and ion path, not only ions but large amounts of gas from the
ion source (usually N2) transit through the aperture forming a defocussed free jet expansion
plume[18]. During this pneumatic influx, ions are further accelerated and are unfavorable
diverted from the axis of the ion path. lon velocities at this stage are comprised of a
perpendicular component v1 as result of free jet expansion and a parallel component v
comprised of pneumatic acceleration additionally to the electrostatic acceleration by ion
source voltage and(ISFV) and declustering potential(DP)[29]. lon energies at this stage are
proportional to m/z and amount to several hundred keV for multiply charged protein

ions[12].

As only a minority of ion trajectories follow the intended ion path and the downstream
portion of the ion path (Q1 to detector) is sealed by a small aperture refocusing has to be
performed in order to transmit as much ions as possible through the latter orifice via a
focusing ion optic. The methodology therefore was described first by Krutchinsky et al. [29]
employing a quadrupole in RF mode constraining ion movement and collisional dampening
by the elevated vacuum pressure in this ion path stage. The Sciex 5600+ TripleTof includes

an implementation of Krutchinskys lon-Optics (Qjet™ and Qo).
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This type of interface refocusing approach has some important implications for intact
protein mass spectrometry. The focusing relies on the two factors: collision with residual gas
(collisional cooling/dampening) and containment/focusing by RF voltage/frequency both
aspects have been studied extensively[4] It was shown in silico[29] and experimentally[12]
that increasing the pressure in the interface region facilitates focusing of intact proteins. Yet
this option is usually not implemented in commercial type mass spectrometers, like the Sciex

5600+ used in this thesis. RF Multipole
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Figure FP4 6 Left calculated ion trajectories in the interface region transitioning form atmospheric
pressure to vacuum of myoglobin(17kDa) ions. Reproduced from Collisional Damping Interface for an
Electrospray lonization Time-of-Flight Mass Spectrometer, Journal of the American Society for Mass
Spectrometry, Volume 9, Issue 6, Pages 569-579, Copyright (1998), with permission from American
Society for Mass Spectrometry. Right: Collisional dampening and residual gas pressure in the interface
region. Reproduced from Protein complexes in the gas phase: technology for structural genomics and
proteomics, Chemical reviews, Volume 107, Pages 3544-3567, Copyright (2007), with permission from
ACS Publications.

The other option is to optimize the RF frequencies and voltages for the transmission of large
ions. Hang and Coworkers [27] demonstrated this approach. As they pointed out with (Fig
FP4.7) a, set to zero as in RF-Mode, ion transmission would be governed by the AC-potential
determining g; alone(V=0), theoretically, i.e. all ions with g, from 0 to 0.908 pass the RF-
quadrupole. However as potentials are applied along the RF-Quadrupole (biased RF) in
commercial systems to facilitate ion transmission down the ion path, the actual a;-line in the
Matthieu-Diagram would be a parallel to a,=0, narrowing the operational window along 0<
0:<0.908. lons with qg; outside of this corridor are on instable trajectories and do not pass

the RF-Quadrupole. This applies especially as at the lower end of the q; scale, as the
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Counts

equations and stability diagram imply (Fig FP4.7). RF voltage amplitude and frequency must

be tuned to match the respective ion m/z. yet at the same time allow for sufficient energy

dissipation due to collisional dampening. As Hang et al. [27] demonstrated, due to the high

kinetic energy gained by large ions during vacuum transition, high RF voltage amplitudes and

low frequencies are required. Albeit on the cost of shifting small mass ions outside of the

stable g, regions, i.e. complete loss of signal for smaller ions.
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Figure FP4 7 Top-left) Matthieu diagram and solutions for a, and q, For RF-mode, a; is set to zero.
Reproduced from Quadrupole ion trap mass spectrometry: a view at the turn of the century,
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International Journal of Mass Spectrometry, Volume 200, Issues 1-3, Pages 285-312 Copyright
(2000), with permission from Elsevier. Bottom left) Influence of RF frequency on transmission Bottom-
right) Influence of RF voltage amplitude on transmission . Reproduced from Practical considerations
when using radio frequency-only quadrupole ion guide for atmospheric pressure ionization sources
with time-of-flight mass spectrometry, Analyst, Volume 128, Pages 273-280 Copyright (2003), with
permission from - Royal Society of Chemistry

A further consequence of the transmission characteristics of RF-quadrupoles affects QTOF
mass spectrometry of large intact proteins. As shown in the previous paragraph,
transmission conditions are optimized by RF voltage and amplitude specifically for each m/z
value. As not only the interface quadrupole(s) but also the Q1-quadrupole is operated in RF-
Mode during a MS1-TOF-Scan this affects ion transmission efficiency and therefore signal
intensity. To compensate for that, with small molecules the TOF scans are actually
composite scans of subsequent transients with different Q1 settings, yielding a m/z
independent transmission characteristic. With the Sciex 5600+ this is set by the Q1
transmission settings, usually employing two setting, one low m/z and one high m/z. Yet, the
Q1 transmission setting is constraint by a maximum setting, e.g. m/z 1250 for the 5600+
QTOF. Species with larger m/z are affected by the diminishing ion transmission efficiency the
farther they are from the optimal m/z. Albeit for the given m/z a; and g; might indicate
transmission stability, non-uniform transmission efficiency is also induced by insufficient

focusing for a fraction of the energy dispersed ions [5, 24].

As intact proteins give rise to charge envelopes of a multiplicity of charges this leads to a
distortion of the otherwise symmetrical charge envelope. The larger an intact protein gets,
the further away are the individual charge state m/z ratios from the optimum m/z regarding
transmission efficiency, hence, sensitivity worsens with protein size by insufficient RF-

guadrupole transmission.

The distortion effect is demonstrated by Fig FP4.1. On the opposite, as slope of the function
describing ion transmission efficiency of RF-quadrupoles diminishes with m/z distance to the
optimum, Fig. FP4.5 exhibits no indication of envelope shape distortion indicating an almost

even distributed, but with an average above m/z 2500 low absolute ion transmission.

As QTOF-systems usually possess perpendicular extraction configuration, i.e. the flight path

in the TOF—drift tube is perpendicular to the quadrupole compartment (QJet,Q0,Q1,Q2),

155



Part 3 — Publication 1V, IX, X and XI

spatial focussing, uniform trajectory vector orientation and especially horizontal kinetic
energy distribution perpendicular to TOF flight path) also take effect in the time of flight
compartment. lons with velocities unfit to the TOF transmission time window overshoot the

detector plates [12, 4].

Fig FP4.6 depicts this issue and influence of optimal pressure in interface region (collisional
dampening). As multi-purpose commercial systems do not offer the possibility of vacuum
pressure regulation, RF-quadrupole (Qlet, Q0, Q1 and Q2) settings must provide for optimal
ion impact distribution across the detector plates. These settings, as in the interface region

are exclusive for large ions.
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Figure FP4 8 Left: Linac: linear acceleration rods additional to Q2(collision cell). For intact proteins,
collision energy applied to this rods must be increased to ~30V, Reproduced from Methods and
apparatus for reducing artifacts in mass spectrometers US6909089, USPTO Right: Detector overshoot
as result of kinetic energy distribution and possible remedy by collisional dampening/ uniforming.
Reproduced from Protein complexes in the gas phase: technology for structural genomics and
proteomics, Chemical reviews, Volume 107, Pages 3544-3567, Copyright (2007), with permission from
ACS Publications.

Aforementioned collisional dampening reoccurs in the collision cell (Q2) due to the increased
pressure in this region. To facilitate ion transmission, a linear acceleration potential is
applied (s. Fig FP4.8). Experimentally, it can be found that the adequate linear acceleration
potential for transmission of small molecules without fragmentation through the Q2 is
insufficient for large molecular species. The user accessible setting for this linear

acceleration voltage with the Sciex 5600+ is the collision energy (CE, actually a voltage

156



Part 3 — Publication 1V, IX, X and XI

setting). For small molecule, CE=5V is sufficient for transmission, settings above result in
collision induced fragmentation (CID), depending on ion stability and mass/size CE=10V- 40V
are typically employed for fragmentation. With intact proteins, CE=30V is recommended.
Settings below result in insufficient ion transmission. This requirement results in further
incompatibility of parameters for simultaneous small molecule and intact protein mass

spectrometry, as with the large CE, small molecules are fragmented.

The essence of this paragraph for the experimental practice of this thesis is that the ion path
voltages and frequencies of quadrupole time of flight mass spectrometers must be tuned to
provide for efficient transmission and detection of large species like intact proteins, as these
systems are usually optimized for and provided with standard settings for small molecules
and peptides. Actually, with standard settings, no signal for intact proteins could be detected
at all. For the employed Sciex 5600+ TripleTof, the operator is provided with the “intact
protein script” adjusting aforementioned settings, leaving only ion source parameters,
declustering potential (DP 150-300V for large proteins), collision energies (CE, 20-30V) to be
optimized by the operator for the respective analyte of interest. However, as described
previously, it has to be kept in mind that large and small molecule ion path tunings are
mutually exclusive. Hence, TOF mass axis calibration cannot be performed with the usual low
molecular species (e.g. polypropylenglycol, peptide standards), as they are usually not
detected. Yet, if no eligible calibration standards are available, mass axis calibration can be
done sufficiently in small molecule mode prior to activation of protein settings. Furthermore,
it is not possible to detect proteins and small ligands or other respective matrix components
in the same experiment, except when differences in measured protein mass is used to
derive the ligands mass, subjected of course to the reduced mass resolution and mass

accuracy conditions characteristic for large ions.

