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Summary

In metabolomics, stable isotope labeling experiments with tracer isotopes like '3C or °N can
provide very valuable information. This includes, for example, the assessment of nutrient con-
tributions to the synthesis of certain metabolites, contributions to metabolic pathways, or the
estimation of metabolic fluxes via formal metabolic flux analysis. However, if mass spectrom-
etry (MS) data from stable isotope labeling experiments is used without a prior correction for
the abundance of naturally occurring stable heavy isotopes, and, possibly, the isotopic purity
of the tracer substrate, this may lead to incorrect conclusions and flux estimates. This is
because the mass shift introduced by the incorporation of the tracer isotope into the measured
metabolites is also produced naturally, due to the natural abundance (NA) of stable heavy
isotopes like 3C, N, 2H or 0. Similarly, isotopic impurity of the tracer substrate can
lead to a "loss" of label and mass shift, which also distorts the measured data. IsoCorrectoR,
which is presented with this thesis, is a comprehensive R-based solution for the correction of
stable isotope labeling data for NA and tracer purity. While there are already several tools
available for that purpose, for example IsoCor (v2), ICT or PyNAC, IsoCorrectoR brings the
advantage of combining many state-of-the-art correction features in a single implementation.
This includes the low-resolution and resolution-dependent NA correction of MS and MS/MS
(tandem MS) data, the NA correction of ultra-high resolution (UHR) data from experiments
employing multiple tracer isotopes (e.g., *>C and °N) simultaneously, as well as tracer purity
correction and the applicability to any tracer isotope. Additionally, two modes of correction
that IsoCorrectoR offers are unique, or were unique at the date of initial publication. The
first is a UHR correction approach for UHR data from multiple-tracer experiments that also
accounts for tracer purity. Correction for tracer purity can be crucial, especially in the case of
multiple tracer isotopes, where impurities of different tracers may add up. While IsoCorrectoR
was the first tool to provide this correction feature, the very recently published correction tool
AccuCor?2 is also capable of correcting multiple-tracer data for tracer purity. It however per-
forms resolution-dependent correction, and not UHR, correction. The second novel mode that
IsoCorrectoR offers is the resolution-dependent correction of MS/MS data. If MS/MS data is
corrected with a MS correction algorithm, this can result in substantial deviations. As a conse-
quence, a correction approach specifically suited for MS/MS data must be applied. If MS/MS
data is additionally acquired at high resolution (e.g., with orbitrap or FT-ICR devices), the
correction procedure must adapt to this situation as well. In low-resolution correction, all nat-
ural abundance contributions that match the nominal mass shift resulting from tracer isotope
incorporation are corrected for. In contrast, when applying resolution-dependent correction,
natural abundance contributions are considered for correction depending on the instrument
resolution at the given molecular ion or fragment m/z, because some of the NA contributions
can already be resolved spectrometrically and, therefore, do not have to be corrected for. This
is taken into account in resolution-dependent MS (which is also available in other tools, e.g.,
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IsoCor v2) and MS/MS correction (which is a unique feature of IsoCorrectoR), and can have
marked effects on the correction results. When coupled to online chromatographic separation,
the resolution of orbitrap and FT-ICR devices diminishes in tandem MS, since the transient
duration originally available for the full MS spectrum basically has to be split by the number
of precursors to be measured (given the number of points across the chromatographic peak is
to be kept constant). However, analyses in this thesis have shown that marked differences be-
tween low-resolution and resolution-dependent MS/MS correction can still be found down to a
resolution of 20000 (at 200 m/z), underscoring that this mode of correction should nevertheless
be relevant. Even more so, given the rising adoption of orbitrap devices in the metabolomics
community and the potential for technological advancements that further increase resolution.
Another interesting finding are pronounced differences detected in analyses comparing UHR
correction to resolution-dependent correction. This indicates that the basic assumption of
UHR correction - that UHR data only needs to be corrected for the NA of the tracer iso-
tope, and no other isotopes - does not necessarily hold in practice. Therefore, UHR correction
should be applied with care. To ensure correct functioning, IsoCorrectoR has been thoroughly
validated against other available tools (where possible), manual calculations and validation
mixtures of known isotopologue composition, all of which yielded very good agreement. More
pronounced - but still relatively small - differences have been found in a few cases when com-
paring the low-resolution MS/MS correction modes of IsoCorrectoR and ICT. These can be
attributed to differences in dealing with measurement uncertainty, while the approaches of
both tools can be considered viable. Validation against isotopologue mixtures of known com-
position showed that absolute measurement errors seem to translate more or less directly from
uncorrected to corrected values. This potentially magnifies the relative error in corrected data.
As an application of isotope correction, a '3C stable isotope labeling experiment conducted
in P493-6 B-cells is part of this thesis. These cells have an inducible MY(C' allele, where the
quickly proliferating MY C-high state may serve as a model for Burkitt lymphomas, while the
hardly proliferating MY C-low state resembles normal B-cells. Combined addition of the mi-
croenvironmental factors IL10 and CpG to MYC-low cells induces proliferation, however. As
this cellular state may also serve as a model for certain B-cell lymphomas, and since malig-
nancy is closely connected to metabolic alterations, analyses have been performed to assess
the metabolism of MYC-low, MYC-high and IL10+CpG stimulated MYC-low cells in a col-
laborative study. '3C tracer analysis with the tracer substrate U-'3C-glutamine revealed that
the usage of glutamine for the biosynthesis of glutamate-derived amino acids and TCA cycle
intermediates increases substantially from MY C-low over IL10+CpG stimulated MY C-low to
MYC-high cells. Also, the usage of glutamine for oxidative phosphorylation seems to increase
in the same manner, as deduced from the fractional abundance of the m-+4 indicator label-
ing pattern of TCA cycle intermediates and aspartate. Combining these results with other
analyses (e.g., nutrient deprivation and rescue, oxygen consumption rate and inhibitor /RNAi-
knockdown experiments) performed by co-authors of the study, glutaminolysis appears to be
of high importance for both MYC-high and IL10+CpG stimulated MY C-low cells. However,
MY C-high cells appear to be dependent on glutamine mainly for oxidative phoshorylation via
2-ketoglutarate. IL10+CpG stimulated MY C-low cells, on the other hand, appear to require
glutamine to a large degree for nucleotide synthesis via aspartate. In this context, also the
aspartate aminotransferase GOT2 seems to play a crucial role.
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Chapter 1

Introduction

1 Metabolomics

Metabolomics is the comprehensive study of metabolites in biological specimen. Of all -omics
approaches, metabolomics can be considered the one closest to the actual phenotype. Thus,
it has great potential to contribute to the understanding of phenotypic changes in response to
disease, genetic alterations, nutritional, environmental, toxicological or pharmacological influ-
ences. Fields of application range from cancer and metabolic diseases over bioengineering to
ecology. One of the key difficulties encountered in metabolomics is the inherent heterogene-
ity of the subject matter, the metabolites. While proteins and especially nucleic acids have
relatively low variability in their general chemical stucture, metabolites span a wide range of
different compound classes with potentially very distinct chemical and physicochemical prop-
erties. Further, they also vary strongly in abundance. As a consequence, there is no single
analytical approach that can be employed to cover the entirety of metabolites. Rather, the
analytical method has to be tailored towards the metabolite or metabolite class of interest and
covers only a subset of the metabolome. Chromatography- and sample preparation techniques
that work well for small polar molecules like citric acid cycle intermediates or amino acids are
e.g. not likely to be the a good choice in lipid analysis (Dettmer et al. (2007), Jang et al.
(2018), Clish (2015)).

The analytical platforms predominantly used in metabolomics are nuclear magnetic resonance
spectroscopy (NMR) and mass spectrometry (MS). The advantages of NMR are minimal sam-
ple preparation requirements, non-destructive and non-discriminating measurement, structure
determination capabilities, robustness and the potential for high-throughput fingerprinting.
However, sensitivity is relatively low, so that only medium- and highly abundant metabolites
are detected. Further, spectral resolution is low in ' H 1D-NMR, making it difficult to identify
individual metabolites in complex mixtures. When applying 2D-NMR to improve resolu-
tion, measurement becomes relatively time consuming. MS, on the other hand, provides high
sensitivity. Mass spectral resolution depends on the mass analyzer employed and can range
from low (e.g., quadrupole) to very high (fourier-transform ion cyclotron resonance, FT-ICR).
However, regardless of mass analyzer, the capability to resolve individual metabolite species in
complex samples can be strongly enhanced by coupling MS online to a separation technology
like (high-performance-) liquid chromatography (LC), gas chromatography (GC) or capillary
electrophoresis, due to additional separation in the time dimension. Further, it is possible
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Figure 1.1: Steps in metabolomic analysis. The figure shows the steps involved in

metabolomic analysis: Sample preparation/metabolite extraction, chromatography and mass
spectrometry in the case of LC-MS measurement (NMR being an alternative), and data analy-
sis. It must be noted, however, that metabolite identification need not be key in data analysis.
Metabolic fingerprinting to detect features of interest and absolute metabolite quantification are
also of high relevance. (Figure taken from Jang et al. (2018) with permission from
Elsevier, legend rewritten)

to very selectively and sensitively measure only defined species using tandem MS. Here, a
precursor ion at a defined m/z ratio is selected by a first mass analyzer. It is subsequently
fragmented, and only fragment product ions that match another defined m/z ratio can passage
through a second mass analyzer and be detected (both steps may also be performed in a single
mass analyzer, e.g. in ion trap instruments). Disadvantages of MS in metabolomics are the
requirement of sample preparation steps like derivatization that can cause metabolite losses,
sample destruction upon measurement and discrimination of metabolite classes. Ionization
efficiency at the ion source can vary greatly depending on the properties of the metabolite, the
ionization technique used and the sample matrix, which may lead to largely different signal
intensities across different metabolites and matrices. This makes the use of (stable isotope
labeled) internal standards mandatory when aiming for absolute quantification, especially in
the case of electrospray ionization (ESI). Another source of discrimination is the separation
technique employed. F.g., a major prerequisite for gas chromatography is sufficient vapor
pressure and thermal stability of the analytes. Also, the separation quality obtained with a
given technique can vary greatly with the metabolite class (Dettmer et al. (2007), Markley
et al. (2017), Bingol (2018)). Figure 1.1 from Jang et al. (2018) illustrates the steps involved
in metabolomic analysis.

Metabolomics can generally be subdivided into two distinct approaches: Metabolic profil-
ing and metabolic fingerprinting. Metabolic profiling is a targeted approach - a specific set
of metabolites is measured quantitatively e.g. because the metabolites belong to a certain
metabolic pathway of interest or because they serve as biomarkers for clinical diagnosis. Al-
though metabolic profiling of a small subset of metabolites on its own can not be seen as a
metabolomic analysis, combining multiple profiling approaches to assess different biochemical
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pathways can yield a true metabolomics approach. Metabolic fingerprinting, on the other
hand, directly qualifies as an -omics methodology. It is untargeted and unbiased, compar-
ing metabolite patterns among different samples or groups of samples, without any previous
knowledge about which metabolites cause the observed patterns. In the MS case, metabolic
fingerprints are just described by ion intensities detected at given m/z values and, when a sep-
aration technique is employed, retention times. This results in a 3-dimensional dataset for each
measured sample. If the aim is to find an initial grouping for the samples measured, metabolic
fingerprinting data can be subjected to unsupervised analysis like principal component analy-
sis (PCA) or clustering techniques. PCA finds directions (principal components, PCs) in the
high-dimensional feature space for which the variability among samples is maximal. Thus,
the PCs can indicate groups of samples that can be formed based on the fingerprinting data
and which (combinations of) fingerprinting features are responsible for separating the samples
into the observed groups. By identifying the metabolites behind those features, it is possible
to understand what differentiates the groups in terms of metabolism and biology. If the goal
is to find the metabolic differences between groups of samples that are known a priori, like
disease vs. healthy, a supervised classification algorithm (e.g., logistic regression) can be used.
It can find fingerprinting features (and thus, metabolites) that are most explanatory for dif-
ferentiating the a priori known groups, making this a viable approach for biomarker discovery
(Dettmer et al. (2007)).

2 Stable isotope labeling experiments in metabolomics

There are many parameters that can be assessed to characterize cellular metabolism. This in-
cludes metabolite levels, nutrient uptake and metabolite secretion rates, intracellular metabolic
rates (fluxes), nutrient contributions to biosynthesis and pathway activities. Classical meta-
bolomics focuses on metabolite levels. It is well suited for detecting differences in metabolic
states between conditions (e.g. disease vs. healthy or treatment vs. no treatment). However,
metabolite levels only provide a static view of the metabolic processes under study and do
not allow to make conclusions about the metabolic rates of conversion between metabolites
(fluxes) that produce the measured concentrations. An increase of metabolite concentration
may be indicative of an increased activity of metabolite producing enzymes, but it could
also be a result of decreased activity of metabolite consuming enzymes. Consequently, high
concentrations need not be accompanied by high fluxes. A suitable analogy for this aspect of
metabolism is traffic. Traffic (that is, flux) increases with car density (concentration), however
only until traffic slows. At this point, high car density is clearly not synonymous with high
traffic. Similarly, high concentrations of a metabolite may be present, but producing reactions
may operate at a low rate at the same time, e.g. due to negative feedback to the producing
enzymes (to remain with the traffic analogy). Figure 1.2 from Jang et al. (2018) illustrates
this subject. Thus, while classical metabolomics can detect differences between states, it is
not capable of explaining which changes in metabolic routes are responsible for the observed
outcome (Buescher et al. (2015), Jang et al. (2018)). However, such information is crucial e.g.
when trying to understand biological mechanisms and for developing targeted disease thera-
pies. If, for example, it is known which metabolic routes are especially active and essential for
proliferation in specific types of cancer cells, enzymes along these routes qualify as potential
drug targets in personalized medicine approaches (Hiller & Metallo (2013)).

A set of approaches exists to assess the dynamics of metabolism. A very macroscopic picture
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Figure 1.2: Metabolite levels versus metabolic flux. (A) Concentration and flur are dis-
tinct properties. An analogy for this is traffic, which slows at high car densities. (B) Biological
example of divergence between concentration and flux. Glucose remowval decreases flux through-
out glycolysis, but some glycolytic intermediates increase. FBP, fructose-1,6-bisphosphate;
PEP, phosphoenolpyruvate. (Figure and legend taken from Jang et al. (2018) with
permission from Elsevier, legend modified)
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of dynamics can be provided by metabolite uptake and secretion rates in combination with
growth rates. However, in many cases, a more detailed understanding of metabolic processes
is desired. This can be achieved by employing stable isotope labeled tracers. In a stable
isotope labeling experiment, a nutrient labeled with a stable heavy isotope (e.g., 130) is
provided to the biological system under study. Most often these are cells in cell culture, but
stable isotope labeling is also possible in whole organisms. When the labeled nutrient (tracer
or tracer substrate) is metabolized, the stable isotopes are transferred to other metabolites,
according to the metabolic routes that convert the tracer. These labeled metabolites can then
be measured via MS (the incorporation of stable heavy isotopes results in a mass shift) or
NMR. The labeling patterns obtained then allow to infer information on nutrient contribution
to certain metabolites or pathways, or to assess fluxes (Buescher et al. (2015)). Figure 1.3
illustrates how the tracer isotope '3C is transferred from the tracer substrate U-13C-glutamine
to other metabolites in a '3C stable isotope labeling experiment, and how MS data obtained
from a stable isotope labeling experiment can be visualized.

If the goal is to quantitatively determine metabolic rates, formal metabolic flux analysis (MFA
or BC MFA, if 13C is the tracer isotope) needs to be employed. In MFA, a priori informa-
tion on the biochemical network (i.e., a network model), metabolite labeling patterns and
cellular uptake and secretion rates are required as input information. The fluxes, which are
the parameters of the biochemical network model, can be obtained by fitting the model to
the measured data. While providing very detailed quantitative information on the usage of
metabolic routes, this approach can be very time and data-intensive in practice. However,
in many cases direct interpretation of labeling patterns without employing formal MFA can
be sufficient to obtain the desired insights. This approach is termed (stable isotope) tracer
analysis (130 tracer analysis, if 2C is the tracer isotope). Using tracer analysis, nutrient con-
tribution to the production of different metabolites, relative pathway activities and qualitative
changes in pathway contributions (via alternative metabolic routes) can be assessed. Under
certain circumstances, it is even possible to infer quantitative fluxes through tracer analysis,
using labeling patterns and metabolite levels (Buescher et al. (2015), Jang et al. (2018)).

A requirement for most tracer analysis approaches is metabolic steady state (MSS), meaning
that both intracellular metabolite levels and intracellular fluxes of a cell (population) are
constant. However, it is usually sufficient that the system under study is at metabolic pseudo-
steady state (MPSS), i.e., changes in metabolite levels and metabolic rates are minimal on the
experimental time-scale. In monolayer cell culture, the exponential growth phase is usually
considered to reflect MPSS. A prerequisite is that nutrients do not become limiting, so sufficient
supply must be given. MPSS can be verified by suitable experiments which show that there
is no change in the levels of the metabolites of interest over time. For stable isotope labeling
experiments, also isotopic steady state (ISS) is of special importance. When metabolites
become labeled in a stable isotope labeling experiment, their enrichment with the tracer isotope
will increase over time, up to a point when the levels of the different isotopologues that are
produced become constant. This state is defined as isotopic steady state, which can be assessed
in a similar way as MPSS. It is important to note that the time required to reach ISS depends
on both the fluxes and the size of the metabolite pools, and that different pathways reach
ISS at substantially different time scales. For example, for glycolysis intermediates, ISS is
usually reached within seconds, while it may be hours for tricarboxylic acid (TCA) cycle
intermediates. Figure 1.4, taken from Buescher et al. (2015), illustrates metabolic and isotopic
steady state. It further explains the mass distribution vector term and shows the effect that
cellular compartments can have on labeling patterns. Patterns may differ strongly between
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Figure 1.3: Stable isotope labeling experiments in metabolomics. Panel a illustrates

how the tracer isotope 1°C is transferred from the tracer substrate U-1°C-glutamine to other
metabolites in a 1°C stable isotope labeling experiment. Panel b shows (simulated) example

results from MS measurements of isotopologues of the amino acid alanine (C3HgNO2 ™, negative

mode) in a 13 stable isotope labeling experiment. The °C' tracer isotope introduces a mass
shift into the metabolite, so that the different isotopologues can be measured at different m/z
values.
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Figure [.4: Metabolic and isotopic steady state, mass distribution vectors and cellu-
lar compartments. a) Time dependent metabolic changes: metabolism reaches a metabolic
steady state when the parameters of interest (e.g. glucose uptake rate) are constant over time.
b) Time dependent labeling changes: upon addition of an isotopically labeled carbon source,
the isotopic enrichment will increase in the metabolites until the steady state enrichment is
reached. ¢) Mass distribution vector (MDV) (also known as mass distribution (MID) vector):
Labeling patterns are MDVs that consist of the fractional abundance of each isotopologue (mass
isotopomer). M denotes mass of the unlabeled metabolite. d) Cellular compartmentalization:
Most labeling pattern detection methods cannot resolve different cellular compartments, thus the
whole cell average labeling pattern is measured. (Figure and legend taken from Buescher
et al. (2015) with permission from Elsevier)

compartments. This has to considered when interpreting labeling data, which most often is
the result of a mix of compartment labeling patterns. The mass distribution vector (MDV,
also termed mass isotopomer distribution, MID) is the quantitative expression of the labeling
pattern of a metabolite. MDVs describe the fractional abundance of each isotopologue (also
termed mass isotopomer) of a metabolite expected to occur through labeling. It is computed
by normalizing the counts/area obtained for each isotopologue to the sum counts/area of
all possible isotopologues (Buescher et al. (2015)). Isotopologues are molecules that differ
only in their isotopic composition, but have the same elemental composition and bonding
structure. Isotopomers have equal isotopic composition, but vary in the positional arrangement
of isotopes. A single isotopologue may comprise different isotopomers. In stable isotope
labeling metabolomics, the terms isotopologue and mass isotopomer are used interchangeably,
so mass isotopomers are not to be confused with actual isotopomers.

If the tracer is uniformly labeled (e.g., U-13Cg-glucose) and if there is no unlabeled tracer
available to the cells, the tracer isotope enrichment of metabolites observed at ISS reflects the
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quantitative contributions of the tracer substrate to the synthesis of the analyzed metabolites.
Mostly, metabolites will not be 100% labeled at ISS, because not only the tracer contributes
to their synthesis (e.g., both glucose and glutamine can contribute to the synthesis of certain
amino acids like aspartic acid) and due to tracer impurity. Nutrient contribution can also be
interpreted as the flux of the tracer to the metabolites, relative to all unlabeled sources. It
does, however, allow no conclusions about absolute flux. Addressing the question of nutrient
contribution is one of the practically most widely applicable approaches in tracer analysis.
Information obtained from such analyses can e.g. be used to infer which metabolites in cancer
cells are especially dependent on certain nutrients. Such knowledge can be very valuable
for identifying new targets for therapy. Another widely applicable method is the qualitative
assessment of pathway contribution. It can be used to infer whether a given metabolite
is synthesized through a specific pathway or not. This is possible if the production of the
metabolite through the pathway of interest yields a unique labeling pattern when employing
a given tracer. Examples are M+3 malate from U-13Cg-glucose, which suggests pyruvate
carboxylase-driven anaplerosis of the TCA cycle, or M-+5 citrate from U-'3Cs-glutamine, which
suggests reductive carboxylation. An extensive listing of tracers with associated indicator
labeling patterns of metabolites and interpretations can be found in Jang et al. (2018). Under
more specific circumstances, also a quantitative assessment of relative pathway activity is
possible via tracer analysis. Prerequisites are that a metabolite can be synthesized via two
distinct pathways that start with the same substrate, and that the labeling patterns of this
metabolite differ depending on the pathway of origin. Then, relative pathway activity can be
inferred by calculating a split ratio from the representative labeling patterns. An example for
this is the biosynthesis of pyruvate from glucose through a) glycolysis and b) the oxidative
pentose phosphate pathway. Different labeling patterns in pyruvate are obtained through the
two pathways when employing 1,2-3Cs-glucose as the tracer substrate (Buescher et al. (2015),
Jang et al. (2018)).

The quantitative tracer analysis approaches discussed above (nutrient contribution, relative
pathway activity) require isotopic steady state. However, quantitative information can also
be inferred at isotopic non-steady state under certain circumstances, through dynamic label-
ing. Assuming M(P)SS, if the direct substrate metabolite of the reaction of interest is 100%
labeled (e.g., because it is the tracer) and if the metabolite of interest is not the product of
a condensation reaction, the absolute flux in moles or molarity per cell and unit time from
substrate to metabolite, Fj,, can be calculated according to Fj, = In(2)- JIL/]Q Here, t1/2 is the
labeling half-time and [Y7] is the pool size in molarity or moles per cell. To be able to obtain
t1/2 the degree of label incorporation must be measured at different time points starting with
application of the tracer to cell culture. As [Y] is needed, a measurement of absolute metabo-
lite levels is required as well. Difficulties arise if the processes for which dynamic labeling
should be measured are very fast, like transformations in glycolysis. In dynamic labeling cases
more complicated than the one described, fluxes can’t be inferred from tracer analysis and
non-stationary MFA must be employed (Buescher et al. (2015), Jang et al. (2018)).

Regardless of whether formal metabolic flux analysis or stable isotope tracer analysis is per-
formed, data from stable isotope labeling experiments should always be corrected for natural
isotope abundance and, possibly, tracer purity. In mass spectrometry, the incorporation of
a tracer isotope like 3C introduces a mass shift. This mass shift can, however, also occur
without any labeling, as stable isotopes of higher mass like '3C, N, 2H or 7O are present
naturally, at a given natural abundance. To avoid misinterpretations and incorrect flux esti-
mates, data should be corrected for the presence of these naturally occurring heavy isotopes.
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Impurities of the tracer substrate can have a similar effect due to a "loss" of label, and should
be corrected for as well (Midani et al. (2017), Buescher et al. (2015)). A more detailed intro-
duction to isotope correction in stable isotope labeling experiments will be given in chapter

I1.

3 The scope of this thesis

In this thesis, IsoCorrectoR is presented, an R-based tool for correcting stable isotope labeling
data for natural isotope abundance and tracer purity. While there are already several other
tools available for that purpose (e.g., IsoCor - Millard et al. (2012, 2019), ICT - Jungreuth-
mayer et al. (2016) or PyNAC - Carreer et al. (2013)), these still lack features like resolution-
dependent MS/MS correction or tracer purity correction when performing UHR correction on
data from multiple-tracer experiments. IsoCorrectoR combines many different modes of nat-
ural isotope abundance and tracer purity correction (e.g., MS/MS and resolution-dependent
correction) in a single, comprehensive solution, while also extending functionality over what
currently available tools can offer. Chapter II covers a detailed description of the algorithm
behind IsoCorrectoR, as well an analysis of the application of IsoCorrectoR’s various modes
of correction to stable isotope labeling data. Further, IsoCorrectoR is validated in various
scenarios. As an area of application, chapter III then deals with a '3C stable isotope labeling
experiment conducted in a P493-6 B-cell line. This cell line has an inducible MY (C-allele and
can serve as a model for B-cell lymphoma.
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Chapter 11

IsoCorrectoR

1 Introduction: Isotope correction in stable isotope labeling
experiments

As illustrated in section 2 in the general introduction, stable isotope labeling experiments
employed in metabolomics can provide a wealth of information. This includes pathway contri-
butions, (quantitative) nutrient contributions and metabolic rates of conversion in metabolic
networks (fluxes). However, if MS data from stable isotope labeling experiments is interpreted
or used for metabolic flux analysis (MFA) without prior data correction, this may lead to
false conclusions or incorrect flux estimates. The incorporation of a tracer isotope like '*C
from the tracer substrate introduces a mass shift into a given metabolite with respect to the
unlabeled state. The different isotopologues (or mass isotopomers) originating from labeling
can then be measured via MS, yielding an intensity value - e.g., peak area - for each species.
However, without correction, these values do not reflect the true abundance of the labeled
species, the main reason for this being the natural abundance (NA) of stable heavy isotopes.
This is illustrated in Figure II.1, which shows (simulated) exemplary results of MS measure-
ments of alanine isotopologues (C3HgNOs ~, negative mode) from a 3C stable isotope labeling
experiment. When measuring at an m/z value of 90 with nominal resolution, the initial ex-
pectation may be that the area value obtained corresponds solely to the alanine species that
has incorporated 2 '3C from labeling through the tracer substrate (assuming alanine can be
resolved from other metabolites in the sample). However, as shown in the figure, it is not only
the 13Cy12CTHG N0, species (all isotopes except the label are in their most abundant and
lightest form) that corresponds to the value. Also other alanine isotopologues are measured at
an m/z value of 90. This occurs, because stable isotopes of higher mass also exist naturally,
at a defined natural abundance (e.g., 0.0107 for 3C or 0.00364 for 'N). Thus, species that
have obtained 1 !3C from labeling and additionally contain an isotope of higher mass due to
NA also contribute to the 90 m/z measurement, as well species that have obtained no label
at all and show a mass shift of +2 purely due to NA. To obtain the true abundance of the
different labeled species, the measured data has to be corrected for those NA contributions.

Initial methods to correct stable isotope labeling data for NA relied on the measurement of an
unlabeled standard of the respective molecule. In the most straightforward approach, a mass
isotopomer distribution (MID) of a given metabolite is corrected by essentially subtracting
the normalized MID of its unlabeled standard in successive steps. However, this approach is

27



28 CHAPTER II. ISOCORRECTOR

13C21201H614N1602—
(o]
...and:
Hs;C
O- 13cl3cl2ClH 14N16O -
13cl2C21H615|6\11602— 2
NH2 12c31H614N160180—
2CHLAHMN" OO BC,HNO,
13C21201H614N1602-
100 C;H,NO,
2 5]
[
-]
>
©
£ 501
8 13C,CH,NO,
s BCC,HNO,
- -
, _
0 (m/z 88) (m/z 89) 2 (m/z 90) 3 (m/z 91)

number of 'C and m/z

correction . uncorrected . corrected

Figure I1.1: Natural isotope abundance and tracer impurity in MS measurements
from stable isotope labeling experiments. The figure shows (simulated) example results
from MS measurements of isotopologues of the amino acid alanine (CsHsNOg ™, negative mode)
in a 12C stable isotope labeling experiment. The *2C tracer isotope introduces a mass shift into
the metabolite, so that the different isotopologues can be measured at different m/z values. How-
ever, not only the expected labeled species contributes to the measurement. This is illustrated
for the measurement of the 2 1°C species at an m/z value of 90. All the alanine isotopologues
depicted above the measurement contribute to the value at nominal mass resolution. This is
however only an exemplary subset of all possible contributions. A blue colored isotope corre-
sponds to label incorporated from the tracer substrate. A green color identifies stable isotopes of
higher mass that are present due to natural isotope abundance. A red color defines an "impure"
tracer isotope of lower mass obtained from the tracer substrate due to tracer impurity. Values
corrected for NA and tracer purity were obtained by employing IsoCorrectoR’s low-resolution
MS correction approach, assuming a tracer purity of 99%.
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incorrect, as it does not account for the fact that the MID of the unlabeled standard differs
from the MID of species that have incorporated one or more 3C from labeling. In these
cases, the probability of obtaining a *C due to NA is lower, because less C atom positions
are available - a certain number is already occupied due to labeling. This "skewness" effect
associated with MIDs of labeled species can be accounted for by measuring standards of all
labeled species and using them for correction, instead of only the unlabeled standard. However,
acquiring spectra of standards from all possible labeled species originating from a stable isotope
labeling experiment is difficult and likely not even feasible in many cases (Midani et al. (2017)).
An alternative is the computation of a correction matrix based on reported natural isotope
abundance values, as introduced in Fernandez et al. (1996). This approach was combined with
a non-linear fitting procedure to estimate the true isotopic abundances in the sample, using
the measurement of an unlabeled standard.

Another factor that leads to the deviation of measured values from the true abundance of
labeled species is the impurity of the tracer substrate (Millard et al. (2012), Midani et al.
(2017)). Due to tracer impurity, a 13C labeled tracer substrate, for instance, may contain 2C
at positions that should actually be labeled. If a given metabolite receives e.g. 3 carbon atoms
from a tracer substrate that should be fully '3C labeled, it would be expected to contribute to
the measurement of the 3 3C species at a mass shift of +3. However, if one of the carbons from
the tracer substrate is "impure" (i.e., 12C instead of 13C), the species will falsely contribute
to the measurement of the 2 3C species at a mass shift of +2, although it actually obtained
3 carbons from the tracer substrate. This is illustrated in Figure II.1: The red-colored '2C in
one of the alanine isotopologues contributing to the m + 2 value is due to tracer impurity in
the 3 13C species. Without impurity, the species would contribute to the m + 3 value.

When performing correction of MS data for NA, different correction approaches are required
depending on the resolution of the mass analyzer: low resolution, high resolution or ultra-high
resolution. In the context of NA correction, low resolution means that the incorporation of
isotopes which introduce the same nominal mass shift into the molecule cannot be resolved by
the mass spectrometer. For example, it would not be possible to distinguish the incorporation
of a 13C tracer isotope from the incorporation of a °N isotope in a 3C stable isotope labeling
experiment. Thus, data acquired with quadrupole, quadrupole ion trap and many TOF devices
can usually be considered low-resolution. In low-resolution NA correction, all NA derived
species that have the same nominal mass shift as a given expected labeled species have to be
corrected for (see the isotopologues in Figure II1.1). IsoCor (IsoCor v1, Millard et al. (2012))
is a Python-based tool that can be used to correct low-resolution MS data from stable isotope
labeling experiments for both NA and tracer purity, using any tracer isotope (*3C, °N...).
IsoCor’s correction algorithm is based on an approach suggested by van Winden et al. (2002).
Here, a correction matrix is constructed from matrix multiplication of individual correction
matrices for the different elements in the molecule, all of which are computed using reported
values of natural isotope abundance. Next, correction is performed by solving the system
of linear equations originating from v,, = P - v., where v,, is the vector of measured values
(isotopologues), v. is the vector of corrected values and P is the correction matrix. To deal with
measurement noise, the equation is solved for v, using a least-squares method that minimizes
the sum of squared errors, with the constraint that corrected values must be greater than 0.

While IsoCor is an excellent tool for dealing with low-resolution MS data from stable isotope
labeling experiments, it is unable to handle MS/MS data. As discussed in Niedenfiihr et al.
(2016) and Jungreuthmayer et al. (2016), MS/MS labeling data requires a different algorith-
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mic approach to correction to account for the labeling of fragments. Both the Matlab-based
MS-X-Corr (Niedenfiihr et al. (2016)) and the Perl-based ICT (Isotope Correction Toolbox,
Jungreuthmayer et al. (2016)) can deal with MS/MS data from stable isotope labeling ex-
periments. However, MS-X-Corr has no functionality to deal with tracer impurity and can’t
be used for correcting the NA of the tracer element (e.g., 3C in a '3C tracing experiment)
in the core molecule. Here, the core molecule shall be defined as the endogenous metabolite,
excluding parts that stem from derivatization. Thus, ICT is the only tool currently available
that provides full correction functionality on (low-resolution) MS/MS labeling data. Similarly
to IsoCor, it is applicable to any tracer isotope and operates by computing a correction matrix
and solving the resulting system of linear equations. It does, however, not use a least-squares
approach to deal with measurement noise, but rather directly sets negative values to 0 in the
process of solving the equations.

