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CHAPTER 1

Overview of Metabolomics and Ion Mobility1

1.1 Overview of Metabolomics and Ion Mobility

Metabolomics includes the broad scale study of small molecules within cells, biofluids, tissues, and organ-

isms. [1, 2] Metabolomics, which remains a growing field, has become a cornerstone of systems biology be-

cause of the unique insights it provides that are not directly obtained with other omics methods. Metabolomics

encompasses the study of all substrates and products of the metabolic processes that are impacted by both

genetic and environmental factors.[3] Therefore, the metabolome contains downstream biochemical products

of the genome, proteome, and transcriptome, providing direct and real-time understanding into the state of the

system under investigation. Primary metabolites are directly involved in growth, development, and reproduc-

tion, while secondary metabolites are only cursorily associated with these process.[4] The role of secondary

metabolites in an organism can vary significantly from having no known influence on an organism’s state, to

altering its long-term survivability and expressivity. Human exposure to secondary metabolites produced by

other organisms includes medicines, toxins, food additives (flavorings, stabilizers, etc.), cosmetics, pigments

and dyes, and recreational drugs.

Because metabolites are fundamentally different from proteins (i.e., not biopolymers with repeating struc-

tural motifs), techniques widely implemented in the field of proteomics (.e.g,, enzymatic digestion, tandem

MS fingerprinting, predictive databases) are not easily transferrable to metabolomics. Nuclear magnetic

resonance spectroscopy (NMR) and mass spectrometry (MS) techniques are predominantly used to detect

and identify metabolites.[5] These tools can be used either independently or in combination with additional

methods, depending on the goals of the investigation. Liquid chromatography coupled to MS (LC-MS), for

example, has become an increasingly popular platform to perform broad untargeted metabolomic analyses.

LC-MS provides high peak capacity necessary to resolve and detect a large number of signals, or features,

from biological samples. An untargeted metabolomics MS experiment can easily yield more than 25,000

detected features.[6] For complete analysis in a single experiment, high-resolution MS in combination with

chromatographicseparation and tandem mass spectrometry (MSn, where n is the number of mass isolation

stages used) has become a vital tool for successful annotation and relative quantification of the metabolome.

LC is capable of separating molecules in solution-phase before ionization for m/z measurement, while MS2

fragmentation data serves as a unique molecular fingerprint for identification.

1Parts of this chapter have been adapted from “Ion Mobility-Mass Spectrometry in Metabolomics Studies”, published in The Royal
Society of Chemistry and has been reproduced with the permission of the publisher
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Implementation of ion mobility spectrometry (IM) into an already powerful analytical LC-MS technique

further increases the peak capacity and provides an additional molecular descriptor to bolster identification

confidence. In an IM experiment, analyte ions formed during the ionization step travel through an inert buffer

gas under the influence of an electric field. Depending on the IM method used, ions are separated either tem-

porally along the same transmission path or spatially filtered into different, mobility-selective trajectories.[7]

IM techniques featured in this chapter include: drift tube IM (DTIM), traveling wave IM (TWIM), structures

for lossless ion manipulations (SLIM), cyclic IM (cIM), trapped IM spectrometry (TIMS), and differen-

tial mobility spectrometry (DMS). In-depth descriptions of each IM technique are provided in a recent IM

review.[8]

Several metrics are commonly used by the IM field to quantify analytical separation performance, most

notably resolving power (Rp, single peak) and resolution (Rp−p, two peak separation). Rp is commonly

used in MS as a measurement of instrument capabilities, whereas Rp−p is often utilized in chromatog-

raphy, aptly illustrating the role that IM has played in bridging the performances of these two separation

techniques.[9] Although drift time is the primary measurement of time-dispersive IM, is the measured arrival

times are commonly converted into gas-phase collision cross section (CCS) values either through a funda-

mental relationship based on the kinetic theory of gases (i.e. the Mason-Schamp equation) as with DTIM,

or through various calibration procedures either based upon prior CCS measurements or CCS values derived

from models.[10, 11, 12, 13, 14, 15] CCS values, which are in part a representation of the size and shape of

the analyte, incorporate the rotationally averaged cross sectional area of ions as well as interactions between

the ion and drift gas during transit through the IM region. Thus, the measured CCS is a composite of both

ion structure, but also the composition of the drift gas used for the measurement, such that CCS values are

specific to the ion form and the drift gas in which the measurement was obtained.[16, 17] IM experimen-

tal parameters necessary to achieve highly reproducible CCS measurements within the range incorporating

metabolites have been evaluated under various conditions.[16] As a normalized measurement of gas phase

dimensions under given experimental conditions, CCS provides a common basis for comparison across dif-

ferent IM platforms.[18] IM can be readily integrated into current MS-based metabolomics workflows to

enhance the detection and identification of metabolites, particularly through four application areas, discussed

below, which include: (1) signal filtering by reducing MS spectral complexity, (2) isomer separation, (3)

metabolomic annotations, and (4) gas-phase IM structural analysis.

1.2 Signal Filtering

Metabolomics experiments measure expansive chemical classes, each with unique molecular properties. A

major focus of IM is minimizing the complexity of mass spectral data by reducing the background ion sig-

2



nals relative to the ions of interest. In particular, IM is capable of partitioning the ion signal into different

spectral regions, which in turn can address isobaric spectral overlap. Mass isobars, which are convoluted ion

signals with similar mass measurements (but not necessarily isomers), pose a challenge to MS based tech-

niques because they are unresolved by MS alone. While the vast majority of IM metabolomics experiments

utilize the IM dimension to help filter out concomitant chemical noise to varying degrees, DMS is particu-

larly well-suited for mobility filtering functionality. DMS is a spatially-dispersive IM technique, which in

a specific geometry is also known as field-asymmetric wave form ion mobility spectrometry (FAIMS), is

particularly advantageous for targeted metabolomics applications where high sensitivity is desired. DMS op-

erates at ambient pressure, and, unlike many other IM techniques, can be coupled to existing MS instruments

with minimal modification. Ions which are transmitted by a DMS device are distinguished by differences

between mobilities at high and low electric fields, exploiting the dependence of an ion’s mobility value on

the applied field strength. Thus, DMS separates ions based on a slightly different principle than most other

IM techniques, namely the change in the gas-phase mobility, which can be tailored to improve the selectivity

for specific analytes. Vouros and colleagues demonstrated enhanced detection of targeted drug metabolites,

such as benzoylecgonine (a major metabolite of cocaine), from background biological matrices before MS

analysis.[19] Using DMS as a signal filter resulted in elimination of urine matrix background including the

removal of m/z signals closely overlapping with protonated benzoylecgonine (m/z 290).

Incompatible with chromatographic separations, ambient ionization imaging techniques like desorption

electrospray ionization (DESI) are profoundly aided by DMS filtering capabilities. The Fernández group

reported signal-to-noise (ratio (S/N) improvements between 70 - 190% during DESI-DMS-MS analysis of

metabolomic pharmaceuticals and low m/z isobaric chemicals.[20] Additionally, by optimizing the FAIMS

compensation field, Feider and coworkers demonstrated improved detection and imaging of molecular species’

subsets in biological tissues.[21] Through optimization, improved S/N can be achieved for small metabolites,

fatty acids, and phospholipids with minimal to no detection of larger ions (high concentrations of biologi-

cal material are separated/filtered away). DMS and FAIMS have been used for selective high-throughput

monitoring of biomarkers in urine, rapid metabolic analysis of complex dried blood spots, and breast cancer

diagnosis through tissue metabolic profiling.[22, 23, 24] Results support DMS and FAIMS as fast alternatives

to enhance metabolomic detection sensitivity and selectivity. In addition, while not differentiation between

background and analyte of interest, recently, McKenna and coworkers demonstrated the use of TWIM and

DTIM for distinguishing between carbohydrate isobars with 95% confidence.[25]
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1.3 Isomers in Metabolomics

Isomers are molecules that share the same chemical formula and m/z but differ in how their atomic com-

positions are arranged. These differences are comprised of either structural (differing connectivity between

atoms), or spatial (similar bond connectivity but distinct geometries) divergence. Some examples of iso-

merism include constitutional, rotational, diastereomers and enantiomers. Because of the vast number of

metabolites that share a chemical formula within a limited m/z window (approximately 0 – 3000 m/z), iso-

mers are very prevalent in metabolomics and often require additional separation for differentiating which

isomer a particular signal corresponds to.

Prior to mass spectrometry analysis, the molecules under consideration must first be ionized, and for

metabolites, this yields almost exclusively a singly-charged ion. In the most common ionization techniques

used, namely electrospray ionization (ESI) and matrix assisted laser desorption ionization (MALDI), ion-

ization is routinely conducted in the positive ion mode and yields an [M+H]+ ion whereby the molecule is

ionized by the addition of a proton, generally at the most basic region of the gas-phase molecule. However,

many small molecules possess multiple potential protonation sites and, as a consequence, the possibility of

protonation site isomers (‘protomers’) forming during the ionization step. Since the m/z values are identical,

protomers cannot be distinguished with high-resolution mass spectrometry alone. Whereas, a single unique

drift time is most often observed in IM experiments for small molecules, sometimes IM analysis of small

molecules can occasionally exhibit multiple drift times some of which are a result of the molecule ioniz-

ing at varying protonation sites.[26] Both the ionization technique and specific source conditions have been

demonstrated to influence abundance ratios between these generated protomers.[27] When considering pro-

tomers, multiple drift times for a single ion mass can suggest the presence of more than a single gas-phase

molecular conformation or, if molecular geometry remains unaffected, differences in electrostatic interaction

between the mobility buffer gas and each ‘fixed’ protomer. One of many possible examples is shown in

Figure 10.1(a), which illustrates a TWIM-MS spectrum of protonated aniline (m/z 94.07) formed via posi-

tive mode ESI with two well-resolved peaks, each attributed to a unique site of protonation. Even though

these gas-phase structures differ only in their site of protonation, a peak (apex-to-apex) separation in IM by

1.17 ms is observed.[28] While it might seem the position of a single proton should have a subtle effect

on the molecule, this variation can result in distinct CCS values for a number of metabolites. A difference

greater than 10 Å2 (approximately 7% difference) was observed by the Lemière and Sobott labs while vary-

ing the protonation site for atomistic models of melphalan.[29] Hercules and coworkers, while characterizing

3- and 4- ring methylenedianiline isomers using IM-MS, also demonstrated that protonation sites influence

the the mobility of gas-phase ions to a measurable degree. Differences of almost 20 Å2 have been observed
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when exploring protonation site modifications of atomistic models.[30, 31] Many primary metabolites contain

molecular scaffolds that exhibit multiple possible sites of protonation (e.g., aniline, phenol, hydroxypyridine)

and thus might be expected to exhibit protomers which would remain unresolved by MS alone, but can be

uniquely addressed through the inclusion of IM analyses. Depending on the application, MS protomer stud-

ies may serve as a useful tool for characterizing chemical stability and reactivity of molecules.[32] However,

protomer formation is a consequence of the ionization stage necessary for the analytical measurement, and

the presence of multiple drift times for a single molecule increases spectral complexity and exacerbates MS

spectral interpretation difficulty. This complexity has not yet been a major concern with lower IM resolution

capabilities, because protomers may not be completely resolved, but instead contribute to broad peaks or

peak features such as the presence of unresolved shoulders.[33, 34] Nonetheless, with higher IM resolution

capabilities as anticipated with the next generation of IM platforms, the resolution of protomers may become

more common, requiring additional considerations for IM data interpretation.

For stereoisomers, ‘R’ and ‘S’, D and L, or ‘+’ and ‘-‘ are used to note specific molecular conformations,

specify chiral orientation, or optical rotation, respectively. Stereoisomer detection is important, because even

with only minor structural changes, the chemical and biological activities of isomers can differ drastically.[35]

For example, L-3,4-dihydroxyphenylalanine (L-DOPA) is the most commonly used therapeutic agent for

Parkinson’s disease, while its enantiomer, D-DOPA, has no clinical effect without metabolic conversion into

L-DOPA.[36] Drastic differences in the bioactivity of enantiomers have also been implicated in one of the

largest human caused medical disasters in history. In the 1960s, R-thalidomide was heavily prescribed for

the successful treatment of morning sickness in pregnant women. Subsequently, thousands of children across

Europe and Asia were born with varying degrees of incurable malformities.[37] This was later linked to

the presence of a enantiomer, S-thalidomide, in the prescribed medication. While R-thalidomide has shown

effectiveness in treating morning sickness, its enantiomer, S-thalidomide, was discovered to be teratogenic.

Today, enantiopure R-thalidomide is used successfully to treat a range of conditions, including multiple

myeloma and complications of leprosy.[38] Optically pure compounds are suitable for increasing potency,

reducing toxicity, and yielding only the desired therapeutic effects. However, the structural similarities of

enantiomers can make them quite challenging to detect, and even more challenging to separate. Uniquely

suited for isomer detection, IM-MS investigations have included both endogenous and exogenous isomeric

metabolites.[39, 40, 41] However, IM enantiomer separation and detection still remains challenging at present

resolving powers. In an investigation of 11 leucine isomers sharing the same molecular formula (C6H13NO2),

DTIM-MS provided sufficient resolution to separate mixtures of constitutional isomers (differences in bond

connectivity), but exhibited limited separation for enantiomers (same bond connectivity, but different three-

dimensional shape) for [M +H]+ ions.[42] For [M +H]+ leucine enantiomers, the authors predicted that
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an IM resolving power in excess of 2000 would be necessary to completely resolve all combinations of

leucine/isoleucine enantiomers investigated in the study.

The importance for chiral separation techniques is pervasive due to the existence and use of enan-

tiomers in a broad range of applications involving drug development for pharmaceutical, agricultural, and

food industries.[43] Thus, there is a long-standing and growing interest in the advancement of efficient

and reliable chiral analysis methods that assist with production and quality control of chiral drugs. The

majority of successful enantiomer separations and detection has primarily been achieved with chiral chro-

matography and capillary electrophoresis methods.[44, 45] However, the pursuit of faster and more sen-

sitive analytical techniques for quantitative chiral measurements has led to the development of MS-based

approaches.[46, 47, 48] While MS is a highly selective technique for identifying analytes with different

molecular formulas, techniques in addition to MS are required for identifications of isomers. Successful

implementation of MS2 for enantiomer quantitation was developed by Cooks and coworkers in a tech-

nique called the kinetic method.[49, 50, 51] Detection and quantification of enantiomeric excess of α-

hydroxy acids, amino acids, atenolol, DOPA, ephedrine, pseudoephedrine, isoproterenol, norepinephrine,

and propanol drug mixtures were measured with samples containing less than 5% enantiomeric contamina-

tion utilizing various coordination metals and chiral selectors.[52, 49, 53, 54] IM provides a complementary

tool for separation of isomers by utilizing differences in mobility to resolve analytes. However, because

of the structural similarity of metabolomic enantiomers and the limited resolving powers of first-generation

IM instrumentation, it has remained difficult to distinguish enantiomeric species.[55] This may lead to low-

confidence identifications of components in complex samples. Enhanced ion mobility separation has been

achieved in isomeric species, including enantiomers, by (1) doping samples with various metals in combi-

nation with chiral selectors, (2) modifying the experimental conditions of DTIM-MS and TWIM-MS in-

struments, and (3) the use of trapped, cyclic, SLIM, and HRdm high-resolution IM-MS instruments and

techniques.[56, 57, 58, 59, 60, 61, 62, 63, 9, 64, 65, 66, 67, 68, 69]
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Figure 1.1: Small molecule IM-MS separation.
(a) ESI-TWIM-MS drift time spectra of n-butyl aniline protomers (m/z 94.07). Reproduced/Adapted
from Ref. 24 with permission from Journal of Mass Spectrometry, Copyright 2012. (b) IM spec-
tra of [(Cu+2)2(

D/LTrp)3(LHis)3 − 4H +Na]+ with enantiomer analyte concentrations of 10 µM. Repro-
duced/Adapted from Ref. 53 with permission from Analytica Chimica Acta, Copyright 2017. (c)IM spec-
tra of choroaniline and iodoaniline with nitrogen and carbon dioxide drift gas. Reproduced/Adapted from
Ref. 66 with permission from American Chemical Society, Copyright 2006. (d) Trisaccharide isomeric
mixture obtained under standard demultiplexing (Blue) and HRdm (Purple) Reproduced/Adapted from Ref.
75 with permission from American Chemical Society, Copyright 2020.
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1.3.1 Isomer-Selective Sample Additives

For enantiomers with the same mass-to-charge ratio (m/z), IM distinction is based on differences in their

CCS values, which are in part contingent on the ion size and shape. Metal coordination complexes can, in

some cases, exaggerate minor stereoselective structural variance, in comparison to smaller, more conventional

[M+H]+ and [M−H]− ion forms, resulting in larger CCS differences and thus more significant isomer dis-

crimination. Adopted from the kinetic method, metal complexes continue to be investigated for IM recogni-

tion including, amino acid and glycan isomers.[56, 57, 58, 59, 60, 61] As shown in Figure 10.1(b), tryptophan

(Trp) complexes formed using Cu+2 metal with histidine chiral selectors provided significant separation for

D- and L-Trp.[61] As is the case for D- and L-Trp and all tested amino acids, when the selector molecule

possessed L-chirality (in this case L-His), the resulting L-amino acid complexes exhibited smaller CCS val-

ues than their D- counterparts, signifying the importance of the selector chirality in forming a stereoselective

complex. Specifically, L-amino acids are able to form a more compact gas-phase complex in the presence

of an L-chiral selector, which is likely due to steric hindrance. Work from Yao and coworkers demonstrated

chirally-selective binuclear metal bound complexes, [(Cu(II))2(S/R− naproxen)(L−His)2 − 3H]+, which

enabled the effective identification of naproxen isomers with IM-MS.[70] Proposed structural candidates of

these binuclear copper complexes were generated through quantum mechanical approaches. A structural

understanding of these chirally-selective complexes will enable such interactions to be predicted prior to

screening them through trial and error, and may lead to more generalized strategies that are more amendable

for untargeted metabolomic analyses using IM-MS.