Properties of mass spectrometric detectors important for protein mass spectrometry

Mass spectrometric ion detection is primarily based on one of three mechanisms: direct
charge generation(Faraday Cup), inductive detection (Orbitrap, FTICR) and
secondary/cascade electron detection (MCP, EMH)[22]. Of these, only the latter two are
relevant for mass spectrometry of large macroions, due to their sensitivity. As the author’s

work was based on a Sciex 5600+ TripleTof mass spectrometer, which detector utilizes a
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stack of two multichannel plates (MCP), the properties of MCP detectors and implications on

the experimental approach in protein analysis shall be focused on in the following.

Multichannel plates are fused arrays of drawn glass tubes each consisting of an etchable
core glass cladded in nonetchable lead glass. After cutting the array at an angle (~8°) to
provide an angle for later perpendicular ion impact relative to MCP disc surface, the core
class is removed by etching and the remaining lead glass surface is reduced in a hydrogen
surface resulting in a conductive, yet resistive surface, yielding a continuous potential
gradient (overall resistance : 10° Q) rather than a stepwise as in a discrete dynode[3]. The
overall 1-10mm thick arrangement which exhibits approximately 10000-450000 channels
per square centimeter, depending on channel diameter (10-100um), each resembling an

individual dynode[47] albeit the impact of all resulting output electrons is a single composite
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Figure FP4 9: a) Discrete Dynode. Resistors between individual plates generate potential gradient
necessary for secondary electron acceleration. b) Multichannel plate. c) Single channel of straight
walled MCP; ion impact angle has to be non-perpendicular to surface as usually achieved by angled
cut of MICP disc. Potential is provided by semiconductive/resistive lining of glass channel. d) Chevron
arrangement. Reproduced from Nucleic Acids Research, Volume 34, Issue 19, 1 November 2006,
Pages 5402-5415, Copyright (2006), with permission from Oxford academic.

The gain of a single MCP is limited to 10 to 10° by positive ion feedback mechanism. At the
output region, even under low pressure of mass spectrometers, residual gas molecules are
ionized by the high energetic (~30-100eV) output electrons and subsequently accelerated
towards the MCP cathode, interfering with and limiting generation of secondary electrons.

This restriction in gain can be circumvented by bending[25] or twisting of channels[38] (both
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difficult to manufacture) or, as commonly implemented by manufacturers, a chevron
arrangement of two MCP as depicted in Fig FP4.9, allowing for gains of up to in the 10’
order[14].

For detection of large molecular ions, MCPs have specific properties with respect to
sensitivity that have to be considered. The gain of the MCP detector array, expressing the
number of output electrons per impacting ion, is dependent on various factors such as angle
of impingement, acceleration voltage across the MCP plates (often named detector voltage
or MCP voltage in commercial mass spectrometers), but also on ion species, molecular
weight, charge state and velocity thereof[34]. Influence of molecular weight and impact
velocity/energy was established employing MALDI-TOF[23, 33, 10] rather than ESI-QTOF
systems, as MALDI yields mostly singly charged ions and MALDI-TOF systems contain no
guadrupoles, which would bias sensitivity by its m/z dependent transmission

characteristic[16].

Geno et al[23] derived a function calculating the secondary emission coefficient y, where
ion mass contributes linear, ion velocity contributes exponentially. Aforementioned
secondary emission coefficient y describes the probability of a single ion to produce
secondary electrons upon impact, i.e. being detected by a MCP (P=1-e" derived by Beuhler
et al.[5]). Even for the in protein terms lightweight bovine insulin peptide(5.8kDa) an
acceleration voltage of 40kV would be necessary[23] based in calculations, yet are difficult
to achieve experimentally[23] with sufficient supply stability for accurate TOF-mass

spectrometry. It should be noted, that the probability functions uses ion mass and not mass

. Energy {keV)
to Charge ratio. 0.0 5.0 10.0 15.0 20.0 30.0 44.0
T 7 T T T T
1.0 |—
- 0.8}
»
2 * Theoretical
2z x Experimental
E x
:‘ 06 | “x
=) x
% xxx
g
04 |— o
X
xE
XX
0.2 |- -
&L
X X
x':l “x
00 i- - | |
0.0 1.0 2.0 3.0 40

Velocity {m/s x 10%)

159



Part 3 — Publication 1V, IX, X and XI

0.5
0.4
s
B 03 —=-20000
Q
o]
o 40000
2o2
a ——60000
0.1 —4—150000
0 : ‘ ‘ : :
0 10000 20000 30000 40000 50000
V acceleration

=
=]

._.
4
4
4
L 2
L 2
'S

I
o

P detection
o o
i =)l

N~

e
[N

o

T T T T T )
0 1000 2000 3000 4000 5000 6000
molecular mass M

Figure FP4 10 Left) Overlay of measured and calculated detection probability of bovine insulin vs.
acceleration voltage. Reproduced with permission from International Journal of Mass Spectrometry
and lon Processes, Issue 92, 1989, Pages 195-210, Copyright (1989), with permission from Oxford
academic. Right-top) Detection probabilities for different molecular weights (up to 150kDa for intact
antibodies) and acceleration voltages calculated according to formula derived by Geno et al[23].
Right-bottom) Detection probability as function of molecular mass, acceleration voltage 15kV (e.g.
Sciex 5600+)

The formula of Geno et al [23] was extended by Westmacott et al [44, 45], deriving function
for secondary electron yield ye=2.8*10'8mv*3. This has been confirmed by others [37, 31,
10] ], with a range of velocity exponents form 3.2 to 4.4 attributed to differences in

mathematical fit and MCP material and setup.

These findings indicate that MCP secondary electron multipliers are indeed inferior for
macroions like proteins and other detectors have been devised for mass spectrometry like
conversion dynode produced secondary ion detection[39] or cryogenic superconducting

tunnel junction(SJT) detectors, the latter achieving 100% detection probability for individual
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macroions [20], [45], albeit on the cost of more intricate instrumental setup. The drawbacks
and complicacies of these alternate detection technologies manifest themselves in the
observation that commercially available research grade TOF instruments (Sciex, Bruker,
Agilent, Waters) even targeting large molecular analysis still are designed with MCP based
ion detection. Above findings are directly relevant to experimental work.
As depicted in Fig FP4.10, for larger proteins detection probability and therefore sensitivity
of mass spectrometric detection is severely reduced for MCP-detectors. Increase of
acceleration voltage, if actually permitted on user level access of commercial mass
spectrometric instrumentation is no remedy for this problem as shown in FP4.10. Proteins as
small as 20kDa would require >80kV acceleration voltage, let alone intact antibodies, where
500kV would be necessary, both difficult to achieve. It can also be seen that below 2000
Dalton detection probability reaches P=1, indicating that virtually all ions reaching a MCP
channel are detected. In contrast to macromolecules, where detection efficiency drops off

starting with 20mers concerning peptides/proteins.

What has been demonstrated as beneficial regarding detection of proteins or other
macromolecules is a reduction of the MCP voltage, i.e. potential across the multichannel
plate by 5-10% (e.g. Sciex 5600+: reduction by 100V). This measure is apparently
counterintuitive, as rather an increase of MCP voltage to release more secondary electrons
per impact as last resort to achieve sensitivity or mandated by degradation of MCP detector
has to be applied. According to Sciex, S/N enhancement by MCP voltage decrease results
from a disproportionate decrease of noise generated by singly charged species, while

response to multiply charged ions is unaffected.

Time digital converter — Sciex 5600 TripleTOF—impact on experimental settings

Apart from other vendors (Bruker, Agilent, Waters) the Sciex 5600+ employs a four channel
time to digital converter (TDC) operating at 40GHz for data acquisition instead of an analog-
digital (ADC) converter. While ADC measure the current on the detector anode induced by
the secondary electrons output and thereby gain information on the number of ions
impacting in a given time window, the TDCs record the impact of individual ions

gualitatively. Therefore, TDC have to operate on higher frequencies (40GHz vs 2-4GHz for
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ADCs) to provide for quantitative (intensity, peak height, peak shape) information, otherwise
multiple ions impacting in a too short time frame are detected as one ion, a process called
pileup. To do so, the time after the start signal (simultaneously with rising edge of pusher
voltage) is divided into small, picoseconds long time bins. If an ion fires the MCP within such
a time bin, the arrival time is recorded and associated with that time bin (multi-hit TDC).
To form a spectrum, this process called transition is repeated, ten to a few thousand times
and data are combined to yield one spectrum, depending on user set spectral acquisition
rate. This requires a certain temporal dilatation of the ion packets of identical m/z. As
individual microchannels are thereunto inactive for a dead time in the order of us during
charge restoration, sensitive detection relies both on distribution lateral in longitudinal

distribution of the ion packet.

