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Abstract

In this work we have established a collision cross section (CCS) library of primary metabolites 

based on analytical standards in the Mass Spectrometry Metabolite Library of Standards 

(MSMLS) using a commercially available ion mobility-mass spectrometer (IM-MS). From the 554 

unique compounds in the MSMLS plate library, we obtained a total of 1246 CCS measurements 

over a wide range of biochemical classes and adduct types. Resulting data analysis demonstrated 

that the curated CCS library provides broad molecular coverage of metabolic pathways and 

highlights intrinsic mass/mobility relationships for specific metabolite super classes. The 

separation and characterization of isomeric metabolites were assessed, and all molecular species 

contained within the plate library, including isomers, were critically evaluated in order to 

determine the analytical separation efficiency in both the mass (m/z) and mobility (CCS/ΔCCS) 

dimension required for untargeted metabolomic analyses. To further demonstrate the analytical 

utility of CCS as an additional molecular descriptor, a well-characterized biological sample of 

human plasma serum (NIST SRM 1950) was examined by LC-IM-MS and used to provide a 

detailed isomeric analysis of carbohydrate constituents by ion mobility.
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From the central dogma of molecular biology, studies of genomics, transcriptomics, and 

proteomics provide higher order information about gene and protein expression to better 

understand implicated phenotypes.1,2 However, these approaches provide limited 

information about real-time production of chemical species related to cellular metabolism as 

a function of external stimuli or phenotype of interest. To address the need for rapid 

characterization of cellular metabolism, metabolomics seeks to uncover molecular 

information on a per-molecule basis by examining expressed cellular products that can be 

correlated with a specific phenotype, stimuli, or other experimental conditions.3

While several analytical approaches have been utilized to study metabolism and related 

cellular processes (e.g. NMR, electrochemistry, etc.),4,5 mass spectrometry (MS) is gaining 

wide-spread adoption as a result of its high throughput, low limits of detection, and 

molecular specificity. Mass spectrometers can collect chemical information on the 

microsecond (μs) time scale,6 and with the rise of high-resolution, accurate mass techniques 

such as time of flight (TOF), Orbitrap, and ion cyclotron instruments, a unique chemical 

formula can often be generated based solely on mass measurement for a specific analyte 

signal.7,8 While identifying a specific chemical formula is advantageous, many metabolic 

pathways include isomeric molecules covering a range of biological classes, such as 

carbohydrates (e.g. glucose/galactose),9 nucleosides (e.g. adenosine/deoxyguanosine), and 

lipids (7-dehydrocholesterol/desmosterol).10 As biological function follows molecular 

structure, characterization of isomeric species is imperative for complete molecular 

identification and accurate pathway analysis. In many MS experiments, fragmentation 

techniques such as collision induced dissociation (CID) or electron transfer dissociation 

(ETD) are utilized to provide structural information about a specific analyte measured in the 

study.11,12 However, as many metabolite isomers are less than 300 Dalton, these compounds 

often possess identical fragmentation spectra at similar energy thresholds and hence 

molecular fingerprinting by MS/MS and high resolution precursor mass is often not specific 

enough to identify a unique molecular structure.13 Furthermore, as quadrupoles isolate on 

nominal mass, molecules with different molecular formulas but similar exact mass (i.e. 
nominal mass isobars) cannot be isolated, thereby complicating MS/MS analysis.14 To 

address these challenges, pre-separation techniques such as gas and liquid chromatography,

Nichols et al. Page 2

Anal Chem. Author manuscript; available in PMC 2019 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15,16 and more recently ion mobility spectrometry,17 have been interfaced prior to mass 

analysis to provide enhanced structural recognition and increased analyte coverage. For un-

targeted analysis, metabolomic databases (e.g. METLIN, HMDB, etc)18 include multiple 

descriptors of analyte information (e.g. accurate mass, ion adduct form, fragmentation 

pattern, and retention time) to increase confidence in molecular identification.19 With the 

advent of commercially-available ion mobility-mass spectrometers in 2006,20 collision cross 

section (CCS) has become an additional molecular descriptor for untargeted experiments. 