Given sufficient detection time, FT-ICR and orbitrap devices can attain ultra-high resolution
(UHR) in the range of 400000 (400 m/z) or more. At such high resolution, it is considered
possible to reliably resolve mass defect related differences between the incorporation of isotopes
that yield the same nominal mass shift, like *C and N or ?H (Carreer et al. (2013)). In
terms of stable isotope labeling MS data acquired at ultra-high resolution, this means that it
should be possible to resolve NA contributions that do not come from the tracer isotope itself
already spectrometrically. When considering Figure I1.1, only the isotopologue that carries an
additional 3C due to NA and the species that has "lost" a 3C due to tracer impurity would
contribute to the measurement, but none of the others. Thus, correcting such data using a
low-resolution approach may yield substantial overcorrection. A reasonable simplification to
perform valid correction at this level resolution is to account only for the NA of the tracer
isotope, which is implemented in the Python-based tool PyNAC (Carreer et al. (2013)). An
additional implication of being able to reliably resolve mass defect related differences is the
possibility of performing labeling experiments where multiple tracer isotopes - e.g., *C and
15N - are used simultaneously. At said resolutions, it should be possible to resolve the peaks
derived from labeling with '3C, N and combinations of the isotopes (Moseley (2010)). The
term stable isotope resolved metabolomics (SIRM) is used for such analyses (Le et al. (2012)).
PyNAC is capable of correcting data from such multiple-tracer experiments for NA, it does,
however, lack the functionality to also correct for tracer purity.

Mostly, stable isotope labeling data acquired with the increasingly used orbitrap devices falls
into the resolution range between low and ultra-high resolution (140000 is a common reference
resolution at 200 m/z), and is considered high, but not ultra-high. At this level of resolution,
some NA contributions that share the nominal mass shift of a given labeled species can be re-
solved, while others cannot. When again considering Figure II.1 as an example, e.g. the species
containing °N may be resolved, while the species containing 7O and ?H are not. Thus, a cor-
rection algorithm suited for such data must resolution-dependently correct for contributions
that cannot be resolved spectrometrically, but exclude resolved species from correction. Such
an approach was first implemented in the R-based tool AccuCor (Su et al. (2017)), designed
for correcting stable isotope labeling data acquired with orbitrap devices. Similarly to IsoCor,
it builds a correction matrix through matrix multiplication of individual element correction
matrices. Depending on the instrument resolution provided, it however excludes isotopes that
can generally be resolved from the tracer isotope from the computation of the matrices. El-
emCor (Du et al. (2019)) builds upon the algorithm implemented in AccuCor and adds a
small improvement. Additionally, it provides the option to construct a correction matrix from
the measured spectrum of an unlabeled standard (while accounting for the skewness-effect
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explained earlier). However, the algorithmic approach followed by AccuCor (and ElemCor) is
slightly flawed, as shown in Millard et al. (2019). While individual isotopes may be generally
resolved, this is not necessarily true for combinations of those isotopes with other isotopes.
Here, mass defect related differences may add up or cancel each other out. A new version
of IsoCor (IsoCor v2, Millard et al. (2019)) takes these peculiarities into account. Thus, it
appears that currently only IsoCor v2 can be considered to perform the resolution-dependent
correction of high-resolution labeling data correctly. As stated previously, MS/MS labeling
data should be corrected using an MS/MS correction algorithm. While ICT and MS-X-Corr
can perform correction on low-resolution MS/MS data, there is currently no tool that allows
for the resolution-dependent correction of high-resolution MS/MS data.

With this thesis, IsoCorrectoR is presented, a comprehensive R-based tool for the correction of
stable isotope labeling data for NA and tracer purity. IsoCorrectoR covers both the correction
of low-resolution MS and MS/MS data. Additionally, it is capable of correcting ultra-high-
resolution labeling data, including data from multiple-tracer experiments (SIRM), similarly to
PyNAC. However, in contrast to PyNAC, IsoCorrectoR can correct such data also for impu-
rities of the tracer substrate. As shown in the results section, this can be crucial, especially
as impurities of multiple simultaneously used tracer elements can add up to have substantial
impact. Furthermore, IsoCorrectoR is able to correct high-resolution MS labeling data in a
resolution-dependent manner, just as IsoCor v2. Importantly, though, IsoCorrectoR’s algo-
rithm extends resolution-dependent correction also to MS/MS data. Many orbitrap devices
are capable of tandem MS, and the positional labeling information provided by MS/MS mea-
surements can be very valuable. This is especially true for metabolic flux analysis, where
the additional information can help in estimating fluxes more precisely (Choi & Antoniewicz
(2019)).

The following chapter deals with IsoCorrectoR and its application to stable isotope labeling
data. First, the algorithmic approach behind IsoCorrectoR is presented in detail. Then, the
impact of IsoCorrectoR’s various modes of correction on stable isotope labeling data is assessed.
This includes, for example, the effect of natural isotope abundance and tracer purity correction,
an analysis of the error introduced when applying MS correction on MS/MS labeling data
and a comparison of low-resolution correction and UHR correction to resolution-dependent
correction. Finally, IsoCorrectoR is validated by comparison to other available tools (IsoCor,
ICT, PyNAC), the results expected from validation mixtures of known composition and manual
calculations.

2 Contributions

The algorithm and a Matlab-based prototype of IsoCorrectoR have been developed by Paul
Heinrich. The Matlab prototype contains all correction functionality except resolution-de-
pendent correction (low-resolution correction, low-resolution MS/MS correction, tracer purity
correction, correction for different tracer elements, ultra-high-resolution correction of experi-
ments with multiple tracers). Because Matlab is commercial software (and thus not free to
use), the Matlab prototype has been rewritten in R by Christian Kohler from the Statistical
Bioinformatics department. Paul Heinrich and Christian Kohler then jointly extended this R
prototype to the R package IsoCorrectoR, which was subsequently published in Bioconductor,
an open-source repository of bioinformatics software developed in R. Additionally, a graphical
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user interface (GUI) for IsoCorrectoR has been developed by Paul Kiirner from the Statis-
tical Bioinformatics department under the guidance of Paul Heinrich and Christian Kohler.
This GUI prototype was further developed by Paul Heinrich and subsequently published to
Bioconductor as the R package IsoCorrectoRGUI. Paul Heinrich developed IsoCorrectoR’s al-
gorithm for resolution-dependent correction and resolution-dependent MS/MS correction, and
implemented this algorithm in the IsoCorrectoR R package. Christian Kohler maintains the
IsoCorrectoR R packages at Bioconductor.

All analyses regarding the impact of correction and the validation of IsoCorrectoR have been
performed by Paul Heinrich. The lab experiments for the experimental validation of IsoCorrec-
toR have been performed by Lisa Ellmann and Katja Dettmer from the Institute of Functional
Genomics. Parts of the results presented here were published in Heinrich et al. (2018). They
are marked accordingly if taken directly from the published manuscript.

3 Results and Discussion

3.1 IsoCorrectoR’s algorithm

When using IsoCorrectoR to perform correction of stable isotope labeling data for natural
stable isotope abundance (and tracer purity), the basic equation expressing the correction
procedure is always the same, irrespective of the specific correction task or parameters used.
This means that regardless of whether correction at low resolution, high resolution or ultra-
high resolution is performed, or whether the data to be corrected are MS or MS/MS data,
the correction can always be expressed through Equation II.1. Equation II.2 shows the same
expression in matrix form. In order to be able to explain the algorithm behind IsoCorrectoR
in more detail, the term labeling state needs to be defined at first. A labeling state is a
(hypothetical) molecule species containing a specific number of tracer isotopes (e.g., 3C)
originating from the tracer substrate (e.g., U-*C-glutamine). All atoms except the tracer
isotopes are isotopically undefined, e.g. for a given N atom it is not defined whether it is a 4N
or a °N isotope. An example for this is the following alanine labeling state with 1 *C tracer
isotope: CCyHgNOy~ (anion, negative mode). The mass shift of a labeling state is defined
as the mass shift that the given labeling state has with respect to the completely unlabeled
labeling state of the same molecule. In the provided example, the (nominal) mass shift would
be 1.

Um = P - v, (I1.1)
Umy pun ... P15 --- DPilk Ve,
Um; | = | Pit -+ Pij --- Dik || Vg (IL.2)
Umy, Per --- Pkj --- Pkk Uey,

In Equation II.1, v, is the result of the mass spectrometry measurement of the isotopologues
of a given metabolite in a stable isotope labeling experiment. In the MS case, it is a vector that
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contains, at a given index i, the integrated area at the mass shift associated with a labeling
state (with index) i. The vector v, is the result of the correction procedure. A given entry j
corresponds to the corrected area of a labeling state (with index) j. In the MS/MS case, an
element of v, at the index i holds the area integrated for a transition with the product ion
and neutral loss mass shifts associated with a given labeling state ¢. At a given index j, v,
then holds the corrected area of a labeling state j, which is defined by a specific number of
label in product ion and neutral loss.

P is the probability or correction matrix. A single entry p;; in P defines the fraction of the
mass distribution of the j-th labeling state that corresponds to the mass shift (or mass shifts,
in the MS/MS case) of the i-th measured value. Consequently, a given column p, ; of P is
a mass distribution of the labeling state j. Thus, to create the probability matrix P, the
mass distributions of all k£ labeling states of a molecule that can originate from tracer isotope
incorporation must be computed. In the MS case, k = [ + 1, where [ is the maximum number
of label the metabolite can carry. Mass distributions arise because molecules are composed
of varying combinations of naturally occurring isotopes, the frequency of individual isotopes
being defined by their natural abundance (NA). The same is of course true for labeled species,
at atom positions not already occupied by the tracer isotope. These isotope combinations and
the incorporated tracer isotopes determine the species mass. If the tracer substrate is impure,
the mass can additionally be modulated through the incorporation of “impure” tracer isotopes.
See Figure I1.2 for an illustration of a probability matrix and the labeling state indices ¢ and
J using the previously described alanine example molecule.

The definition of p;; can also be worded differently, as follows: The fraction of all isotopologues
that can arise from a labeling state j (due to natural isotope abundance and tracer impurity)
and contribute to the measurement (at the mass shift) of a labeling state i. By solving
Equation II.1 for v, the contributions of all other labeling states to a labeling state i are
removed. Further, the contributions of the labeling state ¢ to other labeling states are re-
added to i itself. As in IsoCor (Millard et al. (2012)), the system of linear equations arising
from Equation II.1 is solved in a least-squares approach, with the constraint that the corrected
values cannot be < 0. Without such a constraint, corrected values that are below 0 may occur
due to inaccurate measurements in v,,, or isotope abundance values used for correction that do
not match those actually present in the measured sample. Exactly how a given element p;; of
P is calculated depends strongly on the type of correction performed. Different approaches are
used for low-resolution correction, resolution-dependent correction and ultra-high-resolution
(multiple-tracer) correction. Further, MS- and MS/MS correction differ in calculation. In
the following, the algorithmic approaches employed for computing P for the different types
of correction will be presented. See tables I1.8 and I1.9 for a summary of descriptions of the
variables used throughout this section.

3.1.1 Low-resolution correction

In this context, low resolution means that the mass analyzer employed generally cannot resolve
the incorporation of the tracer isotope (e.g., *C) into the metabolite from the incorporation
of other isotopes with the same nominal mass shift (e.g., 1°N, 17O, 2H). This is usually the
case for quadrupole, quadrupole ion trap, and TOF (time-of-flight) devices. However, high-
resolving TOF devices can be at the borderline of resolving some of the isotopes. A more
detailed discussion of this issue can be found in the section dealing with resolution-dependent
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Probability matrix P of alanine (C,H.NO,)

BCC,H,NO,
is Ala_1, the labeling state (with index) j

13C,CH,NO,’

is Ala_2, the
labeling state 0.0156 |0.9908

(with index) i

Blue column: Mass distribution of j

Matrix entry with . Fraction of mass distribution of
J that contributes to the measurement of i

Figure 11.2: Exzample illustration of the probability matrix P. The figure shows an
example probability matriz P for alanine, CsHgNO2 . Values were computed with IsoCor-
rectoR (low-resolution correction) and rounded to the fourth digit. The blue column is the
mass distribution of the labeling state (with index) j, 1*CCoHsNOs~ . The brown row shows
the contributions of the mass distributions of all alanine labeling states to the labeling state
(with index) i, 13CyCHgNOy . Please note that only the columns are mass distributions, the
rows are not. The matriz entry with orange background corresponds to p;;, which is the con-
tribution of the mass distribution of labeling state j to the measurement of labeling state i (at
low/nominal mass resolution). In this specific case, the indices i = 2 and j = 1 also correspond
to the number of label incorporated in the respective labeling states. There are however cases
where this does not hold true, for example when considering MS/MS correction.
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correction (3.1.4).

If measurements from a stable isotope labeling experiment were acquired at low resolution, the
contributions of all naturally occurring stable isotopes of the elements in the given metabolite
have to be corrected for. This means that a given entry p;; of P contains contributions from
all the isotopic combinations across the different elements in the labeling state j that can
produce the nominal mass shift of labeling state i. To determine p;;, the first step is to find all
possible isotopic combinations for the individual elements in the labeling state j. Lets assume
that labeling state j is the alanine labeling state from the previous example (13CCyHgNOo ).
The possible isotope combinations of j are shown in Table I1.1. Please note that the isotope
combinations of the tracer element, C, are limited to 2 carbons, although there are in total 3
carbons in the molecule. This is because 1 carbon position is already occupied by the tracer
isotope 13C in this labeling state. Also, only isotope combinations with a maximum mass shift
of 3 are included, as combinations with a higher mass shift can not contribute to any other
labeling state. When not considering tracer purity, this is already true for mass shifts > 2
however due to tracer impurity, mass shifts up to 3 become relevant.

Next, the probability and the (nominal) mass shift of the isotope combinations has to be
computed. The probability is calculated as suggested in van Winden et al. (2002). Let
fn,q be the frequency of isotope h in a given isotope combination ¢ and let r be the total
number of different isotopes of the given element. Further, let a; be the natural abundance
of isotope h and let n, be the total number of isotope positions that can be assigned to
an isotope. The probability of obtaining a certain isotope combination ¢ = [fi,4,..., frql
when assigning n, isotope positions with replacement and without considering ordering is a
multinomial probability (binomial in the special case of r = 2). Thus, the isotope combination
probability ,(q) of an isotope combination ¢ of a given element can be expressed as shown in
Equation II.3. The mass shift 6,,(¢q) of an isotope combination is simply the sum of the mass
shifts up, of the isotopes in the combination with respect to the most abundant isotope (e.g.,
for C, 12C is the most abundant isotope, so u, for 3C is 13 — 12 = 1).

ahfh,q

Op(q) =ng! || = (@) =) fug- (11.3)
q H(fh,q)! q Zh:h 1n

h

The probabilities and mass shifts in the isotope combination table (Table II.1) have been
computed according to the formulae in Equation I1.3. In a next step, the isotope combinations
have to be combined to element combinations to yield a completely defined isotopologue of the
labeling state. Table I1.2 shows exemplary element combinations of the alanine labeling state
13CCyHgNO; . Any combination of isotope combinations of the different elements yields
an element combination u (i.e., an isotopologue). The isotope combination probability of
the isotope combination of a given element e in u will be written as 6,(u,e). The element
combination probability wy(u) of a specific element combination u consisting of those individual
isotope combinations can then be expressed as shown in Equation IT.4. The mass shift w,, (u) of
a given element combination u is simply the sum of the mass shifts of its isotope combinations
Om(u, e) plus the intrinsic nominal mass shift of the labeling state j, m;.

wp(u) =[] Op(ure),  wm(u) = Om(u,e) +m; (IL.4)
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Isotope combi- | Frequency '2C | Frequency '3C | Probability Mass Shift
nation g, tracer | (fi,q) (f2,q) 0,(q) (nominal)
C 0 (q)
C1 2 0 9.787E-01 0
C2 1 1 2.117E-02 1
C3 0 2 1.145E-04 2
Isotope combi- | Frequency Frequency Probability Mass Shift
nation g, tracer | non-tracer 2C | tracer BC | 0,(q) (nominal)
purity C (f1,9) (f2,q) 0:m(q)
purl 0 1 9.900E-01 0
pur2 1 0 1.000E-02 -1
Isotope combi- | Frequency *N | Frequency ° N | Probability Mass Shift
nation g, N (f1.9) (f2,q) 0p(q) (nominal)
0 (q)
N1 1 0 9.963E-01 0
N2 0 1 3.680E-03 1
Isotope combi- | Frequency 1H | Frequency 2H | Probability Mass Shift
nation g, H (f1.9) (f2,q) 0p(q) (nominal)
0 (q)
H1 6 0 9.993E-01 0
H2 5 1 6.896E-04 1
H3 4 2 1.983E-07 2
H4 3 3 3.041E-11 3
Isotope Frequency Frequency Frequency Probability Mass Shift
combina- %0 (f1,9) 170 (f2,0) 180 (f3,9) 0p(q) (nominal)
tion g, O O ()
01 2 0 0 9.951E-01 0
02 1 0 1 4.090E-03 2
03 1 1 0 7.582E-04 1
04 0 1 1 1.558E-06 3
05 0 2 0 1.444E-07 2

Table II.1: Isotope combinations of the different elements of the alanine labeling
state 13CCHsNO»~, including tracer purity combinations. For each element, the ta-
ble contains the possible isotope combinations together with their isotope count, isotope combi-
nation probability 0, and isotope combination mass shift 0,,. 8, and 0., are shown as computed
by IsoCorrectoR, with digits after the decimal point of 8, limited to 3 for readability. Only iso-
tope combinations with a maximum mass shift of 3 are included, as combinations with a higher
mass shift can not contribute to any other labeling state. In the tracer isotope combinations,
the intrinsic mass shift of the labeling state is not included.
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Element Combina- | Isotopologue Probability wp(u) Mass Shift (nomi-
tion u Molecular Formula nal) w., (u)
- 9,(C1) - 0,(N1) - O (C1) + O (N1) +
1312 17 14 7\716 P P
Elel OOy He " N0, 0,(H1) - 0,(01) 0, (H1) + 6,,(01) +m, =1
Ele2 BT N0, 0,(C2) - 0,(N2) - 0(02) + 0,u(N2) +
0,(H1) - 6,(01) O (H1) + 0,,(01) +mj =3
E P 5 — 0 (Cl) -0, (Nl) : m(cl) + em(Nl)
131127 177, 14 A716 )18 P P
Ele3 C Cz Hh N O O eﬁ(Hl) i 9;0(02) am( )+ 9771(02) + m/ =3
0,(C2) - 0,(N2) - O0m (C2) + 0m(N2) +
Ele2 purl BOBCRCT B N160, 0,(H1)-0,(01) - O (H1) + 0, (O1) +
0, (purl) O (p url) +m; =3
0,(C2) - 6,(N2) - 0m(C2) + 0m (N2) +
Ele2 pur2 201201 IS N16O; 0,(H1) - 0,(01) - 0,0 (H1) +9 (01) +
0, (pur2) O (pur2) + m; = 2
Table I1.2: Exemplary element combinations of the alanine labeling state

13CCyHsNOs , including element combinations accounting for tracer purity. The
table includes 3 exemplary element combinations not accounting for tracer purity: Elel, Ele2
and Ele3. The tracer isotope of the labeling state (1 1°C) is marked in blue, all natural abun-
dance derived isotopes are shown uncolored. The columns wy, and w,, show how element com-
bination probability and mass shift are computed for the given element combination. Fach
element combination consists of specific isotope combinations (e.g., C1, N2, H1). Details for
those isotope combinations are given in Table I1.1. The intrinsic mass shift of the labeling state,
m;j, is included in the computation of the element combination mass shifts. An additional 2
element combinations including tracer purity are given, Ele2 purl and Ele2 pur2. They are
both derived from the element combination Ele2. The isotopic composition of Ele2 purl is
identical to Ele2, as the tracer is not impure in the tracer purity combination purl (see Table
I1.1). However, tracer purity combination probability and mass shift are added to the calcula-
tion of w, and wy,, respectively. Ele2_pur2 contains the tracer purity combination pur2, where
the 13C label is impure and thus replaced by a *C, marked in red.
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Ala 0 Ala 1 Ala 2 Ala 3

Ala_0 | 9.593E-01 | 0.000E+00 | 0.000E+00 | 0.000E+00
Ala_1 | 3.606E-02 | 9.697E-01 | 0.000E+00 | 0.000E+00
Ala_2 | 4.446E-03 | 2.597E-02 | 9.802E-01 | 0.000E+-00
Ala 3 | 1.499E-04 | 4.213E-03 | 1.565E-02 | 9.908E-01

Table I1.3: Probability matriz P of the alanine example CsHgINO2 , as computed
by IsoCorrectoR. Column names and row names of the matriz indicate the alanine labeling
states, where Ala_x is the labeling state containing = °C tracer isotopes. Digits after the
decimal point are limited to 3 for readability.

Isotope | Abundance
2o 0.9893
BC 0.0107
'H 0.999885
’H 0.000115
160 0.99757
70 0.00038
19) 0.00205
4N 0.99632
BN 0.00368

Table 11.4: Isotope abundance values. Isotope abundance values (taken from Rosman &
Taylor (1998)) used in the example calculations in this section.

To yield all possible element combinations for a given labeling state j, the isotope combina-
tions of all elements have to be combined combinatorically (i.e., constructing the cartesian
product from the isotope combination sets of the different elements). This yields the set of all
element combinations of labeling state j, U;. Now, p;; is the sum of the element combination
probabilities wy,(u) of labeling state j where the element combination mass shift wy, (u) is equal
to the intrinsic nominal mass shift of labeling state ¢ (Equation I1.5). The subset of element
combinations satisfying this condition is U;;. For example, as shown in Table I1.2, the element
combinations Ele2 and Ele3 of the labeling state 13CCyHgNOy ~ both have a nominal mass
shift of 3. Their element combination probabilities thus have to be added up when computing
the probability that 13CC9HgNOy ™ contributes to the labeling state 13C3HgNOy . When all
pi; have been computed, the result is the final probability matrix P. For the alanine example
(C3HgNO2 ), P is shown in Table I1.3, as computed by IsoCorrectoR when not accounting
for tracer purity. As can be seen, the probability that a labeling state contributes to another
labeling state with less label is always 0, making P a lower triangular matrix.

Uij = {u € Ujlwm(u) =mi},  pij =Y {wp(w)lu € Uy} (IL.5)

3.1.2 Tracer purity correction

Due to tracer impurity, the tracer isotope positions of the labeling state may contain non-tracer
isotopes instead of tracer isotopes. This is because impure sections of the tracer substrate can
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be incorporated into the measured metabolite. As a consequence of tracer impurity, a labeling
state j can contribute to the measurement of a labeling state ¢ that has a lower mass shift
than j. If correction for tracer purity is performed, the purity state is simply considered
a "special" isotope combination. The possible isotopes of this isotope combination are the
tracer isotope (e.g., *C) and the most abundant non-tracer isotope (e.g., 2C) of the given
tracer element. The isotope abundance values ay, are the purity of the tracer (0.99, in this
example) and the probability of having a non-tracer isotope at a tracer isotope position due
to impurity (1 - purity). The mass shift of the tracer isotope in a tracer purity isotope
combination is defined as 0 - for a given element combination, the mass shift associated with
label incorporation is already provided by the intrinsic mass shift of the labeling state (see
Table I1.2), and needs not be added via a tracer purity isotope combination. The mass shift
of the non-tracer isotope species is the negative of the tracer isotope mass shift relative to
the most abundant isotope (e.g., -1 in the case of a 13¢ tracer). Thus, impurity leads to a
decrease in mass shift. For ng, the total number of tracer isotopes in the given labeling state
is used (1 in the provided example of alanine). See Table II.1 for the tracer purity isotope
combinations of 3CCyHgNOy . When computing the set of element combinations of a given
labeling state, the tracer purity isotope combinations are treated just as isotope combinations
of real elements. Thus, they are combinatorically combined with the isotope combinations of
all other elements to yield element combination probabilities and mass shifts that account for
tracer purity. See Table II1.2 for example element combinations including tracer purity and
Table I1.5 for a probability matrix P of the alanine example that accounts for tracer purity.
When considering the matrix, it becomes evident that it is completely filled with non-zero
values and not a lower triangular matrix. The probability matrix not including tracer purity
(see Table I1.3), on the other hand, is a lower triangular matrix. This difference is observed
because a given labeling state can contribute to labeling states with less label incorporated
when tracer purity is accounted for.

As stated, tracer purity isotope combinations consider only two isotopic states: tracer and
non-tracer. Clearly, a tracer element can have more than two isotopes (e.g., when using 180
as a tracer). In this case, the tracer purity correction may not be fully correct, because not
only the most abundant isotope of the tracer element (e.g., 160) but also other, less abundant
isotopes (e.g., 17O) can be incorporated instead of the tracer isotope due to impurity. This
is not accounted for in the presented purity model. However, manufacturer information on
tracer purity usually is not as detailed as providing abundances of individual tracer element
isotopes in the tracer substrate. Rather, only the abundance of the tracer isotope itself is
given as a percentage, reflecting the probability that a given tracer element position in the
tracer substrate will be labeled - the tracer purity value. Furthermore, the most commonly
used tracer elements C and N only have 2 stable isotopes.

3.1.3 Low-resolution MS/MS correction

MS/MS data where label can occur both in product ion and neutral loss has to be corrected
using an MS/MS correction algorithm. When continuing with the alanine example from section
3.1.1, a 2-13CCyHgNO, ~ precursor labeling state might fragment to yield the 3 CCHgN ™ and
CO4 product ion and neutral loss labeling states (while a 1-3CCyHgNOy ™ precursor would
fragment into the CoHgN ~ and '3*COs labeling states under the same conditions). Figure I1.3
illustrates the principle of tandem MS with a labeled molecule and its implications for the
correction procedure. The actual labeled species is an alanine isotopologue with 3 '3C, which
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Ala 0 Ala 1 Ala 2 Ala 3

Ala_0 | 9.593E-01 | 9.697E-03 | 9.802E-05 | 9.908E-07
Ala_1 | 3.606E-02 | 9.603E-01 | 1.941E-02 | 2.943E-04
Ala_2 | 4.446E-03 | 2.575E-02 | 9.610E-01 | 2.913E-02
Ala 3 | 1.499E-04 | 4.172E-03 | 1.541E-02 | 9.615E-01

Table I1.5: Probability matriz P of the alanine example CsHgINO2 , as computed
by IsoCorrectoR when accounting for tracer purity (0.99). Column names and row
names of the matrix indicate the alanine labeling states, where Ala_x is the labeling state
containing & 12C tracer isotopes. Digits after the decimal point are limited to 3 for readability.

corresponds to a mass shift of 3 in the precursor, 2 in the product ion and 1 in the neutral
loss (compared to the unlabeled species). As shown in the figure, NA contributions which
share the same nominal precursor mass shift of 3 cannot be resolved by the precursor mass
analyzer. In the MS case, all these species would contribute to the mass spectrometric peak
of the actual labeled species and would have to be corrected for. However, in the MS/MS
case, some of the species can be resolved at the product ion stage, because they have differing
nominal product ion mass shifts. Thus, only NA contributions where both the precursor and
the product ion mass shift matches that of the labeled species have to be corrected for in
MS/MS NA correction. As a consequence, performing MS correction on MS/MS labeling data
(using the precursor molecular formula) would lead to overcorrection.

In a first step of MS/MS correction, the mass distributions of all product ion and neutral
loss labeling states of the metabolite are computed just as described for the MS case. This
yields the individual probability matrices P,..q and Py, for product ion and neutral loss,
respectively. For correcting MS/MS data according to Equation II.1, Pp.q and Pj,ss cannot
be used directly, however. Rather, a specific probability matrix Pysg/prg is required for this
purpose. It must hold, at a given entry p;;, the probability that a given MS/MS labeling state
j - defined by its label in both product ion and neutral loss - is found at the product ion and
neutral loss mass shifts of an MS/MS labeling state i.

In the case of low-resolution MS/MS correction, an entry p;; of Pysg/ars is derived by multi-
plying the probability that the product ion labeling state jy,.oq of j will produce the mass shift
of the product ion labeling state ip.,q of ¢ (probability derived from Pp,.,q) with the probability
that the neutral loss labeling state jj,ss of 7 will produce the mass shift of the neutral loss
labeling state ij,55 of @ (probability derived from P,ss). This is expressed in Equation I1.6. In
MS/MS correction, the maximum index k of P (i.e., Pyrg/nrs) 18 k = (lproa + 1) * (lioss + 1)
and corresponds to the total number of MS/MS labeling states that can originate, given the
fragmentation pattern of the metabolite. Here, [,,.,4 is the maximum number of label in the
product ion and [j,ss is the maximum number of label in the neutral loss. Consequently, for
the alanine example with fragments CoHgN ™~ and CO2 we would expect k = (2+1)-(1+1) =6
MS/MS labeling states. Table I1.6 shows the probability matrix P for the alanine MS/MS
example, as computed by IsoCorrectoR when not accounting for tracer purity.

PMS/MS ij = prod iprod jprod : BOSS iloss Jloss (116)



3. RESULTS AND DISCUSSION 41

Detector

Mass Analyzer 1 Fragmentation Mass Analyzer 2

@D i .,

) A7 44 ——— i 47 44 ——— i 47 44 %
U5 46 w— A5 46— e— 45 46 *»
Precursor ion Product ion/Neutral loss Product ion

Figure 11.3: Illustration of tandem MS of a labeled molecule with a low-resolution
instrument. The figure shows the schematic setup of a mass spectrometer capable of tan-
dem MS (triple quadrupole setup). It contains a mass analyzer that can filter precursor ions
(Mass Analyzer 1), a means for the fragmentation of precursor ions, a mass analyzer to select
product ions (Mass Analyzer 2) and a detector. The green, blue, orange and gray symbols
above the label "Precursor ion" are isotopologues of an alanine molecule: CsHgNQOs ™, nominal
m/z of unlabeled species = 88. All isotopologues share the same nominal mass shift of 3 in
the precursor (nominal m/z = 91), so that they cannot be resolved from each other by Mass
Analyzer 1. When the isotopologues get fragmented, the rectangle is the product ion portion
(CoCHgN ), while the circle is the neutral loss portion (COg). The numbers inside the symbols
are the nominal m/z values (or mass, in the case of neutral loss) of the respective fragment.
The green (first) precursor is the actual labeled species i - the only isotope of higher mass it
contains is the tracer isotope 13C. The other species uy,us, us (blue, orange, gray) may also
contain other isotopes of higher mass. The arrows indicate passage through a mass analyzer
to the next stage or fragmentation. A red cross across an arrow means that passage through
the given mass analyzer is not possible for the given species, because it can be resolved from
i/the product ion of i. While Mass Analyzer 1 could not resolve the 4 species due to equal
nominal precursor m/z, Mass Analyzer 2 can resolve the product ions of the orange and gray
species from the product ion of i, because they differ in nominal m/z. However, the product
ion of the blue species has the same nominal m/z as the product ion of i and thus can not be
resolved. As a consequence, the green and the blue species pass through to the detector and
both contribute to the mass spectrometric peak expected for labeling state i. Thus, a MS/MS
correction algorithm must correct for the contribution of uy to i, but not for the contribution
of ua and us to i, because they can be resolved at the product ion stage. This is in contrast to
MS' correction, where the contribution of all species would be corrected for.
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Ala 0.0 Ala 1.0 Ala 1.1 Ala 2.1 Ala 2.2 Ala 3.2
Ala_0.0 | 9.593E-01 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00
Ala_1.0 | 1.111E-02 | 9.697E-01 | 0.000E+00 | 0.000E-+00 | 0.000E-+00 | 0.000E-+00
Ala_1.1 | 2.496E-02 | 0.000E+00 | 9.697E-01 | 0.000E-+00 | 0.000E-+00 | 0.000E-+00
Ala 2.1 | 2.889E-04 | 2.523E-02 | 1.123E-02 | 9.802E-01 | 0.000E+00 | 0.000E+00
Ala_ 2.2 | 2.058E-04 | 0.000E+00 | 1.474E-02 | 0.000E+00 | 9.802E-01 | 0.000E+00
Ala 3.2 | 2.383E-06 | 2.081E-04 | 1.706E-04 | 1.490E-02 | 1.135E-02 | 9.908E-01

Table 11.6: Probability matrix P of the alanine MS/MS example (product ion:
CoHgN ™, neutral loss: COgz), as computed by IsoCorrectoR when not account-
ing for tracer purity. Column names and row names of the matrix indicate the alanine
MS/MS labeling states, where Ala_ .5 is the labeling state containing = 13C in the precursor
and y 1°C in the product ion. Digits after the decimal point are limited to 3 for readability.