1.3.2 Ion Mobility Strategies

Traditionally, IM analysis is performed with either helium or nitrogen drift gas. One motivation for utilizing

helium is its low polarizability - a property that minimizes more complex long-range interactions between ions

and the drift gas during the IM experiment.[18] Made common through widespread use in TWIM instruments,

nitrogen gas is readily available and has shown to provide high resolving power across a wide range of m/z

with high CCS reproducibility.[71, 16] However, dependent on the analyte of interest, modification of the

drift gas conditions has demonstrated potential to enhance the separation of isomers, including amino acids,

drug molecules, monosaccharide methyl glycosides, and disaccharides.[62, 63, 9] Investigated modifications

include (1) using more polarizable drift gases such as CO2, (2) conducting the IM analysis at atmospheric

pressure, and (3) doping the drift gas with gas-phase modifiers.[62, 72, 73, 74, 9, 75, 63] In Figure 10.1(c),

chloroaniline and iodoaniline were used to demonstrated the effects of varying the drift gas composition on

IM separations. With nitrogen as the drift gas, chloroaniline and iodoaniline have nearly identical drift times,

however, they are separated when CO2 is used.[75] These findings reported by Asbury and coworkers suggest
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that both size and polarizability of the drift gas alter an ion’s mobility through the drift region. Similarly, CO2

was utilized by Fasciotti and coworkers for successful separation of lactose and maltose isomers.[63] While

the use of alternative drift gases and gas modifiers has not been extensively explored, these strategies show

promise for improving IM resolution without significant hardware modifications.

1.3.3 Next Generation Ion Mobility Instrumentation

Methods for enhancing IM resolution without hardware modifications have extended the isomer separation

capabilities of IM instruments now considered to be lower resolution IM-MS platforms (those typically per-

forming with less than Rp 100). However, new commercial IM offerings have made significant improve-

ments in IM resolving power. In particular, TIMS, cIM-based instrumentation, high resolution IM based on

SLIM, and high resolution demultiplexing (HRdm) have extended the accessible Rp of IM to greater than

100, and these strategies are discussed below. Following introduction by Park and co-workers in 2011, TIMS

has primarily been used for proteomic studies, but explorations have included monitoring (detection, separa-

tion, and quantification) of common polychlorinated biphenyl and lipid isomers in human plasma.[76, 77, 78]

Additional expansion of TIMS applications has included development of a plant metabolomics TIMS CCS

library, and implementation in combination with MALDI imaging techniques to enhance spectral quality and

coverage by improved isobar and isomer separations.[79, 80] Spraggins and coworkers observed four com-

ponents well separated via IM from a single feature with m/z 267.956 while imaging entire kidney sections.

Following the seminal description and development by the Smith group, SLIM-IM has been used to differ-

entiate peptide, sugar, and amino acid isomers that are indistinguishable by mass and remained problematic

to study using first generation IM platforms.[65, 68, 69] Although the long path-length structures (e.g., 13

meter) utilized in high resolution SLIM-IM necessitates longer experimental collection times on the order

of seconds, SLIM-IM separation capabilities have surpassed first-generation IM resolving powers while pro-

viding additional experimental versatility. Similarly, cyclic geometry TWIM (cIM) instrumentation capable

of performing multi-pass IM experiments to enhance resolution has demonstrated improved separation of

isobaric ribonucleotide variants and carbohydrate isomers.[64, 66, 67] In addition to hardware approaches, a

recently-described software approach to achieve enhanced IM resolving powers, referred to as high resolu-

tion demultiplexing (HRdm), was demonstrated to enhance the separation capabilities of a first generation IM

instrument. This work has prioritized multiplexing strategies and post-acquisition data processing improve-

ments over hardware modifications, but conceptually can also be used in combination with higher resolving

power hardware as well. May and co-workers demonstrated a 2- to 3- fold improvement in resolving power

when compared with conventional DTIM when differentiating monoglyceride positional isomers.[81] Shown

in Figure 10.1(d) is a trisaccharide isomeric sample analyzed on a DTIM instrument using standard demulti-
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plexing (shown in blue) and HRdm (shown in purple) software protocols. Whereas standard demultiplexed

IM yielded a broad, unresolved peak for the isomeric mixture, the HRdm analysis resolved 5 peaks. HRdm

is unique in that it allows for improved resolution while operating at relatively faster speeds in comparison to

next generation instrumentation.

1.4 Metabolite Identifications

Metabolite annotations are important in linking experimental data with meaningful biological information.

Original guidelines for communicating confidence in identifications were published by the chemical analysis

working group (CAWG) in 2007.[82] These guidelines consist of a five level system utilizing multidimen-

sional analysis to achieve the broadest metabolome coverage, as well as prescribing minimum data require-

ments for confident identifications. The highest confidence level are validated identifications (Level 1), and

they require confirmation by two orthogonal properties, such as MS2 or LC, obtained from a pure reference

standard using an independent experiment with indistinguishable conditions. In the absence of a reference

standard, predictive or external diagnosis with similar instrument configuration (matches of m/z and either

MS2 or LC), would be considered putative identifications (Level 2). Tentative identifications (Level 3) match

only a precursor ion m/z to a metabolite database. Molecular formula candidates (Level 4) corresponding

to a unique experimental m/z (Level 5) are low confidence annotation classifications.[83] In some cases, the

identifications confidence level can depend on instrument performance, specifically resolving power and ac-

curacy. A higher resolving power and increased measurement accuracy leads to higher confidence levels by

minimizing isobaric interference and the scope of possible identifications. At the time CAWG developed its

five level confidence system, IM was still an emerging analytical technique, and as such, CCS measurements

were not included in the original guidelines for metabolite annotations. CCS was later adopted as an orthog-

onal measurement to support metabolite identification following the efforts that demonstrated its utility in

differentiating between biochemical classes.[18] Ion mobility workflows implementing standardized proto-

cols have yielded highly reproducible CCS values across multiple platforms and laboratories, framing IM-MS

as suitable for metabolomics annotations. When standardized protocols are implemented, CCS values exhibit

relative standard deviation (RSD) of better than 3% across different instrumental platforms and much better

when comparing results obtained across similar instruments.[84, 85]

Bearing in mind the vast size of the metabolome and complexity of MS spectra, metabolite databases

have been established to assist with feature identification thereby reducing the need for individual laborato-

ries to obtain reference standards. METLIN (METabolite LINk), the first MS-based metabolite database,

was developed by the Scripps Research Institute and currently includes over 500,000 metabolite entries

with both m/z and MS2.[86, 87] To date, the most comprehensive database of endogenous metabolites is
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the human metabolome database (HMDB), which reports m/z, MS2, and LC retention times for more than

144,000 metabolite entries, specific to human biology.[88, 89] Between these two databases, a vast number

of known molecular classes are encompassed, including small organic acids, amino acids, sugars, nucleotide,

nucleosides, carbohydrates, sugar phosphates, drugs, vitamins, lipids, and short chain peptides. Implemen-

tation of METLIN and HMDB databases have facilitated the ability of metabolomics to guide systems bi-

ology data interpretation through unknown characterizations. The utility of IM for metabolite annotations

has remained limited by the availability of reference CCS values for comparison. As CCS has been more

widely accepted and implemented for metabolite annotations, progress has been made towards expanding

metabolomics databases to include metabolite CCS values.

A number of laboratories have generated independent CCS databases inclusive of small molecules en-

compassing drugs, lipids, both primary and secondary metabolites, and natural products.[90, 91, 92, 93, 94,

41, 95] It’s important to note that CCS values are not solely a property of the molecules themselves but

also dependent on the internal conformational energy, charge state of the analyte, the specific ion form, and

its interaction with the specific mobility gas. As these CCS databases efforts span a wide range of instru-

mentation, techniques, and different mobility gases, researchers have also explored the curation of libraries

incorporating CCS values into a single compendium. As such, recommendations on nomenclature have been

introduced including the method type as a superscript and the drift gas used as a subscript (e.g. DTCCSHe and

TWCCSN2).[96] Recently, standard CCS databases have been established for a variety of chemical classes on

both DTIM (approximately 3800 entries) and TWIM (approximately 7300 entries) platforms with standard-

ized protocols for CCS contribution to the databases by the broader community.[97, 17, 98] Figure 10.2(a)

is the DTIM-based Unified CCS Compendium interface depicting measured CCS classified by super class

established by the McLean research group. Figures 10.2(b-c) represent the RSD of all measurements binned

by CCS/z and the distribution of ions contained in the database as a function of m/z, respectively. Duplicate

measurements were highly reproducible with the global RSD of included CCS measurements being 0.025%

with a minimum inclusion threshold of 0.7%. Due to the immensity of chemical space represented by the

metabolome and the limited number of unique reference standards available, it is currently intractable to

populate a fully comprehensive metabolite CCS database with empirical data. To bridge these efforts, theory

driven modeling, deep neural networks, and classical machine learning methods have been utilized to pre-

dict CCS values and provide CCS entries for compounds that do not have an experimental CCS. A key step

towards the implementation of CCS as a broad metabolite identifier hinges on the prediction of high quality

CCS values. Both DTIM and TWIM CCS databases have been used as training sets for machine learning to

expand metabolite annotation capabilities.[99, 17, 100, 101, 102]
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Figure 1.2: CCS compendium.
(a) Compendium interface depicting measured data points classified by superclass with distributions across
14 super class (b) RSD of all measurements binned by CCS/z and (c) m/z distribution of ions contained in
database. Reproduced/Adapted from Ref. 91 with permission from Royal Society of Chemistry, Copyright
2019.
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1.5 IM Structural Analysis

Although the measured CCS is in part representative of the structure of the analyte, these measurements are

considered “coarse-grained” and are not adequate by themselves to allow detailed structural interpretations.

Like a silhouette conveys the outline of a shape, CCS provide general information of molecular structure,

but lack specificity. To better understand the conformations and shapes adopted by ions in the gas-phase,

the experimentally-derived CCS values can be compared to computationally-established atomistic models. A

simplified schematic of this concept is presented in Figure 10.3(a). The main challenges associated with the

structural interpretation of IM data are (1) developing reliable atomistic models and (2) obtaining theoretical

CCS values which correspond to these computationally-derived models.

1.5.1 Atomistic Modeling Methods

To date, an immense number of computational approaches exist for the purpose of achieving reliable atom-

istic models. Atomistic models, as their name suggests, include a wide range of computational approaches

that account for individual atoms in complex systems. Atomistic modeling approaches include quantum me-

chanical (QM), ab initio or semi-empirical, and classical methods. QM methods provide a high degree of

accuracy, but are computationally-intensive and the calculation complexity scales exponentially with molec-

ular size. Hartree-Fock (HF) theory is one type of QM method which leverages the many-body wavefunction

to approximate electron-electron interactions to solve structural questions.[103] However, as highlighted by

Moncrieff and Wilson, a lower convergence accuracy agreement is observed with HF for negatively charged

species than for neutral or positively charged species.[104] Another QM method commonly implemented for

small molecules is density functional theory (DFT), which is used to investigate electronic or nuclear struc-

tures of many-body systems and, unlike HF theory, uses electron density rather than wave function as the

fundamental property.[105, 106] While ab initio methods precisely reproduce accurate geometries, they are

not economical for molecules larger than a few atoms. Semi-empirical methods are built on HF theory, and

improve speed and accuracy by excluding or parameterizing equations with empirical data such as ioniza-

tion energy or dipole moment.[107] Semi-empirical methods have been used for larger systems incorporating

metals, such as stereospecific metal complexes of L- and D-DOPA isomers.[108, 109] So-called classical

methods including Monte Carlo and molecular dynamics (MD) are most widely used for atomic-level mod-

elling. Monte Carlo methods model complex systems by estimating unknown parameters through repetitive

random sampling, providing a collection of representative conformations. MD investigates time-dependent

development of molecular structure.[110] Researchers studying systems of multiple particles often use the

Monte Carlo method in conjunction with MD to first establish placement and velocities of particles and then

calculate their momentum at a later time. Generally, the size of the system being studied is an important com-
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ponent in determining the method used, but is defined by the preference as well as computational capabilities

at the disposal of the user. In addition, theoretical investigations have concluded that ionized small molecules

require careful attention with appropriate selection of charge placement.[29, 26] With the numerous options

available, a good working knowledge of the field of computational chemistry is required to obtain reliable

atomistic models.

1.5.2 Theoretical CCS Determination

Once atomistic models have been appropriately generated, several CCS calculation models can be applied

to these theoretical structures, which generally involve simulation of the collisions between the buffer gas

and varying structural orientations of the atomistic model. The projection approximation (PA), exact hard

sphere scattering (EHSS), diffuse hard sphere scattering (DHSS), trajectory method (TM), and the projected

superposition approximation (PSA) are broadly-recognized, currently-used algorithms which determine a

corresponding CCS value or suite of values from a theoretical chemical structure. Differences between each

CCS algorithm stem from a compromise between physical thoroughness and computational expense, resultant

of their fundamental assumptions. Depicted in Figure 10.3(b), TM is considered to be the most thorough but

also most time intensive because it explicitly accounts for both long-range and short-range interactions as

well as numerous scattering events.[111, 112, 113] Slightly more streamlined, EHSS disregards long-range

interactions and takes into consideration only hard-sphere collisions (Figure 10.3(c)).[114] This is based

on the assumption that long-range interactions become less prominent for larger molecules. Depicted in

Figure 10.3(d), PA does not account for either long-range interactions or scattering events, but rather with

the understanding that CCS is a rotationally averaged cross-sectional area, PA determines CCS using a hit-

or-miss model of varying ion projections. PA requires no integration of probe trajectories and is considerably

faster than the other methods.[115] Finally, PSA utilizes an optimized PA algorithm and applies an additional

weighting factor based on a surface area approximation of the theoretical atomistic structure. Optimization

of these algorithms have been reported while several new algorithms have also been proposed.[116, 117,

118, 119, 120] For appropriate parametrization of CCS calculations the user must consider the type and

size of the system as well as the experimental conditions the theoretical workflow is designed to parallel.

For a minimally-polarizable drift gas such as helium, interactions between the analyte and buffer gas would

be minimal. Therefore, at a much lower computation cost in comparison to alternative methods, PA may

be sufficient to use for helium CCS calculations but not for nitrogen. However, because the influence of

electronic interactions are much more prominent in small molecules than in larger systems, TM may be best

suited for metabolite studies.
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Figure 1.3: Theoretical modeling schematic.
(a) Schematic of the junction between experimental workflow and theoretical methods. Graphics of theoret-
ical protocols for CCS determination: (b) trajectory method, (c) exact hard sphere scattering, (d) projected
approximation.