CCS measurements are being standardized across instrumental platforms using rigid 

experimental protocols, and as such provide a molecular descriptor independent of system 

settings which are transferable be-tween laboratories.17,21–23 These collected CCS 

measurements provide the capability to distinguish isomeric species in complex mixtures, 

provided enough resolution is accessible in the IM dimension.24 In order to provide 

additional confidence in molecular identification for untargeted metabolomic analysis, 

significant efforts are being made in the IM community to establish reliable CCS databases 

for analyzing unknown features across a range of biochemical classes, including lipids, 

metabolites, and xenobitics.21,22,25,26 In this work, we use uniform field IM-MS to develop a 

library of CCS values focused on primary metabolites established with analytical standards 

to facilitate chemical identification in untargeted metabolomic workflows. Furthermore, we 

demonstrate the utility of these measurements by analyzing a commercially available extract 

of human serum (NIST 1950) which has been characterized previously in traditional GC and 

LC-MS experiments.27,28

Experimental Methods

MSMLS Sample Preparation.

The Mass Spectrometry Metabolite Library of Standards (MSMLS, IROA technologies) is 

supplied as dried standards distributed across seven 96-well plates (Sigma-Aldrich; St. 

Louis, MO) and each well contains 5 μg of analytical standard. All solvents used to 

reconstitute the analytes prior to analysis, including water (H2O), metha-nol (MeOH), 

acetonitrile (ACN), isopropanol (IPA), and chloroform (CHCl3) were Optima LC-MS grade 

purchased from Fisher Scientific (Fair Lawn, NJ). Stock solutions of the hydrophilic 

standards were prepared by adding 100 μL 1:9 (MeOH: H2O) to each well prior to mixing 

on a waving rotator for 5 minutes. The stocks were then distributed in 20 μL aliquots 

throughout five 96-well plates (Waters part no. 186005837). Stock plates that were not 

immediately analyzed were capped and transferred to −80 °C for storage. Working solutions 

of the hydrophilic standards were prepared by adding 80 μL of water with 0.1% formic acid 

to the 20 μL stock solutions, sealed with plate covers (Waters part no. 186006332), and 

subsequently mixed on a waving rotator for 5 minutes. The hydrophobic analyte set was 

prepared similarly, where stock solutions were prepared with 100 μL 2:1:1:0.3 (MeOH: 

CHCl3: IPA: H2O), and distributed in 20 μL aliquots throughout five 96-well plates. 

Working solutions were prepared by adding 80 μL of 1:1 (MeOH: IPA). The concentration 

of the working solutions used for IM-MS analysis was 10 μg/mL.
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Collision Cross Section Measurements.

CCS measurements for the MSMLS were obtained on a commercially available drift tube 

ion mobility-mass spectrometer (DTIMS, Agilent 6560) operated with nitrogen gas (3.95 

Torr) at room temperature (~25 °C) and using both single-field and stepped-field approaches 

previously established in an international in-ter-laboratory study.21 The single-field CCS 

values reported here were measured in triplicate, while the stepped-field values were 

collected in a single acquisition. Stepped-field measurements were acquired using an 

automated flow injection analysis (FIA) stepped-field approach described previously.29 

Briefly, the FIA method was performed with a liquid chromatography system (Agilent 1290) 

modified with a 100 μL sample loop (Agilent part no. G4226–87303) coupled to an IM-MS 

(6560, Agilent). 20 μL of the working solution was injected from the 96-well plate with 1:1 

(water: isopropanol) as the carrier solvent. For traditional stepped-field CCS determination 

by FIA, following a 0.5 s delay, an entrance potential was stepped every 0.5 min. in 

increments of 100 V from 1074 V to 1674 V; the first step from 1074 to 1174 occurred at 1.0 

minute rather than 0.5 min. For single-field CCS determination using FIA, 4 μL of sample 

was injected into the carrier solvent at a flow of 800 μL/min. Data was collected for 0.5 min, 

followed by a 0.4 min postrun flushing cycle. A drift tube entrance voltage of 1574 V was 

used. DTIMS exhibits a linear relationship between drift time and CCS,6 and single-field 

CCS values are determined by first measuring the drift time of ions (ESI Low Concentration 

Tuning Mix, Agilent) with a known CCS. The calibrant ions were infused for 0.5 minutes 

while IM-MS spectra are collected; calibration experiments were preformed intermittently to 

ensure instrument stability. IM-MS Browser (Agilent, B.08) was used to plot the linear 

regression of the calibration ions for single field experiments, and the instrumental 

coefficients β and Tfix, were extracted and used to convert raw ion drift times to CCS.21 The 

resulting single-and stepped-field CCS library can be found in the Supporting Information.