As described in the previous section, with MCPs the detection probability of an impacting ion
triggering a pulse on the detector anode is decreasing with ion velocity, which in turn is
dependent on the ion mass during TOF acceleration. As shown in Fig FP4.10, the probability
at 15kV acceleration voltage as fixed in the Sciex 5600+ TripleTof is around P=0.1. As
detection with a TDC is a binary event, the probability to detect all of them in their
respective time bins is significantly lower (Pai= (Psingle)”) and most of the ions are effectively
omitted during detection. This scenario can be improved, if multiple time bins are combined
into one, increasing the probability that one of the incident ions triggers detection of this
combined bin, albeit on the cost of spectral resolution, as the underlying time grid is set less
granular. For small molecules, time bins are usually 1-4, for macromolecules, up to 80 time

bins can be combined.
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Figure FP4 11 Above: MS-chromatogram of Trypsin demonstrating influence of combining time bins
from 1-80 DC bins on sensitivity. All runs were performed as C4-RP trap&elute in backflush mode to
remove polar and low MW compounds. By combining multiple time bins peak height could be
increased by a factor of 20-30. Right: Individual mass spectral peak, demonstrating the effect of
combining time bins on resolution and granularity of mass spectra

Experimental approaches to intact protein mass spectrometry with Sciex 5600+

The following considerations were employed in publications IV, IX, X, and XI to conduct

sensitive protein mass spectrometry:

a) For rather pure samples, direct infusion with low flow rates in the pl/min regime and
composite spectra generation by MCA can be beneficial. Otherwise, reversed-phase
trap and elute in backflush mode should be employed, in order to purify the protein
from all nonvolatile low molecular compounds causing either ion suppression or
increased level of unwanted adducts (e.g. Na *) and to achieve a sharp and high peak,
as with mass chromatogram peak height is of importance for sensitivity and high S/N.
In case of protein mixtures, adequate chromatography is mandatory as overlapping

charge envelope complicate spectra.

163



Part 3 — Publication 1V, IX, X and XI

b) Trap and elute was performed employing C4-RP-trap columns, these exhibit good
retaining of proteins, yet allow removal of low molecular weight and polar
contaminants.

c) Declustering potential (DP): Increased values reduce amount of adduct species of
respective proteins. The absolute signal intensity reduction caused by higher DP is
overcompensated by depopulation of mass spectrum, overall increasing sensitivity.

d) Collision energy increase: Usually higher voltages are necessary, e.g. for Sciex 5600+:
30V, a voltage where many small molecular species would already be fragmented.

e) Q1 transmission window: 100% on m/z=1250 (instrument limit) to achieve maximum
transmission for multiply charged protein ions, usually with m/z from 900-2000.

f) Intact protein mode script: Tuning ion path voltages and frequencies to
accommodate for efficient transmission of macro ion beams should be employed

g) Decrease of MCP potential by 100V considerably increases S/N ratio.

h) Time bins: Increasing with target mass (not m/z), from 10 to 80 bins combined.
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Figure FP4 12 The minimal absolute amount of protein in ng on column to yield a S/N > 10 versus
molecular weight of protein. For intact antibodies (~150kDa) 2-3ug on column are required. Results
correspond to the literature opinion. Proteins used for this demonstration graph were
Lactoglobulin(18kDa), Triosephosphate  isomerase(26kDa), Glyceraldehyde-3-Phosphatase,
Aldolase(39kDa), Human serum albumin(66kDa)
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Objective and results of Publication IX and XI

Both Publications are focused on protease conjugated gold nanoparticles (IX: Pepsin; Xl
Papain) and their utilization as heterogeneous proteolytic catalysts for proteomic workflows
and in middle-down/up proteomics[50]. In general, heterogeneous enzyme catalysts provide
for easy and fast removal of catalyst by centrifugation or filtration, or if magnetic carriers are
employed, by magnetic separation[42]. Although dependent on the carrier system
employed[49, 30], immobilization can enhance enzymatic stability and reaction rate,

especially if carrier systems in the nanoscale are chosen [28].

Additionally to exemplifying the classic bottom up approach, Publications IX and XI
demonstrated the application of gold nanoparticle proteases in middle-up proteomics. The
latter term refers to a proteomic workflow starting with enzymatic disassembly of large
proteins inaccessible by Top-Down proteomics into larger peptides (>5kDa) and proteins that

are readily accessible by such an approach

[19, 50, 26]. This methodology enables faster characterization, e.g. determination of post
translational modifications and sequencing. Regarding intact IgG antibodies, the most

common approach is to cleave them into their subunits Fab and Fc prior to intact protein

mass spectrometry.
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Mass spectrometric top down proteomics have advantage of being less time consuming as
protracted protein digestions (usually 12h). Yet, as shown in the previous sections, a major
factor restricting the applicability of mass spectrometry on intact proteins is the

instrumentation itself with respect to sensitivity, resolution and mass accuracy.
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Consequently, a middle down approach yielding lower MW fragments increases sensitivity
exponentially (see Fig FP4.10) thereby reducing required concentrations/absolute amounts,
especially for ex vivo bioanalytical purposes (less important in analysis of biotechnological
products due to large amounts generated). Also, with a middle up approach, digesting IgGs
to their smaller subunits, mass accuracy of intact mass spectrometry is significantly

increased, in case of the Fc/2(~24kDa) subunits even isotopic resolution can be achieved.

For Publication IX and XI, intact protein mass spectrometry using a high resolution pESI-
QTOF-System was successfully employed to demonstrate the catalytic activity of
nanoparticle conjugated proteases Both works also confirmed the utility of gold
nanoparticle conjugated proteases for a middle-up approach with heterogeneous proteolysis
providing fast(high throughput amenable) and convenient sample preparation protocol for
analysis of antibodies, circumventing instrumental restrictions of contemporary commercial

QTOF-mass spectrometers for increasing result fidelity.

Objective and results of Publication X

Publication X was masterminded by the Group of Prof. Laufer, Institute for Pharmaceutical
Sciences, University of Tlibingen. This work provided covalent bonding inhibitors of c-Jun N-
terminal kinase 3 (JNK3), a member of the mitogen activated protein (MAP) kinase family.
The inhibitors are based on a pyridinylimidazole scaffold exhibiting an electrophilic warhead

covalently bonding to Cys-154.

JNK3 is a part of the stress activated SAP/JNK signaling pathway and responsible for
activation of transcription factors c-Jun/AP-1 by phosphorylation[7]. As this transcription
factor is involved in regulating apoptosis and misregulation is shown to affect cell
proliferation it is well established as oncogene, indeed the first oncogene discovered[43].
With JNK3 being located upstream in the signal cascade, it is a target for anticancer
strategies. Also, knock-out experiments could demonstrate that it represents a promising
therapeutical target for neurodegenerative disorders like Alzheimer’s, Parkinson’s and
Huntington’s desease [1], especially as its expression being specific to neuronal and cardiac

tissue as well as testis as opposed to its ubiquitous isoforms JNK1 and JNK2[6, 7].
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Figure FP4 14 Left) Docking of pyridinylimidazole derivative from Publication X into crystal structure
of JNK3(PDB: 1PMN) Right) Scaffold structure and moieties studied. Right bottom: Example of
Inactive (noncovalent) warhead used for comparison.  Reproduced from Publication X, Tri- and
Tetrasubstituted Pyridinylimidazoles as Covalent Inhibitors of c-Jun N-Terminal Kinase 3, Journal of
Medicinal Chemistry, 60 (2), pages 594—607 Copyright (2017), with permission from ACS Publications.

Publication X studied affinity and specificities regarding covalent inhibition of INK3 of various
derivatives of a pyridinylimidazole scaffold(s) (Fig FP4.14). Biological enzymatic inhibition
(ICs0) was evaluated with enzyme-linked immunosorbent assays (ELISA), in vitro metabolism
was accessed via LC/MS. The task of the author of this thesis in Publication X was to confirm

the covalent bonding by mass spectrometry.

Examining covalent protein modification can be performed by two approaches, bottom-up
or top down. The bottom-up-approach is the classic approach of proteolytically digesting
the protein to small peptides, analyzing them by reversed phase LC-MS/MS, identifying the
peptides by their fragmentation pattern, and reconstructing the intact protein from these
results. Modifications can be identified on peptide fragment level and, with the low mass of
the analyzed, lower accuracy mass spectrometric systems, as triple quad (QqQ) systems can
be employed. Actually, covalent modification analysis is implicit to proteomic bottom-up

workflows, as many proteins are covalently modified in vivo (PTM).