15



1.5.3 Applied Theoretical Analysis

An in-depth study describing the current standing of theoretical strategies in combination with IM-MS re-

cently has been published by Allison and coworkers.[121] Although the focus is on macromolecules, many

of the challenges and considerations discussed are also relevant for small molecules. With proper param-

eterization and optimization, deviation between theoretically and empirically derived CCS values for small

molecules can be less than 3%.[122] Atomistic models have been used to support IM-MS observations by (1)

providing insight on possible protonation site isomers (‘protomers’, introduced in Section 10.3), (2) visualiz-

ing structural features which give rise to isomer separation (Section 10.3), (3) yielding additional information

on molecular folding and sequence, and (4) exploring the structure of ion complexes formed between metabo-

lites and metals.[123, 124, 125, 40, 126]

Computational workflows have expanded the structural understanding of gas-phase isomer ions and elec-

trostatic interactions. Diastereomers, dexamethasone and betamethasone, can reproducibly exhibit a small

difference in their CCS values (differences of approximately 1 Å2), presented in Figure 10.4(a). Theoretical

investigations by Kim and coworkers determined the observed CCS differences between betamethasone and

dexamethasone were not a result of long-range charge induced dipole interaction, but of short-range Van der

Waals interactions between the ions and drift gas during the IM experiment. [123] In another example, Figure

10.4(b) shows the structural representation of theoretical conformations and CCS distributions of protonated

nonapeptide diastereomer L-vasopressin (VP). With 3000 theoretically derived conformations for both L-VP,

two CCS distributions are denoted for L-VP whereas a single CCS distribution was observed for D-VP (not

shown).[40] This two peak distribution for L-VP agrees with experimental observations. Theoretical sam-

pling of conformational space provided evidence for two distinct gas-phase configurations for L-VP (folded

and extended), whereas D-VP exclusively adopts a single extended conformation in the gas-phase. While not

specifically probed in this report, the relative stabilities of these gas-phase conformations might be expected to

exhibit some dependence on the energy of the experiment, specifically, as the ion temperature is increased, the

peptide structure might exhibit measurable changes to the gas-phase CCS. In general, the primary structural

differences of chiral isomers are minor and, particularly for small molecules, chirality may not be measurable

via IM-MS without interventions such as chiral modifiers. Theoretical workflows can support the study of

chiral small molecules via IM-MS by providing detailed electrostatic interaction information and structural

insights. Through optimization, the structurally-selective capabilities of IM-MS holds promise to addressing

the challenges associated with separating enantiomers in mixtures.
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Figure 1.4: Small molecule modeling.
(a) Individual TWIM overlays of betamethasone (solid line) and dexamethasone (dotted line). Arrows in-
dicate the chiral center on models. Reproduced/Adapted from Ref. 113 with permission from American
Chemical Society, Copyright 2011. (b) IM of protonated L-vasopressin (below) and theoretical conforma-
tion distribution across calculated CCS values for L-vasopressin. Reproduced/Adapted from Ref. 36 with
permission from textbfRoyal Society of Chemistry, Copyright 2018.
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In addition to the [M+H]+ ion form, metal-adducted ion species, such as [M+Na]+ ions can also be ob-

served in IM-MS metabolomics experiments. Sodium cation interactions with metabolites can significantly

alter their gas-phase structure, which in turn yields different drift times and CCS values in IM experiments.

Because the gas-phase conformations of sodium-coordinated metabolites are not well understood, Stow and

colleagues developed a distance geometry protocol to sample the conformational space of 11 natural products

and investigate their interactions with sodium cations. A single drift time was observed for the [M +Na]+

ion form of each natural product, indicating one gas-phase conformation was adopted in response to sodium

coordination. Based on computational results, it was determined that for the natural products studied, sodium

cations typically coordinated with multiple hydroxyl and carboxyl groups simultaneously, leading to a com-

pact gas-phase structure.[127] Importantly, this work avoided the potential of local energy minima that can

be encountered with more traditional molecular dynamics approaches, because distance geometry methods

are unbiased in their ability to sample all potential conformational space.[127] While the metabolites in-

vestigated in this work exhibited a narrow range of structures, in other instances, metabolite ions can adopt

multiple gas-phase conformations, which manifest as multiple IM features at a common m/z. For example,

theoretical results from the sodium-adducted 25-hydroxyvitamin D3 ion suggests that it has two energetically

favorable gas-phase structures, which was in general agreement with experimental findings, suggesting this

ion adopts both a closed (compact) and open (extended) conformation in the gas-phase.[128]

1.6 Applications in Metabolomics

Fundamental technique developments have been highlighted above on topics related to the progression of

IM-MS utility for broadscale metabolomics studies. Hill and colleagues have presented elsewhere a general

overview of the emerging applications of IM technology.[129] Emphasized below are studies on the forefront

of metabolomics-specific research utilizing IM. IM has made continued contributions as a standalone system

as well as in combination with MS platforms for metabolomics investigations.
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Figure 1.5: IM-MS clinical studies.
(a) Mass spectra acquired on tissue with and without IM demonstrating the separation of MBZ signal from
an interfering ion. Reproduced/Adapted from Ref. 128 with permission from American Chemical Society,
Copyright 2020. (b) (1) IM spectra of blank and benzoylfentanyl at (2) 8.4ng, (3) 42ng, (4) 84ng, (5)
168ng, and (6) 336ng. Reproduced/Adapted from Ref. 145 with permission from International Journal for
Ion Mobility Spectrometry, Copyright 2019. (c) IM spectra of 5® gum and Truvia® natural sweetener.
Reproduced/Adapted from Ref. 152 with permission from Royal Society of Chemistry, Copyright 2016.
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1.6.1 IM-MS Imaging

Techniques commonly used for drug and metabolite distribution studies in animal tissues are generally con-

sidered costly and tedious, often requiring the use of radiolabels, adding complexity and sample handling

safety considerations.[130] An alternative approach for spatially-resolved metabolomics is mass spectrom-

etry imaging (MSI), which allows the simultaneous mapping of both spatial locations and relative abun-

dances for numerous analyte ions originating from biological samples. The most commonly used ionization

sources in MSI studies are MALDI, DESI, and laser ablation electrospray ionization (LAESI). The chal-

lenging task of imaging metabolites is to cover as much of the metabolome of interest as possible, ide-

ally in a single experiment. Typically in MS-based metabolomics, LC-MS is utilized to maximize peak

capacity and analyte coverage, however, online MSI is incompatible with conventional liquid chromatogra-

phy, because of the sampling speeds required to generate the spatially-resolved maps of analyte coverage.

As a post-ionization separation technique, IM separations are compatible with the timescales necessary for

MSI, and can be utilized to enhance image quality, improve selectivity, and increase S/N by resolving iso-

baric interferences.[131, 132] Vertes and coworkers utilized LAESI combined with IM-MS to identify four

species contributing to 1566.22 m/z while mapping untreated biological tissue.[133] Additionally, Caprioli

and coworkers utilized MALDI-based MSI combined with IM-MS for differentiating between two lipids

that shared the same m/z of 756.55.[134] Figure 10.5(a) shows the mass spectrum of mebendazole (MBZ)

measured from tissue sample with and without IM. With no IM, the expected MBZ signal at m/z 296.10 is

slightly shifted and appears to contain a shoulder because of an interfering ion at m/z 296.06. These two

overlapping ions are more resolved when IM is used. Numerous additional laboratories have demonstrated

the utility of IM to discriminate between biological background signal masking the low abundance signal of

interest present in tissue samples.[135, 136, 137, 138]

1.6.2 Clinical Laboratory

IM is not yet a routine technique in the clinical laboratory, and in fact it is only within the past decade

that LC-MS has been adopted in clinical settings. Recent improvements in IM include higher resolution

and sensitivity, support for CCS-based identification workflows, and advancements in ambient ionization

methods which merit IM consideration for deployment in clinical applications. As a gas-phase analysis

technique, IM complements direct air sampling protocols. The analyses of human exhaled breath by IM offers

a non-invasive rapid sampling process for diagnosis and monitoring of various disease states. Rapid disease

diagnosis by breath sampling of volatile organic compounds (VOCs) with IM is thoroughly highlighted in a

review published by Yost and coworkers.[139] Breath analysis by IM as a standalone system has encompassed

cancer, asthma, inflammation, Alzheimer’s, and Parkinson’s disease states. For a clinically feasible system,
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the goal would be a portable, low cost IM apparatus capable of reproducible assays.[140, 141, 142]

Metabolite identification in blood samples provides insight into numerous human disease mechanisms

and potential biomarkers for disease diagnosis.[143] Traditionally, LC methods are used for reducing data

complexity, but at times even that may not be enough. LC-IM-MS workflows have been implemented that

leverage the IM separation dimension for added peak capacity while providing an additional descriptor for

metabolomic identification.[144, 145] However, without LC (“shotgun metabolomics”), Hill and coworkers

demonstrated the use of two-dimensional IM-MS for detection and separation of metabolites including amino

acids, carbohydrates, sterols, estrogen, and cholesterol derivatives. With a modest IM resolving power of

approximately 60 (achievable with most contemporary IM instruments), detection of a comparable number

of metabolomic features is achieved when compared with LC-MS.[146] Thus, further improvements in IM

resolution will directly benefit the utility of IM-MS for high-throughput metabolomics of complex samples,

such as blood.

With altered metabolic dysregulation being a hallmark of cancer, surgical MS techniques can support

the molecular classification of tumors and assist with development of personalized medical therapies. To

this end, DESI has led the way as the original ambient ionization system implemented in surgical settings.

The latest iteration of ambient ionization, MasSpec Pen and the intelligent knife (iKnife), are designed to

accurately assess and diagnose tissues during cancer surgery.[147, 148] While not yet widely adopted in

surgical settings, these ambient ionization techniques can both be easily coupled with IM. Thus, it may

be reasonable to anticipate IM supporting applications in human health by improving the separation and

detection of metabolites implicated in diseases and disorders.

1.6.3 Environmental and Forensics Analysis

Environmental applications of IM include monitoring small molecules which assess the quality of air, wa-

ter, and soil.[129] In these applications, the high sensitivity and compact design of DMS has demonstrated

usefulness as a remote sensor for monitoring indoor and outdoor air quality.[149] Gas chromatography (GC)-

DMS has been utilized within smoke detectors capable of analyzing the chemical composition of vapor from

burning fiber.[150] With the potential to diminish the quality of life for both marine animals and humans,

aquatic pollutants resulting from industrial sewage and groundwater contaminants are a genuine concern.

IM-MS platforms have been utilized for detection of oxidized organic molecules in atmospheric gas and

aerosol species.[151] With straightforward, rapid sampling methods, commercial off-the-shelf (COTS) IM

systems that operate without MS analysis (“stand-alone” IM) have been employed for successful identifi-

cation of phenylarsine oxide (a chemical warfare agent precursor), pesticides, and polycyclic aromatic hy-

drocarbons (PAHs) in environmental water samples.[152, 153, 154] High sensitivity and fast analysis times
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make COTS IM amenable to security applications involving detection of drugs and explosives.[129] COTS

IM are designed with programmable settings simplifying use for non-technical users. Continued expansion

of metabolomic detection capabilities is conceivable through advancements in programmable information

such as unique spectral features of fentanyl and its analogues.[155] Figure 10.5(b) shows the IM spectra of

benzoylfentanyl at varied concentrations detectable by COTS IM. The primary product ion is presented at

0.98 cm2V-2s-1 and is detectable with as little as 8.4 ng of sample. However, COTS IM are operable in

“technical user” mode which allows for the detection of substances not yet programmed, broadening the de-

tection capabilities.[156] COTS IM are particularly suited for drug and explosive analyses with non-intrusive

sampling techniques such as rapid screening of hair and swabs. Using ESI-IM-MS, the Hill group detected

nanomolar concentrations of caffeine and methamphetamine in hair.[157]

1.6.4 Foodomics

With a need to sustain a growing global population in combination with a continued recognition of diet im-

pact on human health, food safety and quality analysis is more imperative than ever. Modern food safety

analysis targets both natural and human-derived toxic contaminants. Food analysis aims to better understand

interactions between food and the environment, including the consequences of large-scale production, or-

ganic production, food processing, packaging, and effects on the consumer. Numerous in-depth reviews of

IM implementation for food analysis are available.[158, 159, 160, 161] Although currently a very limited

body of work, established COTS IM systems serve as rapid and sensitive techniques for detection of small

molecules, such as sugar alcohol sweeteners. Unique IM signatures for erythritol, pentaerythritol, xylitol, in-

ositol, sorbitol, mannitol, and maltitol were evaluated and examined for recognition in commercial gum and

artificial sweeteners.[162] Figure 10.5(c) displays representative IM spectra for commercial products contain-

ing different sugar alcohols. For 5® gum and Truvia®, the principal ingredients were determined by IM to

be sorbitol and erythritol.[163, 164] Coupled with GC for an added dimension of separation pre-mobility, the

quality characterization of virgin olive oil is achievable through identification of compounds with desirable

and undesirable attributes. Of 26 identified volatile metabolites, 18 were separated and detected with GC-IM

alone, totaling a classification percentage of 92% of total VOCs for virgin olive oil.[165] Because volatile

aromatic compounds significantly impact food flavor, GC-IM provides a high-throughput approach aimed at

non-destructive food flavoring analyses.[166] Headspace GC-IM metabolomics analysis has also been used

for discrimination between winter and sapium honey.[167] With the ease of use, IM has an important role to

play in food safety via non-invasive small molecule analysis.
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1.7 Conclusions

Metabolomics holds enormous potential for early diagnosis, real-time therapy monitoring, identification

of novel drug targets, and broadened understanding of many diseases. The expansive evolution of the

metabolomics field in the past decade is in-part attributed to the adoption of ion mobility separations into

MS-based workflows. IM integration efforts have been directed at reducing MS spectral complexity, increas-

ing separations of isobaric species, improving metabolomic annotation, and obtaining gas-phase molecular

structure combined with computational interpretation. With the ever expanding repertoire of next generation

of IM instruments, the future for metabolomics is favorable and the application space is ever expanding.
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CHAPTER 2

ENANTIOMER DIFFERENTIATION OF SMALL MOLECULES BY IM-MS1

2.1 Introduction

While isomers differ marginally in their spatial orientation, chemical and biological activity can vary sub-

stantially. [38] Therefore, analytical strategies capable of separating small chiral molecules have a growing

importance in pharmacology and biological sciences.[168] The separation of L-isoleucine and L-leucine

in biological samples via liquid chromatography has been a challenge, even unattainable on normal C18

columns. Methods for LC-MS differentiation of these isomeric AAs have required sample derivatization

and/or column chromatography such as HILIC.[169, 170, 171, 172] These strategies necessitate more sam-

ple preparation steps, longer analytical run times due to intensive column conditioning, and can complicate

MS spectra in untargeted methods. Among emerging analytical techniques, mass spectrometry (MS) based

approaches for isomer differentiation without chromatography provide advantages in versatility, speed, and

sensitivity.[173, 174]

The separation of small molecular isomers and, in particular, enantiomers, pose a contemporary chal-

lenge for mass spectrometry-base analytical techniques. Historically, chiral differentiation by MS has been

achieved with an enantiomer-specific tandem mass (MS/MS) dissociation technique developed by Cooks

and coworkers known as the kinetic method. [49, 50, 51] In the kinetic method, metal-bound isomer com-

plexes are formed in the presence of a chiral reference compound (chiral selector, CS) and are then dis-

sociated to probe isomer-specific fragmentation thresholds. The CS forms complexes with the dielectric

metals that are capable of interacting enantio-selectively with small molecule isomers. Since the dissoci-

ation rates amongst complexes are stereospecific, different product ion branching is observed and used to

quantify enantiomeric excess.[49] Detection and quantification of enantiomeric excess of atenolol, DOPA,

ephedrine, pseudoephedrine, isoproterenol, norepinephrine, and propanol drug mixtures have been success-

fully measured with samples containing less than 5% enantiomeric contamination. The kinetic method has

also demonstrated utility with α-hydroxy acids and amino acids with various dielectric metals and chiral

selectors.[52, 53, 54]

More recently, IM-MS has been utilized to differentiate chiral molecules.[175, 40] MS separates ions

based on intrinsic mass, whereas IM provides separation of ions based primarily on differences in size and

shape, thus, IM-MS is considered a structurally selective analytical technique. While the direct resolution of

1Parts of this chapter have been adapted from “Enantiomer Differentiation of Amino Acid Stereoisomers by Structural Mass Spec-
trometry Using Noncovalent Trinuclear Copper Complexes”, published in Journal of the American Society for Mass Spectrometry and
has been reproduced with the permission of the publisher
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chiral isomers is generally not attainable with the resolving power accessible by current IM-MS instrumenta-

tion (< 100), ion complexation strategies have been used to impart measurable structural differences in these

systems.[42, 62] Ion complexation strategies are currently the only known reproducible approaches for con-

ducting IM-MS chiral separations. Notably, cyclodextrin inclusion complexes have demonstrated measurable

structural differences between enantiomers when analyzed by IM-MS, although these strategies rely on the

analyte being sufficiently small to incorporate within the cyclodextrin cavity.[176, 177, 178] Utilizing vary-

ing IM-MS techniques, differentiation of enantiomeric species has been demonstrated via copper and nickel

metal complexes.[56, 59] Recently, binuclear complexes incorporating two coordinating copper cations have

been demonstrated to impart significant structural differences between enantiomeric amino acids which are

measurable by IM-MS.[61]

In this work, trinuclear copper complexes are investigated for their ability to amplify minor structural

differences between small molecule chiral enantiomers, allowing several amino acid enantiomers to be di-

rectly resolvable by a conventional resolution drift tube IM-MS. Copper is explored in this study because

of prior success using this metal in other isomer-differentiation studies, which results in part from the high

affinity for copper to bind with aromatic rings in comparison to other divalent metals such as Zn+2 and

Ni+2.[179, 180, 181] Specifically, this allows copper to bind to the ring in histidine to form a stereoselective

complex. Direct CCS determination on these complexes are used in conjunction with computational results

guided by tandem MS/MS data to correlate the IM-MS measurements to candidate molecular structures.

These findings collectively suggest a chirally-selective structure of the form [(Cu2+)3(
D/LAA)3(

LCS)2−5H]+

in which the complex is centrally bridged by three coppers can provide significant selectivity in the differen-

tiation of chiral amino acids.[179, 180, 181]

2.2 Experimental Methods

2.2.1 Standards and Chemicals

Optically pure chiral amino acids were sourced from various vendors, summarized in Table B.1. Copper

acetate was obtained from Sigma Aldrich. High purity (Optima Grade) methanol and water were obtained

from Fisher Scientific. All chemicals were used as received.