IM-MS Source and Drift Cell Conditions.

To obtain high coverage of analytes within the MSMLS, both electrospray (Agilent Jet 

Stream, AJS) and chemical ionization (APCI) sources were used. The majority of the 

samples collected with the AJS in both ion modes were measured using the following 

conditions: gas temperature, 250 °C; drying gas, 8 L/min; nebulizer, 60 psig; sheath gas 

temperature, 300 °C; sheath gas flow, 11 L/min; capillary voltage (VCap), 3500 V; nozzle 

voltage, 800 V; fragmentor, 340 V; octopole 1 RF Vpp, 750 V. All metabolites were first 

investigated using the AJS source; those which were not observed in either ion polarity were 

subsequently investigated using the APCI source under the following conditions: gas 

temperature, 250 °C; vaporizer, 200 °C; drying gas, 7 L/min; nebulizer, 30 psig; VCap, 3800 

V; corona, 5 μA; fragmentor, 350 V; octopole 1 RF Vpp 750 V. Some of the low m/z ions 

(typically ≤ 200 Da) exhibited metastable ion dis-sociation in the DTIMS which resulted in 

uncorrelated mobil-ities (Supplemental Figure S1). In these cases, we increased the 

fragmentor potential to > 350 V and decreased the Trap Funnel RF to ≤ 80 Vpp to culminate 

the ion signal into a single IM distribution. The IM-MS settings for the CCS values reported 

herein are as follows: 0.9 frames/s; 18 IM transients/frame; 60 ms max drift time; 600 TOF 

transients/IM transient; 20000 μs trap fill time; 180 μs trap release time; drift tube exit 

voltage, 224 V; rear funnel entrance voltage, 217.5 V; rear funnel exit voltage, 45 V.
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Nonlinear Regression Analysis.

Iterative nonlinear regression modeling for the super classes was performed using GraphPad 

Prism 7, and 99% confidence intervals were generated for each biomolecular super class. 

Three fits were tested for each super class: power fit (PF), 4-parameter sigmoidal (4P), and 

5-parameter sigmoidal (5P). The most parsimonious fit was chosen by a probabilistic 

comparison of the corrected Akaike information criterion (AICc) values.

Human Serum Preparation.

Protein precipitation was performed by adding 800 μL of ice cold MeOH to 100μL NIST 

1950 serum and stored at −80 ˚C for one hour. The sample was centrifuged at 14,000 rpm 

for 5 minutes before collecting the supernatant. Next, 2.4 mL ice cold methyl tert-butyl ether 

and 800 μL ice cold water were added. The sample was vortexed then centrifuged at 10,000 

rpm at 4˚C for 10 minutes. The polar and nonpolar fractions were separated and dried 

separately in vacuo. Samples were stored at −20 ˚C until analysis. Dried fractions were 

resuspended in 200 μL of the initial mobile phase solvent and analyzed via LC-IM-MS.

Liquid Chromatography.

LC-IM-MS was performed on the prepared NIST 1950 serum using HILIC chromatography 

for the hydrophilic layer of the liquid-liquid extraction. For this method, 4 μL of sample was 

injected onto a column heated to 40 °C. The Millipore SeQuant Zic-HILIC (2.1 × 100 mm, 

3.5 μm) column was used with mobile phase A and B being 9:1 and 1:9 (water: acetonitrile, 

buffered with 5 mM ammonium formate), respectively. The mobile phase flow rate was 200 

μL/min. The gradient was initially held at 98 %B from 0 to 1 minutes, decreased to 45 %B 

from 1 to 20 minutes, held at 45 % B from 20 to 22 minutes, increased to 98 %B from 22 to 

40 minutes, and subsequently held at 98 %B from 40 to 45 minutes before the next injection.

Results and Discussion

MSMLS Plate Coverage.

In total, the MSMLS plates analyzed in this work contained 554 unique compounds across a 

large breadth of biological classes found in canonical metabolite pathways (See Figure 1A). 