Yet, bottom up has some constraints for covalent analysis of inhibitors. Relatively large
sample amounts have to be subjected to lengthy digestion protocols usually 8-12h digestion

additional to pre- and postprocessing(purification) steps. Also, proteolytic protocols are not
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universally applicable as their feasibility depends presence and distribution of respective
protease cleavage sites, which in worst case may result either in peptides too long to be
accessible by some mass spectrometric systems when operating in small molecule mode as
usual in proteomics, or in short ambiguous fragments of few amino acids attached to the
ligand, prohibiting to pinpoint the exact location of the amino acid residue derivatized with
the covalent binder. The latter constraint however applies also to top-down approaches
while the former (long peptides) could be resolved by intact protein analysis of the long
peptide fragments, albeit requiring ample unambiguous peptides for identification.
Furthermore, covalent modification may alter or prohibit proteolytic cleavage, or the
relevant covalent bond between protein and ligand may even be instable under proteolytic

conditions.

In contrast, top down approaches are feasible for fast and high throughput and can in
principle be adapted for automated library screening. For in vitro experiments with pure
recombinant protein, chromatography(minutes to hours) can be replaced by short trap and
elute protocols employing reversed phase trap columns (seconds), where the time
constraint is usually of technical nature(autosampler) Sample amount is dependent on size
as elaborated previously (Fig FP4.10), but is usually in the ng to pg (absolute amount on

column) range.

With top down approaches, noncovalent as well as covalent interactions can be examined.
Non covalently bound ligands require careful tuning of ionization and ion path parameters
(see also Introduction to Publication IlI/XIl) and bear the risk of false positive evaluation
based on nonspecific association. Still, noncovalent protein-ligand interactions are
inaccessible by bottom up approaches, as interactions dependent on secondary and tertiary
structures are disrupted during proteolysis. In contrast, assessment of covalent ligand
bonding requires the opposite instrumental settings, i.e. dissociation of noncovalent
interactions must be assured. This is achieved by appropriate temperature and gas flow
settings in the ESI ion source ensuring complete desolvation and by sufficiently high

declustering potential at the ion path entrance.

For Publication X, a uLC (60ul/min) chromatographic gradient protocol using a monolithic

PS/DVB based capillary column (0.5 mm ID) was established. lonization was performed with
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a ULC emitter tip for increased sensitivity. For exact assay conditions, the reader is referred
to supplemental material of publication X. Albeit employing larger volumes (200ul of
1pmol/ul JNK3) for convenience, actual injection consumed only 5 pmol(210ng) absolute
amount of recombinant JNK3 (42kDa) per assay. This demonstrated the feasibility of such a
top-down approach for inhibitor library screening, as 1000 candidates could be screened
within less than 5 days, consuming approx. 200ug of recombinant JNK3. This could further
be optimized by sample volumes, automated handling, and pre concentration via trap and

elute chromatography.

As previously indicated, exact bonding location of positive covalent inhibitor candidates
must be evaluated to confirm specific binding. In theory, this could be assessed directly with
covalently inhibited JNK3 by EDD /ETD fragmentation similar to PTM analysis[46]. Yet the
Sciex 5600+ TripleTof offers only CID fragmentation, inferior for MS/MS analysis of large
proteins, suffering from low sequence coverage[36] and limited structural information [17,
2]. For covalent modifications, a special caveat is reported: Long Peptides/Proteins with
covalent modifications tend to lose this modification upon CID. Simultaneously, most
backbone fragmentation of peptide/protein is suppressed in favor of dissociation of the
modification, masking location information and hampering peptide fragment identification.
Therefore, direct CID fragmentation of intact protein was deemed unfeasible for proving
covalent binding location. When employing a bottom up approach, CID of modified peptides

could of course be employed as usual.

Instead, as in publication X, in house expressed and purified recombinant JNK3 was
employed, it was the most straightforward approach to use a JNK3-C154A mutant generated
by directed mutagenesis. This mutant has the active residue Cysl154 reacting with the
warhead of the inhibitors by Michael-addition replaced by an inactive alanine. As expected,
none of the inhibitors found to bind with the wildtype JNK3 was reactive towards the JNK3-
C154A mutant.

Overall, the covalent binding to JNK3 could be successfully proved by intact mass
spectrometry. Masses of covalently inhibited JNK3 could be determined with less than
10ppm mass error, molecular masses of calculated inhibitors from the charge envelope

could be determined with subdalton mass accuracy. To cross check, noncovalent inhibitors
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were incubated with the target, without yielding modified JNK3 (i.e. non-covalent inhibitor-
JNK3 associates).
Table TP4 1 Overview of results. Reproduced from Publication X supplemental material, Tri- and

Tetrasubstituted Pyridinylimidazoles as Covalent Inhibitors of c-Jun N-Terminal Kinase 3, Journal of
Medicinal Chemistry, 60 (2), pages 594—607 Copyright (2017), with permission from ACS Publications.

Compound | active Protein Average Mass [Da] Reconstructed inhibitor
# warhead Calculated | Measured | error ppm | Expected | Found

7 Yes 42784.5576 | 42784.2239 | -7.8 578.328 578.6617
8 no 42205.8959 | 42205.5105 | 9.1 0 0

15 no 42205.8959 | 42205.9047 | 0.2 0 0

21 yes 42690.471 42690.103 -8.6 484.2071 484.2071
23 no 42205.8959 | 42206.342 10.5 0 0

Objective and results of Publication IV

Publication IV is classified within this thesis as a minor scientific contribution (s. List of
author contributions). Therefore, it shall be only briefly described. Publication IV examines
halogen bonding to the Met146 residue with regard to affinity and selectivity in the human
Bromine and lodine are compared to

kinome. Ligands substituted with Chlorine,

unsubstituted (H-) compounds. The author’s contribution to publication IV is the intact
protein analysis of C- Jun N- Terminal Kinase 3 (JNK3) and mutants demonstrating the

selectivity of methionine, namely M146A, M146L, and M146T.

Mass accuracy (<2ppm) and resolution (35000) of the Sciex 5600+ TripleTOF allowed for
subdalton accurate MW determination. This enabled confirmation of mutation success in a
straightforward and fast trap and elute LC-MS analysis, with minimal amounts of protein
required (50ng per measurement) and without the need for a time-consuming bottom up
proteolytic workflow and subsequent LC-MS/MS analysis. The experimental mass
spectrometric and chromatographic conditions are described in supplemental material of
Publication X.

Table TP4 2 Results from Publication I. Mass error is in the lower mDa and accuracy of 4 ppm and
lower as usually would be expected of low MW mass spectrometry could be achieved.

M146A M146L M146T
Meaic 42145.7821 | 42175.8084 | 42175.8084
Mmeas 42145.5927 | 42175.7227 | 42175.7227
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Error mDa -189 -86 -86
Error ppm -4.5 -2.0 -2.0

Abbreviations

FWHM: Full width at half maximum of peak
FTICR: Fourier transform ion cyclotron resonance
MCP: Multi channel plate

EMH-Horn: electro multiplier horn

MALDI-TOF: Matrix assisted laser desorption ionization time of flight mass spectrometry
Da, kDa: Dalton, Kilodalton

kV: Kilovolts

LOD: limit of detection

LOQ: limit of quantification

DP: Declustering potential

MCA: Multi channel alignment

SIT: superconducting tunnel junction

ADC: Analog digital converter

TDC: time digital converter

ELISA: enzyme-linked immunosorbent assays
PS/DVB: polystyrene-divinylbenzene copolymer

CID: collision induced fragmentation
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Introduction to Publications Il and XII
Native ESI-MS of DNA of complexes with DNA binders

Background of Publications Il and XII

Both publications examine interactions of DNA-G-quadruplexes with dicarbocyanine and
benzothiazole ligands being potential candidates for analytical or pharmaceutical
applications. Above-named quadruplexes are one form of less abundant secondary
structures of DNA besides the prevalent duplexes, i.e. double stranded DNA or B-DNA.
Especially repetitive sequences facilitate the formation of hairpin, triplex, cruciform, left-
handed Z-form and quadruplexes, as reviewed by Kervin et al. [26]. These non-B-DNA
structures are thought to induce genetic instability and hence thought to contribute to or

cause human diseases [26].

In particular, guanine (G)-rich DNA sequences exert the tendency to form into tetrastrand
assemblies named G-quadruplexes (G4). These complexes are formed by stacked planar
arrangements of four guanine bases, bound by Hoogsten base pairing stabilized by m-mn-
interactions between the planes and interaction with alkali cations. The latter are located

inside a channel formed by the four guanine bases as shown in Fig P3-1:
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Figure FP3 1 Structure of G-tetrads. A) Hoogsten-base pairing of guanine bases forming one G4-
quadriplegic plane. B) section of poly(d)G. Helix formed from multiple planes of G4, stabilisation by
pi-pi stack, helix is right handed. C) Interior channel with alkali metal ions further stabilizing structure.
Reproduced from Nucleic Acids Research, Volume 34, Issue 19, 1 November 2006, Pages 5402—-5415,
Copyright (2006), with permission from Oxford academic.

From the pharmaceutical perspective, as the major prerequisite for the formation of G4-

guadruplexes, namely G-rich sequences are found in the telomeric regions of chromosomes
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and promotor regions of oncogenes, e.g. MYC and BCL2, G4-quadruplexes have become

targets for therapeutic approaches, particularly for anticancer strategies [37, 38, 10].