2.2.2 Sample Preparations

Amino acids and copper acetate were dissolved in 1 mg/mL and then diluted to 500µM stock solutions

in water. Samples prepared for IM-MS analysis contained 20µM amino acid, 20µM of a chiral selector

(see below), and 20µM of Cu(OAc)2 in 50:50 methanol/water. Molar concentrations of varying sample

components (3-fold change for each component) and solvent compositions (0-90% water) were explored.
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The sample conditions described are based on high complexation abundance.

Figure 2.1: Isoleucine, l-histidine, and copper acetate mass spectra.
(A) Exemplary mass spectrum for a solution of copper acetate and L-histidine (chiral selector) added to a mix-
ture of D- and L-isoleucine, yielding numerous noncovalent metal ion complexes. Copper-containing cluster
ions are annotated with symbols, and include mononuclear, binuclear, and trinuclear copper complexes.
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2.2.3 Instrument Parameters

Samples were directly infused at 10µL/min into a thermally-assisted electrospray ionization source (ESI,

Jet Stream, Agilent Technologies, Santa Clara, CA) coupled to a drift tube ion mobility-quadrupole time-

of-flight MS (6560 IM-QTOF, Agilent). The instrument was operated in positive ionization mode, with the

QTOF tuned for standard mass range (m/z 50-1700 mode) analysis. ESI source conditions utilized a drying

gas temperature of 325 ◦C and flow rate of 13 L/min. The ion transfer capillary entrance voltage was held

at 4000 V and the focusing nozzle set to 2000 V. IM separations were performed at uniform field in the 78.1

cm drift tube operated with high purity nitrogen drift gas regulated to 3.95 ± 0.01 Torr at room temperature

(≈300 K). Ion mobility parameters were adjusted to maximize the transmission of the noncovalent copper

complexes, namely a higher longitudinal DC voltage (funnel delta) in the high-pressure funnel, a higher

confining RF voltage in the ion funnel trap, and higher trap entrance grid potentials during both the trap filling

(grid low) and confining (grid delta) sequences. These and other instrument parameters are summarized in

Figure B.1.

2.2.4 Experimental CCS Calculations

A standardized stepped-field CCS measurement technique was used to determine drift tube collision cross

section values in nitrogen gas (DT CCSN2) from first principles theory.[96, 85] Briefly, the voltage applied

across the drift tube was varied across 7 increments from 550 to 1550 V (7.0 to 19.8 V/cm) and linear

regression analysis of the arrival times was used to determine the time ions reside outside of the drift region.

The corrected drift times and instrument conditions (pressure and temperature) were then used to obtain

CCS values based on the fundamental low field IM equation (Mason-Schamp relationship). From these CCS

measurements, the CCS arrival time relationship was determined and subsequently used to project the IM

spectra in CCS space.

2.2.5 Assessment of Separation

The difference in CCS (∆CCS), as well as the peak-to-peak resolution (Rp−p), were used to quantify the extent

of chiral differentiation for enantiomer pairs. Rp−p was calculated from the IM arrival time measurements

using equation (1).[55, 81]

equation 1. Rp−p = 1.18∗ (tD − tL/WD +WL)

Where tL and tD refer to the drift times of the D- and L- enantiomers obtained from the centroid of the

IM arrival time distributions, and WL and WD refer to their corresponding peak widths measured at half the

peak height (full width at half maximum). The coefficient of 1.18 results from the relationship between
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the standard deviation, σ , to the half-height width (2.355σ/2). Typically, a larger ∆CCS corresponds to a

higher Rp−p for diastereomeric ions, however, Rp−p also accounts for the peak width which increases with

the ion drift time (via diffusion) and when sampling unresolved ion structures. For context, an Rp−p of 0.6

corresponds to ≈50% overlap between two neighboring peaks (half-height separation), Rp−p = 1.0 represents

≈10% overlap, and an Rp−p ≥ 2.0 indicates baseline separated peaks with no overlap.[55]

2.2.6 Computational Modeling and Theoretical CCS.

Chemical structures for the most abundant trinuclear ion complex observed, [(Cu2+)3(
D/LIle)3(

LHis)2 −

5H]+ were constructed and energy minimized using MM2 force field optimization. MM2 parameters for Cu-

His and Cu-Ile bond stretching and atom types were input from density functional theory (DFT) optimization

of Cu-His and Cu-Ile structures. DFT optimization and harmonic frequency analysis were performed using

Gaussian 16 program package with unrestricted B3LYP level and a double- 6-31++G(d,p) basis set. The-

oretical CCS values for energy-minimized [(Cu2+
3 (D/LIle)3(

LHis)2 − 5H]+ structures were obtained using

both the trajectory method (TM) with revised parameters for nitrogen drift gas, and the projected superposi-

tion approximation (PSA).[116, 117, 111, 112] Using the same molecular interactions, D- and L- trinuclear

copper complexes for leucine, valine, and lysine with L-histidine chiral selectors were also constructed, and

theoretical CCS values were calculated from the structures following MM2 optimization.

2.3 Results and Discussion

2.3.1 Ion Detection

The ESI IM-MS analysis of a sample mixture of D/L-isoleucine, L-histidine, and copper acetate (1:1:1)

yielded numerous ion signals for mononuclear, binuclear [(Cu+2)2(AA)(CS)− 4H −Na]+, and trinuclear

[(Cu+2
3 (AA)3(CS)2 −5H]+ copper-bound clusters (Figure 1). While complex, the added peak capacity of the

IM-MS spectra allowed for discrete cluster ions to be isolated. Thus, the majority of the CS and AA con-

taining complexes were stoichiometrically identified by accurate mass measurement (±5 ppm) and isotopic

envelope matching (Table B.2, Figure B.2).
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Figure 2.2: Chiral selector effects on IM separations.
Ion mobility spectra for D- or L-isoleucine trinuclear copper complexes incorporating the chiral selectors,
proline, tryptophan, tyrosine, and histidine. For the different chiral selectors investigated, proline (A and
E) demonstrated a low degree of enantiomeric selectivity for isoleucine, whereas tryptophan (B and F) and
tyrosine (C and G) both exhibited relatively higher enantiomeric selectivity for differentiating D- and L-
isoleucine, with histidine resulting in the highest degree of differentiation (D and H). In all of these results,
changing the chirality of the selector resulted in an inverted ordering of CCS values, but did not change the
profile of the IM distributions observed. The asterisks (*) denote reproducible secondary features of the peak
profiles.
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2.3.2 Enantiomer Separation

Protonated AA enantiomers and diastereomeric dimers and trimers that form with Cu and AAs are not suf-

ficiently distinct in structure to achieve separation via IM-MS at conventional resolving powers (ca. 50).

Binuclear copper clusters, which are a larger assembly of analytes, chiral selectors, and metal ions, exhib-

ited a greater difference in CCS between enantiomers and thus, better chiral discrimination, as previously

reported.[61] Here, IM-MS analysis of binuclear copper bound tetramers exhibited good chiral discrimina-

tion between charged and polar AAs, but appeared to exhibit limited IM-MS separation between hydrophobic

AA enantiomers. Trinuclear copper-bound complexes, on the other hand, demonstrated a high degree of chi-

ral discrimination for hydrophobic AAs and was the focus of additional study. Proline, histidine, tryptophan,

tyrosine, and glutamine were investigated as potential CSs and the isoleucine enantiomers were chosen as an

evaluation case.[42] The degree of AA enantiomeric differentiation, observed in this study was found to be

affected by the identity of the CS. Of the CSs investigated, proline and glutamine exhibited a lower degree

of differentiation selectivity with all AAs tested, in comparison to aromatic ring-containing CSs such as his-

tidine, tyrosine, and tryptophan. This would suggest that the aromatic ring has an important role in forming

chiral-specific ion complexes of the nature explored in this study. The observed differentiation for isoleucine

isomers in combination with varying aromatic chiral selectors L-tyrosine (Figure 2c), L-tryptophan (Figure

2b), and L-proline (Figure 2a) was found to be lower than the resolution observed using an L-histidine chiral

selector (Figure 2d). The highest resolution observed for the D/L-isoleucine mixture (Rp−p ≈ 1.14) was

achieved with an L-histidine CS. Published work on the kinetic method demonstrated improved analyte dif-

ferentiation when using D-chiral selectors. Here, varying the chiral identity of the CS did not significantly

improve differentiation though interestingly, the chiral identity of the CS did affect the arrival time order of

ions in the IM spectra. As shown in Figure 2a-d, L-isoleucine (black solid trace) has a smaller CCS than

D-isoleucine (black dotted trace) when an L- CS is used, suggesting a more compact conformation is formed

with L-isoleucine in each case. However, the reverse is observed with a D- CS (Figure 2e-h). This phe-

nomenon reproducibly occurs with each CS investigated and not only is the elution order reversed for D- vs

L- CSs, but the profile of the IM-MS distributions also remained virtually identical regardless of CS chiral

identity. For example, the observed ‘shoulder’ and ‘tail’ features (denoted by ‘*’ in Figure 2) are preserved

between both D- and L- CSs, suggesting the complexes have highly conserved gas-phase structures. Among

the CSs investigated, L-histidine yielded the highest degree of differentiation with all 16 AA enantiomer pairs

investigated in this work.
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Figure 2.3: Isoleucine IM separations.
Ion mobility spectra for isomers (A) D/L-leucine, (B) D/L-isoleucine, (C) D/L-allo-isoleucine, and (D) D/L-
tert-leucine. Top row: spectra for the protonated ions of each isomer (m/z 132.1024), showing no mea-
surable CCS differences between the enantiomer (D/L) pairs. Middle row: IM spectra for the binuclear ion
complexes, [(Cu+2)2(AA)(CS)−4H−Na]+, demonstrate some degree of chemical selectivity between enan-
tiomers. Bottom row: the trinuclear complexes, [(Cu2+)3(

D/LIle)3(
LHis)2−5H]+, exhibited a relatively high

degree of chiral selectivity, with better than half-height separation of individual IM distributions observed for
all enantiomeric pairs.

31



The IM results for eight AA isomers sharing the same chemical formula (D/L forms of isoleucine, leucine,

allo-isoleucine, and tert-leucine; C6H13NO2) are shown in Figure 3. D/L enantiomer pair results for the

pronated ion as well as the binuclear and trinuclear copper complex are shown for each isomer. As expected,

the quasi-molecular ion form of the enantiomer pairs ([M+H]+, m/z 132.1024) exhibit no measurable CCS

differences. Binuclear copper complexes which incorporate a single CS show some structural selectivity by

IM, however these complexes are not resolvable in a mixture. The largest CCS differences between enan-

tiomers were found with the trinuclear copper complexes incorporating 3 CSs, with greater than half-height

separation (Rp−p >0.6) observed in all cases. These trinuclear ion adducts exhibited CCSs that span approxi-

mately 26 Å2, higher than both the quasi-molecular ions and binuclear cluster ions which span approximately

10 Å2 and 15 Å2, respectively. All empirically-measured CCS values for AA enantiomers forming trinuclear

copper complexes in the presence of an L-histidine CS are plotted with respect to their mass-to-charge ra-

tio in Figure 4. Linear fits for L- and D- AAs establish that the complexes incorporating L- enantiomers

typically have a smaller CCS than those incorporating D- enantiomers in the presence of an L-histidine CS.

Exceptions include lysine which formed the trinuclear complex but exhibited minimal CCS differences, and

the D-asparagine complex which had a smaller CCS value than expected based on the structural trends. Not

included are, Met, Ser, Cys, Glu, and Asp amino acids, which did not form high abundance trinuclear com-

plexes using a histidine chiral selector, though we note here that other chiral selectors were not explored for

these amino acids. For all complexes incorporating an L-histidine CS, the ∆CCS and Rp−p values for AA

enantiomers which exhibit Rp−p ≥ 0.6 are summarized in Table B.3. Because these trinuclear ion complexes

incorporate three AAs, it was found that the empirically measured Rp−p from pure L- or D- samples does not

always precisely represent the degree of separation observed within a mixture.

This is thought to be a result of mixed stoichiometries of D- and L- enantiomers being incorporated

into overlapping trivalent complexes, which result in additional, unresolved IM features that may overlap

in the separation window of the pure enantiomer forms. Figure B.3 includes mobility spectra for mixtures

containing isoleucine, leucine, and tert-leucine trinuclear copper complexes. This added spectral congestion

may, in turn, limit the accuracy of quantitative efforts which seek to calculate the enantiomeric excess using

these copper binding strategies. Nonetheless, even with the modest resolving powers available on first-

generation IM platforms (≈50), trinuclear complexes allow for measurable structural differences which can

be used to detect the presence of enantiomers.
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Figure 2.4: Trinuclear AA CCS measurements.
Empirically measured CCS data points plotted as a function of mass-to-charge for AA-containing trinuclear
copper clusters in the presence of an L-histidine CS.
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2.3.3 Structural Insight from Theory

A limited body of work exists on implementing computational techniques for structural modeling of multi-

metal systems due to the associated computation costs of these systems. Tandem MS/MS experimental

results were used to guide the assembly of the structures used for computation modeling. MS/MS results

for the isoleucine-containing trinuclear complex, [(Cu+2)3(Ile)3(His)2 − 5H]+, are shown in Figure B.4.

With major ion fragments listed in Table B.4. The first dissociation channels observed are the loss of all

isoleucines from the [(Cu2+)3(Ile)3(
LHis)2 − 5H]+ (m/z 887.1610) ion complex, suggesting this analyte

experiences weaker guest interactions with a more stable copper-histidine host assembly (Figure B.4). Frag-

ment ion relative intensities as a function of collision voltage are summarized in Figure B.5. At higher

collision energies, two ion fragments containing both copper and histidine, [(Cu2+)2(
LHis)2 − 2H]+ (m/z

433.37) and [(Cu2+)2(
LHis)2 −CO2 −3H]+ (m/z 388.98), remained intact. The loss of H2CO2 between m/z

433.37 and 388.98 complexes is characteristic of copper-amino acid complexes, and this observation sug-

gests a strong affinity between Cu+2 and histidine ring/N amine group.[182] This informed the assembly of

a copper-histidine core with a “pocket’ that incorporated the analytes. Once assembled, these trial structures

were subjected to the computational workflow incorporating the ion mobility results (Figure B.6a). Energy

minimized candidate structures for D- and L-isoleucine trinuclear copper complexes with an L-histidine CS

are presented in Figure 5. In these structures, L-histidine preferentially binds to copper through the imidazole

ring and amino group. A second copper is bound to L-histidine through the carboxylate anion. This base

architecture interacts with L-isoleucine to favorably form a compact complex (Figure 5b). In contrast, when

D-isoleucine is incorporated into the host assembly, the structure is forced into an extended alignment due

to steric hindrance (Figure 5a).To correlate these computational findings with experimental results, the TM

and PSA methods, were implemented.[123] The theoretical CCS values obtained from both methods were

within 1.5% of the empirical CCS results, suggesting these low-energy computational structures are repre-

sentative of the gas-phase conformations measured by the ion mobility experiment. Empirically measured

CCS measurements D- Ile (264.2 Å2) and L- Ile (255.5 Å2) were reproducible to within 0.6% RSD (n ≥ 3).
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Figure 2.5: Isoleucine trinuclear theoretically predicted structures.
Predicted structures for (A) [(Cu2+)+ 3(DIle)3(

LHis)+ 2− 5H]+ and (B) [(Cu2+)3(
LIle)3(

LHis)2 − 5H]+

with experimental (EXP) and theoretical CCS value obtained from two methods (TM and PSA). Theoretical
CCS values are within noted 1.5% error of experimental CCS.
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Importance was also placed on the agreement between theoretical and empirical results in regard to the

CCS differences. Theoretical and empirical differences (noted as CCS%) between trinuclear complexes

incorporating AA enantiomeric forms of isoleucine, leucine, valine, and lysine are shown in Figure B.6b.

Empirically, isoleucine, leucine, and valine exhibited differentiation with Rp−p > 0.6, and therefore a larger

CCS% difference, whereas lysine exhibited no measurable IM-MS separation for its corresponding trinuclear

copper complex in the presence of an L-histidine CS. Theoretical separation trends for optimized isoleucine,

leucine, valine, and lysine complexes are in good agreement with empirical observations. Optimized leucine,

valine, and lysine structures are shown in Figure B.7. An overlay of D- and L- trinuclear complexes (three

coppers visually aligned) for isoleucine (Rp−p= 1.14) and lysine (Rp−p= 0.01) are shown in Figure B.8. Mod-

eled isoleucine trinuclear complexes (highest degree of differentiation) contain a conserved histidine-copper

core between L- and D- conformations while lysine tri-nuclear complex (lowest degree of differentiation)

exhibit less simulations of the core structure across the overlays. In comparing modeled structural overlays

of isoleucine, leucine, valine, and lysine, the degree of differentiation is positively correlated with a preserved

histidine-copper core between enantiomers. The lack of a conserved histidine-copper core appears to reduce

stereoselectivity resulting in complexes with similar CCS values for both L- and D- AA. These findings

suggest future efforts which focus on designing an aromatic diamino bridge with less molecular flexibility

(increased conservation of the stereoselective histidine-copper core). A conserved core would increase stere-

oselectivity and may help expand the utility of trinuclear complexes to differentiating a wider range of analyte

enantiomers, such as drug and drug-like compounds.