Of these 554 analytes, one or more CCS values were measured for 417, resulting in ca. 75% 

coverage. Of the remaining ca. 25% that did not result in an acceptable CCS measurement, 

approximately half of these did not yield appreciable signals, presumably because of 

difficulties in ionization under the conditions used here, or poor ion transmission efficiency 

due to the lower mass of many of these analytes and the limits of RF frequency used in ion 

transfer optics. For the remaining species, there is in some cases, evidence for metastable 

dissociation in the drift tube, resulting in uncorrelated mobility and poor peak shape (See 

Supplemental Figure S1). For purposes of this manuscript, we have chosen to report only 

values for signals demonstrating high signal intensity and reproducibility. Collectively, these 

417 analytes produced 1246 CCS measurements using both positive (701 measurements) 

and negative ion polarities (545 measurements) across several adduct types (e.g. [M+Na]+, 

[M-H]−, etc., see Supplemental Figure S2). Analyte identification and relevant descriptors 

(chemical name, formula, KEGG ID, Metlin ID, adduct type, measured mass, CCS, and 
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other information) have been uploaded to Metabolomics Workbench,30 and are provided in 

the Supporting information as two Personal Compound Database Libraries (PCDL Manager, 

Agilent), one corresponding to single-field measurements and the other to stepped-field CCS 

measurements.

Correlation Analysis.

In these data, we observed several distinct relationships between m/z and CCS for individual 

structural super classes represented in the MSMLS library similar to previous IM-MS 

literature.31–35 Mass/mobility relationships have been shown to have utility as an additional 

rapid identifier of biomolecular class for uncharacterized biological samples,36 making the 

mathematical description of these relationships by nonlinear regression modeling 

particularly useful. Unlike the canonical biochemical classes (nucleotides, proteins, 

carbohydrates, and lipids), metabolites exhibit less distinguished structural differences 

between chemical classes, and so several mathematical fits were investigated in order to find 

mass/mobility correlations which exhibit high class specificity. Fits and confidence intervals 

for representative super classes are shown in Figure 1 (B, C, and D), and detailed 

mathematical expressions are provided in the Supporting in-formation (Supplemental 

Equations 1-6).

Metabolic Pathway Coverage.

As the MSMLS was designed to provide analytical standards of primary metabolism, we 

also evaluated metabolite coverage using pathway analysis by inputting KEGG IDs for all of 

the analytes measured in our CCS database in MetaboAnalyst 4.0.37 In total, 64 pathways 

were covered with a wide range of biological activity including key metabolic processes 

such as the citric acid cycle, amino acid metabolism, and glycolysis (Figure 2A and 

Supplemental Table S1). Pathway coverage presented in this work is solely based on analyte 

coverage from the standards, and therefore provides qualitative reflection on the number of 

analytes in each specific pathway which are accounted for in the CCS library. 

MetaboAnalyst 4.0 also provides detailed infor-mation for specific pathways of interest, 

wherein molecular coverage can be evaluated on a per-analyte basis. For example, 10 pivotal 

metabolites in the citric acid cycle (see Figure 2B) are represented within the standards, and 

out of 20 total, 8 of these molecules exhibited a measurable CCS (green), while only 2 

(orange) were observable in the mass spectrum, but did not result in a collected CCS, due to 

low ion intensity. Of note, many other compounds described in the KEGG pathways which 

are not components in the standard set (10 compounds, light blue) are protein enzymes or 

oxidized derivatives, and only 3 of these 10 are available for purchase as analytical 

standards. Hence it is unlikely that 100 % coverage of canonical pathways is obtainable with 

chemical standards. As an analogy, it is not necessary to have 100 % peptide coverage for a 

specific protein in proteomic analysis for confident identifictation.

Isomers in Metabolomics.

Of the more than 500 compounds in the MSMLS library, almost one-third (31%) have a 

chemical formula in common with another compound, forming an isomeric pair, 

Supplemental Figure S3. Isomeric compounds are ubiquitous in metabolomic processes 

across a wide range of biological classes, for example the carbohydrate rearrangements for 
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glucose 6-phosphate isomerization to fructose 6-phosphate in glycolysis. Figure 2B 

highlights two key metabolic intermediates of the citric acid cycle, citrate and isocitrate, 

which are constitutional rearrangements of a single hydroxyl group along the central carbon 

chain. As these compounds have the same chemical formula, they will also possess identical 

masses, requiring additional separation in the chromatographic dimension for increased 

identification confidence in pathway analysis.17,38 In the example depicted in Figure 2B, ion 

mobility allows for differentiation of these two isomeric metabolites (CCS = 143.1 Å2 vs. 