3.1.4 Resolution-dependent correction

Low-resolution correction is adequate for mass analyzers that cannot distinguish isotopes that
introduce the same nominal mass shift into the molecule (e.g., 3C and '*N). However, high-
resolving orbitrap and FT-ICR (fourier-transform ion cyclotron resonance) mass analyzers are
capable of resolving some or even almost all isotopes that share the same nominal mass shift,
based on the subtle mass defect related differences. For example, the mass difference between
1BC120,THg N80, ™ and 2C3'Hg N0, is the difference between the exact mass shift of
13C and the exact mass shift of '°N: 1.003355—0.997035 = 0.00632. Thus, at a nominal m,/z of
89, a minimal resolution of about 15000 would already be sufficient to spectrometrically resolve
the two isotopologues. This is easily obtained by virtually all orbitrap and FT-ICR devices, and
even by some TOF mass analyzers. The absolute mass difference between incorporating 3C
and 70, on the other hand, is much smaller: 0.000861. Here, a minimal resolution of roughly
105000 at 89 m/z would be required. It must be noted, though, that also mass accuracy and
the m/z window used for peak extraction play an important role in that respect. Further, with
increasing metabolite m/z, orbitrap and FT-ICR resolution diminishes (Zubarev & Makarov
(2013)). As a consequence, some isotopic contributions may be resolved for molecules in the
lower m/z range, while they cannot be resolved for species with high m/z values.

Clearly, being able to resolve some of the isotopic contributions spectrometrically has an
impact on how correction for natural isotope abundance should be performed. If low-resolution
correction is performed on high-resolution data, overcorrection will likely be the result. This is
because isotopic contributions that are actually not part of the integrated isotopologue peaks
due to the high instrument resolution are nevertheless removed during correction. Thus,
a special approach to natural isotope abundance correction is needed in the case of high-
resolution data. Solutions to this problem have recently been provided, however only the one
implemented in IsoCor v2 (Millard et al. (2019)) appears to be fully correct, and IsoCorrectoR
implements the approach of IsoCor v2.

The other available tools for high-resolution correction, AccuCor (Su et al. (2017), R) and
ElemCor (Du et al. (2019), Matlab), both employ a similar algorithm based on matrix mul-
tiplication of individual element correction matrices. In this approach, a correction matrix is
computed for each element in the metabolite of interest. These correction matrices are similar
to the correction matrix P from Equation II.2, however they only consider the contributions of
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a single element (e.g., N or O). Thus, a correction matrix Pp for O would contain, at a given
entry p;;, the probability that a labeling state j matches the mass shift of a labeling state 4
only through the natural abundance of O, not considering any other elements. To compute
the final correction matrix P (see Equation II.7), matrix multiplication among the individual
element correction matrices P, is performed. If tracer purity correction is desired, the resulting
matrix is multiplied with a purity correction matrix in a last step (the multiplication is not
commutative).

P = (H Pe) : Ppurity (H7)

When multiplying the correction matrices of all elements, the result is the correction matrix
for low-resolution correction. It takes the isotopic contributions from all elements into account.
In fact, this matrix multiplication approach to create the low-resolution correction matrix is
implemented in the first version of IsoCor (IsoCor v1, Millard et al. (2012)). The result of this
approach is equivalent to the result of IsoCorrectoR’s approach to low-resolution correction
described in 3.1.1. The rationale behind using the matrix multiplication approach in resolution-
dependent correction is the following: If all isotopes of a given element e can be resolved from
the tracer isotope at the given resolution of the mass analyzer, this element correction matrix
P. can be excluded from the calculation of P and P does not correct for natural isotope
abundance contributions of e. Further, in the approach of AccuCor (Su et al. (2017)), if some
of the isotopes of a given element e can be resolved and some can not, the isotopes that can be
resolved are not included when computing P., but P, is still used for calculating P. This is not
entirely correct, as certain combinations of the isotopes a and b of e may remain unresolved
even if a or b can be resolved individually. This error is corrected in the algorithm used in
ElemCor (Du et al. (2019)).

However, even when considering this improvement of ElemCor over AccuCor, both approaches
remain flawed, as detailed in Millard et al. (2019). While individual isotopes may be resolved
from the tracer isotope at a given resolution, combinations of different (and probably individ-
ually resolved) isotopes in an element combination may produce a mass shift that can not be
resolved from that of the given labeling state. The reason for this is that the mass defects
of the individual isotopes in an isotopologue (i.e., an element combination) may cancel each
other out. This potentially yields a lower mass difference of the given element combination to
the considered labeling state than that of the individual (and potentially resolved) isotopes to
the tracer isotope.

Rather than using matrix multiplication according to Equation I1.7, each element combination
of a given labeling state j must be computed individually to obtain valid correction results, as
described for IsoCorrectoR in Section 3.1.1. This way, the exact (not nominal) mass shift of
each element combination can be calculated. In a next step, a given entry p;; of P is obtained
similarly to Equation ILI.5 (low resolution). However, rather than summing up the probability
of all element combinations of j where the mass shift matches that of labeling state i, a slightly
different approach is used. In the resolution-dependent case, all element combinations u of
j where the exact mass shift w,,(u) is within a certain interval d,,;, around the exact mass
shift m; of labeling state i, are selected. As in the low-resolution case, the probabilities of
the element combinations in the resulting set U;; are then summed up to yield p;; (Equation
I1.8). As shown in Equation II.9, the size of the interval d,,;, is defined by the resolution
of the mass analyzer at the m/z of i (given as FWHM, full width at half maximum of the
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mass spectrometric peak) and by the charge z of ¢ (Millard et al. (2019)). An additional
factor of 1.66 makes sure that only isotopologues that should be well separated in the mass
spectrum are excluded from the correction procedure. As previously stated, resolution is
m/z-dependent for orbitrap and FT-ICR mass analyzers. In the case of FT-ICR analyzers,
resolution is negatively proportional to m/z, whereas for orbitrap analyzers, resolution is
negatively proportional to the square root of m/z (Zubarev & Makarov (2013)). If a reference
resolution R, at a reference m/z my¢y is provided, the orbitrap FWHM at a given metabolite
m/z can be computed according to Equation I1.10 (Su et al. (2017)). Equation II.10 also shows
a similar approach for FT-ICRs, based on the previously stated m/z dependency of resolution.
FWHM may also be set to a constant value, according to FW H M opst = 7;::; . This may be
useful if resolution-dependent correction should be performed with data from a TOF device,
or if resolution is limited in the data analysis stage by the m/z range associated with an
extracted ion chromatogram.

Uij = {u € Uj| (|wm(u) — mi| < 6min)}, pij = > _{wp(w)|u € Uy} (IL.8)
Smin = 1.66 - FWHM - |2| (IL.9)

3/2 2
FW HMypitrap = (m/z) FWHM;y_io = /2 (I1.10)

Rref'\/mref, Rref‘mref

The algorithm for resolution-dependent correction just described is implemented in both Iso-
CorrectoR and IsoCor v2. For more information about why the matrix multiplication approach
to correction implemented in AccuCor and ElemCor is flawed and for a practical example illus-
trating error magnitude, please refer to the publication introducing IsoCor v2 (Millard et al.
(2019)).

3.1.5 Resolution-dependent MS/MS correction

Many orbitrap instruments are capable of acquiring tandem mass spectra, and gathering the
positional labeling information that such spectra provide can be highly beneficial, especially in
metabolic flux analysis. To be able to properly correct such data for NA and tracer purity, it is
likely that an approach to correct MS/MS data from stable isotope labeling experiments in a
resolution-dependent manner will be required. Compared to resolution-dependent correction
of MS data, not only 1 but 2 mass analyzers - namely, precursor and product ion mass
analyzer, (which can, technically, be the same device) - can filter NA contributions to a given
labeling state ¢ in the MS/MS case. This is illustrated in Figure I11.4. For correction, it
may appear straightforward to directly combine the approach for resolution-dependent MS
correction (described in 3.1.4) with the approach to low-resolution MS/MS correction (section
3.1.3). When doing this, a first step would be to compute the individual product ion and
neutral loss probability matrices P,.oq and Py, in a resolution dependent manner, just as
described in section 3.1.4. For computing P04, (5mmpm , would be obtained by gathering the
product ion mass analyzer (usually orbitrap) FWHM at the m/z of the product ion. For P,
the precursor mass analyzer (usually quadrupole or comparable) FWHM at the precursor m/z
would analogously be used to calculate 5mmmec. Then, Ppy.oq and Py, could be combined as
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described in section 3.1.3 to obtain P and ultimately correct the data. Bear in mind, however,
that Pp,.oq holds the probabilities DPiprod dprod that the product ion labeling state jp.oq of the
MS/MS labeling state j produces an exact mass shift within the interval dn,,,, (product
ion mass analyzer) around the exact mass shift of the product ion labeling state ip.oq of
MS/MS labeling state i. Accordingly, Pjoss holds the probabilities p;,, . j,... that the neutral
loss labeling state jj,ss of the MS/MS labeling state j produces an exact mass shift within
the interval d,,in,,., (Precursor mass analyzer) around the exact mass shift of the neutral loss
labeling state 4,55 of MS/MS labeling state 7. This is where a fundamental problem arises. The
mass shift of a given neutral loss isotopologue species derived from the neutral loss labeling
state jjoss is not the mass shift that is recognized by the precursor mass analyzer. The mass
shift actually present at the mass analyzer is the mass shift of the precursor ion u (i.e., a
given isotopologue derived from MS/MS labeling state j as a whole), which is the sum of the
mass shifts of product ion and neutral loss. As a direct consequence, also mass defect related
differences in product ion and neutral loss add up in the precursor mass shift.

This results in two situations where the discussed approach fails. The first case leads to
overcorrection. The neutral loss mass shift wy, (uss) produced by a given isotopologue w;,ss
of the neutral loss labeling state jj,ss may be unresolved from the mass shift m,, of neutral
loss labeling state ;.45 by the precursor mass analyzer. However, technically, the mass analyzer
does not distinguish between wp, (uj0s5) and m;,,__, but rather between wy, (u) and m; (the mass
shift of MS/MS labeling state i), where wy, (¢) = Wi (Uprod) + W (Uioss). When |wp, (U0ss) —
Mo, | < Omingre., this does not necessarily mean that |wp,(u) — mi| < dminy,... The mass
defect related differences |wy, (Uprod) — i, .| of the product ion and |wy, (uiess) — M4y, | of the
neutral loss add up in wy, (u) so that they may exceed the interval determined by dmin,,... With
the approach to resolution-dependent MS/MS correction discussed, this would mean that we
may include certain isotopologues u resulting from MS/MS labeling state j in the correction
of i because |wm (Uprod) = Mip,oq] < Oming,oq A0 Wi (Utoss) — My, | < Oming,e., when actually
|wm (w) —mi| > minyye. - Which means that the precursor mass analyzer can resolve MS/MS
labeling state ¢ from u of j. This results in overcorrection, as u does not contribute to ¢ in the
mass spectrum and should not be corrected for.

The following example illustrates this situation. Consider trimethylsilyl - (TMS-) derivatized
alanine: Assume that the precursor CoHo4OoNSio ' fragments into the product ion C5H4NSi"
containing 2 C from alanine and the neutral loss C4H1¢9O2Si containing 1 C from alanine. We
will look at the contributions of the MS/MS labeling state j, 3CC4H4NSi* /C4H1903Si, to the
MS/MS labeling state i, 3CyC3H14NSi" /13CC3H004Si (product ion/neutral loss). An iso-
topologue u resulting from j that may contribute to 7 is Bo2o,Hyy, 15N2881+/1QC4 1,060, 2981,
having an exact mass shift of w,,(u) = 2.99995786 compared to the completely unlabeled
molecule, resulting from 1 '3C and 1 N in the product ion (wp,(uprod) = 2.00038973) and
1 2Si in the neutral 1oss (wp (Uzess) = 0.99956813). The mass shifts associated with MS/MS
labeling state i are m; = 3.010064505, m;,, = 2.00670967, m;,, = 1.003354835. Assume
now, that dminy... = Ominyoq = 0.008. The mass shift difference between uproq and iprod,
|win (Uprod) — My, q| = 0.00631994 is smaller than d,min,,,, and thus can not be resolved. The
same is true for the mass difference between ujoss and ijpss, |wWim (Uioss) —Mi,,..| = 0.003786705.
Thus, according to the algorithm presented, ¢ would be corrected for the contribution of u from
J because neither product ion nor neutral loss can be resolved. However, when considering
the mass difference the precursor mass analyzer is actually confronted with, |wy,(u) — m;| =
0.010106645, we can see that this actually exceeds dpmin,,... Thus, u from j can actually be
resolved from 7 because the mass difference between precursors is large enough for the mass
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Figure 11.4: Illustration of tandem MS of a labeled molecule with a high-resolution
instrument. The figure shows the schematic setup of a mass spectrometer capable of tandem
MS. It contains a mass analyzer that can filter precursor ions (Mass Analyzer 1), a means for
the fragmentation of precursor ions, a mass analyzer to select product ions (Mass Analyzer 2)
and a detector. For the sake of better illustration, a triple quadrupole setup is shown, even
though such devices can actually not attain high resolutions. The green, blue, orange and black
symbols below are isotopologues of a hypothetic metabolite that all share the same nominal
mass shift in product ion and neutral loss (and thus in the precursor). A low-resolution mass
spectrometer would not be able to resolve them, the only mass differences are mass defect
related. The rectangle is the product ion portion, the circle is the neutral loss portion. The
green (first) precursor is the actual labeled species i - the only isotopes of higher mass it contains
are tracer isotopes (e.g., 1°C). The other species u1,us, u3 (blue, orange, black) also contain
other isotopes of higher mass. The arrows indicate passage through a mass analyzer to the
next stage or fragmentation. A red cross across an arrow means that passage through the given
mass analyzer is not possible for the given species, because it can be resolved from i /the product
ton of i. The black species can already be resolved in the precursor isolation stage, because the
resolution of mass analyzer 1 is sufficient. The blue and orange species pass through mass
analyzer 1 together with the green species © and all get fragmented into product ion and neutral
loss. Mass analyzer 2 has sufficient resolution to distinguish the product ion of the orange
species from the product ion of i. However, the mass difference to the product ion of the blue
species is too low and can not be resolved. As a consequence, the green and the blue species
pass through to the detector and both contribute to the mass spectrometric peak expected for
labeling state i. Thus, a resolution-dependent MS/MS correction algorithm must correct for
the contribution of uy to i, but not for the contribution of us and us to i, because they can be
resolved.
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analyzer to distinguish - while the individual mass differences of product ion and neutral loss
are not. This illustrates that product ion and neutral loss can not be considered separately,
as in the low-resolution case, but that the mass shift of every precursor species u that can
result from an MS/MS labeling state j has to be computed individually. Then it is necessary
to assess whether it can be resolved from the precursor of 7 by the precursor mass analyzer, or
not. The previous example covered overcorrection, when the mass defect related differences
of product ion and neutral loss add up to exceed dpmin,,... However, undercorrection is also
possible if w45 of j can be resolved from i;,,, but neither wy,.,q can be resolved from i,,,q nor
u from 7. Then the algorithm assumes that u does not contribute to ¢ in the mass spectrum
when it actually does. This happens if the mass defect related differences of product ion and
neutral loss cancel each other out to fall below d,yn,,... An example for this can be found if we
assume dpin,,c. = 5mmpm , = 0.0035 with the MS/MS labeling state i from the previous exam-
ple and a species u PC12C2HH 3 MN283i " /12C41H;¢1%05,2%Si (1 13C and 1 ?H in the product
ion, 1 2Si in the neutral loss) produced by j. Here, the mass difference actually present at the
precursor mass analyzer is 0.0008647941 and thus clearly below d,n,,.., While the difference
considering the neutral loss alone (0.003786705) is above d,in,,.., falsely indicating that the
precursor mass analyzer can filter u from 1.

Given the current MS instrumentation available, the above examples are not too likely to occur
- usually, a high-resolving orbitrap analyzer is used for assessing product ion m/z and a low-
resolving quadrupole analyzer for precursor isolation. High-resolving precursor mass analyzers
are not commonly found. However, the discussed cases can only occur if the precursor isolation
step can be performed at rather high resolution (low 6nin,,..). Otherwise, if, as in the first
example, the neutral loss mass difference is unresolved, the precursor mass difference will also
be unresolved under all viable circumstances. This is because the addition of product ion and
neutral loss mass defect related differences is usually by far not sufficient to exceed a fairly
high value of dpnin,,.. like 0.2 or greater. This is also the reason why the approach is valid for
low-resolution MS/MS data.

Nevertheless, it is possible - to the best of our knowledge - to perform a resolution-dependent
correction of MS/MS data that is valid under all circumstances. To this end, for a given
MS/MS labeling state j, the product ion and neutral loss probabilities and exact mass shifts
of all species upoq and s, that can originate from j have to be computed, as described previ-
ously. Then, all possible pairs of upoq and u;,ss have to be formed to obtain the corresponding
precursors u (the set of the u formed is U;). Then, the precursor mass shifts are calculated
by adding product ion and neutral loss mass shift: wy, (1) = wm(Uprod) + Wm (Uiess). Now, to
compute the probability of contribution of j to another MS/MS labeling state i, p;;, it is first
checked whether |wp, (uprod) — M, U< Ominy,oq- 1f this is the case, the product ions can not
be resolved from each other. For the species u,,,q Where this applies, it is additionally checked
whether |wp,(u) — m;i| < dming,.. - i-€., whether the precursor mass analyzer can resolve the
precursor ions or not. Only species u for which both checks are true, meaning that they can
neither be resolved from the precursor ¢ nor from the product ion i,,.4, are included in the
set U;; (Equation II.11). This set is used to calculate the probability p;; by multiplying the
probability of the product ion portion of each u in Usj, wp(uproq), With the probability of the
corresponding neutral portion wy(u;ess) and then summing over all products (Equation 11.12).
The algorithm just described is implemented in IsoCorrectoR. Figure I1.5 shows a flowchart
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of the IsoCorrectoR algorithm for the different modes of correction previously described.
UZ] = {U € U]‘ (’wm(upTOd) - miprod‘ < 5m7:nprod) and (’wm(u) - ml’ < 5minp7‘ec)} (II]‘]‘)

Pij = Z{wp(upmd) ’ wp(uloss)‘u S Uij} (H.12)

3.1.6 Ultra-high-resolution correction and correction of data from multiple-tracer
experiments

FT-ICR and orbitrap devices are capable of achieving ultra-high resolution (UHR) in the range
of 400000 (400 m/z) or more, given sufficient acquisition time. At this level of resolution, it
may be a viable simplification to assume that mass defect related differences between the
incorporation of different isotopes with the same nominal mass shift into a molecule can
generally be resolved. Following this assumption, it would not be necessary to correct ultra-
high-resolution stable isotope labeling data for the NA of isotopes other than the tracer isotope
itself, because these contributions would already be resolved spectrometrically (Carreer et al.
(2013). This simplifies the correction procedure substantially, as only the NA of the tracer
isotope and tracer purity have to be considered, but no other elements. Thus, to correct
ultra-high-resolution data based on the simplification of (near) infinite resolution, all isotope
combinations of the tracer element (e.g., C or N) and all tracer purity combinations are
computed for a given labeling state, just as in the low-resolution case (see Equation II.3).
However, the isotope combinations of all other elements in the given molecule may be ignored.
Also, in the case that the tracer element has more than 2 isotopes, isotope combinations
containing non-tracer isotopes of higher mass (e.g., 17O in the case of an ®O tracer) need
not be computed. These, too, should be resolved by the mass analyzer under the given
assumption. Further, instead of computing a mass shift for each combination, the total number
of label in the combination is computed instead. Probabilities are calculated just as in the
low-resolution approach. In a next step, all possible combinations of the tracer element isotope
combinations and the tracer purity combinations are computed to obtain an UHR equivalent to
the element combinations of the low-resolution case, together with their probabilities (Equation
I1.4). These UHR element combinations will be termed NA-purity combinations, as they do
not actually contain different elements. The mass shift is again replaced by the total number
of label in the combination (NA adds label, while impurity removes label). The set of all
NA-purity combinations of a labeling state j is U;. Similarly to Equation I1.5 for the low-
resolution algorithm, NA-purity combinations of a given labeling state j that have the same
number of label as a labeling state ¢ are grouped into a set U;;. The sum over this set then
yields an entry p;; of the probability matrix.

As already stated in the chapter introduction, being able to reliably resolve mass defect related
differences between the incorporation of isotopes that provide the same nominal mass shift
yields the opportunity to perform stable isotope labeling experiments with multiple tracers.
Then, e.g. C and '°N can be used simultaneously, as the peaks of the labeling states they
produce can be resolved (Moseley (2010)). To perform NA and tracer purity correction on
such multiple-tracer data, a corresponding multiple-tracer probability matrix P,,,;; has to be
computed. A single value P, i; of that matrix is the probability that a given multi-tracer
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Figure I11.5: Flowchart of the IsoCorrectoR algorithm. A flowchart of the IsoCorrectoR
algorithm that illustrates how the individual values p;; of the probability matriz P are computed
for different modes of correction: low-resolution MS and MS/MS correction and resolution-
dependent MS and MS/MS correction. The algorithm generally starts by computing isotope
combination probabilities 0,(q) and mass shifts 0,,(q). In a next step, those values are used
to calculate the probabilities wy(u) and mass shifts w, (u) of element combinations that can be
formed from combinations of isotope combinations of the different elements in the molecule.
Tracer purity correction is done by computing specific tracer purity isotope combinations. Thus,
this mode of correction is covered in the "Isotope combinations” section of the flowchart as well.
In the MS/MS case, isotope combinations and element combinations are computed individually
for product 1on and neutral loss of the given molecule. How IsoCorrectoR computes p;; from
the element combinations u depends on the individual mode of correction. The correction of
ultra-high-resolution data is not included in this figure.
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labeling state j produces the exact labeling pattern of another multi-tracer labeling state @
through NA (and possibly tracer purity). An example for such a labeling state j in a combined
13C and N labeling experiment may be 3CCyHgNOy ~, while the labeling state 4 might be
13CyCHGNOy ~ (note, however, that H and O are actually irrelevant in this model). The first
step to obtain P,,,;: is to compute a probability matrix P; for each individual tracer element
with index ¢, as described for UHR, correction with a single tracer in the previous paragraph.
Then, Pt can be computed in analogy to the matrix Pysg/prg in the low-resolution MS/MS
case. To this end, a given multi-tracer labeling state is split into its single-tracer labeling states,
just as an MS/MS labeling state is split into product ion and neutral loss labeling states. E.g.,
13CCyHgNO, ~ has the single-tracer labeling states 13CCy for carbon and N for nitrogen, while
13C5CHg®NOs ™ can be split into BO,C and N. In the case of 2 tracer elements, a single
entry p;j of P is derived by multiplying the probability that the tracer-element-1 (e.g.,
carbon) labeling state j; of j produces the number of label in the tracer-element-1 labeling
state i1 of 7 with the probability that the tracer-element-2 (e.g., nitrogen) labeling state jo of
J produces the number of label in the tracer-element-2 labeling state iy of 4. This is shown
for the generic case of t tracer elements in Equation I1.13. The maximum index k of P
(i.e., the number of expected multi-tracer labeling states) is given by k = [[,{; + 1, where
[ is the maximum number of label possible for the tracer element with index ¢ in the given
molecule. Table I1.7 shows Py, for the alanine *C and '°N labeling example, as computed
by IsoCorrectoR when assuming a purity of 0.99 for both tracer elements.

t

The Python-based tool PyNAC (Carreer et al. (2013)) is also capable of correcting UHR
labeling data from experiments with multiple tracers. However, the algorithmic approach is
a different one, and it is, in its current form, not compatible with tracer purity correction.
PyNAC does not use a correction matrix approach for correcting the data. Instead, correction
is performed in a step-wise fashion, assuming that no correction is necessary for the labeling
state that contains no label at all. Clearly, this assumption directly excludes the possibility
of tracer purity correction, as correction would be necessary for the unlabeled species in that
case (it receives impurity contributions from labeled species). PyNACs incremental UHR
correction algorithm begins with correcting the species containing 1 label using the value of
the unlabeled species (which needs not be corrected). Then it uses the values of the species
with 0 and 1 label (corrected) to correct the species with 2 label incorporated. This process
is repeated until all labeling states are corrected for NA. In the case of multiple-tracer data,
for the correction of a given multiple-tracer labeling state like 1*CyCHg!®NO, ~, the corrected
values of all species with less or equal amounts of label from either tracer element are required
(e.g., 13CC2H615N027, 13C,CHgNOs ™ or 13002H6N027). If negative corrected values arise,
they are flattened to 0 (Moseley (2010)). This is in contrast to the least-squares based approach
enforcing values > 0 in IsoCorrectoR.

3.1.7 Correction residuals

As stated previously, the system of linear equations defined in Equation II.1 is solved with
the constraint that no value in v, (corrected values) may be smaller than 0. Thus, if an ex-
act solution of the system of linear equations would lead to negative corrected values due to
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C0.NO CO0.N1 C1.NO C1.N1 C2.NO C2.N1 C3.NO C3.N1
C0.NO 9.647E- | 9.682E- | 9.751E- | 9.787E- | 9.857TE- | 9.893E- | 9.963E- | 1.000E-
01 03 03 05 05 07 07 08
CO0.N1 3.563E- | 9.586E- | 3.602E- | 9.689E- | 3.641E- | 9.794E- | 3.680E- | 9.900E-
03 01 05 03 07 05 09 07
C1.NO 3.130E- | 3.142E- | 9.656E- | 9.691E- | 1.952E- | 1.959E- | 2.959E- | 2.970E-
02 04 01 03 02 04 04 06
C1.N1 1.156E- | 3.110E- | 3.566E- | 9.594E- | 7.209E- | 1.939E- | 1.093E- | 2.940E-
04 02 03 01 05 02 06 04
C2.NO 3.385E- | 3.398E- | 2.088E- | 2.096E- | 9.663E- | 9.698E- | 2.929E- | 2.940E-
04 06 02 04 01 03 02 04
C2.N1 1.250E- | 3.364E- | 7.713E- | 2.075E- | 3.569E- | 9.601E- | 1.082E- | 2.911E-
06 04 05 02 03 01 04 02
C3.NO 1.221E- | 1.2256E- | 1.129E- | 1.133E- | 1.045E- | 1.049E- | 9.667E- | 9.703E-
06 08 04 06 02 04 01 03
C3.N1 4.508E- | 1.213E- | 4.171E- | 1.122E- | 3.859E- | 1.038E- | 3.571E- | 9.606E-
09 06 07 04 05 02 03 01

Table I1.7: Probability matrix P for the UHR correction of a multiple-tracer alanine
example (1°C and 1°N labeling), as computed by IsoCorrectoR when assuming
a tracer purity of 0.99 for both tracer elements. Column names and row names of
the matriz indicate the alanine multi-tracer labeling states, where Cr.Ny is the labeling state
containing ¢ 1°C and y 1°N. Digits after the decimal point are limited to 3 for readability.

measurement /integration errors (incorrect vy,) or unsuitable isotope abundance values (incor-
rect P), an exact solution of Equation II.1 is not possible because of the constraint. As a
consequence, correction residuals result. These residuals are given by v,, — P - v, using the
corrected values v. obtained via correction under the constraint. The magnitude of correction
residuals can be an indicator of how well the correction worked on the data. It must be noted,
however, that the absence of residuals does not mean that the correction results are reliable.
Residuals only result if measured values are close to 0/mainly composed of NA contributions.
If all measured values are relatively high, both v,, and P may be incorrect, but no residuals
are seen. If substantial residuals can be observed, though, this indicates that there is an issue.

3.1.8 Handling of missing values

IsoCor and ICT are unable to handle missing values in the measured data v,,. If a value could
not be measured, it has to be set to 0 explicitly, otherwise correction cannot proceed. This
is reasonable, if the value is missing because it is actually close to 0 and probably below the
lower limit of quantification (LLOQ). However, the true value will never actually be 0 due to
NA and tracer purity contributions of other species. When using a least-squares approach to
deal with measurement noise as in IsoCor and IsoCorrectoR, stating an explicit value of 0 in
vy, Will thus distort the correction results in v, to some degree, as the algorithm attempts to
adapt other values to fit the (false) value of 0 that has been provided. To deal with this issue,
the IsoCorrectoR algorithm does not require that values for all expected labeling states are
provided. If the value of a labeling state ¢ is missing, its corresponding row and column at
index 7 are simply removed from the probability matrix and thus from the system of linear
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equations described by Equation I1.2. This way, the (missing) value of labeling state i is not
corrected, nor its contribution to other labeling states. To alert the user, IsoCorrectoR will
issue a warning for each missing value. If an explicit and false value of 0 was stated for i,
however, ¢ would be part of the correction procedure and thus distort the correction results to
some degree. Clearly, though, regardless of whether a missing value of a given labeling state
1 is set to 0 or if it is excluded from correction completely, the data will not be corrected for
contributions of ¢ to other labeling states. Thus, if the true value of 7 is actually not close to
0, but e.g. missing because integration failed due to peak overlap in the chromatogram, the
results of correction may still be recognizably distorted by NA, depending on the magnitude
of NA contributions of ¢ to other species. This should always be considered when performing
correction on data with missing values. Also, calculations of mean isotopic enrichment should
be performed with care if values of expected labeling states are missing.

3.1.9 Omitting the tracer element in the core molecule when correcting

In a derivatized molecule, only the tracer element atoms in the part of the molecule that does
not come from derivatization can be labeled through metabolism. This part of the molecule
will be termed the core molecule. However, the atoms in the derivatizing groups influence the
magnitude of NA contributions just as the atoms in the core molecule. In some cases, e.g., if
the derivatizing groups contain Si or add recognizable amounts of C atoms to the molecule, the
influence of derivatization on NA may even exceed that of the core molecule. Some tools used
for metabolic flux analysis have a built-in functionality to correct for the NA contributions of
(only) the tracer element atoms in the core molecule (Midani et al. (2017)). In such cases,
one may want to correct for the remaining NA with a tool like IsoCorrectoR, and it has to
be possible to exclude the part of correction performed by the tool used for metabolic flux
analysis. Otherwise, correction for NA contributions of the tracer element atoms in the core
molecule will be performed twice, leading to wrong results. Thus, IsoCorrectoR, as well as
IsoCor and ICT, can be set to omit the tracer element NA in the core molecule when correcting.
Internally, this is done by simply removing the unlabeled core tracer element atoms from the
labeling state molecular formulas used for computing the probability matrix. For example, the
labeling state 3CCyHgNO2 ™ would be turned to 3CHgNO, ~, C3HgNOs ~ would be converted
to HgNOs ™. If the molecule is derivatized, tracer element atoms from derivatization remain.

3.1.10 Implementation

IsoCorrectoR’s algorithm has been implemented in an R-package with the same name. The
package is available from Bioconductor, an open-source respository for R-based bioinformat-
ics software (https://bioconductor.org/packages/release/bioc/html/IsoCorrectoR.html). Tt is
also available on request from the Institute of Functional Genomics at the University of Re-
gensburg, Faculty of Medicine. As of the date of thesis submission, the version available
on Bioconductor lacks the functionality of resolution-dependent MS and MS/MS correction,
while a prototype R-package that contains all functionality described in this section is avail-
able from the Institute of Functional Genomics. IsoCorrectoR depends on the pracma R-
package (Practical Numerical Math Functions). It uses pracma’s lsqlincon function for solving
Equation II.1 with the constraint that all values in v, are > 0 in a least-squares approach.
Apart from that, IsoCorrectoR only depends on tidyverse packages for data handling and
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Figure 11.6: IsoCorrectoRGUI: A graphical user interface to IsoCorrectoR. The
figure shows a screenshot of the graphical user interface to IsoCorrectoR that is provided by
the IsoCorrectoRGUI-package.

string operations, as well as packages for reading and writing (Microsoft Excel) data files
(readr, readzl, WriteXLS). The package IsoCorrectoRGUI, which is also available on Bio-
conductor (https://bioconductor.org/packages/release/bioc/html/IsoCorrectoRG Ul html) and
from the Institute of Functional Genomics provides an optional graphical user interface to
IsoCorrectoR (see Figure I1.6). It depends on the tcltk/tcltk?2 packages which are used for
creating graphical user interfaces. The original prototype of IsoCorrectoR was implemented
in Matlab. This prototype is capable of performing all types of correction described in this
section, except resolution-dependent MS and MS/MS correction. It is available upon request
from the Institute of Functional Genomics.