2.4 Conclusions and Future Directions

Trinuclear copper complexes incorporating amino acids demonstrated measurable gas-phase CCS differences

which allowed for the differentiation of hydrophobic AA enantiomers and leucine constitutional isomers, in-

cluding their enantiomeric pairs. Computational modeling was used to provide insight into the structural

differences between enantiomers that were resolved via IM-MS. Candidate structures of the trinuclear com-

plex with the experimentally-observed stoichiometry (3 coppers, 2 histidines, 3 AAs) were assembled in

silico using guidance from tandem MS/MS ion fragmentation data. The theoretical structures which corre-

lated closely to the experimentally measured CCS values (within 1.5%) suggest that a central histidine-copper

core is formed which enables the assembly of a chirally-selective inclusion complex for binding AA enan-

tiomers. As demonstrated in this work, direct IM-MS analysis of trinuclear copper complexes provides new

avenues for chiral differentiation of amino acids. While not a focus of this current work, the quantitative

determination of enantiomeric excess is of interest, and should be accessible as long as peak areas can be

accurately determined (i.e., Rp−p of 0.6 or greater). The measurable differences in CCS across the various
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isomers suggests that quantitative determination of enantiomeric excess can be achieved using higher resolu-

tion ion mobility separations. The applications of this copper complexation strategy for resolving other small

molecule isomers, such as drug enantiomers, are currently the subject of future work.
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CHAPTER 3

GAS-PHASE CONFORMATIONAL ANALYSIS1

3.1 Introduction

Included in chapter 1 was a general overview of computational modeling. The following chapter contains

a more detailed description of the approach developed and utilized in the McLean lab. As noted, previ-

ous McLean lab studies have utilized our workflow on singly cation charge gas phase ions. [30, 127, 31]

While this technique has not be yet been published with multiply charge systems, in the following study we

demonstrate the utility of this workflow with such systems. However, some additional considerations and de-

velopments were necessary for expanding the workflow to model protonated species and multiply charge ions

in the gas phase. In a case of multiply charge species, cations tend to drift apart as the energy of the system

increases through a temperature gradient that takes place during a simulated annealing dynamics. Therefore,

when modeling multiple cations in a simulation, a distance constraint must be placed on the cations to pre-

vent too great a drift that the cations are unable to interact with the target molecules as the systems cools.

Without restriction, many of the final structures would be representative of species that are not observed

experimentally.

Even more computationally expensive to model is the case of protonated species. Alkali metal cations are

introduced into the system as a free-floating charge and tends to localize in the most energetically favorable

positions during the molecularly dynamics simulations. However, protonation cannot be introduced as a

free-floating charge and instead needs a pre-defined interaction site with the molecule. The challenge with

modeling protonated species with defined protonation sites is the need to identifying the most energetically

favorable. This can be achieved in two steps, (1) running DFT QM energy minimization of the neutral

structure to identify the most basic molecular sites and (2) running MD simulations for each of the most

likely protonation site.

Computational models have been used to provide structural insight into the gas-phase conformations of

polymeric species and Nonapeptides observed in experimental CCS measurements. MD simulations are used

to compute theoretical structures representing the energy profile, or the conformational landscape, of a given

molecule. The calculated CCS values of the generated conformations provide insight into the structure of

the observed local energy minima of an ion within experimental IM measurements. The following instiga-

tion encompasses multiply charged Polyurethanes (PURS) and Nonapeptides to demonstrate the modeling

1Parts of this chapter have been adapted from “Mass Spectrometry and Ion Mobility Study of Poly (ethylene glycol)-based
Polyurethane Oligomers”, published in Rapid Communications in Mass Spectrometry and has been reproduced with the permission
of the publisher
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approach. Gas-phase structural variance of three isomeric PUR oligomers formed from Methylene diphenyl

diisocyanate (MDI) and PEG having one MDI (M)and 12 polyols (PEGs) were initially investigated (Fig-

ure C.1). One PUR oligomer is the symmetrical (PEG)6-M-(PEG)6 oligomer (6-M-6); and the other two

are (PEG)4-M-(PEG)8 (4-M-8) and (PEG)2-M- (PEG)10 (2-M-10). The different polymeric sequence was

reported to result in unique CCS measurements when doubly sodium adducted. [125] The published exper-

imentally measured CCS values for these isomeric PUR oligomers serve as a metric for comparison with

theoretical results.

An oligopeptide formed from nine amino acids (Figure C.2), vasopressin is a biologically relevant hor-

mone responsible for regulating tonicity of body fluids. [183] IM-MS reports on protonated L-vasopressin

uniquely exhibited two gas-phase conformations with comparable probability of formation. [40] Prelimi-

nary computational models have suggested the two peak distributions is a result of Vasopressin’s tail existing

in both a folded and extended conformation. To better understand this structural property of Vasopressin,

pressinoic acid (Vasopressin peptide ring absent of peptide tail) is explored by IM-MS and computational

modeling approaches in the following study. In addition, protonated L-vasopressin with the addition of vari-

ous cations is explored as a tactic of shifting the gas-phase structure to favor one conformation over the other.

An understanding

Lastly, the additional IM resolving power and tandem IMS capabilities of the cyclic IM-MS is explored as

a means of understanding the energy threshold necessary for inter-conversion between the two conformations.

[184, 185, 186]

3.2 Methods

3.2.1 Standards and Chemicals and Sample Preparations

Vasopressin, pressinoic acid, and chloride salts were obtained from Sigma Aldrich. High purity (Optima

Grade) methanol and water were obtained from Fisher Scientific. All chemicals were used as received. 100

uL of sample was prepared in water with 100 mol excess chloride salt (LiCl, NaCl, KCl). Samples were

shipped to Waters for analysis on cyclic-IM-MS.

3.2.2 Instrumental Parameters

Samples were directly infused at 10 µL/min into a thermally-assisted electrospray ionization source (ESI,

Jet Stream, Agilent Technologies, Santa Clara, CA) coupled to a drift tube ion mobility-quadrupole time-

of-flight MS (6560 IM-QTOF, Agilent). The instrument was operated in positive ionization mode, with the

QTOF tuned for standard mass range (m/z 50-3200 mode) analysis. ESI source conditions utilized a drying

gas temperature of 325 °C and flow rate of 13 L/min. The ion transfer capillary entrance voltage was held at
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4000 V and the focusing nozzle set to 2000 V. IM separations were performed at uniform field in the 78.1 cm

drift tube operated with high purity nitrogen drift gas regulated to 3.95 ± 0.01 Torr at room temperature ( 300

K). Ion mobility parameters were adjusted to maximize the transmission.

3.2.3 Computational Method

Insights into the gas-phase conformation of IM-MS results were supplemented with computational studies.

Computation modeling included a two-step approach: (1) sampling conformational space and (2) obtaining

CCS values for the generated conformations. A geometry optimization at the Hartree-Fock level with a

6-31G* basis set was performed with Gaussian 09 for each of the PEG-PUR oligomers and Nonapeptides

separately. Partial charges were derived from ab initio electrostatic potential calculations using a 6-31G*

basis set. Appropriate cations or protonation was added post-optimization and partial charge computations

with tLeap. Conformational sampling was accomplished using a simulated annealing protocol implemented

in AMBER. In multi-cation simulations, cations were restricted to 20 Å distance from a central carbon for

the entirety of the simulation. For each simulations, a molecular dynamic (MD) simulation began by heating

the molecule from 0 K to 800K over 250 ps, followed by a maintained temperature of 800K for 9000 ps.

With continuous temperature at 800 K, a structural snapshot was acquired every 16,667 steps, and a total of

3000 structural snapshots were saved. These 3000 high-energy structures were then cooled to 300 K during

a 15 ps MD simulation. Theoretical CCS values for the resulting 3000 conformations were determined using

MOBCAL software. Projection approximation (PA) was used to generate helium CCS values. [123, 111, 114]

For comparison to nitrogen experimental measurements, nitrogen PA CCS values were determined for a set of

conformations spanning the entire CCS range using the projected superposition approximation (PSA). These

values were used to create a linear trend and obtain nitrogen CCS values for the remaining conformations.

[187, 188]
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Figure 3.1: Theoretically modeled PEG oligomers.
Theoretical results of 2-M-10, 4-M-8, and 6-M-6 oligomers. (A) Singly and doubly sodiated CCS histogram
distributions and (B) lowest energy structures of doubly sodiated oligomers.

41



3.3 Results

3.3.1 Polyurethanes

Figure 3.1(A) include the CCS distributions of 3000 theoretically generate structures of singly and doubly

sodium-adducted. Similar CCS distributions were observed for single sodium-adducted ions, while unique

CCS distributions were noted in the presence of a second sodium ion. Gas-phase structure of doubly sodium-

adducted PEG-PUR oligomers resulted in a sequence dependent shifted in CCS spaces. Theoretical CCS

values obtained were within a 5% difference of the experimental measurement, and there is good agreement

between experimental and theoretical distributions. Experimental CCS measurements and distributions used

for comparison were collected by Harris and collogues. [125] Theoretical CCS calculations show the lowest

conformational density for the doubly sodium-adducted 2-M-10 oligomer, followed by the 6-M-6, and then

the 4-M-8 oligomers. Structural analyses suggest that 2-M-10 oligomer coordinates both sodium cations on

the larger polymeric arm with 10 monomers, which could be the cause of the observed more compact gas-

phase conformation, as shown in Figure 3.1(B). The larger CCS density of the 6-M-6 and 4-M-8 species is

attributed to each arm of the polymer coordinating a sodium cation yielding a more extended structure. The

conformational density from tentative CCS values reflects the observed size separation from experimental

measurements.

3.3.2 Nonopeptides

Shown in Figure C.3, protonated L-vasopressin exhibits two unique peaks in the mobility distributions indica-

tive of two gas-phase conformations. This is distinct to L-vasopressin as only a single peak is observed with

D-vasopressin. However, it is important to note that a slight shoulder is observed for protonated pressinoic

acid. Figure C.4 are the mobility distributions of D- and L- vasopressin [M+H+X]+2 adducts (where X =

Li, Na, or K). Single distributions are observed for L-vasopressin with the addition of cations. However, in

the presence of a Li cation, a slight shoulder is observed. This is also corroborated with [M+X]+1 adducts

(where X = Li, Na, or K). With D-vasopressin, single distributions are observed for Li and Na, but two peaks

occur in the presence of K cation.
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Figure 3.2: IM-MS structural analysis of pressinoic acid
Pressinoic [M+H]+ (A) IM-MS distributions and (B) lowest energy theoretical structures with ASN and GLN
protonation sites
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Multiple confirmations also observed with protonated vasopressin (contains the pressinoic acid ring struc-

ture). Important to note that the addition of a D-Vasopressin tail leads to one confirmation. Water cyclic IMS

instrument is unique capable of tandem cIMS experiments, allowing for the storing of ion packets “sliced”

from either peak in the L-vasopressin distributions, clearing of cyclic mobility chamber, and then reintroduc-

tion of store ion packets. A single observed peak after a second IMS experiment on the stored ion packets

would suggest two distinct gas-phase conformations for L-vasopressin. An observation of two peaks signifies

gas-phase inter-conversion between the two conformations. Ejection of pre-stored 1st and 2nd distributions

of L-vasopressin are shown in Figure C.5. Two conformers were observed after a single pass with either peak

of L-Vasopressin and these conformers continue to inter-convert. The “sliced” ion exhibits higher intensity

but continue to equilibrate with increasing number of passes. While in solutions, proteins and metabolites

may experience many conformations through exchange of hydrogen ions with acid solutions, but protona-

tion studies suggest that protonation sites are “locked-in” during ESI process and transitioning into vacuum.

[189, 190] This observed inter-conversion lessens the likelihood that the two peaks observed for l-vasopressin

are due to two equally favorable protonation sites. The two distributions are instead conformational changes.

Interestingly “slicing” the two main peaks in the pressinoic acid distributions, Figure C.6, for tandem IMS

analysis similarly results in redistribution suggesting once again inter-conversion is taking place of the ring

itself. This would suggest that the vasopressin tail folding may not be the only aspect contributing to the two

gas-phase conformations. The collapse of the “ring” structure may also be causative.

Cys, Asn, and Gln, were each investigated as likely protonation sites of pressinoic acid. CCS and relative

energy distributions for 3000 theoretical structures for each protonation site are shown in Figure C.7. CCS for

each of the simulations fall within a similar CCS window in good agreement with experimentally measured

CCS values. Based on these results, an Asn protonation is the most energetically favorable, with Cys and Gln

sites having similar energetics. The lowest energy structures of pressinoic acid that correspond with “Peak 1”

and “Peak 2” with Asn and Gln protonation site are shown in Figure 3.2(B). Because the distribution labeled

“Peak 2” in Figure 3.2(A) forms in high abundance, it would suggest that it should be more energetically

favorable. While Asn is theoretically the most energetically favorable, with an Asn, protonation site ener-

getic landscape it would be expected that “Peak 1” is in highest abundance. Gln protonation site’s energetic

landscape of theoretically derived structures is thoroughly in agreement with measure distribution. While gas

phase energetics favor Asn protonation site, solution conditions may contribute to favoring the formation of

Gln protonation ions.

Figure C.8 includes the experimental (in red) and theoretical distributions of [L-Vasopressin + H + X]+2

(where X is Li or Na). With a lithium charge, a strong shoulder is observed that is less present with sodium.

From theoretical structural analysis (Figure C.9), the charges preferentially localize at the ring with both Na

44



and Li cations. The two conformations observed with Li are a result of conformational change of the amino

acid tail from a collapsed conformation into an extended conformation. This structural change however is

not observed with a Na cation suggesting that the larger cation provides greater stabilization for a closed

conformation. This may be due to the larger size of Na cation allowing for stronger interactions with the

triamino tail.

3.4 Conclusion

IM-MS structural analysis has been used to demonstrate the potential of developing IM-MS approaches

for PEG polymer sequencing and characterizing gas-phase conformational inter-conversion. Unique CCS

measurements of PEG oligomers (2-M-10, 4-M-8, and 6-M-6) were a result of differing sodium-PEG chain

interactions. The longer PEG chain of the most compact conformation, 2-M-10, retained both sodium cations.

Future studies should explore if this sequencing property is unique to PEG subunits or if this approach is

applicable to alternative polymer classes.

Two IM-MS distributions were observed for pressinoic acid, suggesting two gas-phase conformations for

the ring structure or the presence of protomers. The inter-conversion of ”sliced” peaks suggests conforma-

tional change is more likely.
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CHAPTER 4

DEVELOPMENT OF AN IM-MS/MS WORKFLOW TO STUDY NON-COVALENT GUEST-HOST

COMPLEXATION STABILITY AND DRUG INCLUSION1

4.1 Introduction

Since its isolation in 1972 by Nobel laureate, Tu Youyou, artemisinin has had a long history as a viable

antimalarial agent.[191, 192] Artemisinin (ART) is a natural sesquiterpene lactone originally extracted from

Artemisia annua, a common herb found in most parts of the world. The endoperoxide bridge in the ART

structure (Figure 1A) is a chemically-rare linkage that is essential for its antimalarial activity which rapidly

kills nearly all asexual stages of parasite development in the blood, however, to date the precise mechanism

of action has remained controversial.[193] Because artemisinin and its derivatives are poorly water-soluble

and eliminated rapidly after administration, ART-based combination therapies have become standard delivery

systems to help increase therapeutic agent potency and efficacy.[194] Continued advancements in host-guest

combination delivery systems of ART have been essential to maintaining potency against the growing number

of observed therapeutic agentresistant malaria strains.[195, 196] In addition, there has been growing interest

in repurposing the anti-malaria drug for other disease applications, including SARS-CoV-2 and cancer.[197,

198, 199] One of the ART-host complexes of interest and the focus of this study is ART-dextrin therapies.

An approved ingredient in more than 30 different medications, cyclodextrins (CDs) are a family of

oligosaccharides consisting of a macrocyclic ring, with the most common natural CDs, α-, β -, and γ-CD con-

taining 6, 7, and 8 glucose subunits, respectively (Figure 1B-D).[200] Due to differing primary and secondary

hydroxyl groups on each end of the molecule, CDs are tubular with a larger and smaller opening exposed to

the solvent. This arrangement provides and non-hydrophobic interior able to host hydrophobic molecules.