CCS = 142.7 Å2, for citrate and isocitrate, respectively), which are indistinguishable by 

mass alone. Adding the ion mobility dimension to existing un-targeted workflows allows for 

additional separation and characterization of isomeric metabolites that interfaces within the 

timescale of traditional chromatographic techniques.6

As a specific example, adenosine 5-diphosphate, adenosine 3,5-diphosphate, and 2’-

deoxyguanosine-5’-diphosphate are nucleoside isomers which are key metabolites in purine 

metabolism and are depicted in Figure 3A. Note that the only structural difference between 

A-5-DP (blue) and A-3,5-DP (green) is the location of a phosphate group from the central 

ribose unit. These two isomers are in turn differentiated structurally from 2’-

deoxyguanosine-5’-diphosphate (DGDP, orange) by molecular substitutions on the purine 

ring, where a hydroxyl group has been relocated from the ribose sugar to the guanine ring, 

as well as an amine rearrangement in the same region. Structurally, these three nucleoside 

compounds are also constitutional isomers, a subcategory of isomeric compounds which 

have been heavily characterized in previous ion mobility literature.39–41 Also noted in 

Figure 3A, adduct formation has a substantial effect on the overall selectivity of the IM 

separation. Specifically, each nucleoside isomer has a distinct cross sectional distribution 

which are distinguishable in the protonated [M+H]+ and sodium adducted [M+Na]+ species, 

however the rearrangement of the phosphate group between A-5-DP and A-3,5-DP provides 

no resolution for the deprotonated form observed in negative ion mode [M-H]−. Other 

metabolite separations in this study were more readily separated in negative ion mode such 

as the iso-mers L-glutamic acid and N-methyl-D-aspartic acid (see Supplemental Figure S4).

The broad range of chemical diversity present in small molecules presents unique 

advantages in the range of ion types that can be utilized. Collectively, these results 

demonstrate the advantage of utilizing both ion polarities in untargeted analysis wherein 

various charge adducts formed during the ionization process can be exploited in order to 

substantially enhance the selectivity in IM-MS analysis, by increasing the absolute CCS 

difference between isomers. This allows a significant improvement in separation without 

instrumental upgrades that would otherwise be necessary to achieve improved separation via 
increased resolving power. This enhanced separation, in turn, provides additional confidence 

in identification through CCS library matches and enhanced ion mobility resolution. A 

potential future direction in the field will utilize molecular modeling and machine learning 

approaches for prediction of adduct specific CCS values and optimal separation conditions.

IM-MS Separation in Primary Metabolites.

In addition to enhanced separation through charged, adduct formation, recent advances in 

ion mobility resolving power have provided increased separation coverage of isomeric 
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species.42,43 In order to determine the resolving power in the IM dimension needed for 

untargeted metabolomic experiments, we analyzed pair-wise matches of all isomers which 

provided a usable CCS and binned the resulting pairs by percent difference in cross section 

(%ΔCCS). In brief, analytes with identical chemical formulas were grouped into isomeric 

sets and were subsequently matched in a pairwise comparison. Each pairwise match was 

generated using an enumeration strategy wherein a percent difference in CCS was calculated 

for each possible combination of isomers. Most isomeric sets consist of 2–3 compounds, 

whereas the largest isomeric set was comprised of 9 unique analytes (see Supplemental 

Figure S3). In one example, there are 5 sugar compounds which share the same chemical 

formula (C6H13O9PNa+, exact m/z 283.0195), which results in a total of 10 pairwise 

isomer matches in this analysis. The percent difference in CCS for all isomer matches were 

calculated, and the compiled results for all isomer pairings are displayed in Figure 3B 

(positive ion mode) and Figure 3C (negative ion mode). Approximately half of the isomer 

pairs generated are ≥ 2.0% different in CCS and require ca. 70 resolving power (CCS/

ΔCCS) to separate at half height.43,44 In order to separate additional isomers, more resolving 

power would be required (ca. 140 for ~1.0–2.0% difference in CCS, and ca. >300 for ~0.5% 

CCS difference). Currently, only two commercially available IM-MS platforms provide this 

level of resolving power (i.e. atmospheric pressure DTIMS and trapped IMS),39,44 although 

several research instrument prototypes have been developed which are capable of accessing 

resolving powers in excess of 300 (CCS/ΔCCS).6,45

While IM instruments are continually increasing in resolving power capabilities, current 

untargeted metabolomic work-flows identification is based first on primary mass 

measurement and subsequently supported with retention time, isotope ratios, and 

fragmentation matching. From this view-point, it is also imperative to describe how much 

resolving power in the mass dimension is necessary for metabolomic studies. By sorting the 

entire MSMLS library based on primary mass alone, our analysis shows that most analytes 