In this perspective the ligand studied in Publication Il is the brainchild of the Weisz-Group at
the Institute of Biochemistry at the University of Greifswald. It presents and examines 3,3’-
diethylthiadicarbocyanine (DiSCy(5)) as selective fluorescence probe for DNA G4-

qguadruplexes.

Publication XllI, also masterminded by the Weisz—Group, identified a benzothiazole
derivative as selective ligand candidate for G4-quadruplexes and thoroughly characterized it
as a basis for further chemical derivatization in order to yield fluorescence probes for

detection of G4-quadruplexes.

Both works examine the binding of their respective ligands to a the MYC-G4-quadruplex
(amongst others) by various methods to check topology of targets (CD) initially and after
ligand binding, examining interaction sites (NOE-NMR, CSP-NMR ), determining binding
stoichiometry and affinities (fluorescence titration, UV/VIS, native ESI-TOF-HRMS) and
studying thermodynamic aspects (ITC) to provide understanding of ligand-target interaction
and as basis for deriving derivatives with optimized structure regarding selectivity and

affinity. For structures of ligands and sequences of targets see Fig FP3.2.
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Figure FP3 2 Structure of ligands and targeted oligonucleotides studied by Publication Il (DiSC2(5).
Publication Xl (L4)  Reproduced from Publication Ill and XlI, Copyright (2015, 2017), with permission
from Wiley.
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Stoichiometries and binding mode - limitations of fluorescence titration

As fluorescence titration yielded binding affinities, yet not unequivocal stoichiometries, this
was further investigated by method of continuous variation providing a job plot [25]. Albeit
still applied in the field, this method is regarded to be of limited suitability concerning
supramolecular complexes and more applicable as a posteriori verification experiment
confirming results procured by other techniques [50, 22]. As Hibbert et al. [22] point out,
whenever possible from practical reasons, repeated titrations should be performed and the
gained data fit to various models, revealing the most suitable model by statistical procedures

like shape analysis of residual scatter plot or sum-of-squares F-test[50].

T DDD - HT -4 TBA —®Tetra -O- ODN -4 c-MYC

A Fipg (1=365 nm)

molar ratio DNAL4 0 0.25 0.5 0.75 1.0

mole fraction of L4

Figure FP3 3 Example of fluorescence titration results (left) and a job plot(right): Job plot obtained by
plotting the difference (AFi29) of L4 fluorescence between c-MYC/L4 mixtures and L4 without DNA,
providing information on binding stoichiometry. Publication Xl (L4). Reproduced from Publication Il
and Xll, Copyright (2015, 2017), with permission from Wiley.

If due to practical reasons an extensive investigation by titration and model fitting as
suggested by Hibbert is impeded, stoichiometry and binding model must be confirmed by
orthogonal and preferably direct methods. In case of Publication Ill and XIlI, high resolution
mass spectrometry of noncovalent bound ligand-target complexes, ionized under native

conditions (native ESI) was utilized for this purpose.
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Native electrospray ionization mass spectrometry

The capability of the electrospray ionization process (ESI) to produce non-covalently bound
species has been reported already in the Nestor publication by Fenn et al. [9]. Shortly after,
first publications give account on ESI’s aptitude to ionize even supramolecular structures like

peptides or protein dimers [46], receptor-ligand or enzyme-substrate complexes [13, 14].

The term “native mass spectrometry” was coined later in 2004 in a review by van den Heuvel
and Heck [52], referring to mass spectrometric experimental approaches for ionization and
ion transmission that retain all structure types, from primary to quarternary under native
(physiological) conditions. Ideally, also binding modes and affinities are preserved during
transition from solution to gas phase. The latter of course does not hold true with absolute
thermodynamic stringency, as the supramolecular complexes are stripped off their solvent

environment and are multiply charged by adduct ions (e.g. H*, Na* NH4*) regularly.

Initially and still predominantly, the method is applied in the study of intact protein
complexes, both homogenous and heterogeneous and protein-ligand interactions [33, 52,
30, 40, 47]. Yet also other biological supramolecular structures have been subject to study
by native ESI-MS, e.g. ribosomal [41] and protein-lipid complexes [29, 56] and relevant to

Publications Il and XII drug-nucleic acid interactions [42] and G-quadruplexes [35].

Independent of the class of the respective analytes, several prerequisites exist in order to
obtain veridical results: 1) To preserve the complexes’ native state the chemical
environment must be kept as close as possible to in vivo, mandating buffered solutions. 2)
The ionization method must be of the “soft type”, i.e. unintended in-source fragmentation of
the analytes (e.g. DNA oligomers) shall not be induced and the even more dissociation
susceptible noncovalent interactions shall not be affected. 3) While transfer into vacuum
shall preserve the complex, unspecific binding ionic and neutral adducts shall be reduced or

eliminated.

Electrospray ionization (ESI) and variations thereof (UESI, nanoESI, emitter array ESI) is
currently the only source type fulfilling first two prerequisites to such extent, that it is
implicit referred to by the term “native mass spectrometry” [52]. See also general
introduction for description of the ESI ion source. However, as of paramount importance for

data interpretation, fundamental research is still focused on fidelity between solute and gas
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phase conformation of analytes, structure and stoichiometry of complexes [31, 6], and the

effects of the electrospray charging process thereon [27].

A considerable complication results experimentally as well as regarding the fidelity of
generated data from necessities of the ESI process, limiting the range of admissible buffers.
On the one hand, buffer substances have to be volatile under ESI ion source conditions,
predominantly ammonia salts of formic, acetic or carbonic acid. The concentrations of these
buffers on the other hand have to be kept in the lower millimolar range to prevent ion
suppression and even excessive disintegration and thereby introduction of cations like
Fe2*/3*  NiZ* or other alloy components of ESI source parts (e.g. ESI sprayer needle) into the
solution by the electrochemical process, potentially interfering with the supramolecular

complex.

Furthermore, native pH of the supramolecular complex might not be the ideal pH for
ionization depending on the chemical moieties of analytes requiring addition of modifiers or
dopants, e.g. organic solvents in order to facilitate the ESI process and in order to achieve
sufficient ionization. Method development gets even more complex, as an online
chromatographic separation may be required rather than a direct infusion to the ion source.
Yet, whenever ionization efficiency and supramolecular complex integrity contradict each

other, the validity of results must be the essential.

Native mass spectrometry of DNA in general

The concerns regarding preservation of noncovalent complexes during ionization and gas
phase transition, described in the previous paragraph and crucial for Publication Ill and XII,
were rebutted by various studies in the past [15, 32]. An early work by Ligh-Wahl et al. [32]
reports stability of a 20-mer Watson-Crick-DNA-duplex under ESI-conditions, previously
annealed in 10 mM ammonium acetate buffer. Ligh-Wahl and coworkes also give account to
influences of buffer composition, as replacing buffer for distilled water yielded no stable
duplex in the gas phase. Yet, the gas phase stability of isolated duplexes stripped off all
adducts was shown even under the unfavorable conditions of a quadrupole ion trap
(collision with damping gas in trap) [7] and it could be demonstrated that base pairing is

stable enough under EDD/ECD fragmentation [55].
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Thus, native ESI-MS of noncovalent complexes could successfully be applied to various
analytes of interest, like noncovalent binding dyes [4], antibiotics [39], metal ions [34, 3] and
especially platinum antitumor drugs [24, 5, 53, 28] and DNA-protein ligand complexes, as
reviewed by Beck et al. [2]. Further reviews of mass spectrometry of nucleic acids under
native conditions are given by Hofstadler et al. [23], Beck et al. [2] and more recently by

Fabris et al. [8].

The increased application of IMS-MS to structural biology in the past decade also increased
efforts to investigate concordance of solute and gas-phase structure, as the mass
spectrometric methodology holds advantages compared to other techniques, regarding
required sample amount (usually pmol to nmol range), setup time, speed and thereby

throughput. These efforts also brought validation for native nucleic acid mass spectrometry.

These recent approaches regularly employed a variety of complementary methods [1].
Examples are preservation of Watson-Crick pairing in duplex DNA (BIRD[45]), hair-pin
structures (HDX,[36]), oligonucleotide-drug complexes (DFT and IMS, [30]). The latter
approach correlating calculated and measured collisional cross sections in vacuo is deemed
promising [1]. DFT can only be applied for small molecules, in this regard bases of nucleic
acids. Larger molecules, e.g. oligonucleotides, are simulated with MD simulations. A recent
(2014) review by Abi-Ghanem and Gabelica [1] highlights the application of this
complementary approach to single stranded, duplex, triplex and quadruplex DNA and DNA-
drug complexes forms, all consistent with the overall corollary that the solute structure is

preserved upon transition to gas phase or into vacuum, respectively.

Native mass spectrometry of DNA G-Quadruplexes

After the demonstration of feasibility of MD calculations to investigate the structural rigidity
of DNA duplexes, this was intensively applied in research of gas phase structure of DNA
guadruplexes. Studies investigating G-quadruplex formation and stability in solution by
molecular modelling / dynamics [9, 48, 49] and comparison to experimental data [20, 18, 17,
19, 54, 16] established that G-tetrads exhibit large stability and structural rigidity and a

significant stabilization by cations in the central channel [44].
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Yet, it was also validated by cross section comparison [16], binding and H/D exchange with
intra- and intermolecular ligands [12] , MD calculations [44] and ESI-MS experiments [51,
43] that G-quadruplexes retain their solute structure including relevant binding sites during

the gas phase transition under electrospray ionization conditions.