IsoCorrectoR can be used either via the R console or via the graphical user interface provided
with IsoCorrectoRGUI. As input, it requires a measurement file containing measurements of
labeling states (intensity values or fractions) labeled with an ID, a molecule file containing
molecular formula information on the molecules (or their fragments, in MS/MS mode) in the
measurement file, and an element file containing information on natural isotope abundance
and mass shifts/absolute masses of the elements and tracer purity. Among the additional set-
tings are the options to correct for tracer purity, to omit the tracer element atoms in the core
molecule when correcting, and to supply resolution information in the case that resolution-
dependent correction is desired. Resolution information consists of a reference resolution,
a reference m/z and a resolution formula. The resolution formula gives the dependency of
FWHM on m/z, as described in section 3.1.4 for orbitrap and FT-ICR devices. For example,
a possible input for an orbitrap device would be a reference resolution of 140000 at a reference
m/z of 200, using the orbitrap resolution formula (see Equation I1.10). By default - i.e., no
resolution information is provided - IsoCorrectoR performs low-resolution correction. IsoCor-
rectoR also offers the possibility to perform UHR correction on UHR (and possibly multiple
tracer) data. Additionally, IsoCorrectoR allows the user to set a threshold value for internal
calculations. If it is set, no probabilities below this threshold will be computed by IsoCor-
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rectoR when constructing the probability matrix, which can save computational resources.
By default, the calculation threshold is set to 1E-08 in the current implementation, which
has virtually no effect on the results (see 3.3.6 in the validation section). This default was
also used for almost all analyses in this thesis, see the corresponding part of the methods
section (4.1.1) for more details. Other NA correction tools use similar thresholds, although
they are usually fixed and not a modifiable parameter. IsoCorrectoR’s UHR correction uses
a calculation threshold that is different from the one that has just been described. In UHR
correction, computations are not restricted to probabilities above a fixed threshold. Instead,
the relevant metric is the difference in the amount of label incorporated between two labeling
states. Using the default value of 8 for the UHR calculation threshold as an example, this
means that the contributions of a multi-tracer labeling state with 1 '3C tracer isotope and
1 PN tracer isotope to a labeling state with 6 '3C tracer isotopes and 2 N tracer isotopes
will be computed, as the total labeling difference is 6 (< 8). However, the (negligibly small)
contributions to a labeling state with 8 13C tracer isotopes and 3 N tracer isotopes will not
be computed, as the labeling difference of 9 exceeds the threshold of 8.
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Variable | Description

U Vector of measured values

Ve Vector of corrected values

P Probability or correction matrix

Dij Single entry of P

1,7 Indices of P/labeling state indices

q Isotope combination (tuple of frequencies of isotopes of an element)
0p(q) Isotope combination probability

O (q) Isotope combination mass shift

Ng Total number of isotopes in isotope combination ¢

h Index of isotope in an isotope combination

anp Natural abundance of isotope with index h

L Mass shift of isotope with index h

fhg Frequency of isotope with index A in ¢

U Element combination or isotopologue of a molecule/fragment
wp(w) Element combination probability

Wi (u) Element combination mass shift

e Element

Op(u,e) Probability of the isotope combination of element e in u
Om(u,e) | Mass shift of the isotope combination of element e in u

m;); Intrinsic mass shift of labeling state i/j

Uj Set of all element combinations of a labeling state j

Usj Set of all element combinations of a labeling state j that cannot be resolved

from a labeling state ¢

Table 11.8: Description of variables. Description of variables used in this section.



56 CHAPTER II. ISOCORRECTOR

Variable | Description

Pyrs/vs Probability or correction matrix, MS/MS correction

Prrs/msij | Single entry of Pyrg/ars

Pyrod Probability or correction matrix, product ion only

Py Probability or correction matrix, neutral loss only

iprod/Jprod | Index associated with product ion of labeling state i/j in Ppyoq

iloss/Jloss | Index associated with neutral loss of labeling state i/j in Py

Omin Minimum mass difference required to resolve a given labeling state from an-
other species

z Molecule charge

Rycr Reference resolution used for computing FWHM

Myef Reference m/z used for computing FWHM

Uprod Product ion element combination associated with an element combination

Wloss Neutral loss element combination associated with an element combination

Mo Intrinsic mass shift of the product ion of a labeling state ¢

Omingrod Minimum mass difference required to resolve the product ion of a given labeling
state from another product ion species

Ominprec Minimum mass difference required to resolve the precursor ion of a given la-
beling state from another precursor ion species

Pt Probability or correction matrix, UHR multiple-tracer correction

Pt ij Single entry of P,

P, Probability or correction matrix of a single tracer element with index ¢ in UHR
(multiple-tracer) correction

it/ Jt Index in P; that is associated with tracer element ¢ labeling state of multi-tracer

labeling state i/j

Table 11.9: Description of variables. Description of variables used in this section.
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3.2 Application of IsoCorrectoR

With the algorithm behind IsoCorrectoR explained in the previous section, this section deals
with the application of IsoCorrectoR for the correction of data from stable isotope labeling
experiments. The different modes of correction of IsoCorrectoR (e.g., low-resolution correction
of MS and MS/MS data, tracer purity correction, resolution-dependent correction) and their
impact on the data will be assessed with practical examples.

3.2.1 Natural isotope abundance correction

The most basic feature of IsoCorrectoR is the correction of low to medium resolution MS
data (e.g. acquired with quadrupole, linear ion trap or TOF instruments) from stable isotope
labeling experiments for natural isotope abundance (NA). At this level of resolution, isotopic
contributions that provide the same nominal mass shift (e.g., 13C and 15N) usually cannot be
resolved spectrometrically. As a consequence, all isotopic contributions have to be considered
in correction, and IsoCorrectoR’s correction approach for low-resolution MS data has to be
applied.

To illustrate the impact of basic NA correction, Figure I1.7 shows data from a stable isotope
labeling experiment conducted in a P493-6 B-cell line. This cell line can serve as a model for
B-cell lymphoma (see chapter III). Cells were fed with U-13C-glutamine, and the incorporation
of 13C into different amino acids and TCA cycle intermediates was assessed via LC-MS/MS
of cell extracts, using a low-resolution triple-quadrupole device. Prior to measurement, amino
acids were derivatized with propylchloroformate (PCF) to improve separation in reversed phase
HPLC (the derivatization reaction is illustrated in Figure IV.1 a in the methods chapter for a
generic amino acid). The amino acids glycine, ornithine, proline and serine were measured in
MRM mode, however, the neutral loss comes purely from derivatization and cannot contain
label. As a consequence, it is valid to perform MS correction on the data using the product
ion molecular formula, and MS/MS correction is not required.

Figure I1.7 shows the uncorrected mass isotopomer distribution (MID) in comparison to the
MID resulting from NA correction for different amino acids. Each isotopologue fraction is
the mean of biological triplicates. When considering glycine, ornithine and serine, only a
very low degree of labeling can be observed in the uncorrected MID. After NA correction,
the MID consists almost entirely of the m+0 isotopologue. What becomes especially evident
is the strong decrease in the fractions of the m+1 and m+2 isotopologues, suggesting that
the uncorrected fractions came almost exclusively from natural isotope abundance. This is
supported by the MIDs of the same amino acids from the medium control samples, which can
be seen in Figure II1.8. In cell culture medium controls, no labeling should have occured and,
in theory, MIDs should consist only of the m+0 isotopologue after NA correction. In fact,
the medium control MIDs of gylcine and serine match the MIDs from the cell extracts very
closely, suggesting that no or hardly any labeling of those amino acids has occured. However,
comparing the m+1 isotopologue of glycine between cell extract and medium control in a two-
tailed two-sample Welch’s t-test (we don’t assume equal group variances) yields a significant
difference (p = 0.0312). This may indicate a very small degree of labeling or a small but
systematic integration error.

Considering ornithine, on the other hand, small m+3 and m+5 fractions remained after cor-
rection and do not seem to be present in the medium control. This indicates a small degree
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Figure 11.7: Correction of PCF-derivatized amino acids for natural isotope abun-
dance, cell extract. The figure shows the results of natural isotope abundance correction
on isotopologues of PCF-derivatized amino acids from cell extracts of a stable isotope labeling
experiment. Panels a - d show the corrected and uncorrected mass isotopomer distribution
(MID) for the different amino acids. The z-azis labels correspond to the number of 12C label
incorporated in the respective isotopologue. Samples were measured in (biological) triplicates,
means of isotopologue fractions +/- SD are shown.
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Figure I1.8: Correction of PCF-derivatized amino acids for natural isotope abun-
dance, medium control. The figure shows the results of natural isotope abundance correction
on isotopologues of PCF-derivatized amino acids from the medium control samples of a stable
1sotope labeling experiment. Metabolites in medium control samples are not expected to be la-
beled. Panels a - d show the corrected and uncorrected mass isotopomer distribution (MID)
for the different amino acids. The z-axis labels correspond to the number of *>C' label incorpo-
rated in the respective isotopologue. Samples were measured in (biological) triplicates, means
of isotopologue fractions +/- SD are shown.
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of labeling of ornithine through the glutamine tracer. However, using a two-tailed two-sample
Welch’s t-test on the corrected data, the difference between medium control and cell extract is
not significant (p = 0.0551 and 0.0521 for m+3 and m+5, respectively). This is likely because
of the small sample size (n = 3) and the high variance of ornithine m+3 and m-+5 values in
cell extracts. Prior to performing the t-test, the Shapiro-Wilk test was applied to the data of
both groups to assess normality. The null hypothesis of normally distributed data could be
accepted for both cell extract and medium control for the m+5 isotopologue. For the m-+3
isotopologue, it had to be rejected for the medium control. However, this appears to be a re-
sult of correction, as the Shapiro-Wilk test is insignificant (p = 0.845) for uncorrected medium
control data of the m+3 isotopologue. Upon correction, the m+3 values of some of the medium
control samples become exactly 0. This indicates that the correction forced values that would
otherwise have been negative to 0, at the expense of yielding correction residuals (in fact, there
are residuals for both samples where the corrected value is exactly 0). It appears reasonable
that this can in turn result in a deviation from the normal distribution. If the same values were
sampled repeatedly in new, similar experiments, we would expect the mean of the corrected
m-+3 isotopologue in the medium control to always be very close to 0. As a consequence, the
difference between means is essentially defined by the mean of the cell extract group. Further,
the variance in the medium control group should be negligible compared to the variance in the
cell extract group. Thus, the two-sample t-test should approximate a one-sample t-test where
the mean of the (normally distributed) cell extract group is compared to a constant value of
0. In fact, performing such a one-sample t-test yields a p-value of 0.0549, which is very close
to the p-value obtained with the two-sample test, 0.0551. When comparing to a constant of
0, we actually only test for the mean of the cell extract values being greater than zero, not
less. Thus, a one-tailed one-sample t-test can be applied, which then yields the significant
p-values 0.0274 and 0.026 for ornithine m+3 and m-+5, respectively. Accounting for all this,
applying t-tests to the data seems reasonable, even though the medium control group violates
the normality assumption. Further, the significant differences found indicate actual ornithine
labeling.

This example also illustrates a relevant notion of NA correction: In the classical linear algebra
based correction of very small values, small random or systematic errors could actually lead to
negative corrected values. However, IsoCorrectoR’s algorithm does not allow negative values
and forces them to 0 in a least-squares optimization approach. Due to this perturbation, the
corrected data of very small values may appear to violate the normality assumption, even
if it could be considered normally distributed prior to correction. However, this should not
be a crucial issue, as the mean of groups with values that are close to or exactly 0 can be
approximated by a constant value of 0 for statistical procedures.

Regarding proline, there is substantial labeling from glutamine, which is clearly visible before
and after NA correction, but not in the medium control. However, also for proline, a substantial
decrease especially in the m+1 and m+4 fractions can be found after correction, exemplifying
the impact of the correction procedure on the data. When considering Figure I1.8 (which
shows the medium control) again, there are still small non-zero fractions of isotopologues other
than m+-0 after correction, especially ornithine m+-1. If this is the case, the cause are likely
measurement /integration inaccuracies. Another explanation are natural isotope abundance
values used for correction that do not exactly match the actual isotope abundance in the
specific samples.

The magnitude of NA correction mainly scales with two factors: 1) The number of atoms of
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Figure I1.9: Factors that determine the magnitude of NA correction. Both panels show
the ratio of the isotopologues m+0 to m+1 (0 3¢ and one 13C, respectively) in simulated
uncorrected data. Panel a depicts this ratio for hypothetical molecules with differing C/Si
composition. The true ratio is 1:1. In panel b the ratio of uncorrected data is shown for
increasing true ratios of isotopologues m+0 to m+1 for a hypothetic molecule containing 10
C. (Figure and legend taken from Heinrich et al. (2018), legend slightly modified)

elements with abundant isotopes of higher mass in the molecule and 2), the relative abundance
of the m-+n with regard to the m+n+1 fraction. This is illustrated in Figure I1.9. Panel a
shows the uncorrected m+0/m-1 ratio for hypothetical molecules containing differing numbers
of C and Si atoms. The true ratio after NA correction is 1 for all molecules. As can be seen,
the more C atoms the molecule contains, the more the uncorrected ratio deviates from 1 (the
NA of 13C is 0.0107). The ratio decreases even more if Si atoms are additionally present in
the molecule (the NA of 2*Si and 3°Si is 0.047 and 0.031, respectively). The second main
factor affecting correction is illustrated in panel b. Here, the uncorrected m+0/m+1 ratio of
a hypothetical molecule with 10 carbon atoms is shown for increasing true m-+0/m+1 ratios.
Clearly, the uncorrected ratio deviates more strongly from the true (corrected) ratio, the higher
the m+-0 isotopologue fraction is in relation to the m+-1 isotopologue fraction. The deviations
already become very clearly visible at a ratio of 2:1 and increase up to a factor of more than
three for the 20:1 ratio. The more abundant the m+0 isotopologue, the more NA contributions
it can make to the measurements of the m—+1 isotopologue, and the lower the abundance of
the m+1 isotopologue, the higher the NA based proportion of the m+1 measurement which
is removed upon correction.
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3.2.2 Tracer purity correction

Apart from NA, also the isotopic impurity of the tracer substrate can contribute to the distor-
tion of MIDs. This distortion arises because molecules that incorporate a certain number of
tracer element atoms from the tracer substrate through metabolism can also receive "impure"
tracer element atoms if the tracer substrate is impure. This is illustrated in Figure I1.10 b,
which shows the metabolism of a U-'3C-glutamine tracer substrate to proline. The tracer sub-
strate has a purity of 99%, so each of its five C atoms has a 1% chance of being a '2C instead
of a 13C. If such a glutamine tracer substrate that contains e.g. one *2C due to tracer impurity
is metabolized to proline, the result is a proline isotopologue that contains only four **C, even
though five C were transferred from the tracer substrate. While this species should be found
in the measurement of the m+5 fraction from a biological viewpoint, it falsely contributes to
the measurement of the m+4 fraction. This distorting effect is corrected for when applying
tracer purity correction.

The a panel of Figure I1.10 shows the proline MID from section 3.2.1 (Figure I1.7), however,
now MIDs corrected for both NA and tracer purity are included, assuming purities of 99% or
98%. Strikingly, the m+4 fraction completely disappears, already when correcting for a purity
of 99%. This has direct biological implications with regard to data interpretation: When not
correcting for tracer purity, one might have reasoned that it is possible to produce a proline
species that carries four C atoms from glutamine by the cells used in the experiment. However,
after correction, the fraction does not exist anymore, which suggests that the occurence of the
m+4 fraction is merely an artifact introduced by tracer impurity. In fact, the true purity of
the U-'3C-glutamine tracer substrate, as stated by the manufacturer, is 99%, which supports
the assumption. This also means that assuming a purity of 98% should lead to overcorrection
of the data, producing a slightly distorted MID. Thus, tracer purity correction should be
performed with care, and only if reliable purity information is available. When it comes to the
magnitude of tracer purity correction, it basically depends on similar factors as NA correction.
It increases with the number of tracer element atoms that can be labeled and the impurity of
the tracer substrate, as well as with the ratio of the m+n to the m-+n-1 isotopologue fraction.
The direction of tracer impurity contributions is opposite to NA contributions, from higher
mass shift to lower mass shift.



3. RESULTS AND DISCUSSION 63

a
0.4
o
L 0.3
o
©
c
§e]
o=
[&]
8 0.2
c
©
o
€
0.1
. H ‘ |
0 1 2 3 4 5
1
number of °C
mode of correction: - uncorrected . 100% purity . 99% purity . 98% purity
b
o (e}
| ©
H3N(3 /13(:\ 1% chance at 99% purity for H3N®\ ;‘C\ o /O
3¢ 0° each C to be a 12C instead of 3¢ ¢) In the cell: O=1¢
| 13 | metabolism of Gln to Pro \
a 'C 12 o
13¢ —_— c —_— -
\13(: \1 3c ® / 12c
| HN |
13, | 13 e
C C 13¢
X X
N o N o
Tracer substrate U-"3C-Gln Tracer substrate U-'3C-Gln, Pro contains only 4 *C although
carrying 1 '2C due to tracer impurity 5 C were transferred from Gln

Figure I1.10: Correction of PCF-derivatized proline for natural isotope abundance
and tracer impurity. Panel a shows the results of natural isotope abundance and tracer
purity correction on PCF-proline isotopologues from a stable isotope tracer experiment. The
z-azis labels 0-5 correspond to the proline isotopologues with 0 — 5 12C incorporated. Samples
were measured in (biological) triplicates, means of isotopologue fractions +/- SD are shown.
Correction was performed assuming different isotopic purities of the tracer substrate (100%,
99%, 98%). Panel b illustrates how isotopic impurities in the tracer substrate U-13C-glutamine
can lead to a distortion of the proline labeling patterns. (Figure and legend taken from
Heinrich et al. (2018), slightly modified)
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3.2.3 MS/MS correction

Figure I1.11 shows examples of MS/MS measurements of amino acids from the '3C stable
isotope labeling experiment described in 3.2.1. For these amino acids, both product ion and
neutral loss may contain label, as the neutral loss C4HgO> contains 1 carbon from the core
molecule (the fragmentation is illustrated in Figure IV.1 a in the methods chapter for a generic
amino acid). The figure contains both uncorrected MIDs and MIDs corrected for NA and tracer
purity (99% purity). As can be seen, a measurement is not only defined by the total number
of 13C in the precursor ion, but by the number of *C in both precursor (or neutral loss) and
product ion. This yields several transitions for each metabolite, and their number exceeds the
number of measurements in MS labeling data. Apart from increased specificity and sensitivity,
MS/MS measurements provide the advantage of positional labeling information, which can be
very valuable, especially when modeling fluxes in 3C MFA.

As detailed in the algorithm section (3.1.3), MS/MS data with potential label in both product
ion and neutral loss has to be corrected using an MS/MS NA correction algorithm. Performing
MS correction on MS/MS labeling data leads to overcorrection when using the precursor
molecular formula for correction, and undercorrection when using the product ion molecular
formula. In the special case where only one of the two fragments (either product ion or neutral
loss) can contain label, MS correction using only the molecular formula of the respective
fragment is valid. To be able to perform MS correction on MS/MS data, the MS/MS data
first has to be converted to pseudo MS data by summing up the area values of transitions with
the same precursor m/z. This is shown in Figure II.12 for simulated alanine example data.
Positional labeling information is lost in the process.

The potential magnitude of overcorrection when correcting MS/MS data with an MS correc-
tion algorithm (using the precursor molecular formula) is illustrated in Figure 11.13. Here,
uncorrected MS/MS data have been simulated for carbon chains of varying length (see panel
a). The carbon chains always consist of a 10 C product ion that can be labeled at 4 positions.
The number of C that can be labeled in the neutral loss is always 2, however, the total chain
length of the neutral loss varies up to 10 C. Carbons that cannot be labeled may be derived
from a derivatizing group. Panel b shows the error introduced when performing MS correction
on the simulated MS/MS data. In the simulated data, the true abundance (after MS/MS
correction) of all isotopologues is equal. The figure shows the relative deviation from these
expected values after MS correction. As can be seen, MS correction works fine for species
containing 0 to 2 '3C from labeling (up to 4 13C for NL-C2). The error then increases with
increasing label incorporation. This happens, because up to an amount of 2 3C, all possible
NA contributions that are measured in MS mode are also measured in MS/MS mode. How-
ever, beginning with 3 '3C, there are NA contributions that are no longer measured in MS/MS
because they exceed the maximum label expected for the neutral loss, which is 2 3C. For
example, the species from panel a containing 3 3C in the neutral loss portion of the molecule
would be measured in MS, but not in MS/MS mode. Similarly, NA derived species with a mass
shift exceeding that of 4 C in the product ion are not measured in MS/MS (the reason why
correction on NL-C2 works fine up to 4 3C is that it cannot contain more than 2 '3C in the
neutral loss, so only the product ion is relevant with regard to overcorrection). MS correction
however corrects for NA contributions of species that are not measured in MS/MS, resulting
in overcorrection. Overcorrection increases with the amount of label because the amount of
NA contributions that are not measured in MS/MS increases. It also increases with the chain
length (number of carbons that cannot be labeled), because the magnitude of NA correction
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(and thus overcorrection) in general increases with the number of atoms. Panel ¢ of Figure
I1.13 exemplifies how high the correction error can become under certain circumstances. It
shows data from the same hypothetical molecules as in panel b, however, it is limited to the
isotopologue labeled with 6 3C. This is the isotopologue where the error was highest in the
previous analysis. Further, the true amount of the 6 3C species is only 1 /10 of the amount
of the other isotopologues that contribute to it through NA, to further increase the impact of
correction. Under these circumstances, the relative error of MS correction on MS/MS data
can be as high as 75%.
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Figure I1.11: MS/MS correction of PCF-derivatized amino acids for natural iso-
tope abundance and tracer purity, cell extract. The figure shows the results of MS/MS
natural isotope abundance and tracer purity correction (purity 99%) on MS/MS data of PCF-
derivatized amino acids from cell extracts of a stable isotope labeling experiment. Panels a
- ¢ show the corrected and uncorrected mass isotopomer distribution (MID) for the different
amino acids. The z-axis labels n.m correspond to the isotopomers with n 1>C in the precursor
ion and m 2C in the product ion. Samples were measured in (biological) triplicates, means of
isotopologue fractions +/- SD are shown.
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Figure 11.12: Example of conversion of MS/MS data to MS data to be able to correct
for natural isotope abundance with a MS correction algorithm. The bar chart in panel
a shows MS/MS data from alanine from a hypothetic 13C stable isotope labeling experiment.
The C3HgNOg ™ precursor fragments into CoHgN™ and COg. The z-azis labels correspond to
the number of *3C in the precursor ion and in the product ion of the given transition, separated
by a dot. Panel b shows the data from panel a after it has been converted to MS data by adding
the area values of transitions with an equal amount of label in the precursor ion (transitions
1.0 + 1.1. and transitions 2.1 + 2.2). (Figure and legend taken from Heinrich et al.
(2018) supplementary material, slightly modified)
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Figure 11.13: The error introduced when performing MS correction on MS/MS data.
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of MS correction on MS/MS data. The section containing the first 12 C (6 of which can be labeled)
is the same for each species, they only differ in the length of the neutral loss carbon chain. Panel a
also depicts examples for species that are assumed to have been measured in a MS measurement and,
thus, are corrected for performing MS correction. However, they are usually not measured in MS/MS
approaches. In Panel b the relative error introduced by MS correction of MS/MS data is shown for the
different isotopologues of the hypothetic molecules. The true (corrected) abundance of all isotopologues
is equal. NL-Cn indicates a neutral loss chain length of m. Panel c¢ illustrates the same error as
panel b, except that only the values for the mazimally labeled isotopologue (6 130) are shown for each
hypothetic molecule. Furthermore, the true abundance of the 6 *°C species is only 1/10 of that of the
other isotopologues. (Figure and legend taken from Heinrich et al. (2018) supplementary
maiterial, slightly modified)
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3.2.4 Resolution-dependent correction

As pointed out in the algorithm section dealing with resolution-dependent NA correction
(3.1.4), stable isotope labeling MS data acquired with a high-resolution mass analyzer (e.g.
, orbitrap, resolution range around 100000 - 200000) should not be corrected using a low-
resolution correction algorithm. This is because some (or even many) of the NA contributions
that would be corrected for in a low-resolution approach may already be resolvable spectromet-
rically, depending on mass analyzer resolution and molecule m/z. As a consequence, employing
low-resolution correction on high-resolution data may lead to pronounced overcorrection.

Figure I1.14 illustrates the potential error magnitude. It shows exemplary MIDs of (a) tri-
methylsilyl - (TMS-) derivatized proline (C11HsNO2Sis™, [M + H]*) and (b) propylchloro-
formate - (PCF-) derivatized proline (C12HgoNO4 ™, [M + H]T) from a simulated '*C labeling
experiment. The uncorrected MID was devised manually and is the same for both molecules.
The MIDs have been corrected using IsoCorrectoR’s low-resolution MS correction approach
and the approach to resolution-dependent MS correction, assuming a tracer purity of 0.99.
For resolution-dependent correction, a resolution of 140000 at 200 m/z was assumed. For
TMS-derivatized proline (panel a), there is a substantial difference between low-resolution
and resolution-dependent correction for many of the mass fractions. In resolution-dependent
correction, less NA contributions have to be removed, because they can already be resolved by
the mass analyzer. This can lead to markedly higher mass fractions for some species compared
to the low-resolution approach. A main reason for the pronounced differences observed for
TMS-proline is the presence of Si in the molecule. At an orbitrap resolution of 140000 (200
m/z), the dpmin value is 0.0035 at the molecular ion (nominal) m/z of 260 (see Equations I1.10
and I1.9). Thus, the incorporation of 2?Si can be resolved from the incorporation of 1*C (mass
difference 0.0038), and the incorporation of 30Si can be resolved from the incorporation of 2
3¢ (mass difference 0.0099). As a consequence, potential NA contributions that carry a Si
isotope of higher mass usually do not have to be corrected for at this resolution. Since 2%Si
and 3%Si exhibit a very high NA of 0.047 and 0.031, respectively, it is reasonable that this
leads to pronounced differences.

Figure I1.14 b shows the same comparison, however for PCF-proline instead of TMS-proline.
Here, the differences between low-resolution and resolution-dependent correction are only very
small. No Si atoms are present in the molecule, and the only isotope of higher mass that may
reliably be resolved from '3C at the given resolution and molecular ion m/z (244, nominal)
is N. For 2H, 'O and 80, the resolution is generally not sufficient. However, even if
they could be resolved, their NA would be too low to produce really pronounced differences.
The same is the case for ®N. Thus, the MIDs resulting from low-resolution and resolution-
dependent correction are nearly the same, in contrast to the TMS-derivatized molecule. The
same comparison is shown in Figure Al in the appendix for a different uncorrected MID,
yielding similar results. However, molecules need not contain Si for large differences to arise.
Considering the example of acetyl-CoA (Ca3H39N7017P3S™, [M + H]") from a simulated N
labeling experiment (the uncorrected MID was generated randomly, see 3.3 in the methods
section) in Figure I1.15, large NA contributions arise from the 23 carbons the molecule contains.
In contrast to 3C labeling experiments, where it is impossible to resolve *C NA contributions
from the (1*C) labeled species, '*C NA contributions can be resolved from the (°N) labeled
species in 1°N labeling experiments if the resolution is sufficiently high. As acetyl-CoA has
a rather high molecular mass (m/z of 810 for the molecular ion), a resolution in the range
of 500000 (at 200 m,/z) is needed to resolve the incorporation of N from the incorporation
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of 13C. At this resolution (panel b), there are stark differences between low-resolution and
resolution-dependent correction (another isotope responsible for high NA contributions, g,
still cannot be resolved from 2 N, though). If the resolution is insufficient, as shown in panel
a (resolution of 140000 at 200 m/z), the results of the two modes of correction are nearly the
same. Figure A2 in the appendix shows the same comparison for a different uncorrected MID.
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Figure 11.14: Illustration of the impact of resolution-dependent MS correction on
example data, °C labeled derivatized proline. The figure shows the results obtained
from correcting simulated MS data of TMS- (a) and PCF-derivatized (b) proline. The uncor-
rected MID is the same for both molecules. The z-axis labels correspond to the number of 13C
label incorporated in the respective isotopologue. Data are shown uncorrected, corrected with
IsoCorrectoR’s low-resolution MS correction algorithm (low) and corrected with IsoCorrec-
toR’s resolution-dependent MS correction algorithm (high). Resolution-dependent correction
was performed assuming an orbitrap mass analyzer with a resolution of 140000 at 200 m/z.
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Figure I1.15: Illustration of the impact of resolution-dependent MS correction on ex-
ample data from 1°N labeled underivatized acetyl-CoA. The x-azis labels correspond to
the number of 12N label incorporated in the respective isotopologue. Data are shown uncorrected,
corrected with IsoCorrectoR’s low-resolution MS correction algorithm (low) and corrected with
IsoCorrectoR’s resolution-dependent MS correction algorithm (high). Resolution-dependent
correction was performed assuming an orbitrap mass analyzer with a resolution of 140000 at
200 m/z (a) and 500000 at 200 m/z (b). At the lower of the two resolutions, °C and 1°N
can’t be resolved for the 810 m/z acetyl-CoA molecular ion.
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3.2.5 Resolution-dependent MS/MS correction

Not only in MS, but also in MS/MS NA correction it may become necessary to correct
high-resolution data in a resolution-dependent manner. In common orbitrap setups, a low-
resolution quadrupole or linear ion trap mass analyzer for precursor isolation is coupled to a
high-resolution orbitrap mass analyzer used for determining product ion m/z. Mass spectrom-
eter setups where both precursor and product ion mass analyzer operate at high resolution are
uncommon, but should basically also be possible, e.g. when performing fragmentation inside
of a high-resolution mass analyzer after using it for precursor ion selection (Scigelova et al.
(2011)). For both cases, resolution-dependent MS/MS correction may be needed. As with
low-resolution MS/MS correction, it takes into account that not all NA contributions from
MS correction have to be corrected for in the MS/MS case, because some of them are filtered
through the tandem MS setup. Further, NA contributions that would be considered in low-
resolution MS/MS correction may also be filtered at both the precursor and the product ion
stage, if the mass analyzer resolution is sufficiently high to resolve them. Not accounting for
this and correcting MS/MS data acquired with a high-resolution device with a low-resolution
MS/MS correction approach may result in overcorrection. This is explained in detail in the
algorithm section (3.1.5).

Figure I1.16 gives an impression of the impact of resolution-dependent MS/MS correction. It
shows exemplary MIDs of (a) trimethylsilyl - (TMS-) derivatized alanine and (b) propylchlo-
roformate - (PCF-) derivatized alanine from a simulated 'C labeling experiment. The uncor-
rected MID was devised manually and is the same for both molecules. TMS-derivatized alanine
(CoHoyNOoSis ', [M + H|T) fragments at its C1-C2 bond to yield the product ion C5H4NSi*
and the neutral loss C4H1902Si. PCF-derivatized alanine (C19HooNO4™, [M + H]T) also
fragments at its C1-C2 bond and yields C¢H12NO> " as the product ion and C4HgO» as the
neutral loss (the fragmentation is illustrated in Figure IV.1 a and b in the methods chapter for
a generic amino acid for PCF- and TMS-derivatization, respectively). The MIDs have been
corrected using IsoCorrectoR’s low-resolution MS/MS correction approach and the approach
to resolution-dependent MS/MS correction, assuming a tracer purity of 0.99. Resolution-
dependent correction was performed for the usual setup of having a low-resolution precursor
mass analyzer (1000 at m/z 200, FWHM constant over the m/z range) and a high-resolution
product ion mass analyzer (orbitrap, 140000 resolution at m/z 200), labeled "high - product
ion", and for the rather theoretical case of both analyzers operating at high resolution, labeled
"high - both analyzers". When considering TMS-derivatized alanine in Figure I1.16a, there are
substantial differences between the MIDs after low-resolution and after resolution-dependent
correction. For the alanine isotopomer 1.1 (n.m means n 13C in the precursor ion and m
13C in the product ion), the isotopomer fraction after resolution-dependent correction (high -
product ion) is about 155% of the fraction after low-resolution correction. For the 2.2 species,
it is about 178%. The fraction after resolution-dependent correction is higher because less NA
contributions have to be removed - it is assumed that the mass spectrometer is already able
to resolve them during the measurement. Similarly to the resolution-dependent MS correction
example in Figure I1.14a (TMS-derivatized proline), a major factor that drives the substantial
difference in this MS/MS example is the presence of Si in the molecule (due to the TMS-
derivatization). When applying low-resolution MS/MS correction, the NA contributions of
all isotopologues of labeling states 0.0 and 1.1 that carry a Si isotope of higher mass in their
product ion portion are removed from 1.1 and 2.2. However, when performing resolution-
dependent correction, it is assumed that the product ion mass analyzer employed (orbitrap,
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140000 resolution at m/z 200) can resolve the incorporation of Si isotopes of higher mass from
the incorporation of *C. With such a mass analyzer, the resolution should be around 184000
at the product ion m/z of 116 (nominal) (formula I1.10). This then results in a ., of about
0.001 for the product ion (formula I1.9). At this value of d,,i,, the mass difference of about
0.0038 between the incorporation of '3C and 2°Si should easily be resolved. The same is the
case for the mass difference of about 0.0099 between the incorporation of 2 '3C and 1 3°Si.
Thus, potential NA contributions that carry a Si isotope of higher mass in their product ion
usually do not have to be corrected for at this resolution (see Figure I1.4).