(64%) are resolvable based only on the mass dimension utilizing 40,000 mass resolving 

power (e.g. high resolution TOF, see Figure 4). Increasing levels of mass resolving power 

(300,000 for Orbitrap and up to 40,000,000 for FT-ICR, respectively)46,47 provides minimal 

increases in resolution of these metabolites (ca. 3% more). As ca. 30% of the compounds in 

the MSMLS library are isomers, essentially no level of increased mass spectrometry 

efficiency (short of exited state isomer resolution with MS resolving power of ca. 10 billion 

as theorized by Marshall and coworkers.48) will be able to resolve these compounds, and 

hence orthogonal separation techniques are still required (i.e. GC, LC, or IM). Modest 

resolving power for commercially available IM instrumentation (ca. 70 CCS/ΔCCS) resolves 

an additional 10% of compounds in the library, which outweighs the benefits of additional 

mass resolving power beyond 40,000 (e.g. TOF MS). We note, however, that this analysis 

does not consider mass measurement accuracy, which is typically higher for FTMS 

instruments (Orbitrap and FT-ICR). Nevertheless, in order to obtain the widest scope of 

molecular coverage in untargeted workflows, possessing sequential separa-tion dimensions 

based on chemical affinity, gas-phase area, and m/z (LC-IM-MS) would strengthen analyte 

identification strategies
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LC-IM-MS Characterization of NIST 1950 Serum

The NIST 1950 human serum standard has been previously characterized in the literature,
27,28,49 and is analyzed in this work to underscore the importance of isomeric 

characterization in un-targeted experiments. Separation and characterization of isomeric 

species in biological extracts often requires multiple steps of chemical separation in order to 

gain increased confidence in assigning molecular structure. For example, the base peak 

chromatogram in Figure 5A shows the molecular complexity of the NIST 1950 human 

serum and the extracted ion chromatogram (lower trace) details a specific molecular feature 

at m/z 203.0528 that elutes into an unresolved broad peak over a ca. 2 minute 

chromatographic window. This broad distribution in the elution profile indicates the 

potential presence of multiple isomeric forms with similar, yet not identical, retention times. 

Although TOF MS has high resolving power (ca. 40,000), potentially two chemical formula 

are within 10 ppm of the measured m/z (C6H12O6Na and C7H8N4O2Na, at 1.7 ppm and 

8.3 ppm respectively; see Figure 5C). While assignment of this feature to chemical formula 

C6H12O6Na is more probable due to lower observed mass error, isotope ratios were used to 

confirm this molecular formula assignment, wherein the relative abundance of the M+1 peak 

in the serum more closely aligns with the isotope model for C6H12O6Na as opposed to 

C7H8N4O2Na (Figure 5B). However, even after a specific molecular formula is determined, 

9 potential isomers (including both constitutional rearrangements and stereochemistry for 

this chemical formula) exist within the MSMLS standards, all carbohydrates. These isomers 

possess almost identical fragmentation profiles (see [M-H]− ion, Figure 5C), and 

sophisticated algorithms for identification by MS/MS are needed, an observation which has 

been previously noted in other carbohydrate studies.50 Note that Figure 5C utilizes the 

deprotonated ion of C6H12O6, as the [M+Na]+ species noted in the other panels provides no 

fragmentation spectra due to ejection of the sodium charge carrier during collisional 

activation. Although previous studies utilized relative abundance ratios of fragment ions to 

determine molecular structure, this technique is time intensive and currently is not readily 

amended to rapid structural determination in untargeted workflows.50 Similar to the 

chromatographic profile, ion mobility distributions obtained at three separate time points in 

the chromatogram (roman numerals) also indicate two separate chemical species present in 

the serum (Figure 5D). The collision cross sections measured for these two distributions 

helps narrow potential chemical structures from 9 potential isomeric forms down to 4 

tentative identifications based on a CCS match within 1%. The smaller distribution at 140.7 

Å2 (light red, A) closely aligns with 3 isomers of C6H12O6 in the standards (fructose, 

galactose and mannose at ca. 141.5 Å2. The larger distribution at 147.0 Å2 (light blue, B) 

closely aligns with α-D-glucose, which is noted at 146.3 Å2 in the database. Alt-hough in 

this example ion mobility does not provide definitive identification of the compounds 

observed in the NIST serum, it does significantly reduce the possible candidates from the 9 

potential structures noted in the database. By using collision cross section as additional 

metric for tentative identification, additional confidence in identifying molecular signatures 

can be gained in untargeted metabolomics.