Their amphiphilic properties offer the potential for CDs to improve the stability, solubility, and bioavailability

of compounds through the formation of host-guest inclusion complexes via hydrophobic and/or polar inter-

actions. The utility of CDs spans broad use cases and has been studied for applications of orally administered

medications, cancer treatments, and improving plant bioactive compounds.[201, 202, 203, 204] Specific to

ART-dextrin therapeutic combinations, ART inclusion complexes with β - and γ-CD increased the rate and

extent of ART absorption in comparison to reference ART preparation.[205] ART encapsulated by βCD in-

creased solubility and inhibited methicillin-resistant Staphylo-coccus aureus (MRSA) bacterial activity by

99.94% after 4 days.[206] More recently, CD derivatives have also been explored to further expand ART so-

1Parts of this chapter have been adapted from “Noncovalent Host-Guest Complexes of Artemisinin with α-, β -, and γ- Cyclodextrin
Examined by Structural Mass Spectrometry Strategies”, submitted for publication in Analytical Chemistry
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lution stability for increased antimicrobial activity upon absorption.[207] Thermal analysis and spectroscopy

utilized for ART:CD analysis suggested inclusion complexes with increased thermal stability of ART when

in complex verse pure compound.[208]

With a growing focus on host-guest complexes, there has been interest in the advancement of efficient

and reliable analytical methods that assist with elucidating host-guest drug complexation. Tandem MS

measurements of small molecule-dextrin complexes have been used to compare the stability of gas-phase

conformations.[176, 209] Utilizing tandem MS, gas phase ion clusters has been shown to reflect their solu-

tion phase stability.[210] In this current study, we offer possible insights to determine host-guest complexes

through direct measurements by ion mobility-mass spectrometry (IM-MS). IM is a gas-phase electrophoretic

separation technique which discriminates based on differences in ion charge, size, and shape. Coupled with

mass spectrometry (MS), IM provides an additional dimension of separation and a molecular descriptor com-

plimenting the MS mass-to-charge measurement differentiation of ions.[211] Gas-phase ion collision cross

section (CCS) values can be determined from IM measurements with high CCS reproducibility (relative

standard deviations, RSDs, <0.3%).[212] The curation and expansion of CCS databases are important steps

toward the development of chemical class prediction models and increased identification confidence provid-

ing a more detailed description of a molecule or complex.[213, 17]
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Figure 4.1: Artemisinin and dextrin structures.
Structures of (A) artemisinin (ART) and the oligosaccharides, (B) α-cyclodextrin (α-CD), (C) β -cyclodextrin
(β -CD), (D) γ-cyclodextrin (γ-CD), and (E) maltohexaose (M6).
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As a structurally selective method, IM-MS techniques can help understand structures of molecular self-

assemblies, host-guest complexes, and metallosupramolecular complexes.[214, 215, 216] Based on bioavail-

ability needs, this technique can serve as a high-throughput method to screen guest or host variants effect on

solution-phase stability. An IM-MS study by Smith and coworkers demonstrated stereoselective binding of

chiral CD derivatives with amino acids through successful amino acid enantiomer differentiation.[68] Few

individual studies exist of artemisinin and cyclodextrins explored by IM-MS.[217, 218] This is the first re-

port, of which we are aware, utilizing IM-MS for structural studies of ART:CD combination therapies. In

addition to IM-MS measurements, computational modeling has been used to investigate theoretically derived

gas-phase structural conformations of molecules using several developed CCS calculation algorithms to inter-

pret the IM-MS derived structural data.[187, 188, 111, 112] Examples of the molecular diversity investigated

through a combination of theoretical and IM-MS approaches include small molecules, synthetic polymer iso-

mers, metal complexes, and nonapeptides.[123, 30, 219, 125, 40, 127, 31, 220] High-level theoretical models

have been used to model individual CDs with various cations.[221, 222, 223] These studies demonstrate

cation preference to orient at the narrower opening of the CD cavity. Therefore, the cation preference for

each CD is limited to the size of the narrower opening. Single cation orientation has been shown to remain

the same even with drug incorporation such as penicillamine enantiomers encapsulated by βCD.[224]

In this study, we investigate the noncovalent host-guest interactions between α-, β -, γ-CDs, and malto-

hexaose (M6) with the poorly water-soluble drug artemisinin, by ion mobility-mass spectrometry (IM-MS)

analyses, tandem MS/MS, and theoretical modeling approaches. Due to poor ionization in acidic environ-

ments, various alkali metal cations were explored as charge carriers to facilitate the ionization and detection

of these host-guest complexes. This investigation aims to identify the most stable ART:dextrin arrangement

and provide a comprehensive body of work establishing the inclusion and orientation of ART into the CD

cavity.

4.2 Experimental Methods

4.2.1 Standards and Chemicals.

Artemisinin (ART), maltohexaose (M6), α-cyclodextrin (αCD), β -cyclodextrin (βCD), and γ-cyclodextrin

(γCD) were obtained from Millipore-Sigma. Acetate salts of lithium, sodium, potassium, rubidium, and

cesium as well as high purity (Optima Grade) methanol and water were obtained from Fisher Scientific. All

chemicals were used as received.
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4.2.2 Sample Preparation.

0.01M stock solutions of each dextrin were prepared in water and 0.05M standard stock solutions of ART

were prepared in methanol. A volume of 18.8 µL of ART standard stock solution was added to a microcen-

trifuge tube and dried with nitrogen to evaporate the methanol. After drying, 0.01M dextrin stock solution

was added and used to dilute the sample to 1mL. Sample solutions of the four dextrins (αCD, βCD, γCD,

and M6) with artemisinin were mixed in a molar ratio of 1:10:10 (artemisinin:dextrin:acetate salt) to a final

concentration of 10 µM in 1:9 methanol:water for IM-MS analysis. Varying molar concentrations of sample

components, including acetate salt of group I alkali metals (Li, Na, K, Rb, and Cs), solvent compositions (0-

100% methanol), sample heating, and filtration were explored. It was found that methanol improved overall

signal, with no significant change in the measured CCS values (Figure D.1), however, a minimum amount of

methanol (10%) was used for subsequent analyses to assist with ionization while reducing possible solution

chemistry alterations. The sample preparation described is based on sample conditions yielding the highest

abundance of non-covalently coordinated drug-dextrin complexes.

4.2.3 Instrument Parameters.

Samples were directly infused at 10 µL/min into a thermally assisted electrospray ionization source (ESI,

Jet Stream, Agilent Technologies, Santa Clara, CA) coupled to a drift tube ion mobility-quadrupole time-

of-flight MS (6560 IM-QTOF, Agilent). The instrument was operated in positive ionization mode, with the

QTOF tuned for standard mass range (m/z 50-3200 mode) analysis. ESI source conditions utilized a drying

gas temperature of 325 °C and flow rate of 5 L/min. The ion transfer capillary entrance voltage was 3800 V

and the focusing nozzle was 2000 V. IM measurements were performed using a uniform field drift tube with

either high purity nitrogen or helium drift gas at 4 Torr and an ambient temperature of 300 K. Instrument

parameters were adjusted to maximize the transmission of the artemisinin-cyclodextrin complexes, namely a

higher trap funnel RF. For trapped ion mobility spectrometry (TIMS) experiments, the samples were infused

at a flow rate of 3 µL/min into a Bruker TIMS-TOF Pro (Bruker Daltonics, Bremmen, Germany) fitted

with an electrospray ionization source. The samples were ionized using a capillary voltage of 4.2 kV, a

nebulizer pressure of 0.5 bar, a drying gas flow rate of 4.0 L/min, and a drying temperature of 150 °C. TIMS

measurements were taken over a 1/Ko range of 0.72-1.87 V×s/cm2 with a 900 ms ramp time and a m/z 50-

3500 scan range. The TIMS drift gas was nitrogen. Detailed TIMS-TOF instrument parameters are included

in Table D6.
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4.2.4 Experimental CCS Calculations.

A single-field method derived from first principles theory was used to determine drift tube collision cross

section values from the measured ion mobility arrival times as established in an interlaboratory study.[212]

Reference CCS values of the tuning mixture obtained in either nitrogen or helium were used for the single-

field calibration.[16] Replicate measurements were obtained on separate days and across different sample

preparation conditions, which were found to minimally affect the measured IM arrival times. TIMS calibra-

tions were performed using an MS tuning mixture (ESI-L tune mix, Agilent). TIMS T RCCSN2 values were

generated via conversion of elution voltage values after calibration.

4.2.5 Tandem MS/MS.

Individual oligosaccharides and oligosaccharides bound to artemisinin were isolated for analysis via IM-

MS/MS using the inclusion list feature of the IM-QTOF. The singly and doubly-lithium bound ion forms of

both the individual oligosaccharides ([dextrin + Li]+) and noncovalently coordinated drug-dextrin complexes

([ART:dextrin + Li]+, and [ART:dextrin + 2Li]+2) were quadrupole mass selected with an m/z = 4 isolation

window. and subjected to collision-induced dissociation (CID) in the hexapole collision cell (nitrogen) at

incremental collision energies ranging from 0 to 35 eV. Energy-resolved fragmentation data was converted to

survival yield curves for relative energy comparisons.[225] Survival yield (SY) curves were generated using

the following equation,

equation 1. SY = (Ip/I0)

where Ip is the intensity of the precursor ion at a given laboratory voltage and I0 is the intensity at

zero laboratory voltage. Plotting the SY as a function of collision energy provides fragmentation curves of

precursor ions.

The maximum amount of kinetic energy accessible for conversion to the internal energy of the molecule

through a single collision is given by

equation 2. Ecom = (mg/mg +mp)∗Elab

Where Ecom is the center-of-mass energy, mg is the mass of the neutral gas, mp is the mass of the primary

ion, and Elab corresponds to the laboratory collision energy. Ecom50 is the center of mass energy where the

survival yield is 50%, which is a reflection of the amount of kinetic energy transferred to the internal energy

of the primary molecule resulting in 50% dissociation. Ecom50 can be regarded as stability characteristic of a

molecule or complex dependent on the structure and noncovalent interactions.[226, 225]
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4.2.6 Computational Modeling and Theoretical CCS.

Computational modeling analyses were used to interpret IM-MS structural measurements. The computa-

tional studies include two steps: (1) computationally sampling of conformational space and (2) theoretical

determination of CCS values for the generated conformations. Insightful atomic-level structural information

is attained through inspection of generated conformations that align with experimental CCS values. Many

methods exist for both conformational sampling and theoretical determination of CCS values. The computa-

tional workflow used here is shown in Figure D.2. Specifically, a geometry optimization at the Hartree-Fock

level with a 6-31G* basis set was performed with Gaussian 16 for neutral β -cyclodextrin and artemisinin. Par-

tial charges for each molecule were derived from ab initio electrostatic potential calculations using a 6-31G*

basis set. These partial charges were then fitted using the restrained electrostatic potential (RESP) program in

AMBER.[227] Cations (Li+, Na+, K+, Rb+, and Cs+) are added using AMBER. For each simulation, short

energy minimization was performed in AMBER followed by a 10 ps molecular dynamic simulation to heat

the molecule to 800 K. Then, a long molecular dynamic simulation was run at 800 K for 9,000 ps. Struc-

tural snapshots were saved every 16,667 steps during the simulation, resulting in 3,000 structural snapshots.

These high-energy structural snapshots were then cooled to 300 K over 15 ps.[30, 31] MOBCAL software

was used for theoretical CCS measurements of the 3,000 resulting conformations. CCS measurements were

generated using projection approximation in helium.[115] Due to the large number of theoretical structures

generated through the utilized conformational sampling approach, projection approximation is a quick and

relatively accurate method for CCS calculations in helium.[111] For MOBCAL, PACCSHe calculations of

K+, Rb+, and Cs+, Na+ parameters were used with appropriate mass components updated for each cation.

Na+ parameters were fitting potentials derived from mobility data by Viehland for Na+ interactions with

helium drift gas.[228] Li+ parameters were adapted from carbon atomic parameters with appropriate mass

components updated for the cation. Theoretical CCS simulations for Li+, K+, Rb+, and Cs+ are included for

a comprehensive cation energetics understanding. The conformational space plots were then overlayed with

the experimental DT CCSHe values and associated measurement error.
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Figure 4.2: CCS space plot and distrubution of ions complexes.
(A) Measured CCS values of artemisinin, oligosaccharides, and their corresponding noncovalent ion com-
plexes. Measurements from low abundance signals (<1,000 counts) are indicated with white outlines. Error
bars (n≥3) are within the size of the data points. (B) The distribution of CCS measurements by charge state,
cation, and stoichiometry of the ion complexes observed in the spectra.
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4.3 Results and Discussion

4.3.1 Ion Detection and CCS Measurements.

Positive mode ESI IM-MS spectra for artemisinin with αCD, βCD, γCD, M6, and lithium acetate are shown

in Figures D.3-D.6. Each spectrum is annotated with m/z peaks corresponding to artemisinin and oligosaccha-

ride monomers, dimers, and trimers observed in high abundance across all four samples. The predominate

species are unbound analytes, while the bound ART:dextrin complexes appear at 10% of the total abun-

dance. Low ionization efficiency of drug:CD complexes is not uncommon, but seems to vary greatly between

drug;CD complexes.[229, 230] Overlapping isobaric signals are prevalent in these datasets and complicate

spectral interpretation, however, the empirical charge state trends apparent in IM-MS analysis can be used

to confirm molecular assignments. This charge state mapping is shown in the mass-mobility plot in Figure

2A where powerlaw fits to the data (shaded regions) are used to define the empirically observed z=1 and

z=2 charge state regions. DT CCSN2 measurements corresponding to the larger alkali cations, Rb+ and Cs+,

are used to constrain the lower bounds of the z=1 power fit. Artifactual signals (such as post-mobility dis-

sociation of noncovalent complexes, shown in Figures D.3-D.6) fall outside of these empirical charge state

regions. After filtering these artifactual measurements, the resulting IM-MS analysis yields 327 DT CCSN2

values (interday n≥3, av erage n=7.4) of which the majority (72%) exhibited an RSD ≤1% (Tables D.1 and

D.2). As DT CCSN2 measurement reproducibly strongly correlates to the ion abundance (Figure D.7), signals

below ca. 1,000 counts (RSDs typically >1%) are omitted for further analyses. Higher charge states were

observed for unbound dextrins, however, adducts of ART:dextrin complexes of higher charge states were no

reproducibility measured within these experiments.

Distribution breakdowns of the DT CCSN2 measurement survey are included in Figure 2B and individual

measurements are tabulated in Tables D.1 and D.2. The most common ion species observed were Li+ co-

ordinated. Among the ART:dextrin complexes, the 1:1 coordinated complexes were most common, whereas

1:2, 2:1, and 2:2 ART:dextrin ions were also present at low abundance (¡0.05% relative abundance, or ¡1,000

counts). As expected, the DT CCSN2 values characteristically increase with the increasing mass of the analyte.

In addition to uniform field DT CCSN2 measurements, trapped ion mobility spectrometry (TIMS) T RCCSN2

measurements were collected in this study to corroborate observed complexes. Similar relative ion abun-

dances were observed for ART:βCD complexes between the two IM-MS platforms with an averaged CCS

difference of 1.5% (Figure D.8 and Table D.3).
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Table 4.1: Increase in oligosaccharide CCS upon binding to artemisinin.
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A summary of the relative abundances and DT CCSN2 trends observed for each of the four ART:dextrin

complexes (z=1) across different cations is shown in Figure 3. The corresponding ART:CD complexes pref-

erentially formed with Li and Na charge carriers for βCD and αCD, whereas the larger γCD-containing

complexes prefer forming with the larger alkali metals, K, Rb, and Cs. In contrast, very weak signals were

observed for the drug bound to the linear oligosaccharide, M6, indicating that this complex does not form

favorably. Regarding the cation DT CCSN2 trends, the oligosaccharides exhibited an expected increase in mea-

sured DT CCSN2 that corresponded to the increasing size of the cation. However, DT CCSN2 trends were not

linear but rather showed slight compaction of the DT CCSN2 value when bound to Li and Na (Figure 3A),

which is consistent with what is reported in the literature (Figure D.9) and similarly observed T RCCSN2 (Fig-

ure D.10).[218, 211] In contrast, very little to no increase in measured DT CCSN2 value with cation size is

observed for the 1:1 drug:dextrin complexes (Figure 3B), which suggest similar structures for all complexes

irrespective of cation as would be expected from host-guest inclusion complexes. However, this may also re-

sult from the cation alone being incorporated into the CD cavity, reducing its contribution to the DT CCSN2 of

the overall complex.[176] While DT CCSN2 comparisons across the different cations are largely inconclusive,

a relative comparison of the change in DT CCSN2 offers clues as to the structural nature of these complexes.

Specifically, for αCD, γCD, and M6, binding to ART increases their DT CCSN2 values by 12-16%, whereas

βCD increases by only 6% when in the ART:dextrin complex form (Table 4.1).
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Figure 4.3: Noncovalent complex signal abundances comparison.
(A) Measured CCS values of artemisinin, oligosaccharides, and their corresponding noncovalent ion com-
plexes. Measurements from low abundance signals (<1,000 counts) are indicated with white outlines. Error
bars (n≥3) are within the size of the data points. (B) The distribution of CCS measurements by charge state,
cation, and stoichiometry of the ion complexes observed in the spectra.
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The smaller increase in gas-phase size of the ART:βCD coordination complex is consistent across all

cations (Table D.4). This suggests that a more compact gas-phase structure is adopted when ART coordinates

with βCD than with the other oligosaccharides investigated. In addition to the smaller than expected gas-

phase DT CCSN2 , the ART:βCD complex was also found in significantly higher abundance than the other

complexes, notably for the lithium-adducted ion form (Figure 3B). The strong preference for binding to

lithium was confirmed in cation competition experiments where the ART and βCD sample was introduced to

an equimolar mixture of the alkali metal acetates (Figure D.11), and thus the [ART:βCD + Li]+ ion became

a focal point for further investigation.