Another observation of interest in Figure II1.16a (TMS-derivatized alanine) is that the fraction
of labeling state 1.0 (1 '3C in the neutral loss) is substantially higher for the (rather theoretical)
case of both precursor and product ion mass analyzer operating at high resolution - roughly
145% compared to only the product ion mass analyzer operating at high resolution. In this
setup, NA contributions can already be filtered at the precursor stage (see Figure 11.4). As a
direct consequence, potential NA contributions that carry a Si of higher mass in their neutral
loss portion are usually not removed during correction, because they can be resolved by the
precursor mass analyzer. This yields a much higher isotopomer fraction than for the correction
setups assuming a low-resolution precursor mass analyzer. In these cases, the fraction is
corrected for all possible NA contributions to the neutral loss portion, because the mass
analyzer can’t filter them.

Similarly to the resolution-dependent MS correction example in Figure I1.14b, which deals with
PCF-derivatized proline, also the MS/MS correction example of PCF-derivatized alanine in
Figure I1.16b only shows minor differences between low-resolution and resolution-dependent
correction, because only low abundant isotopic species can be resolved. This is different
when considering the resolution-dependent MS/MS correction of acetyl-CoA MS/MS data
from a simulated '°N labeling experiment (the uncorrected MID was generated randomly, see
3.3 in the methods section) in Figure I1.17. The precursor CogH3z9N;O17P3S™ ([M + H]T)
fragments into the product ion C19H16N5019P2" (3’-phosphonucleoside monophosphate) and
the neutral loss C13H23N2O7PS. Again, as in the case of resolution-dependent MS correction
of acetyl-CoA (Figure I1.15), being able to resolve *C NA from the '°N labeled species has
a substantial impact on the data. In the MS/MS case, the orbitrap mass analyzer analyzes
the 428 m/z product ion, and not the 810 m/z molecular ion, as in the MS case. As a
consequence, a resolution of 200000 at 200 m/z is already sufficient to resolve 3C from 1°N
and yield pronounced differences between low-resolution and resolution-dependent correction
(see Figure I1.17b). For the MS case, such substantial differences are not observed until a
resolution of around 500000 at 200 m/z Regarding 34S in the precursor ion/neutral loss,
even a resolution of 200000 (200 m/z) in the precursor mass analyzer is not sufficient to
resolve this highly abundant isotope from 2 °N. Figure II.17a shows the correction of the
same MS/MS acetyl-CoA MID at a resolution of 140000 at 200 m/z, which is not sufficient
to resolve 3C from !N in the product ion. In this case, the observed differences between
low-resolution and resolution-dependent MS/MS correction are much smaller. Figures A3 and
A4 in the appendix show the correction of additional MIDs for the alanine and acetyl-CoA
examples used in this section. The heatmaps in Figures A5 and A6 in the appendix show a
comparison of low-resolution MS/MS correction with resolution-dependent MS/MS correction
for (low-resolution) MS/MS data from the !3C stable isotope labeling experiment in P493-
6 B-cells which were already used as an example in 3.2.1 and 3.2.3. The heatmaps were
generated by subtracting the MIDs from low-resolution correction from the MIDs resulting
from resolution-dependent correction. Here, maximum differences between low-resolution and
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resolution-dependent correction in the range of 0.005 to 0.009 arise.

There is a very important practical aspect regarding resolution-dependent MS/MS correction
that has not been considered in the analyses presented so far. The resolution of orbitrap
and FT-ICR mass analyzers depends linearly on the transient duration, that is, the time that
ion oscillations are measured in the mass analyzer to subsequently generate a single mass
spectrum via fourier transformation (Zubarev & Makarov (2013)). In full MS mode, transient
lengths sufficient to provide high resolution are usually attainable also in combination with
online chromatographic separation (Su et al. (2017)). However, in the case of tandem MS, a
high resolution spectrum has to be acquired for the fragments of each precursor ion, splitting
the transient duration available in full MS by the total number of precursors measured in
the cycle. When measuring isotopologues from stable isotope labeling experiments, there are
usually many precursors, easily dividing the time available for fragment spectra acquisition by
a factor of 25 or more if the number of points across the chromatographic peak is to be kept
constant. Thus, a resolution of 140000 (200 m/z) would diminish to about 5500. Options to
increase resolution may be a reduction of points across the peak or reducing the total number
of measured precursor ions according to where they are expected in the chromatographic
separation, so that the mass spectrometer does not always cycle over all possible precursors.
However, even if only one 5 carbon metabolite is expected at a given retention time in a '3C
labeling experiment, this would still mean that 6 precursors have to be measured to cover all of
the MID. If, for example, decreasing the number of points across the peak by a factor of 2 and
decreasing the number of precursors to 10, this would yield a resolution of about 28000. This
raises an essential question regarding resolution-dependent MS/MS correction: Is this mode
of correction needed given the drop of resolution in orbitrap and FT-ICR devices operating
in MS/MS mode, or is low-resolution MS/MS correction actually sufficient in the expected
resolution range of roughly about 5000 to 50000 (200 m/z)? To address this issue, results of
resolution-dependent MS/MS correction assuming a low-resolution precursor mass analyzer
(1000 at m/z 200, FWHM constant over the m/z range) and a high resolution orbitrap
product ion mass analyzer operating at different resolutions (140000, 80000, 50000, 20000,
10000 or 5000 at m/z 200) were compared to results of low-resolution MS/MS correction.
This was performed for the simulated labeling data already discussed in this section, from
13C labeled TMS- and PCF-derivatized alanine and '°N labeled acetyl-CoA. Underivatized
alanine (Precursor: C3HgNOs ~, product ion: CoHgN ™, neutral loss: CO3) was also added to
the comparison as an example for a low m/z species.

The heatmap in Figure I1.18 shows the logig transformed differences when subtracting MIDs
resulting from low-resolution MS/MS correction from MIDs that are obtained via resolution-
dependent correction when assuming a resolution of 140000 (m/z 200) for the orbitrap ana-
lyzer. This is the same resolution that was also used for most of the previous analyses, so
Figure I1.18 mainly shows results previously depicted as bar plots as a difference heatmap. As
previously discussed, the highest differences between low-resolution and resolution-dependent
correction are found for TMS-derivatized alanine, mainly due to the ability or inability to re-
solve Si isotopes from 12C (maximum difference: 0.024). The differences for the other molecules
are mostly in the range of 1E-04 to 3E-03. Figure I1.19 shows the same comparison if orbitrap
resolution diminishes to 50000. Here, the differences for TMS-derivatized alanine are still high
(maximum difference: 0.0235), and also the differences for PCF-derivatized and underivatized
alanine remain largely on the same scale as with a resolution of 140000. For the high m/z
molecule acetyl-CoA, however, differences decrease to a negligible magnitude. This is likely
because of the m/z dependency of resolution in orbitrap devices, lowering the actual resolution
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Figure 11.16: Illustration of the impact of resolution-dependent MS/MS correction
on example data. The figure shows the results obtained from correcting simulated MS/MS
data of TMS- (a) and PCF-deriwatized (b) alanine. The uncorrected MID is the same for
both molecules. The z-azis labels n.m correspond to the MS/MS transitions with n 1°C in
the precursor ion and m °C in the product ion. Data are shown uncorrected, corrected with
IsoCorrectoR’s low-resolution MS/MS correction algorithm (low) and corrected with IsoCor-
rectoR’s resolution-dependent MS/MS correction algorithm (high). Resolution-dependent cor-
rection was performed for the usual case of having a low-resolution precursor mass analyzer
(1000 at m/z 200, FWHM constant over the m/z range) and a high resolution product ion
mass analyzer (140000 at m/z 200, orbitrap m/z dependency of FWHM), labeled "high - prod-
uct ion", and for the theoretical case of both analyzers operating at high resolution, labeled
"high - both analyzers'.
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Figure 11.17: Illustration of the impact of resolution-dependent MS/MS cor-
rection on example data from 1°N labeled underivatized acetyl-CoA. Precursor:
Co3H39N7O17P3S™, product ion: CijoHisN5019P2" (3’-phosphonucleoside monophosphate),
neutral loss: C13HagNoOrPS. The x-axis labels n.m correspond to the MS/MS transitions with
n 1°N in the precursor ion and m '°N in the product ion. Data are shown uncorrected, corrected
with IsoCorrectoR’s low-resolution MS/MS correction algorithm (low) and corrected with Iso-
CorrectoR’s resolution-dependent MS/MS correction algorithm (high). Resolution-dependent
correction was performed for the usual case of having a low-resolution precursor mass ana-
lyzer (1000 at m/z 200, FWHM constant over the m/z range) and a high resolution product
1on mass analyzer, labeled "high - product ion", and for the theoretical case of both analyzers
operating at high resolution, labeled "high - both analyzers”. Panels a and b correspond to
different resolutions of the high-resolution orbitrap mass analyzer(s): a) 140000 at m/z 200,
b) 200000 at m/z 200. At the lower of the two resolutions, 1>C and °N can’t be resolved for
the acetyl-CoA product ion (nominal m/z of 428). Even at a resolution of 200000, the two
isotopes cannot be resolved for the precursor (nominal m/z of 810).
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at the acetyl-CoA product ion m/z of 428 (nominal, unlabeled) to about 34000. However, the
results for species with lower m/z show that resolution-dependent correction can still be very
relevant also at a resolution of 50000. A similar heatmap for a resolution of 80000 can be found
in Figure A8 in the appendix. At an orbitrap resolution of 20000, shown in Figure I1.20, the
differences for acetyl-CoA and PCF-derivatized alanine drop to 0. TMS-derivatized alanine
still shows a maximum difference of 0.0156, likely because 2°Si can still be resolved, even if 2%Si
cannot. For underivatized alanine, the differences are similar to those at higher resolutions,
most probably because the actual resolution for the alanine product ion with an m/z of only 44
(nominal, unlabeled) in the orbitrap is around 40000. If resolution diminishes further to 10000
(see Figure A8 in the appendix), differences between low-resolution and resolution-dependent
MS/MS correction remain only for underivatized alanine, which still shows differences compa-
rable to higher resolutions (maximum difference: 1.4E-03). At a resolution of 5000, which is
essentially low-resolution, all differences become 0, also for underivatized alanine.

Thus, for the example molecules considered, even at a resolution of 10000 for determining
product ion m/z, there is still a difference between low-resolution and resolution-dependent
MS/MS correction. This difference is relatively small, constrained to the low m/z product ion
of underivatized alanine, and may or may not be critical in practice at this magnitude, but it
clearly cannot be considered negligible. When resolution increases to 20000, differences become
more marked, and even reach the order of magnitude observed at a resolution of 140000 for
TMS-derivatized alanine. This is most likely due to the presence of 3°Si in the molecule, which
is resolved from (2) '3C relatively easily. At a resolution of 50000, the differences observed
for the small or medium sized metabolites are clearly in the range of those at a resolution of
140000. Resolutions of 140000 or higher are only realistic in the tandem MS measurement
of MIDs when operating in direct infusion mode, and most likely not in combination with
online chromatography. However, the resolutions that may be attainable in that setup can
still be high enough to make resolution-dependent MS/MS correction recommendable. Higher
differences between low-resolution and resolution-dependent correction may be constrained
to specific cases, e.g. the presence of Si in the molecule or molecules with low m/z but
these cases do occur in practice. Another aspect to consider following this analysis is the
relevance of resolution-dependent MS and MS/MS correction for TOF devices. These operate
roughly in the resolution range of 10000 to 50000. For this resolution range, the potential
relevance of resolution-dependent MS/MS correction has been shown in the orbitrap case.
When attempting to transfer these insights to TOF devices, it has to be considered, however,
that, other than for orbitrap or FT-ICR mass analyzers, TOF resolution does not increase with
lower m/z, but is relatively constant throughout the m/z range (Zubarev & Makarov (2013)).
Thus, similar differences for low m/z species (e.g., underivatized alanine) likely would not be
seen in the case of a TOF mass analyzer. Regarding the relevance of resolution-dependent
MS/MS correction, a potential increase in the resolution capabilities of orbitrap devices in the
future should be kept in mind. The reduction of orbitrap dimensions and the application of
enhanced fourier transformation have already brought major improvements in this area, and
further developments in engineering and/or computation may increase resolution even more

(Zubarev & Makarov (2013), Eliuk & Makarov (2015)).
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Figure 11.18: Heatmap showing differences between low-resolution and resolution-
dependent MS/MS correction (product ion mass analyzer resolution of 140000 at
m/z 200). Simulated 1°C labeling data of underivatized and PCF-/TMS-derivatized alanine
(Ala, Ala_ PCF, Ala_ TMS), simulated *>N labeling data of acetyl-CoA. A tracer purity of 0.99
was assumed. The heatmap was generated by subtracting MIDs corrected via IsoCorrectoR’s
low-resolution MS/MS correction approach from MIDs corrected via the resolution-dependent
approach. For resolution-dependent MS/MS correction, the precursor mass analyzer was as-
sumed to operate at a resolution of 1000 at m/z 200 (FWHM constant over the m/z range),
while the product ion mass analyzer was assumed to be an orbitrap operating at a resolution
of 140000 at m/z 200. The (absolute) differences were logio transformed, gray fields indicate
an untransformed difference of 0 (equality of values). Columns represent samples, while rows
represent measurements of MS/MS transitions. The numbers n.m after the metabolite names
correspond to the MS/MS transitions with n label in the precursor ion and m label in the
product ion.
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Figure 11.19: Heatmap showing differences between low-resolution and resolution-
dependent MS/MS correction (product ion mass analyzer resolution of 50000 at
m/z 200). Simulated 1°C labeling data of underivatized and PCF-/TMS-derivatized alanine
(Ala, Ala_ PCF, Ala_ TMS), simulated *>N labeling data of acetyl-CoA. A tracer purity of 0.99
was assumed. The heatmap was generated by subtracting MIDs corrected via IsoCorrectoR’s
low-resolution MS/MS correction approach from MIDs corrected via the resolution-dependent
approach. For resolution-dependent MS/MS correction, the precursor mass analyzer was as-
sumed to operate at a resolution of 1000 at m/z 200 (FWHM constant over the m/z range),
while the product ion mass analyzer was assumed to be an orbitrap operating at a resolution
of 50000 at m/z 200. The (absolute) differences were logiy transformed, gray fields indicate
an untransformed difference of 0 (equality of values). Columns represent samples, while rows
represent measurements of MS/MS transitions. The numbers n.m after the metabolite names
correspond to the MS/MS transitions with n label in the precursor ion and m label in the
product ion.
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Figure 11.20: Heatmap showing differences between low-resolution and resolution-
dependent MS/MS correction (product ion mass analyzer resolution of 20000 at
m/z 200). Simulated 1°C labeling data of underivatized and PCF-/TMS-derivatized alanine
(Ala, Ala_ PCF, Ala_ TMS), simulated *>N labeling data of acetyl-CoA. A tracer purity of 0.99
was assumed. The heatmap was generated by subtracting MIDs corrected via IsoCorrectoR’s
low-resolution MS/MS correction approach from MIDs corrected via the resolution-dependent
approach. For resolution-dependent MS/MS correction, the precursor mass analyzer was as-
sumed to operate at a resolution of 1000 at m/z 200 (FWHM constant over the m/z range),
while the product ion mass analyzer was assumed to be an orbitrap operating at a resolution
of 20000 at m/z 200. The (absolute) differences were logiy transformed, gray fields indicate
an untransformed difference of 0 (equality of values). Columns represent samples, while rows
represent measurements of MS/MS transitions. The numbers n.m after the metabolite names
correspond to the MS/MS transitions with n label in the precursor ion and m label in the
product ion.
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3.2.6 Correction of ultra-high-resolution MS data from multiple-tracer experi-
ments

As already mentioned in previous sections, resolutions exceeding 400000 (at 400 m/z) may
be considered ultra-high resolution. Such resolutions are attainable by FT-ICR and orbitrap
devices, given sufficient transient duration. It has been stated in the literature (Moseley (2010),
Carreer et al. (2013)) that ultra-high resolution should be sufficient to reliably resolve mass
defect related differences between the incorporation of isotopes that produce the same nominal
mass shift. Thus, under this assumption, correcting for NA contributions of isotopes other than
the tracer isotope would not be necessary (Moseley (2010)). Further, this level of resolution
provides the opportunity to perform stable isotope labeling experiments where multiple tracer
isotopes (e.g., 1*C and '°N) are used simultaneously. IsoCorrectoR is capable of correcting
UHR data from such multiple-tracer experiments, under the assumption that the incorporation
of all isotopes except the tracer isotope(s) can be resolved spectrometrically. This is similar
to PyNAC (Carreer et al. (2013)), a tool specifically designed for UHR correction. However,
IsoCorrectoR can additionally correct the data for the purity of the tracer substrates, which
is not possible when using PyNAC.

Figure I1.21 shows the UHR correction of example data from PCF-derivatized asparagine from
a simulated '3C and N stable isotope labeling experiment (uncorrected data were devised by
hand). Data has been corrected without considering tracer purity (100% purity) and assuming
99% or 98% purity (for both tracer elements, it would also be possible to set a different value
for each tracer). When considering the species C3.NO (3 13C, 0 1°N) and C3.N1 (3 13C, 1 15N)
in panel a, the differences between performing and not performing tracer purity correction
are especially evident. Without tracer purity correction, the corrected value of the C3.NO
species is about 145% of the corrected value at 98% purity. For the C3.N1 species, it is 190%.
Thus, given the tracer elements had the commonly observed purity of 98%, not accounting
for tracer purity would lead to substantially different results for some species. Assuming 99%
purity, the results would still deviate remarkably. In the case of the given MID, the reason
for the magnitude of deviations are mainly tracer purity contributions of the C3.N2 (15N
impurity) and C4.N1 (13C impurity) species to C3.N1, as well as the impurity contribution
of C4.NO to C3.NO. As the abundance of the contributing labeling states is high in relation
to the receiving labeling states, the relative magnitude of tracer purity contributions is also
high. The example of C3.N1 further illustrates how impurity contributions of multiple tracer
elements can add up in a multi-tracer experiment. Thus, being able to perform tracer purity
correction should be especially crucial in such a scenario. Panel b shows the same analysis for a
different MID. In this case, the species that mainly provide tracer purity contributions are less
than or equally abundant as the species receiving contributions, resulting in less pronounced
differences between performing and not performing impurity correction. Figure A9 in the
appendix shows the UHR correction of PCF-asparagine for two additional MIDs.

To test whether it is a viable approximation to correct only for the NA of the tracer iso-
tope(s) and not for contributions of any other isotopes in UHR correction, UHR correction
was compared to the application of resolution-dependent correction with resolutions that are
assumed to be ultra-high. To this end, example datasets provided with AccuCor (Su et al.
(2017)) were used. One of the datasets was derived from a '3C labeling experiment, while
the other comes from a '°N labeling experiment. Data were acquired with an orbitrap mass
spectrometer at a resolution of 140000 (200 m/z) in negative mode. IsoCorrectoR’s UHR
correction algorithm, as well as IsoCorrectoR’s algorithm for resolution-dependent correction
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Figure 11.21: Illustration of the impact of UHR (and tracer purity) correction on
simulated example data from simultaneously °C and °N labeled PCF-derivatized
asparagine. The x-azis labels Cz.Ny correspond to x 12C label and y 1°N label incorporated
in the respective isotopologue. Data are shown uncorrected and corrected with IsoCorrectoR’s
UHR correction algorithm at different assumed purities of the tracer substrate. The panels a
and b correspond to different uncorrected MIDs. (Panel a taken from Heinrich et al.
(2018), slightly altered)
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were applied to the data (assumed tracer purity 99%). For resolution-dependent correction,
an FT-ICR mass analyzer with a resolution of either 400000 or 800000 at 400 m/z was as-
sumed (the FWHM-dependency on m/z is given by Equation I1.10). In order to obtain "true"
corrected values for the given datasets, resolution-dependent correction would actually have
to be performed assuming an orbitrap mass analyzer with a resolution of 140000 at 200 m/z.
However, the "true" corrected values are not of interest in this analysis. Only the difference
between the two correction approaches is relevant, so applying the "correct" resolution for
correction is not required. Of course, overcorrection resulting in correction residuals (see 3.1.7
in the algorithm section) may be a problem when using the wrong resolution for correction,
but since the resolutions used for correction are higher than the resolution at which the data
were acquired, this is not an issue.

The heatmap in Figure I1.22 shows the logio-transformed differences between UHR correc-
tion and resolution-dependent correction (resolution 400000 at 400 m/z) for a set of metabo-
lites from the '3C labeling dataset. The maximum difference is in the range of 5.34E-03
(0.00534). This is not extremely high, but might already be relevant to biological inter-
pretation in some cases. Differences between corrected MIDs that get as high as the third
decimal place are found only for heavier metabolites like NADH, sedoheptulose-7-phosphate
or fructose-1,6-bisphosphate (nominal molecular masses of 664, 290 and 340, respectively).
For the smaller metabolites, maximum differences are in the range of 2E-05 (4.5E-11 for 3-
phosphoglycerate). At the higher m/z values, 170 is usually unresolved from '3C: The mass
shift difference between 7O and '3C is 0.0008623, while the minimal resolvable mass difference
for sedoheptulose-7-phosphate (m+0) is 0.0008725). This should be responsible for most of
the observed differences. Further, at m/z values as high of those of NADH, 2H should mostly
be unresolved, too, which explains why differences are most pronounced for that metabolite
(even though the NA of 2H is relatively low, the presence of 29 H atoms in NADH can still
result in notable differences). At a resolution of 800000 (400 m/z, FT-ICR), also 17O can usu-
ally be resolved from '3C for all molecules except NADH. The heatmap in Figure I1.23 shows
the associated differences between UHR and resolution-dependent correction. The maximum
difference is in the range of 6.6E-04, which is roughly an order of magnitude lower than at a
resolution of 400000. Differences are substantially less pronounced in general, while NADH
still shows the highest deviations. In the cases where O can normally be resolved, the re-
maining deviations are likely caused by NA contributions where mass defect related differences
between isotope mass shifts cancel each other out (differences for fructose-1,6-bisphosphate are
presumably more pronounced than for sedoheptulose-7-phosphate because its d,,;, is higher
due to the higher m/z). These contributions are corrected for in the resolution-dependent,
but not in the UHR approach.

The deviations associated with UHR correction compared to resolution-dependent correction
on the 13C labeling dataset can not be considered minor. However, they should still be mostly
acceptable in practice, even at a resolution of 400000 (400 m/z). However, a different picture
emerges when considering the heatmap associated with the comparison of UHR to resolution-
dependent correction on the N labeling dataset (Figure I1.24, no log-transformation). When
assuming an FT-ICR analyzer with a resolution of 400000 (400 m/z) for resolution-dependent
correction, the maximum difference between corrected MIDs gets as high as 0.217 for acetyl-
CoA. Clearly, deviations on that scale should have a tremendous impact on any effort regarding
biological interpretation of the data. Finding such pronounced differences is, however, reason-
able, as 3C NA cannot be resolved from the incorporation of the °N tracer isotope at an m,/z
as high as 808 for the acetyl-CoA molecular ion (mass shift difference of 0.00632 vs. minimal
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Figure 11.22: Heatmap showing differences between UHR and resolution-dependent
correction of data from a °C labeling experiment with IsoCorrectoR. Data used are
example data supplied with AccuCor (Su et al. (2017)). Correction was performed assuming a
tracer purity of 0.99. An FT-ICR mass analyzer with a resolution of 400000 at 400 m/z was
assumed for resolution-dependent correction. The heatmap was generated by subtracting MIDs
obtained by UHR correction from MIDs obtained through resolution-dependent correction. The
(absolute) differences were logio transformed, gray fields indicate an untransformed difference
of 0 (equality of values). Columns represent samples, while rows represent measurements of
mass 1sotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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Figure 11.23: Heatmap showing differences between UHR and resolution-dependent
correction of data from a °C labeling experiment with IsoCorrectoR. Data used are
example data supplied with AccuCor (Su et al. (2017)). Correction was performed assuming a
tracer purity of 0.99. An FT-ICR mass analyzer with a resolution of 800000 at 400 m/z was
assumed for resolution-dependent correction. The heatmap was generated by subtracting MIDs
obtained by UHR correction from MIDs obtained through resolution-dependent correction. The
(absolute) differences were logio transformed, gray fields indicate an untransformed difference
of 0 (equality of values). Columns represent samples, while rows represent measurements of
mass 1sotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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resolvable mass difference of 0.00677). Further, with 23 carbons present in the molecule, the
influence of *C NA should be substantial. For glutathione disulfide, which also shows marked
deviations (maximum: 0.063), *C can usually be resolved. However, resolution is not suf-
ficient to resolve N from 23S and 2 N from 34S. As the NA of both isotopes (especially
348) is high, the observed magnitude of differences seems reasonable. Assuming a resolution
of 800000 (400 m/z Figure I1.25), the maximum difference between UHR and resolution-
dependent correction diminishes to 0.0573 (glutathione disulfide). 'C can be resolved from
15N for acetyl-CoA at this resolution, however, S still cannot be resolved from '°N for both
acetyl-CoA and glutathione disulfide. Thus, even at a resolution of 800000, deviations are still
so high that they are unacceptable in practice. Figures A10 and A1l in the appendix show
the heatmaps of the N labeling analysis in log-scale.

Judging from this analysis, UHR correction should be performed with extreme care. The
assumption that it is possible to spectrometrically resolve all non-tracer isotopes is often not
valid at high m/z values. Further, the mass defect related mass shift differences between the
incorporation of some isotopes are so small that they are often not resolved (e.g., 13 vs. 170,
or 1°N vs. 333 or 31S). Thus, if stable isotope labeling data were acquired with a (ultra-)
high-resolution device, it is strongly recommended to employ resolution-dependent correction
instead of UHR, correction. Until very recently, there was no solution that offered resolution-
dependent correction for multiple-tracer data, and UHR correction was the only option in these
cases. To make sure that the correction error is still acceptable when applying UHR correction,
it is advised to either assess correction using unlabeled standards of molecules with higher m /2
values, or to manually calculate whether especially abundant isotopes like 3C, 33S or 34S can
be resolved at the given molecule m/z This can be done for orbitrap and FT-ICR devices
based on known exact isotope masses and the formulas presented in Equations I1.9 and II.10.
However, with AccuCor2, a first tool for resolution-dependent correction of multiple-tracer
data has now been developed, and it is recommended to use this software instead of applying
UHR correction. In the manuscript presenting AccuCor2, comparisons between resolution-
dependent and UHR correction result in similar conclusions as those presented in this thesis
(Wang et al. (2021)). Further, erroneous assumptions that have been made in the correction
algorithm of the single-tracer resolution-dependent correction tool AccuCor (Su et al. (2017)),
and that have been pointed out in Millard et al. (2019), as well as in section 3.1.4 in this thesis,
have been revised in AccuCor2. Yet, even though AccuCor2 clearly seems to be an appropriate
tool for the correction of multiple-tracer data, making sure that the different tracer isotopes
employed (e.g., 13C together with 15N) can generally be resolved from each other is still
the primary prerequisite for successfully carrying out a multiple-tracer experiment. If this
mandatory condition is not fulfilled, using even the most sophisticated correction algorithm
will not yield reasonable results.
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Figure 11.24: Heatmap showing differences between UHR and resolution-dependent
correction of data from a 1°N labeling experiment with IsoCorrectoR. Data used are
example data supplied with AccuCor (Su et al. (2017)). Correction was performed assuming
a tracer purity of 0.99. An FT-ICR mass analyzer with a resolution of 400000 at 400 m/z
was assumed for resolution-dependent correction. The heatmap was generated by subtracting
MIDs obtained by UHR correction from MIDs obtained through resolution-dependent correc-
tion. Columns represent samples, while rows represent measurements of mass isotopomers.
The number after the metabolite name corresponds to the number of label incorporated.
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Figure 11.25: Heatmap showing differences between UHR and resolution-dependent
correction of data from a 1°N labeling experiment with IsoCorrectoR. Data used are
example data supplied with AccuCor (Su et al. (2017)). Correction was performed assuming
a tracer purity of 0.99. An FT-ICR mass analyzer with a resolution of 800000 at 400 m/z
was assumed for resolution-dependent correction. The heatmap was generated by subtracting
MIDs obtained by UHR correction from MIDs obtained through resolution-dependent correc-
tion. Columns represent samples, while rows represent measurements of mass isotopomers.
The number after the metabolite name corresponds to the number of label incorporated.
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3.3 Validation of IsoCorrectoR

This section deals with the validation of the different correction modes of IsoCorrectoR. Iso-
CorrectoR was validated by comparison to other tools used for NA correction, by comparison
to manual calculations and experimentally, through validation mixtures of known isotopologue
composition.

3.3.1 Low-resolution MS correction

Comparison to IsoCor IsoCorrectoR’s low-resolution MS correction approach was com-
pared to that of IsoCor v2 using different datasets. The first dataset originates from a 3C
stable isotope labeling experiment conducted in a P493-6 B-cell line (see 3.1 in the methods
chapter). These data were already used in section 3.2.1. Cells were fed with U-13C-glutamine,
and the incorporation of 3C into different metabolites was assessed via LC-MS/MS with a
low-resolution triple-quadrupole device. The amino acids glycine, ornithine, proline and serine
were measured in tandem MS, however, the neutral loss cannot contain label. As a conse-
quence, it is valid to perform MS correction on the data. The heatmap in Figure I1.26 covers
data from these amino acids in 26 samples, including cell extracts, supernatants and medium
controls. It was generated by subtracting MIDs corrected by IsoCor v2 from MIDs corrected
by IsoCorrectoR, assuming a tracer purity of 0.99. The maximum difference found is marginal
(in the range of 8E-08) and most likely results from small numeric deviations, illustrating
the excellent agreement between IsoCorrectoR and IsoCor v2. Figures A12 and A13 in the
appendix show the same comparison when not correcting for tracer purity and when not cor-
recting for tracer element NA in the core molecule (the part of the molecule not coming from
derivatization), respectively. The maximum differences found are on the same scale as in the
previous comparison.