Conclusions.

In this work we have developed a CCS library based on primary metabolites obtained from 

the MSMLS library of analyte standards. As many key intermediates across metabolic 

Nichols et al. Page 9

Anal Chem. Author manuscript; available in PMC 2019 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pathways are formed through isomerization processes, utilizing orthogonal dimensions of 

separation in addition to mass analysis is imperative to fully characterize metabolic 

pathways. The intrinsic mass/mobility relationships for metabolites noted in this work, and 

others, illustrates a reproducible method of characterization for biochemical classes which 

interfaces seamlessly into the timescale of traditional LC/GC-MS workflows. Furthermore, 

we demonstrated that while additional resolving power in the m/z dimension is always 

advantageous, the diminishing returns of these efforts may not offset the additional analysis 

time required for ultrahigh resolution mass acquisition (i.e. FT processes). However, 

orthogonal separation techniques such as LC and IM can often resolve many isomeric forms, 

facilitating their identification for a more comprehensive understanding of the biochemical 

implications of experimental samples. Finally, we have demonstrated the advantages of 

adding CCS as a molecular descriptor in untargeted metabolomic analyses through 

characterization of a well-studied human serum extract (NIST 1950) by LC-IM-MS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Distribution of biological categories associated with the primary metabolites examined 

in the MSMLS plate library. (B, C, and D) Conformational space plots of three singly 

charged molecular super classes contained in the MSMLS library. Representative nonlinear 

regression fits (solid black lines) along with 99 % confidence intervals (black dotted lines) 

are shown for each. Gray dots denote all molecules CCS values obtained in the library. All 

CCS error bars are smaller than their respective symbols. (B) “Organic acids and 

derivatives” with a 4-parameter sigmoidal fit. (C) “Organic oxygen compounds” with a 

power fit and (D) “Nucleosides, nucleotides, and analogues” with a power fit.
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Figure 2. 
(A) KEGG pathway coverage of metabolites with measured CCS evaluated in this study. A 

total of 64 pathways are covered by metabolites in our CCS library based on the MSMLS. 

After a specific pathway is selected (B), metabolite-specific coverage can be evaluated. In 

many pathways, isomerization is a key intermediate in primary metabolism, noted by the 

callouts for citrate and isocitrate in the citric acid cycle.
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Figure 3. 
(A) IM separation of nucleoside isomers (chemical structures illustrated at the top of the 

panel) for [M+H]+, [M+Na]+, and [M-H]− ion forms, respectively. For these particular 

isomers, enhanced separation is noted for the sodium adducts, while the negative mode A-5-

DP [M-H]−and A-3,5-DP CCS distributions are indistinguishable. After sorting all observed 

isomer sets in the MSMLS dataset, pairwise matches were created and evaluated based on 

their percent difference in CCS. The resulting difficulty in separations is noted in panels (B) 
for positive and (C) negative ion forms.
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Figure 4. 
MSMLS plate coverage using different separation strategies. (A) Many analytes contained in 

the library can be resolved in the mass dimension at modest resolving power (TOF Rp = 

40,000), with only incremental increases in coverage resulting from the use of an instrument 

with significantly higher resolving power (FT-ICR Rp = 40,000,000). (B) The addition of 

IM prior to mass analysis allows for isomeric separation and thus increases plate coverage 

by 10%.
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Figure 5. 
(A) HILIC base peak chromatogram for NIST 1950 human serum sample and (lower trace) 

the extracted ion chromatogram of m/z 203.0528, which consists of two distributions of 

interest that were further examined by isotope ratio pattern and ion mobility for structural 

char-acterization. (B) Expected and measured isotope ratio abundances for two possible 

chemical formulas corresponding to m/z 203 within 10 ppm. The chemical formula 

C6H12O6 [M+Na]+ more closely aligns with experimental measurements from the NIST 

serum both on basis of mass accuracy (2 ppm) and isotope ratio pattern (M+1). (C) 
Fragmentation spectra for isomers of with shared chemical formula C6H12O6 [M-H]−. (D) 
Selected ion mobility distributions for m/z 203 extracted over three time points in the 

chromatographic dimension.
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