4.3.2 Tandem MS/MS.

Gas-phase complex stability was investigated through precursor ion survival yield (SY) plots, which have

been used in previous host-guest studies to measure the relative binding of noncovalent complexes.[176] Fig-

ure D.12 includes tandem MS spectra of [ART:βCD + Na]+ ion. The mobility spectra exhibit two mobility-

aligned ion signals which appear after quadrupole isolation (at 25 ms and 40 ms), with the lower drift time ion

series exhibiting signal artifacts including nondiagnostic peaks and signals appearing at higher m/z than the

precursor. Here, the IM dimension is used to filter out these artifactual signals originating from nonspecific

cluster dissociation which allows a more accurate representation of the MS/MS fragment ion abundances.

Figure D.13 includes a full spectra of [ART:βCD + Li]+, at 0, 5, and 15 eV. The precursor ion is completely

depleted at 15 eV. Precursor fragmentation yields only a single product ion corresponding to cyclodextrin,

[βCD + Li]+, indicating that the lithium does not associate with artemisinin. Tandem MS/MS SY curves

of the [ART:βCD + X]+ ion (X = H, Li, Na, or K) indicated a decreased stability of the complex in rela-

tionship to cation size (Figure D.14). Similar complex stability is observed for z=2 species regardless of

cation, [ART:βCD + X]+1 ion (X = Li, Na). However, tandem MS/MS breakdown curves of [ART:βCD +

2Na]+2 and [ART:βCD + 2Li]+2 ions demonstrated the formation of differing secondary ions contingent on

charge carrier (Figure D.15). As the [ART:βCD + 2Li]+2 ion is fragmented, CD preferentially maintains both

lithium charges with no observed [ART + Li]+ species, however, breakdown of [ART:βCD + 2Na]+2 forms

both [ART + Na]+ and [βCD + Na]+1 species. Considering ART has no observed lithium adducts during

tandem MS, the lithium-containing complex is interpreted as being more representative of the ART-dextrin

interaction stability.
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Figure 4.4: Tandem MS/MS SY plots.
Survival yield curves plotted against Ecom for (A) unbound dextrins, and (B) dextrins complexed with
artemisinin. Ecom50 are indicated for each curve.
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The low abundance of the 1:1 ART:CD complexes limited direct comparisons of the stability of the singly-

charged complexes, however, these CDs exhibit a strong preference for adducting multiple charge carriers,

which allowed the doubly charged cation forms ([ART:dextrin + 2Li]+2) to be investigated by selected-ion

dissociation. Survival yield plots are shown in Figure 4 for the dextrins and the ART:dextrin complexes.

Based on the corresponding Ecom50 signal depletion (SY-50 values), the z=1 and z=2 unbound dextrins (Figure

4A) exhibited a gas-phase stability relationship consistent with their relative size (αCD >> βCD > γ CD

>> M6 ), with the small, linear analog (M6) demonstrating the lowest stability. The ART:dextrin (z = 2)

complexes (Figure 4B) showed similar breakdown relationship in comparison to unbound dextrins. However,

comparable stability was observed between αCD, βCD, and the linear M6, with ART:M6 being the most

stable. ART:dextrin stability decreases with increasing dextrin glucose subunits, (M6 > αCD > βCD >>

γ CD). Based on these SY plots, the ART inclusion into the cyclodextrin ring is not much more stable than

non-specific linear M6 binding. This suggest while ART:CD is an inclusion complex, the depth of ART

inclusion within the CDs tubular structure does not completely shield the drug forming a weak interaction.

The effect of non-specific electrostatic interactions has been demonstrated as contributing to stabilizing gas-

phase ion complexes, which complicates the direct structural interpretation of SY data for indicating the

presence of specific analyte inclusion.[231, 232, 233] It is worth noting that [ART:βCD + Li]+1 is the only

z=1 complex that formed in high abundance suggesting a highly stable complex and therefore indicative of a

favored complex formation.

4.3.3 Structural Insight from Theory.

The unbound [artemisinin + X]+ and [βCD + X]+ ions (X= Li, Na, K, Rb, and Cs) were used to evaluate

a theoretical workflow for gaining atomistic structural insights into the gas-phase conformations measured

from IM-MS. Drift tube CCS measurements in helium drift gas (DT CCSHe) have previously demonstrated

a good correlation to theory and were subsequently used for comparison to theoretical CCS values obtained

from the He-parameterized projection approximation on an ensemble of 3000 energy-minimized structures

(Figure D.16, Figure D.17, Table D.5). Results for ART are summarized in Figure D.17 and exhibit good

agreement between experiment and theory for the small cations of interest, Li and Na, with values correlating

to within 2% for the lowest energy structures. The large cations (K, Rb, Cs) exhibited less agreement with

the experimental measurements (5-8%), however, these cations were also not present among the parameter-

ized ions in the original trajectory method and were instead parameterized separately as part of this work.

Therefore, some additional disagreement with these larger cations is expected. For βCD (Figure D.17), the

CCS of all cation forms exhibited better agreement between experiment and theory (within 2%), despite the

lack of good parameters for the larger cations. This more favorable result for βCD suggests that the larger
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size of βCD relative to artemisinin (1134 Da vs 282 Da) provides a more significant contribution to the mea-

sured gas-phase cross section than does the corresponding charge carrier, which serves to minimize the CCS

contribution of the charge carrier. Taken together, these initial results provided some indication that the cor-

relation between experiment and theory would be sufficient (within 2%) to structurally interpret the IM-MS

measurements of the noncovalent ART:dextrin complexes.

Applying this computational workflow to the noncovalent ART:dextrin ion complexes requires an ac-

curate configuration of the host-guest starting structure as well as placement of the cation. The results are

summarized in Figure 5 for ART:βCD with lithium. To allow theory to guide these results, several hypothet-

ical starting structures are constructed with ART restricted to different distances from the center of the βCD

cavity (no restriction, 10, and 6 angstroms) without restrictions to the cation to allow motion to different loca-

tions of the complex. As the drug molecule is restricted closer to the center of the cyclodextrin, two important

observations are noted: (1) the distribution of theoretical structures narrows and shifts to lower CCS, while

simultaneously, (2) the relative energies of these predicted structures shift to being more energetically fa-

vorable. The lowest-energy structures predict an ART:βCD inclusion complex whereby the theoretical CCS

values agree to within a few percent (1-3%) of the empirical CCS measurements. Top- and side-views of the

lowest energy structure are shown in Figure 5D and agree with the results of published works investigating

βCD with alternative drugs and computational methods.[221, 177] The 5 lowest energy lithium conforma-

tions within the experimental measurement deviation are summarized in Figure D.18 and all predict complete

artemisinin inclusion into the βCD cavity. Results for the other cations support these findings (Figure D.19).

The candidate structures inform two distinct ART orientations for inclusion: one in which artemisinin is po-

sitioned with the ketone towards the βCD cavity, whereas the second group of structures predicts the ketone

group orients towards the wider opening of the βCD ring. The lithium cation then either positions itself at

the smaller opening of the βCD or shares the top opening with the drug molecule. Structures in which the

cation occupies the smaller CD opening are the lowest energy and correspond to the results from Yang et

al.[224] Additional theoretical results for the double-lithium ion form of the complex ([ART:βCD + 2Li]+2)

also correlate well with the experimental CCS measurements and suggest both charge carriers share the wider

opening of the cyclodextrin with ART (Figures D.20 and D.21). These doubly coordinated cation systems

exhibit prominent ion signals in the IM-MS spectra and appear to be characteristic of CD-containing systems

in general (Figure D.22).
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Figure 4.5: Theoretical modeling of [ART:βCD + Li]+

Histogram distribution (bin size = 2 Å2) of theoretical structures CCS values for [ART:βCD + Li]+ species
with (A) no restriction, (B) a 10 angstrom restriction of ART to the center of βCD, and (C) a 6 angstrom
restriction of ART to the center of βCD. (D) Conformational space plots of each simulation with experimental
CCS overlayed. Top- and side-view of lowest energy structure shown.
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4.4 Conclusion

In this investigation, optimal sample preparation and instrument parameterization resulted in the transmission

and tentative identification of 1:1-4 and 2:1 ART:CD complexes. Over 300 CCS values with high repro-

ducibility were measured and submitted for addition to the growing Unified CCS Compendium.[17] IM-MS

experiments showed that ART:CD complexes preferentially formed with Li and Na charge carriers for α-

and βCDs, whereas γCD formation favored larger K, Rb, and Cs cations. Measured abundance and cation

competition experiments confirm the preference for the formation of the ART:βCD complex. In general,

measured CCS values for the dextrins increased with cation size, whereas the ART:CD complexes tended to

express similar CCS values regardless of cation, with the ART:βCD CCS values notably lower than expected

based on the other observed changes in CCS upon binding to artemisinin. Tandem MS/MS results for the

[ART:βCD + X]+1 ion (X = Li, Na, K) showed a decreased stability of the ion complex with increasing

cation size, with Li forming the most stable ion complex at reproducibly high abundance. All findings were

similarly observed in good agreement on both uniform field drift tube and trapped ion mobility platforms.

The computational results for the complexes yielded theoretically generated structures with predicted CCS

values in good agreement with empirically measured CCS values in helium drift gas. CCS trends, tandem

MS/MS, and corresponding theoretical structures of simulated host-guest complex [ART:βCD + Li]+1 were

broadly interpreted and suggested complete artemisinin inclusion into the βCD cavity. Similar to published

literature, theoretical models show the cation preferentially interacts with the narrower opening of the CD

ring, even with the presence of ART. However, through ART inclusion, a second, slightly less energetically

favorable orientation was observed where the ART ketone group points away from the CD, This second ori-

entation corresponds to the cation localizing to the wider ring opening and becomes the most energetically

favorable structure when the complex accommodates a second cation, which was also the most abundant

experimentally measured adduct of the ART:βCD complex. This suggests ART inclusion likely exists in at

least two conformational orientations in solution. Collectively, the results from structural measurement of

CCS by ion mobility, survival yield curves by tandem MS, and computational modeling point to an inclusion

complex for the ART: βCD complex which is retained from solution during transfer to the gas-phase.
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CHAPTER 5

SUMMARY AND FUTURE DIRECTIONS

5.1 Summary

Metabolites are small molecule intermediates or end products of metabolism with various functions in the

body, including fuel, cellular structure and signaling, stimulatory and inhibitory effects on enzymes, and

defense. Dysregulation of metabolism through small molecule exposure comes in the forms of environmental

factors such as food ingestion, pesticides, and pharmaceutical drugs, which in many cases have been shown

through numerous studies to have an internal effect on human metabolism.

Due to speed, sensitivity, and reproducibility, MS has been utilized as prevalent analytical strategy for

the quantitative analysis of small molecules (m/z < 3200). [234, 235, 236, 237] As an additional molecular

descriptor that is easily integrated alongside MS analysis, there has been persistent interest in the development

of IM-MS techniques for small molecule analysis. [159, 238] The combination and integrations of many

analytical techniques is often necessary for collective coverage and molecule identification confidence. In

addition to mass measurement this combined theoretical modeling approach delivers a detailed structural

depiction of small molecules and complexes in the gas-phase.

The separation and detection of small molecular isomers and, in particular, enantiomers, pose a fun-

damental contemporary challenge for chemical analysis techniques. Mass spectrometry methods provide

high- throughput and high sensitivity, yet are not selective to isomers. Ion mobility combined with mass

spectrometry (IM-MS) provides additional separation capabilities based on chemical structure, but have not

demonstrated selectivity to enantiomers. Adapted Figure E.1, highlights the resolving powers necessary for

the separation different isomeric classes.[42] While constitutional and cis/trans isomers are within the sep-

aration capabilities of next generations IM instrumentation, to date, enantiomers continue to remain out of

reach. Even with greater resolving powers, it is yet to be demonstrated if enantiomers are separable using

IM alone. In Chapter 2, we demonstrate a straightforward chemical strategy generating stereoselective trin-

uclear copper complexes which can be used to directly resolve constitutional isomers and enantiomer pairs

in mixtures using IM-MS analyses. We illustrate the effectiveness of this noncovalent chemical approach by

differentiating between several leucine constitutional isomers as well as (D/L)-amino acid enantiomer pairs.

Finally, we explore our empirical findings using structural trend analysis correlated to ion fragmentation data

and computational modeling to propose likely structures for these chirally-selective gas-phase complexes. A

highly conserved core is imperative for stereoselectivite complexes and informative for refining the utility
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of trinuclear complexes to differentiating a broad range of analyte enantiomers, such as drug and drug-like

compounds.

PEG isomer oligomers (2-M-10, 4-M-8, 6-M-6) and nonapeptides were investigated by dift tube IM-MS,

cyclic IM-MS, and theoretical modeling. Our approach to theoretically sampling gas phase conformational

space of multiply charge ions is described in Chapter 3. Theoretical structural analysis supported characteri-

zation of the gas-phase structural changes contributing IM-MS CCS measurements.

Cyclodextrins (CDs) are a family of macrocyclic oligosaccharides with amphiphilic properties which can

improve the stability, solubility, and bioavailability of therapeutic compounds. There has been growing inter-

est in the advancement of efficient and reliable analytical methods that assist with elucidating CD host-guest

drug complexation. In Chapter 4, we investigate the non-covalent ion complexes formed between naturally

occurring dextrins (αCD, βCD, γCD, and maltohexaose) with the poorly water-soluble anti-malarial drug,

artemisinin, using a combination of ion mobility-mass spectrometry (IM-MS), tandem MS/MS, and theoret-

ical modeling approaches. This study aimed to determine if the drug can complex within the core dextrin

cavity forming an inclusion complex or nonspecifically binds to the periphery of the dextrins. We explored

the use of group I alkali earth metal additives to promote the formation of various noncovalent ion complexes

with various drug:dextrin stoichiometries (1:1, 1:2, 1:3, 1:4 and 2:1). Broad IM-MS collision cross section

(CCS) mapping (n>300) and power-law regression analysis were used to confirm the stoichiometric assign-

ments. The 1:1 drug:αCD and drug:βCD complexes exhibit strong preferences for Li+ and Na+ charge

carriers, whereas drug:γCD complexes preferred forming adducts with the larger alkali metals, K+, Rb+, and

Cs+. Although the ion measured CCS increased with cation size for the unbound artemisinin and CDs, the

1:1 drug:dextrin complexes exhibit near-identical CCS values regardless of cation, suggesting these are inclu-

sion complexes. Tandem MS/MS survival yield curves of the [artemisinin:βCD + X]+ ion (X = H, Li, Na, K)

showed a decreased stability of the ion complex with increasing cation size. Empirical CCS measurements of

the [artemisinin:βCD + Li]+ ion correlated with predicted CCS values from the low-energy theoretical struc-

tures of the drug incorporated within the βCD cavity, providing further evidence that gas-phase inclusion

complexes are formed in these experiments.

Overall, the strategies developed through this work enable the integration of IM CCS measurements and

theoretical modeling strategies for structural characterization of gas-phase molecules and complexes. The

added structural characterization from integration of IM-MS/MS into small molecule analysis will allow for

discrimination of chiral species, relative structural stability trends, and inter-conversion energetics.
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Figure 5.1: Mononuclear copper complexes of drug isomers

IM-MS experimentally measured distributions and theoretical modeling results of mononuclear copper
complexes with and L-histidine chiral of (A) dexa/beta-methasone and (B) R/S-thalidomide
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5.2 Future Directions

5.2.1 Isomer Separations IM-MS

Trinuclear copper complexes have been demonstrated as an approach for differentiation between AA enan-

tiomers. However, as shown in Figure E.2, the utilization of second generation high-resolving power IM-MS

platforms are necessary for baseline separation. Even with the second generation platform, the additional

signals from intermixing of enantiomers within the complex complicates data processing.

The formation of trinuclear copper complexes has not been observed by IM-MS with pharmaceutical

drugs, most likely due to the larger size of most pharmaceutical drugs in comparison to AAs. Continued

enantiomer separation IM-MS experiments primarily target mono- and bi-nuclear copper complexes forming

with a single analyte of interest. This simplifies IM-MS measurement interpretation by limiting complex for-

mation with a single enantiomers without the possibility of intermingling. Preliminary findings are shown in

Figure 5.1. For dexa/betamethasone and R-/S- thalidomide, the copper-histidine complexing agents stereose-

lectively interacts with the chiral center resulting in measurable CCS differences between isomers. L-histidine

is positioned parallel alongside the drug for the complex contributing to the smaller CCS distributions. For

the larger CCS distributions, the copper-histidine core is either positioned perpendicular or extending the

length of the drug. The investigations of additional chiral selectors and use of high-resolving power IM-MS

instrumentation remain to be explored.