The other two datasets are example data supplied with AccuCor (Su et al. (2017)). One
dataset covers a '3C stable isotope labeling experiment, the other measurements from a °N
stable isotope labeling experiment. Both datasets were acquired with a high-resolution orbitrap
device at a resolution of 140000 at 200 m/z Thus, the data should not be corrected using a
low-resolution correction approach, as this would result in overcorrection. However, if the goal
is simply a comparsion of two tools, overcorrection of the data should not be a problem, but
instead serve as a stress-test with regard to how the tools perform when corrected values < 0
would result in some cases. Both IsoCorrectoR and IsoCor v2 use an algorithm that does not
allow negative values when solving the correction equation (Equation II.1). Figures I1.27 and
I1.28 contain heatmaps showing the difference resulting from subtracting the IsoCor v2 MID
from the IsoCorrectoR MID for the '3C stable isotope labeling dataset. A tracer purity of 0.99
was assumed for correction, the two heatmaps show the results for different metabolites. A
maximum difference in the range of 9E-08 again illustrates excellent agreement. To also cover
15N labeling, the heatmaps in Figures I11.29 and I1.30 show the difference between IsoCor v2
and IsoCorrectoR low-resolution MS correction on the N stable isotope labeling data. Here,
maximum differences are in the range of 2.5E-07 and thus slightly more pronounced than in
the other datasets. Yet, they are still extremely small in practice. Figures A14 and A15 in
the appendix show the comparison of the two tools on data from simulated 80 (glucose) and
’H (palmitate) stable isotope labeling experiments. The data were simulated by randomly
generating uncorrected MIDs (see 3.3 in the methods section). Again, the comparisons show
excellent agreement between IsoCor v2 and IsoCorrectoR.
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Figure 11.26: Heatmap showing differences between IsoCorrectoR and IsoCor v2 for
the low-resolution MS correction of data from a 13C labeling experiment. Amino
acid data from a 1°C labeling experiment with the tracer substrate U-1°C-glutamine in a P493-6
B-cell line. A tracer purity of 0.99 was assumed. The heatmap was generated by subtracting
MIDs corrected by IsoCor v2 from MIDs corrected by IsoCorrectoR. Columns represent sam-
ples, while rows represent measurements of mass isotopomers. The number after the metabolite
name corresponds to the number of label incorporated. Abbreviated metabolite names: Gly -
Glycine, Orn - Ornithine, Pro - Proline, Ser - Serine.
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Figure I1.27: Heatmap showing differences between IsoCorrectoR and IsoCor v2

for the low-resolution MS correction of data from a 13C labeling experiment. Data

used are example data supplied with AccuCor (Su et al. (2017)). A tracer purity of 0.99 was
assumed. The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs
corrected by IsoCorrectoR. Columns represent samples, while rows represent measurements of
mass isotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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Figure I1.28: Heatmap showing differences between IsoCorrectoR and IsoCor v2
for the low-resolution MS correction of data from a 13C labeling experiment. Data
used are example data supplied with AccuCor (Su et al. (2017)). A tracer purity of 0.99 was
assumed. The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs
corrected by IsoCorrectoR. Columns represent samples, while rows represent measurements of
mass isotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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Figure 11.29: Heatmap showing differences between IsoCorrectoR and IsoCor v2
for the low-resolution MS correction of data from a 1°N labeling experiment. Data
used are example data supplied with AccuCor (Su et al. (2017)). A tracer purity of 0.99 was
assumed. The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs
corrected by IsoCorrectoR. Columns represent samples, while rows represent measurements of
mass isotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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Figure 11.30: Heatmap showing differences between IsoCorrectoR and IsoCor v2
for the low-resolution MS correction of data from a 1°N labeling experiment. Data
used are example data supplied with AccuCor (Su et al. (2017)). A tracer purity of 0.99 was
assumed. The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs
corrected by IsoCorrectoR. Columns represent samples, while rows represent measurements of
mass isotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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Figure 11.31: Comparison of low-resolution MS correction to manual calculations.
Simulated 1°C stable isotope labeling data from PCF-deriatized glycine was corrected using
the low-resolution MS correction approach of IsoCorrectoR and through manual calculations.
A tracer purity of 99% was assumed. The z-axis labels 0 - 2 correspond to the glycine iso-
topologues with 0 - 2 13C incorporated. The panels show the results for different uncorrected
MIDs. (Figure and legend partly taken from Heinrich et al. (2018) supplementary
material)

Comparison to manual calculations To validate IsoCorrectoR’s low-resolution MS cor-
rection approach, we also performed a manual correction of simulated '3C stable isotope label-
ing data from PCF-derivatized glycine. The probability matrix was generated using Microsoft
Excel. It was then imported together with simulated, uncorrected values into Matlab to solve
the system of linear equations for the corrected values. The process of manual probability
matrix calculation is laborious and error-prone. However, for small core molecules like glycine
it is still manageable and the derivatization, as long as it does not introduce new elements into
the molecule, does not add substantially to the complexity of the calculation. Figure I1.31
depicts the comparison for different simulated uncorrected MIDs of PCF-glycine (tracer pu-
rity assumed for correction was 99%). The results of IsoCorrectoR match the results from the
manual calculations perfectly, with a maximum difference in the range of 5E-09. (Paragraph
taken from Heinrich et al. (2018) supplementary material and modified)

Experimental validation To assess the validity of the correction procedure also experi-
mentally, different '3C labeled alanine species were combined to varying mixtures of known
composition. The samples were subjected to silylation to yield TMS-derivatized alanine and
analyzed by GC-APCI-TOFMS. Each mixture was prepared and analyzed in triplicates. The
diagrams shown in Figure I1.32 contain the fractional measured uncorrected data for each
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isotopologue mass window, the fractions of the labeled species expected after the correction
(corresponding to their fractional concentrations in the mixture), the expected uncorrected
data (derived by performing IsoCorrectoR’s algorithm in reverse, thus creating uncorrected
values from known true corrected values), and the correction results of IsoCorrectoR and Iso-
Cor (v1) at 99% tracer purity. In line with previous examples, the correction results of the two
tools match very well. With regard to the corrected values expected according to the com-
position of the mixture, Figure 11.32a shows relatively pronounced deviations for the species
with 2 and 3 3C. After correction with IsoCorrectoR /IsoCor, the 2 13C species shows about
90% of the expected value, while roughly 160% of the expected value is found for the 3 3C
species. When comparing the measured uncorrected data to the expected uncorrected data,
it becomes evident that the deviations found have the same direction and overall magnitude
as those found between the expected corrected values and the corrected values derived from
IsoCorrectoR /IsoCor. This indicates that, given the results of IsoCorrectoR and IsoCor are
correct, deviations in the uncorrected values translate more or less directly to the corrected
values. The cause of such differences between expected uncorrected values and measured
uncorrected values are most likely measurement or peak integration inaccuracies. Such a de-
viation may be of small or medium size in relation to the uncorrected value. Compared to
a substantially smaller corrected value, however, it can be huge. This exemplifies the effect
of natural abundance/tracer purity correction in conjunction with inaccurate measurements
(which can be especially pronounced in the lower dynamic range). For isotopologues with a
low fractional abundance, the relative magnitude of a bias existing in the uncorrected data is
expected to increase substantially in the corrected data. On the other hand, the diagrams in
Figure I1.32 indicate that performing no correction will result in a much greater bias. Figure
I1.32b shows the results for a different mixture of alanine isotopologues, none of which has
markedly low fractional abundance. As can be seen, the bias of the corrected data relative
to the expected values is far less pronounced than in Figure I1.32a. The diagrams for two
additional mixtures can be found in Figure A16 in the appendix. The results are similar to
those shown in Figure I11.32. (Paragraph taken from Heinrich et al. (2018) and slightly
modified)
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Figure 11.32: Experimental validation of low-resolution MS correction with isotopo-
logue mixtures of known composition. Low-resolution MS correction of GC-MS data of
miztures of TMS-derivatized alanine isotopologues. The mixtures have known composition.
The z-azis labels 0 - 8 correspond to the TMS-alanine isotopologues with 0 - 8 1°C incorpo-
rated. The grouped bar charts depict the correction performance of IsoCorrectoR or IsoCor in
comparison to the expected values. Additionally, the expected uncorrected values (reverse ap-
plication of IsoCorrectoR functions) are compared to the uncorrected values actually measured.
Samples were measured in technical triplicates, means of isotopologue fractions +/- SD are
shown. Panels a and b show different miztures. (Figure and legend taken from Heinrich
et al. (2018) and slightly modified)
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3.3.2 Low-resolution MS/MS correction

Comparison to ICT To compare IsoCorrectoR’s low-resolution MS/MS correction ap-
proach to the Perl-based MS/MS correction tool ICT, organic acid and amino acid data from
a 13C stable isotope labeling experiment conducted in a P493-6 B-cell line were used (see
section 3.1 in the methods chapter). Cells were fed with U-13C-glutamine, and the incorpo-
ration of ¥C into different metabolites was assessed via LC-MS/MS with a low-resolution
triple-quadrupole device. Data from that experiment were already employed in various pre-
vious sections. The heatmap in Figure 11.33 shows the differences between IsoCorrectoR’s
and ICT’s MS/MS correction for low-resolution MS/MS data of organic acids. The corrected
MIDs obtained from ICT were subtracted from the corrected MIDs produced by IsoCorrec-
toR, and the (absolute) differences were log; transformed to better capture their scale. Gray
fields indicate an untransformed difference of 0 between the two tools. Differences get as high
as 8E-04, which is nearing the range of biological relevance. However, when considering the
color pattern visible in the heatmap, it becomes evident that more pronounced differences are
always found in samples that contain at least one value where the difference between tools is
exactly 0. This usually occurs in samples where corrected values < 0 would result. As both
ICT and IsoCorrectoR do not allow corrected values < 0, both tools force those values to 0,
thus yielding an exact match. In the case of IsoCorrectoR, this yields correction residuals, as
exact solving of v,,, = P - v, is not possible.

Figure I1.34 shows these residuals for the given data, indicating a clear match between samples
with correction residuals and samples where IsoCorrectoR and ICT differ more strongly. Most
likely, differences in the algorithmic approach that enforces corrected values > 0 are the cause
of the observed mismatch between the two tools. Both IsoCorrectoR and IsoCor employ a
least-squares optimization procedure (minimizing the squared residuals) with the constraint
of obtaining only positive values when solving v,, = P - v.. This is likely the reason why
the results of IsoCorrectoR and IsoCor match so well also in the case of overcorrecting high-
resolution data with a low-resolution approach (see section 3.3.1). ICT, on the other hand, uses
a different method to ensure positive corrected values. Here, the system of linear equations in
Um = P, is solved analytically, equation by equation, following gaussian elimination to bring
the correction matrix into upper triangular shape. While the system of equations is solved
row by row, each time a negative corrected value would occur it is directly set to 0, and this
value of 0 is used for solving the remaining equations (Jungreuthmayer et al. (2016) and ICT
documentation). Clearly, such differences in solving v,, = P v, between two tools should lead
to some degree of deviation between the corrected MIDs. Differences between the correction
results of ICT and IsoCor on MS (not MS/MS) data have been reported, too, in the ICT
documentation for cases where correction would yield negative values. In samples where it is
not necessary to deal with negative corrected values, the results of ICT and IsoCorrectoR match
perfectly, with a maximum difference in the range of 2E-08. Figure I1.35 shows a heatmap
comparing ICT and IsoCorrectoR on amino acid data from the same labeling experiment.
Again, higher deviations are solely found in samples where correction would result in negative
values (see Figure A17 in the appendix for a heatmap of the residuals). Additionally, the
low-resolution MS/MS correction of ICT and IsoCorrectoR has been compared on acetyl-CoA
MS/MS data from a simulated N labeling experiment (random generation of uncorrected
MIDs). A heatmap of the comparison is provided in Figure A18 in the appendix. It shows
results similar to the 3C labeling data. Again, major differences between the two tools are
only found in samples where corrected values < 0 would result.
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Figure 11.33: Heatmap showing differences between IsoCorrectoR and ICT for the
low-resolution MS/MS correction of data from a 13C labeling experiment. Organic
acid data from a 1°C labeling experiment with the tracer substrate U-1°C-glutamine in a P493-6
B-cell line. A tracer purity of 0.99 was assumed. The heatmap was generated by subtracting
MIDs corrected by ICT from MIDs corrected by IsoCorrectoR. The (absolute) differences were
logio transformed, gray fields indicate an untransformed difference of 0 (equality of values).
Columns represent samples, while rows represent measurements of MS/MS transitions. The
numbers n.m after the metabolite names correspond to the MS/MS transitions with n label in
the precursor ion and m label in the product ion.
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Figure 11.34: Heatmap showing the correction residuals for the low-resolution
MS/MS correction of data from a °C labeling experiment with IsoCorrectoR.
Organic acid data from a 1°C labeling experiment with the tracer substrate U-'°C-glutamine
in a P493-6 B-cell line. A tracer purity of 0.99 was assumed. The (absolute) values were
added a constant of 1 and logig transformed. Columns represent samples, while rows represent
measurements of MS/MS transitions. The numbers n.m after the metabolite names correspond
to the MS/MS transitions with n label in the precursor ion and m label in the product ion.
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Which method of dealing with negative corrected values is actually superior is debatable.
Using ICT’s approach, a negative corrected value of a given species is set to 0 and all other
corrected values remain unaffected. Thus, in such a model, the sole cause of a negative
corrected value that is considered is a (measurement /integration) error in the corresponding
uncorrected value of the same species. However, a negative corrected value in a given species
x may also be caused by measurement /integration errors in the uncorrected values of other
species that contribute to x through NA or tracer impurity. This possibility is covered in the
least-squares optimization approach employed in IsoCor and IsoCorrectoR, where also other
corrected values are adapted during residual minimization if they contribute to the negative
corrected value. Thus, in cases where the only reason for a negative corrected value is an
error in the uncorrected value of the same species, ICT’s approach should be superior. If there
are more contributions, the least-squares optimization approach may cover the situation more
appropriately.

During the comparison of IsoCorrectoR and ICT, it became evident that correction with ICT
seems to take substantially more time (correction was performed on the system described in
4.3 in the methods chapter). While the correction of the organic acid and amino acid data
discussed in this section took only a few seconds when using IsoCorrectoR, it took several
minutes when ICT was used for correction. While a run time in the range of minutes is still
completely acceptable for an isotope correction task in practice, it appears that the run time
of ICT increases drastically with more complex molecules. The correction of the acetyl-CoA
MS/MS data used in this section took 3 hours at 100% CPU usage when correcting with ICT,
while IsoCorrectoR finished the task, again, in several seconds. While the correction results
of IsoCorrectoR and ICT match very well except for the different approach to dealing with
negative corrected values, the very high run time when dealing with more complex molecules
is a clear disadvantage of ICT.

The reasons for these huge run time differences may be found in the algorithmic approach
or in the implementation. As described in section 3.1.3, IsoCorrectoR computes element
combinations for all product ion and neutral loss labeling states and combines species with the
same nominal mass shift to obtain mass distributions for the labeling states. These product
ion and neutral loss mass distributions are then multiplied to yield the entries p;; of the
probability /correction matrix P. ICT, on the other hand, computes element combinations
for all precursor labeling states. For each precursor element combination, it then individually
computes the probability that it will produce a certain product ion element combination by
random drawing from the precursor composition. For a given labeling state (defined by the
number of label in precursor and product ion), element combinations that share the same mass
shift in precursor ion and product ion are then summed up to produce an entry p;; of P. The
process of drawing multiple product ion element combinations from each precursor element
combination is not needed in IsoCorrectoR. However, this approach does not appear to be
substantially less efficient than that of IsoCorrectoR, as the process of drawing itself should
not be very computationally expensive. Thus, it is more likely that the reason for the run
time differences lies in the implementation. Probably, ICT makes use of data structures that
store references to (numeric) values (equivalent to R lists) rather than the values themselves
(equivalent to R vectors and matrices) during performance critical computation. As a result,
data required for a given calculation (e.g., combinatorical multiplication of elements in two
vectors) would be scattered in computer memory rather than located in a single block or a few
blocks of memory, requiring frequent reloading of CPU cache, which can tremendously slow
computation. Especially during the computation of element combination probabilities and



3. RESULTS AND DISCUSSION 103

mass shifts, where many values are combinatorically multiplied and added, scattering these
values across memory by using data structures that store references instead of actual values
can be very costly.

Comparison to manual calculations Similarly to low-resolution MS correction, also low-
resolution MS/MS correction was validated via manual calculations. The manual calculations
were performed just as described previously in section 3.3.1 and in the methods chapter. Sim-
ulated 3C stable isotope labeling MS/MS data from PCF-derivatized alanine (uncorrected
MIDs were devised manually) was corrected using the low-resolution MS/MS correction ap-
proach of IsoCorrectoR and through manual calculations (assuming a tracer purity of 99 %).
The precursor C19HooNO, " fragments at its C1-C2 bond and yields CgH1osNOo " as the prod-
uct ion and C4HgOo as the neutral loss. The results of the comparison are shown for in
Figure 11.36 for different uncorrected MIDs. The match between manual calculations and
IsoCorrectoR is excellent, showing a maximum difference in the range of 5E-09.
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Figure 11.35: Heatmap showing differences between IsoCorrectoR and ICT for the
low-resolution MS/MS correction of data from a 13C labeling experiment. Amino
acid data from a 1°C labeling experiment with the tracer substrate U-1°C-glutamine in a P493-6
B-cell line. A tracer purity of 0.99 was assumed. The heatmap was generated by subtracting
MIDs corrected by ICT from MIDs corrected by IsoCorrectoR. The (absolute) differences were
logio transformed, gray fields indicate an untransformed difference of 0 (equality of values).
Columns represent samples, while rows represent measurements of MS/MS transitions. The
numbers n.m after the metabolite names correspond to the MS/MS transitions with n label in
the precursor ion and m label in the product ion.
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Figure 11.36: Comparison of low-resolution MS/MS correction to manual calcula-
tions. Simulated °C stable isotope labeling MS/MS data from PCF-derivatized alanine was
corrected using the low-resolution MS/MS correction approach of IsoCorrectoR and through
manual calculations. The precursor C1gHogNO,™ fragments at its C1-C2 bond and yields
CsHi12NOy" as the product ion and C;HgOz as the neutral loss. A tracer purity of 99% was
assumed. The z-axis labels n.m correspond to the MS/MS transitions with n label in the pre-
cursor ion and m label in the product ion. The panels show the results for different uncorrected
MIDs.
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3.3.3 Resolution-dependent correction

Comparison to IsoCor To validate its approach to resolution-dependent MS correction,
IsoCorrectoR was compared to IsoCor v2. Currently, IsoCor v2 is the only tool that can
be considered to perform resolution-dependent correction correctly, as AccuCor and ElemCor
make false algorithmic assumptions (see 3.1.4 in the algorithm section). These do usually
not lead to drastic differences, but are still incorrect (Millard et al. (2019)). Comparison was
performed on a '3C labeling dataset and a '°N labeling dataset supplied as example data
with AccuCor (Su et al. (2017)). Both datasets were acquired with an orbitrap device at
a resolution of 140000 at 200 m/z. The heatmap in Figure 11.37 shows the results for the
13C labeling dataset. The heatmap was generated by subtracting MIDs corrected by IsoCor
v2 from MIDs corrected by IsoCorrectoR. Maximum differences are in the range of 8E-08,
suggesting an excellent match. Figure A19 in the appendix shows the same comparison for
other molecules from the same dataset. A similar heatmap was generated for the N labeling
dataset and is shown in Figure I1.38. For better illustrating the scale of differences, the
values have been logyg transformed. Figure A20 in the appendix shows the same analysis for
other molecules from the dataset. As can be seen clearly, the differences are substantially
more pronounced than for the '3C labeling dataset, with a maximum in the range of 5E-05.
Deviations in that range are only found for the comparably large metabolites acetyl-CoA and
NAD™.

While such differences should still be acceptable in practice, they nevertheless raise the ques-
tion of their origin. Because of the still subtle magnitude of the differences, their cause is
unlikely a major algorithmic difference. When performing low-resolution MS correction on
the same dataset (see Figure I1.29), the differences between IsoCor v2 and IsoCorrectoR are
far less pronounced. This indicates that the deviations could be caused by a component spe-
cific to resolution-dependent MS correction. If there was a major issue with calculating e.g.
delta,;, or the exact mass shifts of isotopologues, the differences should be more pronounced.
Relatively small differences, such as the ones observed, may e.g. arise if the m/z value of the
m + 0 isotopologue is generally used for calculating the minimal resolvable mass difference
deltanm, actually associated with the measurement of a m + i isotopologue (see section 3.1.4).
In fact, in the presentation of the IsoCor v2 algorithm in Millard et al. (2019), the deltamn
(or mypin) value does not seem to depend on i but appears to be constant for each metabolite.
Figures I1.39 and A21 (appendix) show the same analysis as before, however, the IsoCorrectoR
algorithm employed has been slightly altered to always use the m/z value of the m + 0 iso-
topologue (instead of the m/z of the respective m+i species) for computing FWHM /deltam,n,
of the labeled species. As a result, the maximum difference diminishes from 5E-05 to 6E-08,
yielding an excellent match, as with the 3C labeling dataset.

Hence, these results indicate that IsoCor v2 uses a constant delta,,;, value for all labeling
states of a given metabolite, not accounting for the m/z differences introduced by the tracer
isotope. This has additionally been confirmed in personal communication with Pierre Millard,
the author of IsoCor. While the approach of IsoCor v2 is formally incorrect, the resulting
differences are minor. Further, it seems unlikely that it should be possible to determine the
"true" FWHM /delta,, value of the instrument used at a given m/z with very high accuracy
by simply using Equation 11.10. Most probably, the error in FWHM resulting from using this
formal calculation markedly exceeds the error produced by not accounting for the increasing
m/z of m + i species when computing FWHM /delta,.
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Figure 11.37: Heatmap showing differences between IsoCorrectoR and IsoCor v2
for the resolution-dependent MS correction of data from a 3C labeling exper-
itment. Data used are example data supplied with AccuCor (Su et al. (2017)). A tracer
purity of 0.99 and an orbitrap mass analyzer with a resolution of 140000 at 200 m/z were
assumed. The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs
corrected by IsoCorrectoR. Columns represent samples, while rows represent measurements of
mass isotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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Figure 11.38: Heatmap showing differences between IsoCorrectoR and IsoCor v2 for
the resolution-dependent MS correction of data from a 1°N labeling experiment.
Data used are example data supplied with AccuCor (Su et al. (2017)). A tracer purity of
0.99 and an orbitrap mass analyzer with a resolution of 140000 at 200 m/z were assumed.
The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs corrected
by IsoCorrectoR. The (absolute) differences were logig transformed, gray fields indicate an
untransformed difference of 0 (equality of values). Columns represent samples, while rows rep-
resent measurements of mass isotopomers. The number after the metabolite name corresponds
to the number of label incorporated.
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Figure 11.39: Heatmap showing differences between IsoCorrectoR and IsoCor v2 for
the resolution-dependent MS correction of data from a 1°N labeling experiment,
altered IsoCorrectoR algorithm. Data used are example data supplied with AccuCor (Su
et al. (2017)). A tracer purity of 0.99 and an orbitrap mass analyzer with a resolution of
140000 at 200 m/z were assumed. IsoCorrectoR’s algorithm was adjusted to always use the
m/z of the m+0 mass isotopomer of a given metabolite (instead of the respective m+i mass
isotopomer) for computing FWHM. The heatmap was generated by subtracting MIDs corrected
by IsoCor v2 from MIDs corrected by IsoCorrectoR. The (absolute) differences were logig
transformed, gray fields indicate an untransformed difference of 0 (equality of values). Columns
represent samples, while rows represent measurements of mass isotopomers. The number after
the metabolite name corresponds to the number of label incorporated.
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Figure I1.40: Comparison of resolution-dependent MS correction to manual calcula-
tions. Simulated >C stable isotope labeling data from PCF-derivatized glycine was corrected
using the resolution-dependent MS correction approach of IsoCorrectoR and through manual
calculations. An orbitrap mass analyzer with a resolution of 140000 at 200 m/z and a tracer
purity of 99% were assumed for correction. The x-axis labels 0 - 2 correspond to the glycine

isotopologues with 0 - 2 13C incorporated. The panels show the results for different uncorrected
MIDs.

Comparison to manual calculations Similarly to validating IsoCorrectoR’s low-resolution
MS correction approach, a manual correction of simulated '3C stable isotope labeling data
from PCF-derivatized glycine (uncorrected MIDs were derived manually) was performed to
validate resolution-dependent MS correction. The probability matrix was generated using
LibreOfficeCalc. For resolution-dependent correction, the process is yet more complicated
than for low-resolution correction. The probability matrix and uncorrected values were then
supplied to the Im base function of R to solve the system of linear equations and obtain cor-
rected values. Figure I1.40 depicts the comparison for different simulated uncorrected MIDs of
PCF-glycine. An orbitrap mass analyzer with a resolution of 140000 at 200 m/z and a tracer
purity of 99% were assumed for correction. The results of IsoCorrectoR match the results from
the manual calculations perfectly (no difference). For this analysis, the calculation threshold
parameter of IsoCorrectoR was set to 0 instead of using the 1E-08 default (see 4.1.1 in the
methods chapter) to show that a difference of 0 can actually be obtained. However, when
using the default threshold parameter, the difference would still be negligibly small (see 3.3.6).
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3.3.4 Resolution-dependent MS/MS correction

For validating IsoCorrectoR’s resolution-dependent MS/MS correction approach, a manual
correction of simulated '3C stable isotope labeling MS/MS data from PCF-derivatized alanine
was performed (uncorrected MIDs were derived manually). The precursor C1oHooNO, " frag-
ments at its C1-C2 bond and yields CgH12NOo ™ as the product ion and C4HgO» as the neutral
loss. The probability matrix was generated using LibreOfficeCalc. MS/MS correction adds an
additional layer of complexity to the manual calculations compared to resolution-dependent
MS correction. The probability matrix and uncorrected values were supplied to the Im base
function of R to solve the system of linear equations and obtain corrected values. Figures I1.41
and I1.42 depict the comparison between IsoCorrectoR’s results and manual correction for dif-
ferent simulated uncorrected MIDs. The mass spectrometer setup assumed for correction was
a low-resolution precursor mass analyzer (resolution of 1000 at 200 m/z) combined with an or-
bitrap mass analyzer with a resolution of 140000 at 200 m/z for determining product ion m/z.
Tracer purity was assumed to be 99%. As can be seen, there is an excellent match between
the results of IsoCorrectoR and the manual calculations, with a maximum difference in the
range of 1E-10. As in the comparison of resolution-dependent MS correction to manual calcu-
lations, the calculation threshold parameter of IsoCorrectoR was set to 0 instead of using the
1E-08 default. Since IsoCorrectoR is currently the only tool capable of correcting MS/MS data
in a resolution-dependent manner, a comparison of resolution-dependent MS/MS correction
with other tools is not possible. However, IsoCorrectoR’s approach to resolution-dependent
MS correction, which is the algorithmic basis for the MS/MS approach, has been thoroughly
validated against IsoCor v2 (3.3.3), showing very good agreement.
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Figure 11.41: Comparison of resolution-dependent MS/MS correction to manual
calculations on example data. The figure shows the results obtained from correcting simu-
lated MS/MS data of PCF-derivatized alanine. The z-azis labels n.m correspond to the MS/MS
transitions with n 1°C in the precursor ion and m °C in the product ion. Data are shown
uncorrected, corrected using IsoCorrectoR’s resolution-dependent MS/MS correction mode and
corrected via manual calculations. Resolution-dependent correction was performed for the usual
case of having a low-resolution precursor mass analyzer (1000 at m/z 200, FWHM constant
over the m/z range) and a high resolution product ion mass analyzer (140000 at m/z 200, or-
bitrap m/z dependency of FWHM). Panels a and b correspond to different uncorrected MIDs.



3. RESULTS AND DISCUSSION 113

a 0.4-

0.3-
0.2-
0.1-
OTO 1IO 1I1 2I1 2I2 312

number of '*C in precursor ion and product ion

fractional area

0.3-

0.2-

0-1- I l lI
0.0- - -
0.0 1.0 1.1 21 2.2 3.2

number of '*C in precursor ion and product ion

fractional area

correction . uncorrected . IsoCorrectoR . manual

Figure 11.42: Comparison of resolution-dependent MS/MS correction to manual
calculations on example data. The figure shows the results obtained from correcting simu-
lated MS/MS data of PCF-derivatized alanine. The z-azis labels n.m correspond to the MS/MS
transitions with n 1°C in the precursor ion and m °C in the product ion. Data are shown
uncorrected, corrected using IsoCorrectoR’s resolution-dependent MS/MS correction mode and
corrected via manual calculations. Resolution-dependent correction was performed for the usual
case of having a low-resolution precursor mass analyzer (1000 at m/z 200, FWHM constant
over the m/z range) and a high resolution product ion mass analyzer (140000 at m/z 200, or-
bitrap m/z dependency of FWHM). Panels a and b correspond to different uncorrected MIDs.
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3.3.5 Ultra-high-resolution correction of multiple-tracer data

Comparison to PyNAC The UHR correction approach of IsoCorrectoR was validated
against PyNAC, however without considering tracer purity, as this option is not available in
PyNAC. Simulated UHR data of simultaneously *C and '°N labeled PCF-derivatized glycine,
asparagine and arginine was used for the comparison (uncorrected MIDs were derived manu-
ally). The heatmap in Figure 11.43 shows the results when subtracting MIDs obtained by UHR
correction with PyNAC from the MIDs obtained through UHR correction with IsoCorrectoR.
A maximum difference in the range of 2E-11 indicates excellent agreement between the two
tools.

Comparison to manual calculations UHR correction was also validated via manual cal-
culations. The manual calculations were performed as described previously in section 3.3.1
and in the methods chapter, by manually calculating a probability matrix in a Microsoft Excel
spreadsheet and subsequently passing the matrix and uncorrected values to the linsolve func-
tion of Matlab. Simulated UHR data of simultaneously '*C and N labeled PCF-derivatized
glycine was used for the comparison (uncorrected MIDs were derived manually). A tracer
purity of 99% was assumed for both tracer elements for correction. Figure I1.44 shows the
results for two different uncorrected MIDs and suggests an excellent match. The maximum
observed difference between IsoCorrectoR, and manual correction was in the range of 5.5E-11.
Figures A22 and A23 in the appendix show the comparison for additional uncorrected MIDs.
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Figure 11.43: Heatmap showing differences between IsoCorrectoR and PyNAC for
the UHR correction of data from a simultaneous 3C and 1°N labeling experiment.
Uncorrected UHR data of simultaneously 12C and 1°N labeled PCF-derivatized glycine, as-
paragine and arginine was simulated. Correction was performed without accounting for tracer
purity. The heatmap was generated by subtracting MIDs obtained by UHR correction with
PyNAC from the MIDs obtained through UHR correction with IsoCorrectoR. Columns rep-
resent samples, while rows represent measurements of isotopologues. The number after the
metabolite name corresponds to the number of label incorporated.
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Figure 11.44: Comparison of UHR correction to manual calculations on simulated
UHR example data of simultaneously 1°C and *°N labeled PCF-derivatized glycine.
A tracer purity of 99% was assumed for correction. The x-axis labels Cz.Ny correspond to x
13C label and y '°N label incorporated in the respective isotopologue. Data are shown uncor-
rected, corrected with IsoCorrectoR’s UHR correction algorithm and corrected through manual
calculations. The panels a and b correspond to different uncorrected MIDs. (Data similar to
panel b are also shown in supplementary figure 4 of Heinrich et al. (2018), albeit
with an assumed tracer purity of 98%)
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3.3.6 Impact of the calculation threshold parameter

The calculation threshold parameter of IsoCorrectoR can be used to limit probability compu-
tations to values above a given threshold (for all modes of correction except UHR correction)
to save computational resources. The default value is 1E-08. UHR correction uses a different
type of calculation threshold, with a default value of 8. For more information on these cal-
culation thresholds, see 3.1.10 in the algorithm section. To assess the difference between the
default value of 1E-08 and using no threshold at all (a value of 0), 13C stable isotope isotope
labeling data supplied with AccuCor (Su et al. (2017) have been corrected with IsoCorrectoR’s
low-resolution MS correction mode using either a calculation threshold value of 1E-08 or 0. In
low-resolution correction, the differences should be most pronounced, as all NA contributions
that match the nominal mass shift of a given labeling state are removed during correction
(when not using a calculation threshold). When applying a threshold, contributions with a
probability below the threshold value will not be computed and thus not be removed. See the
heatmap in Figure 11.45 for a visualization of the results. The maximum difference of 9E-08
can be considered negligible. It is found for NADH, which can produce a very large set of
NA derived species due to its size, some of them with very low probability. Figure A24 in the
appendix shows the results for a different set of molecules from the dataset, yielding similar
results. Even though they have been acquired at high resolution, the AccuCor data have been
selected for this analysis because of the variation in molecular species (and, specifically, the
presence of NADH data). A similar analysis has been performed for assessing the impact of
the UHR calculation threshold, correcting e.g. simultaneosly 3C and '°N labeled arginine
(maximum label: 6 '3C and 4 1°N) with the UHR correction mode of IsoCorrectoR. However,
when comparing the default threshold of 8 to a threshold of 100, no differences were found.
It is likely that the probabilities associated with a labeling difference of > 8 are so low that
they are in the range of numeric imprecision, resulting in an effective probability value of 0 in
subsequent calculations.
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Figure 11.45: Heatmap showing differences between performing IsoCorrectoR’s low-
resolution MS correction with the default calculation threshold and without calcu-
lation threshold on data from a '°C labeling experiment. Data used are example data
supplied with AccuCor (Su et al. (2017)). The default calculation threshold is 1E-08, a tracer
purity of 0.99 was assumed. The heatmap was generated by subtracting MIDs corrected without
threshold from MIDs corrected with the default threshold. Columns represent samples, while
rows represent measurements of mass isotopomers. The number after the metabolite name
corresponds to the number of label incorporated.



Chapter III

13C tracer analysis in a B-cell
lymphoma model cell line

1 Introduction: Cancer metabolism and B-cell lymphoma

Altered metabolism is considered one of the hallmarks of cancer, as tumor cells reprogram
metabolism to satisfy the core metabolic needs of cancer cells: energy production, biomass
generation and redox control (Hanahan & Weinberg (2011)). A classical example for such
metabolic reprogramming often observed in malignant cells is the Warburg effect, which is
also termed aerobic glycolysis. Here, cells take up large amounts of glucose and produce large
amounts of lactate, even in the presence of oxygen (DeBerardinis & Chandel (2016)). The main
goal of this process seems to be the provision of building blocks for growth and proliferation,
as glucose does not only serve energy metabolism, but also e.g. provides acetyl-CoA for
fatty acid synthesis, precursors of non-essential amino acids and ribose (Vander Heiden et al.
(2009)). Apart from glucose, also glutamine is often critical for cancer cell proliferation, as it is
used e.g. for TCA cycle anaplerosis, energy production, the synthesis of several non-essential
amino acids and nucleotide biosynthesis (Jin et al. (2016), Yuneva et al. (2007)). Especially
products of the TCA cycle and nucleotide biosynthesis can be limiting for proliferation (Heiden
& DeBerardinis (2017)). Figure III.1 from Heiden & DeBerardinis (2017) shows a map of
metabolic pathways important in cancer.

Often, alterations of metabolism in cancer cells can be attributed to oncogenes or tumor sup-
pressor genes which serve as upstream regulators of metabolism. The transcription factor
c-myc, for instance, regulates the expression of metabolite transporters as well as enzymes
required for glucose and glutamine metabolism. Another example for a central coordinator of
metabolism is mTOR complex 1. It is activated through growth factor signaling networks and
increases protein, nucleic acid and lipid synthesis through various mechanisms. However, also
the cell lineage, the tumor microenvironment and nutrient availability play a major role in
determining the metabolic routes predominantly used in malignant cells. Eventually, charac-
terizing tumor metabolism may lead to novel therapeutic approaches that are based on specific
metabolic features of the given type of cancer (Heiden & DeBerardinis (2017)).