It can be concluded from the previously cited literature, that native ESI-MS is an appropriate
and valid method for probing complex formation between ligands and G-quadruplexes. As
multiply charged 10-mer to 20-mer of DNA (~3000-6000 Da) are in focus, the use of a high
resolution mass spectrometer is mandatory. Previous studies often employed FTICR type
mass spectrometers, yet technological advance in quadrupole time-of-flight mass
spectrometers yielding increased sensitivity, linearity, sub ppm mass accuracy, resolution up
to 40000, and scanning speed established this type of mass spectrometer as feasible for high

resolution native MS of the G-quadruplexes examined in Publication Il and XII.

Experimental approach

As commonly employed in the preceding works cited above, the target DNA was dissolved in
150 mM ammonium acetate as electrospray compatible volatile buffer. To increase
ionization efficiency for increased sensitivity without altering buffer composition too much,
10% (v/v) methanol was added. Data were generated under mild ionization conditions,
regarding temperature, gas flows, and voltages of ion source and ion path, particularly
collision energy (CE) and declustering potential (DP), which are essential to tune accordingly
due to their intended mode of action, i.e. dissociation of covalent and noncovalent bonds.
To enhance S/N-ratio, the measurements were conducted as direct infusion experiments
employing multichannel alignment mode (MCA) generating composite spectra of the entire
infusion run. For exact description of experiments, reader is referred to the respective

publications.
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Results of Publication Il and XII

Results for both publications are rather similar and corroborate the findings from the
spectroscopic measurements and are in agreement with the NMR results of both works. It
was possible to confirm the stoichiometry for the ligands’ binding to c-MYC-G-quadruplexes,
as model for oncogene promotor regions. The molar stoichiometry was found in both cases
to be MYC:ligand 1:1 and 1:2, depending on the concentrations of the respective ligand,
conforming two binding sites. Furthermore, it could be derived by titration that the binding
on both sites occur non-cooperatively, i.e. independent of each other and that L4 exerts

different affinities for each binding site.

In conclusion, the results document the power of native ESI-MS to study DNA-ligand
complexes and characterize their binding stoichiometry in support to other spectroscopic
methods. Native ESI-MS provides a straightforward and fast method to assess

stoichiometries of noncovalent complexes.

Abbreviations

CD: circular dichroism spectroscopy

UV/VIS: ultraviolet—visible spectrophotometry

NMR: Nuclear magnetic resonance spectrometry

NOE-NMR: Nuclear overhauser effect NMR

CSP-NMR: Chemical shift perturbance NMR

ESI: Electrospray ionization

ESI-TOF-HRMS: Electrospray ionization time of flight high resolution mass spectrometry

ITC: Isothermal titration calorimetry

MESI: micro Electrospray ionization
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ESI-MS: Electrospray ionization mass spectrometry

DFT density functional theory calculations

IMS-MS: lon mobility mass spectrometry

BIRD: Blackbody infrared radiation-induced dissociation

HDX: Hydrogen-deuterium exchange

MD: molecular dynamics simulation

CE: collision energy

DP: declustering potential

CCS: Collisional cross section

EDD: electron detachment dissociation

ECD: electron capture dissociation
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A set of N-derivatized amino acids were separated into enantiomers on a tert-butylcarbamoylated
quinine-based chiral stationary phase (CSP). Quantitative structure-property relationship (QSPR) studies
were then employed to investigate the retention behavior and factors responsible for enantioselectivity.
Computations were performed using a general linear model and a Free-Wilson matrix with indicator
variables as structural descriptors. The approach allowed calculations of retention increments for first
and second eluted enantiomers as well as group contributions to enantioselectivity. The results demon-
strated that the additivity principle of group contributions was obeyed for the majority of solutes in the
data set. Only a few basic amino acids (Arg, His) needed to be removed as they did not fit to such a linear
model leading to outliers. The model was carefully validated and then utilized to investigate retention
and enantioselectivity contributions of different protection groups and individual amino acid residues.
It turned out that primarily protection groups were driving retention and enantioselectivity. In contrast,
the contribution of amino acid residues to enantioselectivity was only significant for secondary amino
acids, a-methylated amino acids, aspartic acid and a few sterically bulky aliphatic amino acid residues
(Tle, Ile, allo-Ile). Amongst them only the latter group contributed positively to enantioselectivity while
the other residues mentioned reduced enantioselectivity significantly. This type of QSPR model may be
valuable to analyze retention/selectivity data of closely related congeneric compound series, is illustra-
tive and straightforward to implement. It is thus valuable for interpretation of retention mechanisms,
while its utility for prediction of retention and enantioselectivity data is limited to compounds made up
of groups included in the solute set used for deriving the increments.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction recognition by the chiral selector immobilized on the supporting

particles is usually not derived. Due to the systematic nature of

Liquid chromatographic enantiomer separation has become an
indispensable tool in pharmaceutical sciences and drug discovery,
respectively [1,2]. Nowadays it is a well-developed technology with
numerous chiral stationary phases commercially available for sep-
aration of virtually any chiral compound |3,4]. For practical reasons,
pharmaceutical industries have established column screening plat-
forms to find the most suitable chiral stationary phase (CSP) for
a given enantiomer separation problem by automated overnight
screenings of a predefined set of chiral stationary phases. While
this approach is most likely successful in terms of finding a
CSP with satisfactory enantiomer separation factor, information
on which parameters and interactions have led to enantiomer

* Corresponding author. Tel.: +49 7071 29 78793; fax: +49 7071 29 4565.
E-mail address: Michael.Laemmerhofer@uni-tuebingen.de (M. Limmerhofer).

http://dx.doi.org/10.1016/j.chroma.2014.04.077
0021-9673/© 2014 Elsevier B.V. All rights reserved.

such screenings the derived data matrix may be information-rich
regarding structural effects on enantiorecognition. Chemometric
and chemoinformatic methods [5,6], respectively, might be helpful
to extract valuable information on binding increments and molec-
ular recognition. Amongst those, quantitative structure-property
relationships (QSPR) are one powerful option. They have become of
utmost interest for retention prediction as an additional constraint
in comprehensive analysis of complex mixtures by hyphenated
methods such as GC-MS/MS and HPLC-MS/MS to enhance the con-
fidence for correct compound identification [7-12]. Various QSPR
variants have been utilized for data processing in enantioselec-
tive chromatography comprising linear free energy relationship
(LFER) studies in form of the Hansch analysis [13-24], linear sol-
vation energy relationships (LSER) [25-29], 3D-QSPR employing
comparative molecular field analysis (CoMFA)/comparative molec-
ular similarity analysis (CoMSIA) [5,17,30-35], and neural network
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Fig. 1. Structure of (a) data set comprised of amino acid derivatives, (b) chiral stationary phase, (¢) X-ray crystal structure of co-crystallized quinine carbamate and
3,5-dinitrobenzoylamino acid leucine [41]. The present aromatic oxycarbonyl-type amino acid derivatives (e.g. DNZ-amino acids) are supposed to reveal a very similar
predominant binding mode with an additional —CH,—O— moiety inserted between aromatic and carbonyl group. The carbamate type amino acid derivatives tentatively
adopt a similar binding mode maintaining the primary ionic, hydrogen-bond and w-m-interactions, but arranging itself in a slightly wider turn at the selector due to the

additional —CH,—O— element.

[23,32,34], or other models [36]. Another straightforward readily
amenable, yet informative method is the additivity model (Free
Wilson analysis), in particular for certain type of solute sets in
which the members of the congeneric series differ in at least two
positions by certain structural features from a basic lead structure.
Itis based on the idea that, in absence of cooperative effects, the free
energy for the process of transferring the solute from the mobile
to the stationary phase is additively composed of the free energy
of individual group contribution [3,37,38]. In chromatography, the
group contributions are often termed as binding or retention incre-
ments.

Free Wilson analysis [39] is a proper and efficient means to cal-
culate such retention increments. Unlike above mentioned QSPR
approaches, it is a simple numerical method directly relating struc-
tural features to a dependent variable [39], in chromatography
retention or separation factors. Free Wilson analysis is most often
adopted in the so-called Fujita-Ban modification. It states that the
dependent variable (response y) is made up of the sum of individual
group contributions a;, and a basic contribution provided by the
unsubstituted reference compound ag (Eq. (1)).

Iny=do+» ain-Xin (1)
i

In Eq. (1), the independent variables X;, are indicator variables
which indicate the presence (indicated by the numerical value 1)
or absence (value 0) of a specific substituent. The coefficients a;,
represent individual group contributions and can be conveniently
obtained by multiple linear regression analysis.

With the list of derived coefficients in hand, the effect of each
substituent on the dependent variable (response) becomes readily
evident and compounds with substituent combinations not present
in the test set can be straightforwardly predicted. Such an approach
was not yet investigated for calculating retention increments for
chiral separations. Another methodology to calculate group con-
tributions in the context of enantioselective chromatography was
presented by Armstrong [40].