5.2.2 Guest-host Complexation Investigations

The McLean lab and collaborators envision future guest-host complex investigations with CDs to be explored

with additional drug molecules that contain varying functional groups utilizing the workflow described in

chapter 4. The breakdown curve approach, also used for protein structural stability, currently serves as a

means of comparing relative gas-phase stability. How these relative stability curves translate to solution

phase thermochemistry remains to be investigated. This may be addressed by utilizing similar complexes

with well understood solution phase thermochemistry as tandem MS calibrants. However, identifying similar

well studied complexes to utilize as calibrants is a challenge. The combination of IM-MS and theoretical

modeling approaches will explore drug inclusions into CD. Theoretical modeling will be insightful as to

the specific drug orientations. This would allow for the guiding drug designing in ways that do not alter

inclusions orientation/stability.
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Figure 5.2: ”IM-MS” Publications History

Yearly ”IM-MS” publications count from 2000 to present.
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5.3 Concluding Remarks and Outlook

It has been an exciting time to be part of the IM-MS field. Year after year there has been a growing number

of publications in the field as shown in, Figure 5.2 which includes the ”IM-MS publication count from 2000

to present. A total of 211, publications were published January 2023. With continuation of that publications

rate, projected is an estimated 2500 publications for 2023. Instrument commercialization has also trended

alongside increasing number of publications. With mostly proprietary software dependant on the MS platform

of the user, MS data processing of small molecules studies is not yet standardized. The addition of IM

dimension adds another layer of data complexity that remains for the most part a manual analysis with custom

analysis tools. Continued adoption of IM analysis in less niche analytical settings may be catalyzed with the

development of streamline data handling software and informatic tools.

The standardization of IM-MS analysis and expansion of CCS databases will help address this challenge

of increasing confidence in molecular identifications of untargeted analysis. However, because CCS values

are experimentally measured, a limitation of data construction and expansion is the availability of standards.

The use of interlaboratory standardization has been fundamental in attaining highly reproducible CCS mea-

surements across many labs. In addition, the exploration of standards-free machine learning approaches to

generate predictive models may play an important role in advancing the field. Even with the advancement of

everything mentioned above, high confidence in MS feature identifications will continue to pose a contempo-

rary challenge for MS untargeted analysis due to the abundance of small molecule isomers. The exploration

of HRIM-MS, alternative drift gas/gas mixtures, and/or solution phase sample additives is an essential step

for addressing molecular isomers. It may be that a combination of these approaches are necessary to ad-

dress this challenge. As of writing this, Bruker, Waters, and Mobilion commercialized second generations

HRIM-MS platforms each with a unique approach to achieving high resolution. Important for adoption is the

development of structurally inclusive approaches and streamline workflows for isomer detection.

Even more niche, combining theoretical modeling with IM-MS analysis for the structural characterization

of gas-phase ions consists of two main phases (1) structural simulation and (2) calculating the CCS of the

optimized structure. Computational modeling approaches for completing step 1 have been well established

through many years of extensive exploration and development with orthogonal techniques. However, there is

not yet a standardized approach for generating gas-phase ions observed by IM-MS. Competing approaches

are used to obtain optimized structures depending on research lab (user expertise) or molecular class. For step

2, algorithms for accurate and reproducible CCS calculations of molecules are quite novel. While trajectory

method calculations are considered the most accurate, the computational cost limits the utility for large struc-

tural data sets. The trade-off with developed alternative high-throughput approaches is that they are optimized

69



for a small subset of chemical classes. Of the developed algorithms for high-throughput analysis, majority of

theoretical modeling work has focused on proteins with a less significant focus on small molecule analysis.

No one high-throughput CCS calculation package has been extensively optimized with many diverse chem-

ical classes. This would be addressed overtime with continued utilization in theoretical IM-MS studies and

expanding body of work. Standardization of theoretical modeling workflows with CCS calculation optimiza-

tion to meet the field needs can be developed. To-date, a limited number of atoms are properly parameterized

for all working algorithms. Proper parameterization to include additional atoms would increase confidence

in theoretically investigates of more chemical classes and ion species. At the moment, the theoretical CCS

calculations of negative mode species is not accounted for, limiting the utility of theoretical studies to positive

mode. A number of molecular classes do not ionize well in positive mode reducing the molecular species

that can be studied.

This work described in this dissertation aims to move the field towards greater adoptions of theoretical

IM-MS analyses for structural characterization small molecules and complexes they form.
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sala, and Antti Roine. Urine headspace analysis with field asymmetric ion mobility spectrometry for
detection of chronic kidney disease. Biomarkers in Medicine, 14(8):629–638, 2020.

[142] Tong Sun, Feng Chun Tian, Yu Tian Bi, Xiao Zheng Zhong, Jiao He, Tai Cong Yang, Qing Shan
Guo, Ying Lei, Y. Lu, Lin Zeng, and Qing Hua He. Local warning integrated with global feature
based on dynamic spectra for faims data analysis in detection of clinical wound infection. Sensors and
Actuators, B: Chemical, 298, 2019.

[143] Minnie Jacob, Andreas L. Lopata, Majed Dasouki, and Anas M. Abdel Rahman. Metabolomics toward
personalized medicine. Mass Spectrometry Reviews, 38(3):221–238, 2019.

[144] Charles M Nichols, Jody C May, Stacy D Sherrod, and John A McLean. Automated flow injection
method for the high precision determination of drift tube ion mobility collision cross sections. Analyst,
143:1556–1559, 2018.

[145] Stacy D Sherrod and John A McLean. Systems-wide high-dimensional data acquisition and infor-
matics using structural mass spectrometry strategies mini-reviews. Clinical Chemistry, 62(1):77–83,
2016.

[146] Prabha Dwivedi, Albert J. Schultz, and Herbert H. Hill. Metabolic profiling of human blood by
high-resolution ion mobility mass spectrometry (im-ms). International Journal of Mass Spectrom-
etry, 298(1–3):78–90, 2010.
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Appendix B

Supplemental Material Chapter 2

Figure B.1: Transmission and survivability of complexes using optimized and default instrument parameters.
Default and optimized parameters are listed in table.
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Figure B.2: Theoretical and experimental MS isotope distributions with percent abundance.

90



Figure B.3: Theoretical and experimental MS isotope distributions with percent abundance.
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Figure B.4: Mass-selected ion fragmentation (MS2) spectra of the isoleucine trinuclear copper complex with
L-histidine CS ([(Cu2+)3(Ile)3(LHis)2+5H]+, m/z 887) using laboratory frame collision voltages from 0V to
40V in 10V increments.
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Figure B.5: Ion breakdown curves of the isoleucine trinuclear copper complex with L- histidine CS
([(Cu2+)3(Ile)3(LHis)2+5H]+, m/z 887).
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Figure B.6: (A) Simplified workflow merging computational modeling with IM-MS experimental results. (B)
Comparison of CCS difference between empirically-measured and theoretically-derived trinuclear complexes
for isoleucine, leucine, valine, and lysine enantiomer pairs.
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Figure B.7: Energy-minimized structures for leucine, valine, and lysine enantiomers.
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Figure B.8: Overlaid D- and L- conformations of (A) Isoleucine, (B) lysine, (C) valine, and (D) leucine.
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Table B.1: Identified complexes observed in the mass spectra obtained from a mixture of isoleucine, copper
acetate and L-histidine; presented in Figure 1 of the manuscript.
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Table B.2: Collision cross section measurements for trinuclear complexes with measured two-peak resolu-
tions (Rp−p) of greater than 0.6.
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Table B.3: MS2 Identifications of isoleucine trinuclear copper complexes with L-histidine CS.
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Appendix C

Supplemental Material Chapter 3

Figure C.1: PEG oligomers structures.
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Figure C.2: Nonapeptides structures.
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Figure C.3: Protonated nonapeptides IM-MS spectra acquired on Agilent 6560.
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Figure C.4: Vasopressin IM-MS spectra acquired on Agilent 6560 mass spectrometer of the [M+H+X]+2
adduct.
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Figure C.5: Protonated Vasopressin tandem IM-MS experiment. Ion ”slices” were taken from each distribu-
tions and reinjected in the cIM.
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Figure C.6: Protonated pressinoic acid tandem IM-MS experiment. Ion ”slices” were taken from each distri-
butions and reinjected in the cIM.
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Figure C.7: Theoretical modeling results of protonated pressinoic acid. Three protonation sites were ex-
plored.
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Figure C.8: [Vaso+H+X]+2 (where X= Li or Na) adduct (A) IM-MS spectra collect on Agilent 6560 and (B)
theoretical modeling results.
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Figure C.9: Lowest energy structures of theoretical modeling of L-vasopressin.
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Appendix D

Supplemental Material Chapter 4

Figure D.1: (A) Relative abundance of three select ions from the artemisinin:β - cyclodextrin:lithium acetate
(1:10:10) sample, and (B) corresponding CCS measurements. Data was acquired in triplicate (intra-day,
randomized). The CCS projections are scaled to ±0.5% of the average CCS to facilitate direct comparisons.
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Figure D.2: Computational workflow optimized in this study. A starting structure is geometry- optimized
using density functional theory, then the charge carrier is added and the resulting ion structure is subjected
to simulated annealing to generate 3000 candidate structures. The CCS of these 3000 structures is then
determined using the parameterized trajectory method in MOBCAL, then plotted as a function of the relative
energy and subsequently compared with empirical CCS measurements in helium.
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Figure D.3: DTIMS-MS spectrum of artemisinin with -cyclodextrin and lithium acetate (1:10:10).
Artemisinin:CD (1:1, 1:2, 1:3).
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Figure D.4: DTIMS-MS spectrum of artemisinin with -cyclodextrin and lithium acetate (1:10:10).
Artemisinin:CD (1:1, 1:2, 1:3, 2:1).
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Figure D.5: DTIMS-MS spectrum of artemisinin with -cyclodextrin and lithium acetate (1:10:10).
Artemisinin:CD (1:1, 1:2, 1:3, 1:4, 2:1).
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Figure D.6: DTIMS-MS spectrum of artemisinin with maltohexaose and lithium acetate (1:10:10).
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Figure D.7: DTIMS-MS empirically-observed relationship between the ion abundance (measured in arbitrary
ion counts) and the CCS reproducibility (measured as a percent relative standard deviation, RSD). Intuitively,
the reproducibility of the CCS measurement is dependent on the ion abundance, as sufficient ion counts
are needed to accurately reproduce the ion mobility distribution and corresponding peak centroid used to
determine the CCS. In this study, the reproducibility is found to be high (0.5% average RSD) for ion counts
above 1,000 (0.05% relative ion abundance), and only improves marginally at higher abundances.
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Figure D.8: Full ESI(+) scan IM-MS spectrum of artemisinin with beta-cyclodextrin and lithium acetate on
TIMS-TOF.
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Figure D.9: Overlaid D- and L- conformations of (A) Isoleucine, (B) lysine, (C) valine, and (D) leucine.
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Figure D.10: Comparison of oligosaccharide CCS measurements obtained in this study (DTIMS- MS) with
CCS values previously published in the literature. Agreement is within 3%, however the relative trends
observed for each analyte is reproduced, which suggests the same gas-phase structures are being sampled in
these different studies.
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Figure D.11: Comparison of oligosaccharide CCS measurements obtained on the TIMS-TOF. Relative trends
observed for each analyte are consistent with observations from the DTIMS, which suggests the same gas-
phase structures are being sampled with TIMS.
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Figure D.12: DTIMS-MS spectra from cation competition experiments in which an equimolar mixture of the
five acetate salts (Li, Na, K, Rb, Cs) was introduced to a sample solution containing artemisinin and CD.
As with the other experiments, βCD and the acetate salt mixture were added at a 10x excess to artemisinin
to promote complex/adduct ion formation (artemisinin:βCD:acetate salt; 1:10:10). Expanded regions of the
spectra for (A) βCD and (B) artemisinin:βCD complexes are shown. White dots have been added to help
locate the peak apices and regions in the mass spectrum is annotated were the cation-bound species are
expected to appear.
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Figure D.13: DTIMS-tandem MS spectra of the [artemisinin:βCD + Na]+ ion. The mobility spectrum
presents two distinct sets of fragment ions post quadrupole isolation (at 25 ms and 40 ms), with the higher
arrival time fragments being from the ion of interest. The ions at lower arrival time (25 ms) exhibit non-
structural fragments as well as signals appearing at m/z values higher than the isolated precursor, indicating
these are artifacts. Using mobility as a filter is an important step taken in this work to improve the confidence
in the generated SY plots for CD complexes.
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Figure D.14: DTIMS-tandem MS/MS spectra of [artemisinin:βCD + Li]+ at 0, 5, and 15 eV. At 0 eV,
the primary ion dissociates with nearly complete dissociation at 15eV. Interesting to note, fragmentation of
primary ion resulted in [βCD + Li]+, but no observed [artemisinin + Li]+ fragment ions (m/z = 289.1617),
suggesting that the charge carrier preferentially forms a strong interaction with CD molecules. Because of
this preferred interaction the drug:CD complexes, the SY projections are expected to be more representative
of artemisinin interaction with CDs than of cation dissociation.
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Figure D.15: Tandem MS SY curves of the [artemisinin:βCD + X]+1 ion (X = H, Li, Na, K) demonstrates a
decreased stability of the ion complex with increasing cation and trend reversal is observed with the +2 charge
state ion [artemisinin:βCD + X]+2 (X = Li, Na). Whereas an appropriate comparison of drug:CD interaction
entails comparing across the same charge carrier, a challenge with exploring artemisinin:CD interaction pref-
erence arises because no single charge carrier exists in high abundance across all drug-CDs tested for the +1
charge state. (A) Measurements from the Agilent 6560 DTIMS-QTOF.
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Figure D.16: Tandem MS/MS primary ion breakdown curves of (A) [artemisinin:βCD + 2Na]+2 and (B)
[artemisinin:βCD + 2Li]+2 ions collected on the Bruker TIMS-TOF Pro.
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Figure D.17: Computational results for artemisinin with various cations. Theoretically-predicted CCS values
are plotted relative to their calculated energies in the lower plots. The empirical helium CCS measurements
are projected as shaded vertical bars, with the width of the bar corresponding to the experimental standard
deviation of each measurement. Here, a second distribution of structures appears at higher CCS resulting
from disassociation of the cation from artemisinin during the energy-minimization step—these higher CCS
structures would not be observable in the IM-MS analysis. Overall good agreement is observed between
experiment and theory for Li and Na (¡2%), and deviates for the larger sized cations (5 to 8%).
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Figure D.18: Computational results for βCD with various cations. Here, agreement between experiment and
theory is all within ca. 2%, indicated with the horizontal error bars.
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Figure D.19: Five lowest-energy structures of the 1:1 [artemisinin:βCD + Li]+ ion complex that fall within
the experimental CCS range. The three lowest energy structures at left orient artemisinin with the ketone
group facing the larger βCD cavity and lithium occupying the smaller opening of the cavity.
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Figure D.20: Computational results for the singly-charged artemisinin:βCD complex with various charge car-
riers. The lower energy portion of the conformational distributions (at left) have the closest correspondence
to the experimentally-measured CCS, indicated with the grey vertical bar. Lithium-adducted ART:βCD ex-
hibits the lowest energy, followed by sodium-adducted ions. At right are the lowest energy structures (called
out with the arrows in the left plot) for two clusters of conformations. The structures at high CCS exhibit
a cation which is disassociated from the analyte and thus are not expected in the empirical data. Finally,
the lowest-energy structures in which the cation is associated with ART:βCD are all inclusion complexes
in which the cation localizes at the smaller opening of the cyclodextrin barrel. Experimental CCS of 234.8
noted with transparent grey bar.
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Figure D.21: Computational results for the singly- and doubly-lithium bound ART:βCD complex. Experi-
mental CCS noted with transparent blue (+1) and black (+2) bar.
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Figure D.22: The five lowest-energy structures of the double-lithium ART:βCD ion complex. Structures
are presented from low to higher relative energies from left to right. The first four structures at left all
suggest a gas-phase complex in which both lithium cations share the larger opening of the cyclodextrin with
artemisinin.
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Figure D.23: Relative ion abundances (n>3) and collision cross sections across different charge carriers for
the 1:1 complexes with two identical charge carriers (z=2).
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Table D.1: Comparison of complex CCS measurements between Drift tube and TIMS-TOF. M used to rep-
resent artemisinin drug within adduct.
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Table D.2: Measured change in oligosaccharide CCS upon coordination with artemisinin across all cations.
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Table D.3: Drift tube CCS measurements obtained in nitrogen (DT CCSN2) and helium (DT CCSHe) drift gas
for βCD and the artemisinin:βCD complexes (Li and Na). The helium CCS values have less contribution of
the drift gas and are used for alignment with computational results.
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Table D.4: Description of TIMS-TOF instrument parameters.
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Figure E.1: Schematic of IMS resolving power necessary to separate isomer classes.
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Figure E.2: Tri-nuclear copper complexes of Isoluecine, Leucine, and tert-leucine with an L-histidine chiral
selector acquired on a (A) drift tube (B) and SLIM IM-MS platforms.
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