Lymphomas are solid tumors of the immune system. The classification distinguishes between
Hodgkin and non-Hodgkin lymphomas, the latter accounting for about 90% of all cases and
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requlate redox state. Key reactions in central carbon metabolism are shown, including how the
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Abbreviations: PKM2, pyruvate kinase M2; LDH, lactate dehydrogenase; PDH, pyruvate dehy-
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ROS, reactive oxygen species. (Figure and legend taken from Heiden € DeBerardinis
(2017) with permission from Elsevier, legend modified)
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being the fifth most frequently diagnosed cancer in the UK. Today, the proportion of non-
Hodgkin lymphoma patients that is expected to survive for longer than 10 years is 50.8%
(data from England and Wales, Shankland et al. (2012)). Non-Hodgkin lymphomas are a very
heterogeneous group of cancers, they usually develop in the lymph nodes but can occur in
almost any tissue. The group comprises for example follicular lymphoma which are relatively
indolent and the more aggressive Burkitt lymphomas and diffuse large B-cell lymphomas
(DLBCL). DLBCLSs are the most abundant type of non-Hodgkin lymphoma, making up about
one third of the cases diagnosed (Shankland et al. (2012)).

Burkitt lymphomas (BL) are highly aggressive and derived from germinal center B cells. BL
development is dependent on and characterized by inappropriately high levels of the transcrip-
tion factor c-myc, which regulates proliferation, differentiation and apoptosis. It is encoded
by the MY(C gene. The most common genetic lesion that results in MYC overexpression is
the translocation of the long arm of chromosome 8 (containing MY (') and the Ig heavy chain
gene on chromosome 14 (Kalisz et al. (2019)). Lymphoma classified as DLBCL vary strongly
with respect to clinical presentation, morphology and molecular pathogenesis. In the last few
years, the understanding of the molecular basis of different DLBCL subtypes has increased
substantially, enabling novel diagnostic and therapeutic approaches. At least three different
DLBCL subtypes are distinguished according to their gene expression profiles, namely ger-
minal center B-cell like (GCB), activated B-cell like (ABC) and primary mediastinal B-cell
lymphoma (PMBL). They differ significantly in their response to standard treatment: While
a combined treatment approach employing the anti-CD20 antibody rituximab and chemother-
apy is effective for GCBs, survival for ABC cases is only 50%. Thus, the molecular differences
between the specific subtypes need to be considered to be able to target the malignancies more
effectively. GCBs likely originate from germinal center B-cells. They very often show a consti-
tutive activation of the anti-apoptotic BCL2 protein and a down-regulation of PTEN. PTEN
otherwise counteracts the activation of the PI3K/mTOR signaling pathway which mediates
proliferation, cell growth and survival. Gene expression profiles of ABC DLBCLs suggest that
this subtype is derived from B cells that are in the process of differentiation to plasma cells.
Here, constitutive activation of the proliferation- and survival promoting NF-xB signaling
pathway is an important pathogenic feature, sometimes due to chronic active B-cell receptor
(BCR) signaling (Frick et al. (2011)).

The B-cell line P493-6 has been established as a Burkitt lymphoma model cell line. It is based
on the EBV- (Epstein-Barr-virus) positive EREB2-5 B-cell line, as EBV is often an important
cofactor in BL pathogenesis. To create P493-6, EREB2-5 has been stably transfected with a
DNA construct that allows conditional MY (' expression under the control of a tetracycline-
regulated promoter. In the absence of tetracyline, MY C' is constitutively expressed (MY C-high
state), while promoter activation is abolished if tetracycline is present (MYC-low state). In
the MYC-high state, P493-6 cells proliferate and mimic BL cells, while the MYC-low state
resembles resting, non-proliferating B-cells in GO/G1l-arrest (Pajic et al. (2000)). However, it
has been shown that microenvironmental stimuli can induce proliferation in MYC-low cells,
comparable to the MYC-high state. Specifically, a combination of the Interleukin-10 receptor
agonist Interleukin 10 (IL10) and the Toll-like receptor 9 agonist CpG could synergistically
promote proliferation via joint STAT3/NF-xB activation. Individual application of IL10 or
CpG alone did not have this effect (Feist et al. (2017)). An important question arising from
these findings is the following: How is the metabolic network in P493-6 B-cells reprogrammed
to enable proliferation in response to those stimuli? This may provide valuable insights with
regard to B-cell lymphomas with aberrant STAT3 and/or NF-xB signaling.
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It has been shown that MY C-overexpressing cells can be particularly sensitive to glutamine
withdrawal (Yuneva et al. (2007)). To assess the usage of the central nutrient glutamine in
P493-6 cells in the MY C-high, MY C-low and IL10+CpG-stimulated state, a 13C tracer analysis
experiment was conducted with U-13C-glutamine as the tracer substrate. In the following,
the results from this tracing experiment will be presented. Furthermore, the findings will
be discussed in the context of other experiments from Feist et al. (2018), including nutrient
deprivation and rescue experiments or the inhibition of metabolic pathways.

2 Contributions

This work was part of a collaborative study on the metabolism of P493-6 B-cells, "Coop-
erative STAT /NF-»xB signaling regulates lymphoma metabolic reprogramming and aberrant
GOT?2 expression" (Feist et al. (2018)). '3C tracer analysis in P493-6 B-cells with the tracer
substrate U-13C-glutamine was performed by Paul Heinrich. This included planning the 3C
tracer analysis experiments in cooperation with Maren Feist (Clinic of Haematology and Med-
ical Oncology, University Medical Centre Gottingen), preparation of cell pellets and cell super-
natants for LC-MS/MS analysis, LC-MS/MS measurement of samples as well as the analysis
and interpretation of the '3C tracer analysis results. In order to assess isotopic steady state for
several relevant metabolites, Paul Heinrich also planned the associated experiments together
with Maren Feist, prepared the LC-MS samples and performed LC-MS/MS measurements and
data analysis.

The cell culture work with P493-6 B-cells, including nutrient withdrawal and metabolite rescue
cell proliferation experiments and oxygen consumption rate experiments, were performed by
Maren Feist. Maren Feist also performed gene expression analyses, RNAi knockdown experi-
ments and other molecular biology related work. Absolute quantification of metabolites was
performed by Philipp Schwarzfischer (Institute of Functional Genomics). 15N tracer analysis
with o-'°N-glutamine, as well as tracer analysis with 1-'*C-glutamine was performed by Xueni
Sun (Institute of Functional Genomics).

3 Results and Discussion

P493-6 B-cells in the MYC-low, MYC-high and IL10+CpG stimulated states were cultured
in the presence of the tracer substrate U-13C-glutamine. The aim was to assess the usage of
glutamine for the biosynthesis of amino acids and TCA cycle intermediates/lactate, and to
analyze how it differs between the different cellular states. Preliminary nutrient withdrawal
experiments by Maren Feist at the University Medical Centre Gottingen had shown that prolif-
eration of MY C-high and IL10-+CpG stimulated MY C-low cells (abbreviated with IL10-+CpQG)
drastically decreased upon glutamine withdrawal, whereas the effects of glucose withdrawal
were not as pronounced. Further, the intracellular amounts of amino acids and TCA cycle in-
termediates (analyses by Philipp Schwarzfischer, Institute of Functional Genomics), as well as
the expression of glutaminolysis and glycolysis genes were markedly increased by IL10+CpG
costimulation compared to MY C-low cells. This is summarized in Figure A25 in the appendix,
taken from Feist et al. (2018). These findings were accompanied by increased cellular protein
amounts and a cell size increase of IL10+CpG cells comparable to the size of MYC-high cells
(Feist et al. (2018), gene expression, protein amount and cell size analyses by Maren Feist
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at the University Medical Centre Gottingen). To determine the degree of '3C labeling and
labeling patterns in amino acids and TCA cycle intermediates/lactate in cell extracts and su-
pernatants of P493-6 cells, an LC-MS/MS approach employing a low-resolution QTRAP mass
spectrometer was used (see section 2.1 in the methods chapter). For each metabolite of inter-
est, transitions were measured to cover all distinct isotopologues that may originate from the
labeling experiment. Correction for NA and tracer purity was performed using IsoCorrectoR’s
low-resolution MS/MS correction algorithm and assuming a tracer purity of 99%.

3.1 Assessment of isotopic steady state

As stated previously in section 2 in the general introduction, isotopic steady state (ISS) is
usually necessary to reliably assess the quantitative contribution of the tracer substrate to
the synthesis of a given metabolite. Otherwise, differences in the degree of labeling between
different cellular conditions may e.g. simply arise due to different rates of proliferation. In
the case of P493-6 cells, highly proliferating MY C-high cells would be expected to incorporate
substantially more tracer per unit time than MYC-low cells due to their increased need for
biosynthesis. Thus, at a given point in time prior to ISS, the degree of labeling in MY C-high
cells may be markedly higher than in MY C-low cells. However, this does not necessarily mean
that the relative contribution of the tracer to the biosynthesis of a given metabolite is actually
higher, but can also be a result of the slower labeling rate of metabolite pools in MY C-low cells.
If a metabolite pool is in ISS, however, the degree of labeling reflects the nutrient contribution
of the tracer substrate and thus its importance for the synthesis of that metabolite. In order
to be able to determine the presence of ISS for the various metabolites analyzed, a time course
experiment was conducted. P493-6 cells were cultured with U-'3C-glutamine in the MY C-low,
MY C-high or IL10/CpG state for 30 h, and cells were harvested at the time points 18 h, 22
h, 24 h, 26 h and 30 h. Transitions of expected isotopologues in the cell extracts (biological
triplicates) were then measured via LC-MS/MS. For assessing isotopic steady-state, transitions
with the same number of label in the precursor were summed up, as there is no noteworthy
gain in interpreting transitions individually in that setting (MS/MS was chosen merely for
sensitivity and specificity, not for gathering positional labeling information).

Figures A26 to A38 in the appendix show the results. When considering the amino acids, the
mass isotopomer distributions (MIDs) seem to be fairly stable over the time course. There may
be a minor trend towards lower label incorporation for MYC-low aspartate and glutamate,
MY C-high ornithine and for proline in general. However, these are only very small effects
and it should be viable to assume approximate ISS. A small trend towards lower labeling
may be indicative of a slow transition from glutamine-based biosynthesis to other sources in
the course of the cell culture experiment, so metabolic steady state is probably not entirely
granted. Again, given the small scale, this should not be an issue for the following analyses.
This is also supported by statistical tests performed on the time course data. For each labeling
state of each molecule and cellular state (MYC-low, MYC-high, IL10/CpG), an ANOVA
was performed across the different time points. After correction for multiple testing via the
Benjamini-Hochberg procedure, only the tests for MYC-high m+1 glutamate and MY C-high
m-+1 aspartate showed significant differences between time points (FDR of 0.05, see Tables A1l
to A3 in the appendix for detailed testing results). A one-way ANOVA across the time points
of each labeling state was chosen instead of a two-way ANOVA across both labeling states and
time points, because testing for differences between labeling states was not of interest. Thus,
excess statistical testing that would reduce statistical power was avoided. A note on statistical
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testing in this specific context: The absence of significant differences between time points of
course does not proof that there are no differences between time points. Absence of evidence
is not evidence of absence. What can be stated is that the observed time course data are not
unlikely under the assumption that values are equal across time points.

Regarding the TCA cycle intermediates 2-ketoglutarate, succinate, fumarate and malate, mea-
surements partly showed very high variability among the biological replicates, making it diffi-
cult to reliably assure ISS. In the case of malate, the high variability seems to originate from
large differences between only the m+0 values, which were probably caused by an impurity
in the samples coming from one of the solutions used for cell extraction. This is supported
by the observation that very high m+0 values are found in the samples processed on the
first day of sample preparation, while the samples processed on the second day show normal
m+0 values. Thus, for assessing malate ISS, the m+0 values were removed from the MIDs.
MIDs constructed from the remaining mass isotopomer fractions appear very stable over the
time course, indicating ISS is reached for malate (Figure A37 in the appendix). Fumarate,
2-ketoglutarate and succinate were measured twice, as the original MS/MS method for mea-
suring TCA cycle intermediates was incorrect. It lacked several transitions for 2-ketoglutarate
and fumarate, and was therefore updated to cover all relevant mass isotopomers (see section
2.1 in the methods chapter). However, in the repeated analysis, fumarate data showed very
high variability, so that the original, more stable measurements were used for assessing ISS,
lacking the transitions 1.1 and 2.2 (x.y means x label in the precursor and y label in the
product ion). The remaining fumarate transitions (Figure A34 in the appendix) are stable
over the time course and should be sufficient to reliably assure ISS. Succinate was remeasured
because of high variability in the original measurements. However, the second measurement
led to no improvement. ISS may be assumed for succinate MY C-low and IL10+CpG, but it is
questionable in the case of MY C-high. For 2-ketoglutarate, 4 out of 10 transitions were missing
in the original MS/MS method (1.0, 1.1, 3.2, 3.3). In the measurements with the new method
(Figure A35 in the appendix), variability was still comparably high as in the original mea-
surements, especially for MYC-low. It should however be viable to assume ISS for IL10+CpG
and MYC-high. This is also supported by statistical tests performed analogously to those on
the amino acid data. No significant differences between time points could be observed at a
FDR of 0.05. The test for MYC-low m+2 2-ketoglutarate could not be performed because of
too many zeros in the data, however (see Tables A4 to A6 in the appendix). A reason for the
relatively high variability among measurements of TCA cycle intermediates may be that they
are often not as abundant as amino acids. Since only 2x10° cells were harvested per sample
for the time course experiment (opposed to 4x10° cells for the single 24 h time point used for
the remaining labeling analyses), it is likely that measurements close to or below LLOQ (lower
limit of quantification) substantially added to the variation for some species. Indeed, the area
values observed for succinate, 2-ketoglutarate and fumarate were roughly between 1 and 2
orders of magnitude lower than those of citrate and malate and most amino acids. The MIDs
of citrate and lactate were stable over time, so ISS may be assumed for these metabolites.

3.2 Analysis of label incorporation
3.2.1 Mean '3C enrichment

To analyze the contribution of glutamine to the biosynthesis of a given metabolite, P493-6
cells were cultured with U-'3C-glutamine in the MYC-low, MYC-high or IL10/CpG cellu-
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lar states for 24 h, followed by LC-MS/MS measurement of the metabolite labeling patterns.
Figures IT1.2 and I11.3 show the mean *3C enrichment of amino acids and TCA cycle intermedi-
ates/lactate in cell extracts, respectively. The mean (isotopic) enrichment of a metabolite cor-
responds to the total fraction of labeled atoms of the tracer element it contains and thus reflects
the degree of label incorporation. It is computed from the MID as follows: ME = Y f;Z
Here, M FE is the mean enrichment, f; is the fraction of the isotopologue with i labeled atoms
in the MID, ¢ is the number of labeled atoms, and n is the maximum number of labeled atoms

the metabolite can contain.

From Figures I11.2 and III.3 it is evident that glutamate, aspartate, proline and the TCA cy-
cle intermediates are substantially '>C enriched regardless of cellular state. Mean enrichment
for MYC-low is usually in the range of 25%, while it is around 45% and 60% for IL10+CpG
and MYC-high, respectively. Hardly any enrichment can be found for alanine, glycine, ser-
ine and lactate. For ornithine, there appears to be minor enrichment. These results are not
unexpected, as the tracer substrate glutamine can be directly converted into glutamate via glu-
taminase once it has been imported into the cells. Subsequently, glutamate can be transformed
to either proline or ornithine via the intermediate glutamate-5-semialdehyde, retaining all of its
carbon backbone and thus propagating 3C label directly to these amino acids. Alternatively,
glutamate may be converted to the TCA cycle intermediate 2-ketoglutarate through the action
of transaminases or glutamate dehydrogenase. Oxidative decarboxylation of 2-ketoglutarate
via the 2-ketoglutarate dehydrogenase complex and further TCA transformations then yield
succinate, fumarate, malate and oxaloacetate, explaining the high degree of '3C enrichment in
TCA cycle intermediates. Oxaloacetate can be transaminated to aspartate via the action of
aspartate aminotransferase, obtaining the amino group from glutamate. It is thus reasonable
that the enrichment in aspartate resembles that of the four carbon TCA cycle intermediates
fumarate and malate, which are direct predecessors of oxaloacetate. The labeling of oxaloac-
etate itself could not be determined due to difficulties regarding the LC-MS/MS measurement.
In the oxidative TCA, citrate is formed via the condensation of (usually) glucose or fatty acid
derived acetyl-CoA and oxaloacetate. As the added acetyl-CoA will usually be unlabeled, the
observed lower degree of labeling in citrate compared to fumarate, malate and 2-ketoglutarate
is not unexpected (p = 7.06E-05 for Welch t-test between MY C-high citrate and fumarate
mean enrichment). Lactate results from the reduction of pyruvate through lactate dehydro-
genase. Alanine is also derived from pyruvate, via alanine aminotransferase, while serine is
synthesized from 3-phosphoglycerate. Glycine is produced from serine. As 3-phosphoglycerate
and pyruvate are both products of glycolysis, lactate, alanine, serine and glycine should be
primarily derived from (unlabeled) glucose, explaining the very low degree of labeling in these
metabolites. Although ornithine can be synthesized from glutamate, and the time-course of
ornithine labeling patterns (Figure A30 in the appendix) indicated ISS, the labeling in or-
nithine is low compared to the other glutamate-derived amino acids. Probably, ornithine is
mainly synthesized from unlabeled arginine from the cell culture medium, via the urea cycle
enzyme arginase.

It should be noted that a glutamate mean enrichment of about 20% was found in the cell
culture medium control samples, where no biological /metabolic activity should have occured
(see Figure A39 in the appendix, showing the mean enrichment of amino acids in cell super-
natant and medium control samples). This is likely the result of spontaneous hydrolysis of
the glutamine tracer substrate to glutamate. Indeed, when investigating the exact labeling
patterns of glutamate in the medium control (see Figure A43 in the appendix), only the m+0
and m+5 species are present (after NA and tracer purity correction), suggesting direct spon-
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taneous hydrolysis instead of biological activity, where a more complex labeling pattern would
be expected. Regardless of origin, though, the labeled glutamate in the medium control may
affect the investigated labeling patterns. Glutamate imported by the cells may be used for the
synthesis of other amino acids and TCA cycle intermediates directly, instead of or in addition
to glutamine. However, even if the synthesis of a given metabolite was purely based on di-
rectly imported glutamate and not glutamine (which is unlikely, as glucose and glutamine are
the most commonly consumed nutrients), a maximum enrichment of around 20% could not
be exceeded. As the labeling in most species with relatively high enrichment clearly exceeds
20%, glutamine must have a substantial role in their biosynthesis. Thus, while the labeled
fraction of a given metabolite is derived from either labeled glutamine or glutamate, the unla-
beled fraction may e.g. be derived from glucose or unlabeled amino acids from the cell culture
medium.

When focusing on differences in mean enrichment between the different cellular states of
P493-6 cells, it becomes evident that mean enrichment generally increases from MY C-low
over IL10+CpG stimulated MY C-low to MY C-high, for metabolites that show marked enrich-
ment (glutamate, aspartate, proline, citrate, 2-ketoglutarate, fumarate, malate). The pres-
ence of statistically significant differences between mean enrichment group means (MY C-low,
IL10+CpG and MYC-high) was tested for with a one-way ANOVA (analysis of variance)
approach. In the case of normally distributed ANOVA model residuals (insignificant Shapiro-
Wilk test), a Welch-type ANOVA (variances could not be assumed to be equal) was used. The
non-parametric Kruskal-Wallis ANOVA was used in the case that the normality assumption
had to be rejected. Subsequently, the p-values obtained from the ANOVA tests were corrected
for multiple testing using the FDR (false discovery rate) approach of Benjamini and Hochberg.
Results were considered to be statistically significant if their associated g-value (FDR) was
< 0.05. This way, the differences for all metabolites except glycine, ornithine, serine and
lactate were found to be statistically significant. Subsequently, for metabolites that showed a
significant ANOVA result, post-hoc tests for pairwise comparisons were used to test for sig-
nificant differences between pairs of groups. To this end, Welch’s t-test was used regardless of
whether the normality assumption had to be rejected in the Shapiro-Wilk test for one or both
of the compared groups. Using the non-parametric Mann-Whitney-U test would not have been
sensible given the low sample size (see 4.2 in the Methods section). After Benjamini-Hochberg
FDR correction for multiple testing, all pairwise comparisons except succinate IL10+CpG vs.
MY C-high were significant (q < 0.05). The detailed results of the performed significance tests
are shown in Tables III.1 and III.2 for ANOVA and post-hoc tests, respectively. The normal-
ity assumption had to be rejected for the citrate IL104+CpG group and the 2-ketoglutarate
MY C-low group. However, rejecting normality based on a sample size of 3 is not necessarily
reasonable. In the case of citrate and 2-ketoglutarate, normality is likely rejected because 2 of
the 3 data points are very close to each other, something that is not unlikely to happen when
measuring, also if measurements are usually normally distributed.

Thus, for glutamate, aspartate, proline, citrate, 2-ketoglutarate, fumarate and malate, the
mean enrichment in [L10+CpG stimulated MY C-low cells is significantly higher than in MYC-
low cells, while the mean enrichment in MYC-high cells is again significantly higher than in
IL10+CpG stimulated cells. This means that, if ISS can be assumed, the usage of glutamine for
the biosynthesis of said metabolites increases from MY C-low over IL10+CpG to the MY C-high
state, and is likely substantial, mostly in the range of 45% or 60% enrichment for IL10+CpG
and MYC-high, respectively. It has to be considered, however, that labeled glutamate from
the cell culture medium may also contribute, and that ISS could not be assured for MY C-low
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Figure I11.2: 13C tracer analysis with the tracer substrate U-1°C-glutamine in P493-
6 cells, mean °C enrichment of amino acids. The figure shows the mean >C enrich-
ment of PCF-derivatized amino acids from cell extracts for the different cell states MY C-low,
MYC-high and IL10+CpG stimulation. Cells were harvested after 24 h of incubation with the
tracer substrate. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming
a tracer purity of 99%. Samples were measured in (biological) triplicates, means of mean en-
richment among replicates +/- SD are shown. (These data are also shown in Figure 2a
of Feist et al. (2018), but the figure was recreated for this thesis.)

2-ketoglutarate. For succinate, IL10+CpG enrichment and MYC-high enrichment could be
shown to be significantly higher than the enrichment in MYC-low. However, as mentioned
above, succinate IL10+CpG vs. MYC-high was insignificant. Further, ISS is questionable for
MY C-high succinate. The discussed results regarding the differences between MY C-low and
MY C-high are supported by a another 3C tracer analysis study in P493-6 cells with glutamine
as the tracer substrate. In that study, the labeling of TCA cycle intermediates was greatly
enhanced in the MYC-high compared to the MYC-low state, too (Le et al. (2012)). In an
additional study on '3*C metabolic flux analysis in P493-6 cells, employing '2C labeled glucose
as the tracer substrate, most TCA fluxes were found to be increased near 4-fold in MY C-high
compared to MYC-low cells (Murphy et al. (2013)). These strongly increased TCA fluxes,
combined with the finding that glutamine contributes substantially to the synthesis of TCA
intermediates under MYC-high conditions, indicate that large amounts of glutamine derived
carbon enter and leave the TCA, presumably serving both energy production and anabolic
processes.
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Figure I11.3: 13C tracer analysis with the tracer substrate U-13C-glutamine in P493-
6 cells, mean 13C enrichment of TCA cycle intermediates and lactate. The figure
shows the mean 1°C enrichment of TCA cycle intermediates (KG: 2-ketoglutarate) and lactate
from cell extracts for the different cell states MY C-low, MY C-high and IL10+CpG stimulation.
Cells were harvested after 24 h of incubation with the tracer substrate. Data were corrected
for NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. Samples were
measured in (biological) triplicates, means of mean enrichment among replicates +/- SD are
shown. (These data are also shown in Figure 2a of Feist et al. (2018), but the
figure was recreated for this thesis.)
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Molecule p-value g-value | significant | Statistical test
Ala 7.493E-03 | 1.392E-02 yes anova welch
Asp 1.373E-04 | 6.251E-04 yes anova welch
Glu 2.732E-02 | 4.416E-02 yes kruskal
Gly 5.137E-02 | 6.679E-02 no anova welch
Orn 2.319E-01 | 2.319E-01 no anova welch
Pro 3.370E-05 | 4.382E-04 yes anova welch
Ser 9.915E-02 | 1.172E-01 no kruskal

KG 1.478E-03 | 3.844E-03 yes anova welch
Citrate | 3.104E-03 | 6.726E-03 yes anova welch
Fumarate | 6.120E-04 | 1.989E-03 yes anova welch
Lactate | 2.306E-01 | 2.319E-01 no anova welch
Malate 1.443E-04 | 6.251E-04 yes anova welch

Succinate | 3.057E-02 | 4.416E-02 yes anova welch
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Table II1.1: ANOVA tests to compare mean °C enrichment between the MY C-

low, IL10+CpG and MYC-high cellular states in P493-6 cells.

The p-value is the

p-value that results directly from the ANOVA test, the q-value corresponds to the FDR when
correcting for multiple testing according to the Benjamini-Hochberg approach. The test was
considered to be significant when ¢ < 0.05. Depending on whether or not ANOVA model
residuals were normally distributed, either the Welch-type ANOVA (anova welch) or the non-
parametric Kruskal-Wallis ANOVA (kruskal) were used. KG: 2-ketoglutarate.
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Molecule Group a Group b p-value g-value | significant | Normality
Ala MYC-low | IL104+CpG | 3.398E-02 | 3.669E-02 yes yes
Ala MYC-low | MYC-high | 1.383E-02 | 1.698E-02 yes yes
Ala IL10+CpG | MYC-high | 1.549E-02 | 1.818E-02 yes yes
Asp MYC-low | IL10+CpG | 7.452E-04 | 1.975E-03 yes yes
Asp MYC-low | MYC-high | 8.045E-04 | 1.975E-03 yes yes
Asp IL10+CpG | MYC-high | 4.560E-04 | 1.759E-03 yes yes
Glu MYC-low | IL104+CpG | 7.486E-05 | 5.053E-04 yes yes
Glu MYC-low | MYC-high | 7.817E-06 | 2.111E-04 yes yes
Glu IL10+CpG | MYC-high | 4.386E-04 | 1.759E-03 yes yes
Pro MYC-low | IL10+CpG | 7.189E-04 | 1.975E-03 yes yes
Pro MYC-low | MYC-high | 2.305E-04 | 1.245E-03 yes yes
Pro IL10+CpG | MYC-high | 2.758E-05 | 3.723E-04 yes yes
KG MYC-low | IL10+CpG | 5.943E-03 | 8.445E-03 yes no
KG MYC-low | MYC-high | 3.860E-03 | 6.065E-03 yes no
KG IL10+CpG | MYC-high | 4.043E-03 | 6.065E-03 yes yes
Citrate MYC-low | IL104+CpG | 2.137E-02 | 2.404E-02 yes no
Citrate MYC-low | MYC-high | 8.506E-03 | 1.148E-02 yes yes
Citrate | IL10+CpG | MYC-high | 2.288E-03 | 4.412E-03 yes no
Fumarate | MYC-low | IL10+CpG | 1.869E-03 | 3.883E-03 yes yes
Fumarate | MYC-low | MYC-high | 1.523E-03 | 3.426E-03 yes yes
Fumarate | IL10+CpG | MYC-high | 2.556E-03 | 4.601E-03 yes yes
Malate MYC-low | IL10+CpG | 7.162E-04 | 1.975E-03 yes yes
Malate MYC-low | MYC-high | 4.359E-05 | 3.923E-04 yes yes
Malate | IL104+CpG | MYC-high | 3.514E-03 | 5.929E-03 yes yes
Succinate | MYC-low | IL10+CpG | 1.081E-02 | 1.390E-02 yes yes
Succinate | MYC-low | MYC-high | 4.790E-02 | 4.974E-02 yes yes
Succinate | IL10+CpG | MYC-high | 8.595E-01 | 8.595E-01 no yes

Table I11.2: Post-hoc pair-wise Welch t-tests to compare mean °C enrichment be-
tween the MYC-low, IL10+CpG and MY C-high cellular states in P493-6 cells
after a significant ANOVA test. Group a and Group b correspond to the groups compared
in the significance test. The p-value is the p-value that results directly from the test, the g-
value corresponds to the FDR when correcting for multiple testing according to the Benjamini-
Hochberg approach. The test was considered to be significant when g < 0.05. "Normality"
indicates whether the normality null hypothesis could be accepted for the compared groups when
applying the Shapiro- Wilk test.
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3.2.2 13C labeling patterns

While they are clearly very important when fitting models for metabolic flux analysis, the
detailed labeling patterns of metabolites can provide relevant information in addition to the
analysis of mean enrichment also in stable isotope tracer analysis approaches (Jang et al.
(2018)). For the comparison of P493-6 cellular states, these patterns are shown in Figures
IIT1.4 to III.7 for amino acids and TCA cycle intermediates/lactate in cell extracts (Figures
A40 to A43 in the appendix show the amino acid labeling patterns in cell supernatants and the
medium control). Metabolites were measured in MS/MS mode, however, for the analysis of
labeling patterns, transitions with the same number of label in the precursor ion were summed
up after MS/MS NA and tracer purity correction. Using a low-resolution mass spectrometer,
MS/MS measurements were not performed to obtain more detailed information on labeling
patterns, but rather to increase specificity and sensitivity. As a consequence, transitions were
chosen based on intensity, and not based on potential positional labeling information they may
provide. An interesting observation when considering citrate, malate, fumarate and aspartate
labeling is that the fraction of the m-+4 isotopologue increases from MY C-low over IL10+CpG
to MYC-high. These differences were significant in FDR-controlled ANOVA and post-hoc pair-
wise Welch t-tests with a significance level of 0.05. As in the case of some previously discussed
mean enrichment comparisons, the normality hypothesis was rejected in the Shapiro-Wilk test
also for MYC-low aspartate m+4, because the values of 2 out of 3 measurements were very
close to each other. The detailed results of the performed significance tests are shown in Tables
I11.3 and III.4 for ANOVA and post-hoc tests, respectively.

Species of citrate, malate, fumarate or aspartate that contain 4 '3C result when glutamine-
tracer derived fully labeled 2-ketoglutarate is subjected to oxidative decarboxylation via the
TCA 2-ketoglutarate dehydrogenase complex. Thus, a higher fraction of m-+4 indicates that
citrate, malate, fumarate and aspartate are synthesized to a larger fraction through oxida-
tion of glutamine derived 2-ketoglutarate, rather than through oxidation of 2-ketoglutarate
that is (at least partially) glucose or fatty acid derived. This also indicates that oxidative
phosphorylation may be more strongly glutamine dependent in IL10+CpG and MY C-high
cells, because a larger proportion of respiratory chain NADH and FADHs is obtained from
glutamine derived 2-ketoglutarate. Species with less than 4 (down to 0) '3C can result from
continuous cycling of labeled species in the TCA cycle, losing both acetyl-CoA derived unla-

Measurement p-value g-value | significant | Statistical test
Citrate m+4 | 5.826E-03 | 9.709E-03 yes anova welch
Malate m+4 | 2.118E-04 | 1.059E-03 yes anova welch
Fumarate m+4 | 1.153E-03 | 2.883E-03 yes anova welch
Asp m+4 2.732E-02 | 2.732E-02 yes kruskal
Citrate m+5 | 2.063E-02 | 2.578E-02 yes anova welch

Table I11.3: ANOVA tests to compare 13C labeling patterns between the MY C-low,
IL10+CpG and MYC-high cellular states in P493-6 cells. The p-value is the p-
value that results directly from the ANOVA test, the g-value corresponds to the FDR when
correcting for multiple testing according to the Benjamini-Hochberg approach. The test was
considered to be significant when g < 0.05. Depending on whether or not ANOVA model
residuals were normally distributed, either the Welch-type ANOVA (anova welch) or the non-
parametric Kruskal-Wallis ANOVA (kruskal) were used.
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Measurement Group a Group b p-value g-value | significant | Normality
Citrate m+4 MYC-low | IL104+CpG | 1.078E-02 | 1.348E-02 yes yes
Citrate m+4 MYC-low | MYC-high | 1.302E-03 | 2.789E-03 yes yes
Citrate m+4 | IL10+CpG | MYC-high | 1.750E-02 | 2.019E-02 yes yes
Malate m—+4 MYC-low | IL10+CpG | 1.079E-03 | 2.698E-03 yes yes
Malate m-+4 MYC-low | MYC-high | 7.205E-05 | 5.403E-04 yes yes
Malate m+4 | IL10+CpG | MYC-high | 1.631E-03 | 3.058E-03 yes yes

Fumarate m+4 | MYC-low | IL104+CpG | 3.906E-03 | 6.381E-03 yes yes
Fumarate m+4 | MYC-low | MYC-high | 3.273E-04 | 1.636E-03 yes yes
Fumarate m+4 | IL10+CpG | MYC-high | 4.254E-03 | 6.381E-03 yes yes
Asp m+4 MYC-low | IL10+CpG | 4.372E-04 | 1.640E-03 yes no
Asp m+4 MYC-low | MYC-high | 4.496E-05 | 5.403E-04 yes no
Asp m+4 IL10+CpG | MYC-high | 6.447E-04 | 1.934E-03 yes yes
Citrate m+5 MYC-low | IL10+CpG | 1.060E-02 | 1.348E-02 yes yes
Citrate m+5 MYC-low | MYC-high | 3.475E-02 | 3.723E-02 yes yes
Citrate m+5 | IL10+CpG | MYC-high | 5.158E-01 | 5.158E-01 no yes

Table I11.4: Post-hoc pair-wise Welch t-tests to compare 13C labeling patterns be-
tween the MYC-low, IL10+CpG and MYC-high cellular states in P493-6 cells
after a significant ANOVA test. Group a and Group b correspond to the groups compared
i the significance test. The p-value is the p-value that results directly from the test, the g¢-
value corresponds to the FDR when correcting for multiple testing according to the Benjamini-
Hochberg approach. The test was considered to be significant when q¢ < 0.05. "Normality"
indicates whether the normality null hypothesis could be accepted for the compared groups when
applying the Shapiro- Wilk test.
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beled carbon and glutamine derived labeled carbon through oxidative decarboxylation. If a 4
13C species passes through the TCA once, it will lose at least 1 **C in the isocitrate dehydro-
genase reaction, so the m+4 species can only result from direct oxidation of glutamine-tracer
derived 2-ketoglutarate. Other sources that provide unlabeled carbon to the TCA cycle are
glucose based TCA anaplerosis via pyruvate carboxylase derived oxaloacetate, or oxaloacetate
obtained from unlabeled amino acids contained in the cell culture medium.