In this study, Free Wilson analysis was utilized to rationalize
individual group contributions to retention and enantiomer sepa-
ration of various N-derivatized amino acids (Z, benzyloxycarbonyl;
BOC, tert-butoxycarbonyl; PNZ, 4-nitrobenzyloxycarbonyl;
DNZ, 3,5-dinitrobenzyloxycarbonyl; FMOC, 9-fluorenylmeth-
oxycarbonyl; NVOC, o-nitroveratryloxycarbonyl, i.e. 4,5-dime-
thoxy-2-nitrobenzyloxycarbonyl) on quinine carbamate chiral

stationary phases (Fig. 1). The group of amino acid derivatives
shows structural variability of the amino acid residue and the
protection group. The results of the Free Wilson analysis can
be employed to predict solutes not present in the test set and
are used herein to compare the effect of distinct residues on the
chromatographic response. The general prediction capability of the
model has been tested by leave-out cross-validation. Feasibilities
and shortcomings of the methodology are discussed.

2. Experimental
2.1. Materials

The chiral stationary phase based on tert-butylcarbamo-
ylquinine immobilized onto 3-mercaptopropyl-modified porous
silica Kromasil 100A, 5pum (from EKA-Nobel, Bohus, Sweden),
a prototype of Chiralpak QN-AX (Chiral Technologies Europe,
Illkirch, France), was synthesized as described elsewhere [42]. The
selector coverage was 0.27 mmol/g CSP corresponding to about
0.8 wmol/m2. The CSP was packed into a stainless-steel column
(150 mm x 4.6 mm ID) by a conventional slurry packing procedure.

Amino acids were provided by Bachem (Bubendorf,
Switzerland) and Sigma-Aldrich (Vienna), respectively, or were
gifts of various colleagues. Amino acids were derivatized following
standard protocols as described for instance in Ref. [43]. Elution
orders were determined with single enantiomers and well-defined
non-racemic mixtures, respectively.

2.2. Chromatography

The utilized chromatographic system was a Hitachi-Merck Lig-
uid Chromatograph and consisted of L-6200 Intelligent Pump,
D-6000 Interface, AS-2000A Autosampler, D-6000 Chromatogra-
phy Data Station Software, HPLC Manager Vers. 2.09 from Merck
(Darmstadt, Germany) and a column thermostat of W.0O. Electronics
(Langenzersdorf, Austria).

The pH of the mobile phase was measured with an Orion pH-
meter model 520A (from Orion, Vienna, Austria) and represents the
apparent pH (pH,) value measured in the aqueous-organic mobile
phase mixture.

Mobile phases for chromatography were prepared from ammo-
nium acetate p.a. (Merck, Darmstadt, Germany), HPLC grade water
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(purified by a Milli-Q-Plus filtration unit from Millipore, Bedford,
MA, USA) and methanol of HPLC-grade (from Baker).

A mixture of methanol and 0.1 M ammonium acetate buffer
(80:20; v/v) was used as mobile phase. The pH; of this mixture
was adjusted to 6.0 by adding glacial acetic acid of analytical grade.
Mobile phases were filtered through a Nalgene nylon membrane fil-
ter (0.2 wm) from Nalge Co. (New York, USA) and degassed before
use by sonication. The flow rate was 1 mlmin~! and the column
was thermostated at 25 °C. The UV signal was monitored at 254 nm.
Some representative chromatograms are given in Supplementary
Material, Fig. S1.

2.3. Statistical procedures

To derive functional group contributions for retention and enan-
tioselectivity, generalized linear models (GLM) have been derived
by a software network. Thus, statistical computations have been
performed by GNU-R using the glm()-function.

The chromatographic data used for computations were reten-
tion factors of first (k1) and second (k;) eluted enantiomer as well
as separation factors o (enantioselectivities) (see supplementary
material, Table S1). These data were organized in a MySQL database
and served as input values for the dependent variable in the GLMs.
Structural descriptors were organized in a Free-Wilson table, in
which presence of a certain structural feature was indicated by a
value of 1 and its absence by a 0. These independent variables were
correlated with the dependent variable by the glm()-function using
the GNU-R script to derive statistical meaningful correlations and
weights of each structural feature, i.e. individual group contrib-
utions. The Controller is a graphical user interface which allows
the user to select the data set via SQL-query, to define parameters
for the analysis and to control the data flow between the other
programs (Fig. 2).

3. Results and discussion
3.1. Test set and characteristics of general linear model

For the sensitive and stereoselective analysis of amino acids,
they are often derivatized. Such molecular systems are ideally
suited for investigation of molecular recognition contributions of
individual structural features. Structural variation in two positions
ensures that each substituent can be present more than once in
the data set which is deemed to be a prerequisite for statistical
meaningful data. Yet, the GLM approach generally allows single
point determinations in which a particular residue is present only
once in the data set, if there are not too many of such single point

determinations. In this case, of course the entire experimental error
is contained in this fragment contribution.

In total 142 distinct analytes were contained in the data set, of
which 7 had acidic amino acid residues, 19 basic, 45 aromatic, 23
polar and the remaining 42 apolar aliphatic amino acid side chains.
Protection groups employed were all of the oxycarbonyl type struc-
ture with aromatic (Z, PNZ, DNZ, NVOC, FMOC) or aliphatic (BOC)
residue. Amino acid derivatives with Lys and Orn were deriva-
tized in the side chain leading to neutral derivatives. In total, 62
unique amino acid residues were present in the data set. It might
appear that the data matrix is not sufficiently covered for some of
the amino acid derivatives (ca. 45% coverage of all possible cases).
However, the Free Wilson model can principally deal with such sit-
uations and is actually dedicated for such a scenario. If the model is
intended to be used for predictions, this is only possible with exper-
imentally partly covered data matrix. Extrapolation to compounds
of which the substituents have not been in the original data matrix
for model derivation is not possible.

For the computations, Z-Glycine was selected herein as refer-
ence compound with basic retention increment ag, for both first
(k1) and second eluted enantiomer (k) sets, because it is the
structurally simplest compound from viewpoint of both protec-
ting group and amino acid substituent. Retention increments were
then calculated for first and second eluted enantiomer from k; , as
dependent variable and group contributions to enantioselectivity
from separation factors « after transformation to the logarithmic
scale.

GLMs were derived for the whole set as well as subsets for dif-
ferent parameters like polarity, charge, or m-interaction capability.
Resultant estimated coefficients represent the weight (retention
increment) by which each structural feature contributes to the
overall dependent variable in addition to the intercept ag. In other
words, the corresponding In k of a certain compound can be easily
calculated from the sum of the coefficients of amino acid residue,
protection group and intercept ag. The statistical significance of
the distinct group contributions provides information whether this
substituent adds a statistically significant increment to the basic
contribution constituted by the intercept ag. Non-significant terms
are therefore not eliminated because they provide also useful infor-
mation which would be lost otherwise. The model also tolerates
few single point determinations. If they would be deleted from the
data set, the information about those substituents would be com-
pletely lost. If they are included, information is available and can
be used for prediction of substituent combinations. In fact, if the
intercept is known or fixed and the additivity principle obeyed, a
single point determination is in principle suitable for calculation of
the substituent increment (like single point calibrations in quan-
titative photometric analysis where the calibration line is forced
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Fig. 3. Influence of side chain character on model quality. (a and d) Basic amino acid residues; b) and e) neutral aliphatic, aromatic and polar residues; and (c and f) acidic

amino acids side chains.

through 0). They give a first idea of its effect on the response, but
without any statistical significance. One has to be aware that all
the experimental error is contained in this increment and not aver-
aged by multiple determinations like for residues which are present
several times.

The big advantage of such a QSPR approach is that the table for
regression analysis can easily be generated without complicated
measurement of physicochemical properties or lengthy computa-
tions of structural parameters. The derived group contributions are
illustrative, much more than models derived by multivariate sta-
tistical methods such as PCA, PCR, and PLS. The derived fragment
contributions can be correlated with physicochemical parameters
or substituent constants to provide further insight into binding
modes. Addition and elimination of compounds is simple and does
not change the values of the other compounds. Any compound can
serve as reference; its exchange justleads to alinear transformation
of coefficients by a certain increment, i.e. it constitutes a linear shift
of the scale. The entire method is easy to apply. The main disadvan-
tage is that the utility for prediction is limited. Only substituents
present in the data set can be employed for predictions of new com-
binations not present in the congeneric series. Thus, the number of
new analogs that can be predicted is usually low. However, it is very
useful for finding factors, i.e. substituent effects which contribute
significantly to the response (dependent variable) of interest.

3.2. Analysis with full set and data set refinement

Initially, all 142 compounds for which experimental chromato-
graphic data were available (see supplementary information, Table

Table 1

S1)were subjected to statistical analysis using the glm()-function of
GNU-R. For analysis, measured response values were plotted over
calculated ones yielding determination coefficients R of 0.86381
for Inkq, 0.89049 for Ink,, and 0.89382 for In«. The variances of
the response values cover roughly two orders of magnitudes for
retention factors and ca. one order of magnitude for separation fac-
tors, while experimental errors for retention and separation factors
are usually less than 2% RSD. The parity plots between experimen-
tal and calculated responses for the full set clearly documented
that the linearity (additivity) principle of group contributions is
essentially obeyed but there are a few outliers.

Thus, a refinement of the data set was carried out to remove
outliers. To identify those amino acid residues which give poor fit,
the full set was divided into subsets according to side chain charac-
ter (Fig. 3). The fit for neutral and acidic side chains was fairly good
while for basic amino acid residues agreement between calculated
and experimental values was significantly worse.

In order to examine which cases and structural features were
responsible for the poor fit and larger scatter of the data in the plot
of the basic amino acid residue subset, a threshold value for outliers
of 0.389 as the maximum absolute deviation tolerated between
measured and calculated In k-values was defined (note, this was
the maximal deviation in the set with neutral side chain). Table 1
shows the residuals and type of compounds which were found to
be outliers in the basic amino acid set according to above defined
threshold level. It is striking that all of them had either an Arg or
a His residue. On contrary, Orn and Lys with a primary amine in
the side chain seemed to obey the additivity principle. This can be
readily explained by the fact that these two amino acids are deriva-

Outliers within subset of compounds with positive side chain charge. Deviation based on Ink;.

Deviation (residuals) Compound Deviation (residuals) Compound Deviation (residuals) Compound
1.412 NVOC-Arg 0.585 PNZ-Arg 0.389 Z-His
0.902 bis-(NVOC)-His 0.446 NVOC-His 0.389 Z-Arg
0.902 bis-(PNZ)-His 0.438 DNZ-Arg

Z, benzyloxycarbonyl; PNZ, 4-nitrobenzyloxycarbonyl; DNZ, 3,5-dinitrobenzyloxycarbonyl; FMOC, 9-fluorenylmethoxycarbonyl; NVOC, o-nitroveratryloxycarbonyl (4,5-

dimethoxy-2-nitrobenzyloxycarbonyl).
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Fig. 4. Effect of polar and charged residues in data set on GLM quality.

tized at the a-amino group as well as the side chain amino group
leading to a doubly protected derivative with a neutral side chain.
In the refined data set, all cases with Arg and His as amino acid
residue were removed.

To further elucidate the effect of polar and charged amino acid
residues on the quality of the model, group contributions were
calculated for a subset with apolar neutral residues and subse-
quently an increasing number of particular compounds with polar,
basic (positively) or acidic (negatively charged) residues have been
added stepwise. The quality of the fit was estimated after each addi-
tion by the determination coefficient R? of the correlation between
measured and predicted response In k;. For each number of added
compounds, 10 randomized experiments were done and averaged
R? values of the model are recorded in Fig. 4.

R? dropped significantly with each step of addition of a com-
pound with basic amino acid residue from 0.997 to 0.985 when
17 compounds with basic amino acid residues were added to the
data set. On contrary, R? did not change significantly with addition
of polar or acidic amino acids. This experiment clearly demon-
strated the adverse effect of basic (positively charged) side chains
on model quality and therefore demonstrated the inaptitude of the
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GLM to accurately compute retention and enantioselectivity based
on the additivity principle of group contributions for some posi-
tively charged amino acids (Arg, His). The reason may be disturbing
interactions with the silica support or additional cooperative con-
tributions from the basic side chain in the solute-selector complex.
It makes thus sense to remove these residues from the data set,
while polar and acidic amino acids can be kept in the data set with-
out any negative effect on the model quality. By removing them, the
quality of the model gets better but the applicability is restricted to
amino acids contained in the test set.

3.3. Refined data set

Fig. 5 illustrates the parity plots between measured and calcu-
lated In kq ; and In o values, respectively, as obtained for the refined
set (full set minus all compounds with the basic side chains Arg and
His). It can be clearly seen that all the observations nicely scatter
around the parity line and no obvious outliers can be detected
after removal of derivatives with Arg and His. Residuals (devia-
tions between experimental and predicted response values) are
randomly distributed along the O-deviation line confirming that
no systematic deviations exist due to inadequate model (see sup-
plementary material, Fig. S2). The statistical parameters for the
computed models are summarized in Table 2. It can be seen that
the determination coefficient R? is larger than 0.9 for In k; and Ink;
and close to 0.9 for Ino demonstrating a sufficient model qual-
ity. The prediction performance of the model has been tested by
a leave-one-out (LOO) cross-validation. Q2 (R2 ;oss-validation) Of >0.8
for Ink; and Ink, as well as >0.6 for Ina document a reasonable
performance for predictions of substituent combinations not in the
training set. The refined data set was then used for further model
validation.

3.4. Validation

3.4.1. Cross-validation by scrambling test

The performance and robustness of the model was then tested
by cross-validation. Various approaches have been considered
for this purpose. Amongst others, the prediction capability of
the model after scrambling the data set has been examined as
cross-validation strategy. For this purpose, Ink; and Ink, values
have been mixed and reassigned en bloc to randomly selected
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Fig. 5. Parity plots of measured over calculated for the refined set. N=130.
Table 2
Statistical parameters for refined set.
N=130 R? Adj. R? Q? Std. err. PRESS F-statistic p-Value
ki 0.973 0.978 0.804 0.099 9.303 44.799 4.036E-39
k2 0.964 0.970 0.817 0.138 12.385 32.403 2.123E-34
o 0.896 0.915 0.654 0.112 5.448 10.547 4.667E—-19

Adj. R?, adjusted R?; Q?, R? cross-validation; Std. err., standard error; PRESS, prediction residual error sum of squares; F-statistic, Fisher’s F-value; p-Value, statistical probability

measure.
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compounds. Thus, the y-responses of the whole data set were
scrambled. As quality measure we have chosen the determina-
tion coefficient of the linear regression of measured over predicted
response values. As expected, the prediction did not work well with
the scrambled set. R? of measured over calculated dropped to <0.15,
depending on the number of compounds removed for prediction
(see Figs. 6 and 7).

3.4.2. Leave-out cross-validation

The predictive quality of QSPR models is frequently tested by
leave-one-out (LOO) cross-validation and results have been pro-
vided above (see also Table 2). For the present large data set LOO
cross-validation may lead to too optimistic results (removal of a sin-
gle compound in a large data set has little effect on the underlying
model and prediction capability). Hence, another way of cross-
validation was tested as well. We examined the stability of the
correlation coefficient for predictions, while iteratively increasing
the number of excluded compounds and performing predictions
with the derived group contributions. Determination coefficients
of measured vs predicted response values as well as corresponding
standard deviations are plotted in dependence of the number of
excluded and predicted compounds in Fig. 8a and b demonstrate
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Table 3
Group contributions (retention and enantioselectivity increments) (statistically significant values with p<0.05 in bold; for abbreviations of protection groups and amino acids see Table S1 of supplementary material; for full
statistics of model see Table 2 and for detailed statistics of increments see supplementary material Tables S2-S4).

Substituent

Retention increment first

Retention increment second

Enantioselectivity

Free energy increments

eluted enantiomer eluted enantiomer increment

Ink;; £SE Inkj, +SE Ino; +SE AGj1 +SE AGj, +SE AAG;y +SE
ap 1.428 1.428 0 -4.21 -4.21 0
PG
BOC 0.36+0.15 0.57+0.21 0.2+0.17 -3.13+£0.37 -3.63+£0.51 -0.5+042
z 0.71+£0.13 0.95+0.19 0.24+0.15 -44+0.33 —4.59+0.46 -0.59+£0.37
PNZ 0.72+0.14 1.11+0.2 0.38+0.16 —4.02+0.35 -4.97+0.49 -0.95+0.4
NVOC 1.07+0.14 1.95+0.2 0.88+0.16 -4.88+0.36 —7.06 +£0.49 -217+04
DNZ 1.09+0.14 1.76 £0.2 0.67+0.16 -4.94+0.35 -6.59+0.49 -1.65+0.4
FMOC 1.31+0.17 1.77+0.24 0.46 +0.19 —5.46+0.43 -6.61+0.6 -1.14+048
R
B-Aminobutyric acid -1.02+0.16 -1.02+0.22 -0.01+0.18 0.3+0.39 0.31+0.54 0.02+0.44
Citrulline -0.8+0.16 -0.71+0.22 0.09+0.18 -0.24+04 -0.47 £0.55 -0.23+0.45
Homoserine -0.8+0.19 -0.71+0.27 0.09+0.22 -0.25+0.48 -0.46£0.67 -0.21+£0.55
Gln -0.79+0.17 -0.82+0.24 -0.03+0.19 -0.27+0.42 -0.19+£0.59 0.08 +0.48
B-Aminoisobutyric acid -0.71+0.17 -0.76 +0.24 —0.05+0.19 —0.46+0.42 -0.35+0.59 0.11+048
Met-sulfoxide -0.71+0.17 -0.74+0.24 -0.03+0.19 —0.46+0.42 -0.39+£0.59 0.07 £ 0.48
Thr —-0.66+0.16 -0.72+0.22 -