Another labeling pattern of interest is the presence of m—+5 citrate. This species cannot be
derived from the oxidative TCA in the quantity observed, as this would require substantial
labeling of acetyl-CoA, whereas lactate is hardly labeled. Thus, it is presumably produced
via reductive carboxylation of glutamine-tracer derived 2-ketoglutarate. This is further sup-
ported by a tracing experiment with 1-'3C-glutamine in P493-6 cells performed by Xueni Sun
in the Feist et al. (2018) study. If 1-3C-2-ketoglutarate resulting from 1-'3C-glutamine is
processed in the TCA cycle, the label is lost during the 2-ketoglutarate dehydrogenase reac-
tion. Thus, citrate that is produced via oxidative processing of 2-ketoglutarate in the TCA
cycle cannot contain label. The label only remains if citrate is directly synthesized from 2-
ketoglutarate via reductive carboxylation. Supplementary figure 5b from Feist et al. (2018)
shows that recognizable amounts of m+1 citrate can be found in all cellular states (MYC-
low, MYC-high, IL10+CpG) in the 1-'3C-glutamine tracing experiment, which is a strong
indicator of reductive carboxylation. Considering results from a previous study (Yoo et al.
(2008)), reductive carboxylation likely occurs via the action of a NADPH/NADP -dependent
isocitrate dehydrogenase (isoforms IDH1 and IDH2, Cairns & Mak (2013)), and most prob-
ably via the mitochondrial isoform (IDH2). The large fraction of m+4 species produced by
2-ketoglutarate oxidation in the P493-6 data indicates that the TCA cycle operates strongly
in the oxidative direction, which must be driven by a low mitochondrial NADH to NAD™
ratio. As a consequence, the NADH/NAD "-dependent isocitrate dehydrogenase IDH3 will
perform pronounced (iso-)citrate oxidation instead of 2-ketoglutarate reduction. This claim
is also supported by the substantial fraction of m+3 2-ketoglutarate observed in all cellular
states. Thus, reductive carboxylation must be carried out by other protagonists, namely the
NADPH/NADP "-dependent isoforms. The fraction of the m+5 citrate isotopologue and thus
the proportion of reductive carboxylation is significantly higher in the IL10+CpG and MY C-
high states than in the MYC-low state (FDR-controlled ANOVA and post-hoc Welch t-tests).
This way, glutamine carbons may be directly funneled into fatty acid synthesis as acetyl-CoA
via ATP-citrate lyase, without a prior oxidation step in the TCA cycle.
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Figure I11.4: 13C tracer analysis with the tracer substrate U-1°C-glutamine in P493-
6 cells, labeling of amino acids. The figure shows the MIDs of PCF-derivatized amino
acids from cell extracts for the different cell states MY C-low, MY C-high and IL10+CpG stim-
ulation. Cells were harvested after 24 h of incubation with the tracer substrate. Data were
corrected for NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The
z-azxis labels correspond to the number of 12C label incorporated in the respective isotopologue.
Samples were measured in (biological) triplicates, means of isotopologue fractions +/- SD are
shown.
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Figure I11.5: 13C tracer analysis with the tracer substrate U-1°C-glutamine in P493-
6 cells, labeling of amino acids. The figure shows the MIDs of PCF-derivatized amino
acids from cell extracts for the different cell states MY C-low, MY C-high and IL10+CpG stim-
ulation. Cells were harvested after 24 h of incubation with the tracer substrate. Data were
corrected for NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The
z-axis labels correspond to the number of 12C label incorporated in the respective isotopologue.
Samples were measured in (biological) triplicates, means of isotopologue fractions +/- SD are
shown.
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Figure IIL.6: 13C tracer analysis with the tracer substrate U-13C-glutamine in P493-
6 cells, labeling of 2-ketoglutarate (KG), citrate and lactate. The figure shows the
MIDs of TCA cycle intermediates/lactate from cell extracts for the different cell states MY C-
low, MYC-high and IL10+CpG stimulation. Cells were harvested after 24 h of incubation
with the tracer substrate. Data were corrected for NA and tracer purity using IsoCorrectoR,
assuming a tracer purity of 99%. The z-axis labels correspond to the number of °C label
incorporated in the respective isotopologue. Samples were measured in (biological) triplicates,
means of isotopologue fractions +/- SD are shown. (Data on citrate are also shown in
Figure 2c of Feist et al. (2018), but the figure was recreated for this thesis.)
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Figure IIL.7: 13C tracer analysis with the tracer substrate U-13C-glutamine in P493-
6 cells, labeling of malate, fumarate and succinate. The figure shows the MIDs of TCA
cycle intermediates from cell extracts for the different cell states MY C-low, MYC-high and
IL10+CpG stimulation. Cells were harvested after 24 h of incubation with the tracer substrate.
Data were corrected for NA and tracer purity using IsoCorrectoR, assuming a tracer purity
of 99%. The z-axis labels correspond to the number of *2C' label incorporated in the respective

isotopologue. Samples were measured in (biological) triplicates, means of isotopologue fractions
+/- 8D are shown.
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3.3 !3C tracer analysis results in a broader biological context

Changes in metabolism and nutrient usage are not isolated, but occur in conjunction with other
physiological changes and usually serve a certain biological purpose. To put the results from
13C tracer analysis in a broader biological context, the data will be integrated with the results
from other analyses performed by co-authors within the scope of the Feist et al. (2018) study.
Both glucose and glutamine consumption were found to be significantly increased in IL10+CpG
and MY C-high cells compared to MYC-low cells. Further, removal of glutamine from the cell
culture medium drastically decreased proliferation in MY C-high and IL104+CpG cells, while
the effect of glucose removal was not as pronounced. In addition, intracellular amounts of TCA
cycle intermediates and amino acids were substantially increased in IL10+CpG stimulated
cells compared to MYC-low cells, together with an increased expression of glycolysis and
glutaminolysis genes (see Figure A25 in the appendix). When combining all this information
with the '3C tracer analysis result that glutamine carbon contribution to the biosynthesis
of TCA cycle intermediates and glutamate derived amino acids increases substantially from
MY C-low over IL10+CpG to MYC-high, it seems likely that marked amounts of glutamine
carbon are diverted into these metabolite pools in [110+CpG and MY C-high cells.

However, what is the purpose of the observed increased glutaminolysis? To address this ques-
tion, metabolite rescue experiments have been performed with cells cultured in glutamine-free
medium. For IL10+CpG stimulated cells, proliferation could be restored almost to the level
of cells cultured with glutamine using either oxaloacetate, aspartate, adenine or thymine.
Interestingly, for MYC-high cells, especially the addition of a membrane permeable form of
2-ketoglutarate restored proliferation, while the metabolites rescuing IL10+CpG cells were
relatively ineffective. This indicates that glutamine is used for different main purposes in
IL10+CpG and MYC-high cells. The possibility to rescue with aspartate or nucleobases in
IL104-CpG cells suggests that a main use of glutamine in this cellular state is the synthesis
of nucleotides and nucleic acids to supply proliferation. Aspartate, which has been found to
be highly enriched with glutamine '3C, is a main carbon donor in pyrimidine synthesis, and
a nitrogen donor in both pyrimidine and purine synthesis. The observation that oxaloacetate
is also effective at rescuing IL10+CpG cells suggests that the carbon supplied via glutamine
is probably more important than the nitrogen in that setting. However, since purine bases
like adenine only contain carbons from glycine, tetrahydrofolate (providing a one-carbon unit
originally taken from serine) and HCO3 , and none directly taken from oxaloacetate or as-
partate, it is reasonable to ask why the addition of adenine can rescue proliferation if mainly
glutamine carbon is relevant. Probably, low levels of aspartate due to glutamine withdrawal
are also limiting for purine base synthesis, because at least one of the nitrogens in all purine
bases is derived from a molecule of aspartate (two in the case of adenine). Given enough
nitrogen is available in the system in general, the addition of oxaloacetate may then increase
aspartate levels to supply purine synthesis with nitrogen. Further, the addition of oxaloacetate
or aspartate may also increase glutamine levels. Glutamine is especially important in purine
base synthesis as a nitrogen donor since it directly provides between two and three (side chain
amide derived) nitrogens depending on the base. Thus, providing oxaloacetate and aspartate
may rescue proliferation by rising aspartate and glutamine levels so that they are sufficient
to supply both pyrimidine and purine base synthesis, while the addition of adenine may help
proliferation by allowing low existing pools to be used mainly for pyrimidine synthesis. To
assess also the usage of glutamine derived nitrogen, a °N tracer analysis with a-?N-glutamine
was performed by Xueni Sun. Especially glutamate, aspartate, proline and alanine were found
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to be N enriched (up to about 50% mean enrichment for glutamate and aspartate in MY C-
high), while the enrichment again increased from MYC-low over IL10+CpG to MYC-high,
similar to the 3C labeling experiments. Some °N enrichment was also found in nucleobases,
however to a lower than expected degree, probably because ISS had not been reached for these
metabolites. It must also be considered that nucleobase nitrogen is derived to a large degree
from the side chain amide of glutamine, and only to a lesser extent from its o-amino group
(via aspartate).

As MYC-high cells can mainly be rescued via the addition of 2-ketoglutarate, it is possible that
this cellular state is more strongly dependent on oxidative catabolism of glutamine derived 2-
ketoglutarate to supply oxidative phosphorylation. This is supported by the observation that
the fractions of the 4 13C species of citrate, malate, fumarate and aspartate - derived from the
oxidation of glutamine derived 2-ketoglutarate - are significantly increased in MYC-high cells
compared to IL10+CpG cells and especially MYC-low cells. Additionally, upon glutamine
withdrawal, the OCR (oxygen consumption rate) was decreased significantly down to the level
of MYC-low cells in MY C-high cells, but remained unchanged in IL10+CpG stimulated cells.
Thus, albeit cells in the IL104+-CpG state also use glutamine to a large degree for oxidative
phosphorylation if it is supplied, they do not seem to be as dependent on it for respiration as
MY C-high cells.

To assess the relevance of key enzymes for the metabolism of the different P493-6 cellular
states, inhibitor and RNAi-knockdown studies were performed by Maren Feist. Both the
addition of the glutaminase inhibitor CB-839 as well as the general aminotransferase inhibitor
aminooxyacetate (AOA) led to a strong decrease in proliferation in IL10+CpG stimulated
and MYC-high cells, and intracellular aspartate levels dropped substantially. Also in this
setting, the addition of aspartate, adenine or thymine could restore proliferation in IL10+CpG
stimulated cells, underscoring the importance of aminotransferases in funneling glutamine (via
aspartate) into nucleotide synthesis. To assess the role of the aspartate aminotransferases
GOT1 (cytosolic) and GOT2 (mitochondrial), RNAi knowckdown experiments specifically
targeting the mRNA of either of these enzymes were performed. Both enzymes catalyze the
conversion of glutamate and oxaloacetate to 2-ketoglutarate and aspartate, and vice versa. The
GOT?2 knockdown led to a marked decrease in proliferation in both IL104+CpG and MY C-high
cells, whereas the GOT1 knockdown only significantly affected MY C-high cells. Proliferation
of IL10+CpG cells could be fully restored by addition of adenine or thymine, and partially by
addition of aspartate. In a previous study (Feist et al. (2017)) it had been shown that combined
IL10 and CpG signaling induces proliferation in MYC-low cells via the synergistic action of
the transcription factors STAT3 and NFxB. In the current study (Feist et al. (2018)), it has
additionally been found that combined STAT3 and NFxB signaling increases the expression
of GOT2, and that STAT3 and NFxB jointly bind to the GOT2 promoter.

In conclusion, these results suggest that glutaminolysis is very important for both the MYC-
high cellular state of P493-6 cells, mimicking Burkitt lymphomas, as well as for IL10+CpG
stimulated MYC-low cells, which can serve as a model for B-cell lymphomas with aberrant
STAT3 and NFxB signaling. The analyses indicate that MY C-high and IL10+CpG stimulated
cells use glutamine in a different manner, though. TCA cycle intermediates and glutamate
derived amino acids are strongly enriched with glutamine derived carbon in both cellular
states. However, while MYC-high cells appear to be very dependent on glutamine derived
2-ketoglutarate for oxidative phosphorylation, IL104+CpG cells appear to employ glutamine
especially for the synthesis of nucleotides via aspartate. Further, the aspartate aminotrans-
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ferase GOT2 appears to have an important role in diverting glutamine to nucleotide synthesis,
and its expression is upregulated by the joint action of STAT3 and NFxB. These findings
may aid in developing therapies targeting the metabolism of specific subtypes of B-cell lym-
phomas. However, care must be taken when attempting to translate results from cell culture
experiments to medicine, as the environment of cancer model cell lines in cell culture can vary
drastically from the actual tumor environment in a tissue. This includes e.g. the availability
of oxygen, the supply with various nutrients and, importantly, the interaction with other cells
in the tissue (Heiden & DeBerardinis (2017)). However, in the current study, high aberrant
GOT?2 expression has actually been shown to be significantly associated with shorter overall
survival in DLBCL patients that have received an R-CHOP (Rituximab, Cyclophosphamide,
Hydroxydaunomycin, Oncovin, Prednisone) treatment. This is a first indication that it may
be possible to translate the results to actual medical applications.



Chapter IV

Materials and methods

1 Materials

Material Manufacturer Usage

Pure water, PURELAB Plus | ELGA LabWater (Celle,

system Germany)

10 kDa Amicon ultra cen- | Merck (Darmstadt, Ger- | Sample preparation
trifugal filters many)

Methanol for HPLC Ul-
tra LC-MS grade, HiPerSolv
Chromanorm

VWR International (Darm-
stadt, Germany)

Metabolite extraction, LC-
MS, PCF derivatization

1-Propanol  for LC-MS, | Merck (Darmstadt, Ger- | PCF derivatization
LiChrosolv many)

3-Picoline (3- | Merck (Darmstadt, Ger- | PCF derivatization
Methylpyridine) > 99.5%, | many)

LiChrosolv

Isooctane, AnalaR Norma- | VWR International (Darm- | PCF derivatization
pur stadt, Germany)

Propylchloroformate (PCF)
98%

VWR International (Darm-
stadt, Germany)

PCF derivatization

Ethylacetate for LC-MS,
HiPerSolv Chromanorm

VWR International (Darm-
stadt, Germany)

PCF derivatization

Chloroform, > 99.9%

Sigma-Aldrich (Taufkirchen,
Germany)

PCF derivatization

Table IV.1: Laboratory materials and usage.
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Material Manufacturer Usage
Heptafluorobutyric acid | Sigma-Aldrich (Taufkirchen, | LC-MS
(HFBA) suitable for Ion | Germany)
Chromatography, > 99.5%
Ammonium formate (AF) > | Sigma-Aldrich (Taufkirchen, | LC-MS
99.995% trace metal basis Germany)
Acetonitrile Hypergrade for | Supelco (Belafonte, PA, | LC-MS
LC-MS USA)
Formic acid 98-100% for LC- | Merck (Darmstadt, Ger- | LC-MS
MS, LiChropur many)
N-Methyl-N- Macherey-Nagel ~ (Dueren, | methoximation - trimethylsi-
(trimethylsilyl)- Germany) lylation
trifluoracetamide (MSTFA)
Methoxyamine  hydrochlo- | Sigma-Aldrich (Taufkirchen, | methoximation - trimethylsi-
ride Germany) lylation

Pyridine, 99,8%

Sigma-Aldrich (Taufkirchen,
Germany)

methoximation - trimethylsi-
lylation

Undecanoic Acid, analytical
standard

Sigma-Aldrich (Taufkirchen,
Germany)

methoximation - trimethylsi-
lylation

Isooctane, > 99.9%

VWR International (Darm-
stadt, Germany)

methoximation - trimethylsi-
lylation

L-alanine, Fluka

Sigma-Aldrich (Taufkirchen,

Alanine validation mixes

Germany)
L-alanine-1-"3C,  99% '3C | Cortecnet (Voisins-Le- | Alanine validation mixes
purity Bretonneux, France)
L-alanine-3-13C,  99% 13C | Cortecnet (Voisins-Le- | Alanine validation mixes
purity Bretonneux, France)
L-alanine-1,2-13C,,  99.2% | Cortecnet (Voisins-Le- | Alanine validation mixes
13C purity Bretonneux, France)

L-alanine-°Cs, 97.6% ©C
purity

Cortecnet (Voisins-Le-

Bretonneux, France)

Alanine validation mixes

Table IV.2: Laboratory materials and usage.
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2 Experimental methods

2.1 Stable isotope tracing in a P493-6 B-cell lymphoma model cell line

A stable isotope labeling experiment was conducted in a P493-6 B-cell lymphoma model cell
line. The cell line has an inducible MY allele, which allows it to mimick both normal B-cells
and MYC-driven lymphomas. Cells were fed with U-'3C-glutamine, and the incorporation of
13C into different amino acids and TCA cycle intermediates was assessed via LC-MS/MS of
cell extracts and supernatants.

2.1.1 Cell culture

Cell culture work was performed by Maren Feist at the Clinic of Haematology and Medical
Oncology at the University Medical Centre Gottingen, as described in Feist et al. (2018).
Briefly, P493-6 cells were cultured in RPMI 1640 medium with 10% FCS and 1:100 peni-
cillin/streptomycin at 37 °C with 5% COs. Normally, P493-6 cells show MYC overexpression.
This state is termed MYC-high. To obtain the MYC-low state of P493-6 cells (low MYC
expression), MYC expression was repressed via treatment with 1 ng/ml doxycycline for 24 h.
For stable isotope labeling analysis, cells were then washed in warm phosphate-buffered saline
(PBS), counted, centrifuged and seeded in fresh Gln-free cell culture medium at a density of
1x105 cells/ml, with or without doxycycline. U-13C-glutamine was added to a concentration
of 2 mM as the tracer substrate (tracer purity: 99%), and IL10, CpG, or IL10 + CpG were
added for cell stimulation in the corresponding samples. After culturing for an additional 24
h, cells were counted and harvested. 4x10° cells were centrifuged (300 x g, 5 min, 4 °C), and
the supernatant was collected. The pellet was washed two times with cold PBS and then
resuspended in 1 ml of ice-cold 80% MeOH to stop enzymatic activity. To assess isotopic
steady state, cells were cultured up to 30 h, and 2x10° cells were harvested at 18 h, 22 h, 24
h, 26 h and 30 h just as described before.

2.1.2 Sample preparation for metabolomic analysis

Supernatants were filtered by centrifugation (30 min, 4000 x g, 4 °C) in 10 kDa Amicon ultra
centrifugal filters (Merck, Darmstadt, Germany). Polar metabolites in the cell pellets were
extracted using 80% MeOH. First, pellets were vortexed in 80% MeOH and then centrifuged
(10,000 x g, 6 min, 4 °C). The resulting supernatant was transferred to a glass tube, and the cell
pellets were washed two additional times with 80% MeOH, combining all supernatants. The
combined extracts were then dried in a vacuum evaporator for 2 h, followed by resuspension
of the residue in 100 pl of water.

For the analysis of amino acids, a derivatization with propylchloroformate (PCF) was carried
out to improve retention and thus separability in reversed-phase HPLC. Derivatization was
performed as described in Goot et al. (2012). Briefly, 10 ul of sample (cell extract or super-
natant) are diluted with water to a final volume of 200 pl. Then, 80 ul derivatizing reagent
1 (77% n-propanol, 23% 3-picoline (vol/vol)) is added, followed by 50 pl derivatizing reagent
2 (17.4% propylchloroformate, 11% isooctane, 71.6% chloroform (vol/vol)). The mixture is
vortexed, and the derivatives are extracted by the addition of 250 ul ethylacetate. Following
vigorous mixing, 200 ul upper organic phase are taken. The extract is then dried under a
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Figure IV.1: PCF- and TMS-derivatization of amino acids. PCF- (a) and TMS
(b) derivatization are shown for a generic amino acid.  Carboxyl- and amino groups
in the amino acid residue are derivatized in the same way. For TMS-derivatization,
N-methyl-N-(trimethylsilyl)trifluoracetamid (MSTFA) was used, which is converted to N-
methyltrifluoracetamid (MTFA) during the reaction. Fragmentation sites in tandem MS are
shown as dashed red lines. The fragmentation of PCF-derivatized amino acids can yield,
among others, propylformate or propanol as the neutral loss. A study on the mechanism of
alkyl chloroformate-mediated esterification in aqueous media has recently shown that the reac-
tion at the carboxyl group proceeds via the formation of N-acylpyridinium and alkyl carbonate
anion intermediates when employing pyridine. These intermediates result from the reaction
between pyridine and the carboxylic anhydride initially formed from the carboxylic acid and
alkyl chloroformate. Said intermediates are then further converted through decarboxylation of
the alkyl carbonate anion species and a conversion of N-acylpyridinium to an ester via nucle-
ophilic attack of an alcohol species (either from the decarboxylated alkyl carbonate species or
from solution) or to the original carbozylic acid via hydrolysis (Opekar et al. (2021)). In the
case of the particular PCF-derivatization reaction performed, a N-acylpicolinium intermediate
18 likley formed analogously to the N-acylpyridinium intermediate observed in the study.

nitrogen stream and the residue is redissolved in 100 ul water /methanol (38%/62%, vol/vol).
The derivatization reaction is illustrated in Figure IV.1 a for a generic amino acid.

2.1.3 LC-MS/MS

For the HPLC-MS/MS analysis of PCF-derivatized amino acids from '3C labeling, an Agilent
1200 HPLC (Agilent, Waldbronn, Germany) coupled to a low-resolution API 4000 QTRAP
mass spectrometer (AB SCIEX, Darmstadt, Germany) operating in positive ionization mode
was used. The mass spectrometer is a triple-quadrupole device that also has linear ion trap
functionality, but it was used only in triple-quadrupole mode. An EZ:faast AAA-MS (250 x 3
mm i.d., 4 pm, Phenomenex) reversed-phase column was used for HPLC and kept at 30 °C.
Mobile phase A was 10 mM ammonium formate and 0.1 % (vol/vol) heptafluorobutyric acid in
water, mobile phase B was 10 mM ammonium formate and 0.1 % (vol/vol) heptafluorobutyric
acid in methanol. The column flow rate was 350 ul/min, with an injection volume of 5 ul for
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cell pellet extracts and 10 pl for cell supernatants. The HPLC gradient was set up as follows:
Starting with 62 % B, B was increased to 79 % within 12 min, with a final increase to 98 %
B within 0.01 min. This condition was then kept for 3 min. In the following, the column was
reconditioned with 62 % B for 8 min. The mass spectrometer was operated in MRM mode,
and the transitions for each amino acid were set up so that the mass shifts in precursor and
product ion match the mass shifts of the isotopologues expected from '3C labeling. As illus-
trated in Figure IV.1 a, the acquired transitions of PCF-derivatized amino acids cover either
fragmentation at the C1-C2 bond of the amino acid (neutral loss: propylformate, C4HgO3) or
fragmentation at the C1-O bond linking the amino acid to the propanol-residue introduced
via derivatization (neutral loss: propanol, C3HgO). In amino acids that carry a carboxylic
acid group in their residue, fragmentation may also occur there. For the amino acids alanine,
aspartate and glutamate, the neutral loss is propylformate and contains one carbon of the
amino acid. For glycine, ornithine, proline and serine, the neutral loss propanol comes purely
from derivatization and cannot contain label. Thus, it is valid to correct the C labeling data
from these amino acids using an MS instead of an MS/MS correction algorithm, as pointed
out in section 3.2.3. Peak integration in extracted ion chromatograms was performed using
the Analyst Software (version 1.6.2, AB Sciex). The described method for the analysis of
amino acids from a '3C labeling experiment is based on the method for absolute amino acid
quantification in unlabeled samples published in Goot et al. (2012).

The analysis of (underivatized) organic acids/TCA cycle intermediates from 3C labeling
was performed with the same LC-MS/MS instrument as the analysis of amino acids (triple-
quadrupole mode). However, the mass spectrometer was operated in negative ionization mode.
For chromatography, a Discovery HS F5-3 HPLC column (15 ¢cm x 2.1 mm, 3 um, Supelco)
equipped with a Security Guard column (C18, Phenomenex) was employed, with mobile phase
A being 0.1 % formic acid in water (v/v) and mobile phase B being 100 % acetonitrile. The
column was kept at 30 °C. The HPLC gradient started with 0 % B for 5 min at a flow rate
of 300 ul/min. This was followed by a linear increase of B to 100 % within 2 min. 100 % B
was kept for 4 min, followed by a switch to 0 % B within 0.1 min. The flow rate was then
increased to 300 ul/min and 0 % B was held for 18 min for equilibration. The injection volume
was 10 ul. As with amino acid analysis, MRM transitions were set up to cover all expected
13C labeling states of a given metabolite. Table IV.3 shows precursor and product ion m/z as
well as product ion and neutral loss composition of the measured organic acids (m+0 isotopo-
logues). In the original MRM method for analyzing '*C organic acid labeling, transitions for
some labeling states were missing or measured in duplicate (labeled fumarate and succinate
have overlapping nominal precursor and product ion m/z for some transitions). Thus, missing
transitions were added and duplicates were removed (duplicated measurements result in less
dwell time per transition). The remaining transition of a duplicate pair was renamed such
that it is clear that the transition corresponds to labeling states of different metabolites. The
affected transitions are listed in Table IV.4.

Prior to analysis, data were corrected for NA and tracer purity with IsoCorrectoR, assuming a
purity of 99% for the tracer substrate U-'3C-glutamine. As data were acquired in MS/MS mode
with a low-resolution mass spectrometer, IsoCorrectoR’s low-resolution MS/MS algorithm was
used to correct the data. To this end, product ion and and neutral loss chemical formulas of all
metabolites were supplied to IsoCorrectoR. For species where the neutral loss cannot contain
label, using the MS (instead of MS/MS) correction algorithm would have been appropriate,
too.
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Mbolecule Precursor Product ion | Product ion | Neutral loss
m/z m/z composition composition

2-Ketoglutarate | 145 101 C4H503~ COq

Citrate 191 111 CsH303~ CH40O4
Fumarate 115 71 C3H309™ COq

Lactate 89 43 CyH30™ CH50O9

Malate 133 115 C4H30,4 H>0O

Succinate 117 73 C3H505~ COq

Table IV.3: Transitions of organic acids/TCA cycle intermediates. Transitions of
organic acids/TCA cycle intermediates in the LC-MS/MS method employed for analyzing 1°C
organic acid labeling, only m+0 isotopologue shown.

Transition ID Precursor m/z Product ion m/z | Issue

2-Ketoglutarate 1.0 | 146 101 missing

2-Ketoglutarate 1.1 146 102 missing

2-Ketoglutarate 3.2 | 148 103 missing

2-Ketoglutarate 3.3 | 148 104 missing

Fumarate 1.1 116 72 missing

Fumarate 2.2 117 73 missing

Fumarate 3.2 118 73 duplicate of Succi-
nate 1.0

Fumarate 3.3 118 74 duplicate of Succi-
nate 1.1

Fumarate 4.3 119 74 duplicate of Succi-
nate 2.1

Table IV.4: Missing and duplicate transitions in the original MRM method for
analyzing 13C labeled organic acids/TCA cycle intermediates. Transitions of organic
acids/TCA cycle intermediates in the LC-MS/MS method employed for analyzing *°C organic
acid labeling that were missing or measured in duplicate. The numbering .y in the transition
IDs corresponds to x label in the precursor ion and y label in the product ion.
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Analyte [pM] | Mixture 1 Mixture 2 Mixture 3 Mixture 4
L-Alanine 50.000 20.000 10.000 100.000
L-Alanine-1- 12.500 20.000 20.000 1.000
13C
L-Alanine-3- 12.500 20.000 40.000 1.000
lSC
L-Alanine-2,3- 3.125 20.000 10.000 1.000
13

Cs
L-Alanine-">C3 [ 0.781 20.000 30.000 1.000

Table IV.5: Miztures of alanine isotopologues. Miztures of alanine isotopologues (and
isotopomers) used for the experimental validation of isotope correction. Concentrations in M
are given. (Table taken from Heinrich et al. (2018))

2.2 Measurement of alanine isotopologue mixtures of known composition
via GC-APCI-TOFMS

Single stock solutions (500 mM) of L-alanine (Fluka /Sigma-Aldrich, Taufkirchen, Germany),
L-alanine-1-13C (99% '3C purity, Cortecnet, Voisins-Le-Bretonneux, France), L-alanine-3-13C
(99% 13C purity, Cortecnet), L-alanine-1,2-13Cy (99.2% '3C purity, Cortecnet), and L-alanine-
13C3 (97.6% 3C purity, Cortecnet) were prepared in pure water (PURELAB Plus system,
ELGA LabWater, Celle, Germany). Single stocks were further diluted and four different mix-
tures containing the different isotopomers in varying concentrations were prepared (see Table
IV.5). A 10 pl aliquot of each mixture was evaporated to complete dryness using a vacuum
evaporator (CombiDancer, Hettich AG, Béch, Switzerland), subjected to silylation and an-
alyzed by GC-APCI-TOFMS employing the derivatization protocol and instrumental setup
previously described in Wachsmuth et al. (2015). Specifically, a 450-GC (Bruker Daltonics
GmbH, Bremen, Germany) coupled to a microTOF orthogonal acceleration TOF mass spec-
trometer (Bruker Daltonics) via an atmospheric pressure chemical ionization source (APCI II)
was used. One pl of the derivatized sample was injected using splitless mode. The temperature
program started at 50 °C (1 min), was ramped at 5 °C/min to 120 °C and then at 8 °C/min
to 30 °C (5 min). Each sample was prepared and analyzed in triplicates. Area integrals of
the [M+H|* ions of the different isotopologues were determined using Bruker Quant Analysis
2.2 (Bruker Daltonik GmbH, Bremen, Germany). Note that L-alanine-1-'3C and L-alanine-3-
13C cannot be distinguished and both contribute to the m+1 signal. GC-APCI-TOFMS mass
spectra of the silylated alanine standards used for preparing the mixtures are shown in Figures
A44 to A46 in the appendix. (Paragraph taken from Heinrich et al. (2018), slightly
modified)

3 Datasets

3.1 Data from stable isotope tracing in a P493-6 B-cell line

For analyzing the effect of isotope correction and for validating IsoCorrectoR, several MS
datasets from stable isotope labeling experiments were used. Two of the datasets come from
the 13C stable isotope labeling experiment conducted in a P493-6 B-cell line that is described
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in section 2.1. The data were acquired at the Institute of Functional Genomics, University of
Regensburg, with a low-resolution QTRAP device in MS/MS mode. One dataset covers amino
acids (PCF-derivatized, measured in positive mode), while the other covers organic acids/TCA
cycle intermediates (underivatized, measured in negative mode). While all metabolites were
measured in tandem MS, the neutral loss does not contain label in some cases (glycine, proline,
ornithine, serine). Because of that, it is possible to correct these data using an MS instead of
an MS/MS correction algorithm.

3.2 AccuCor datasets

Two additional datasets were provided as example data together with the AccuCor tool for NA
correction (Su et al. (2017)). Data have been acquired via LC-MS, with HILIC LC coupled
to a Q Exactive PLUS hybrid quadrupole-orbitrap mass spectrometer (Thermo Scientific)
in negative ionization mode. The MS resolution was 140000 at 200 m/z (high resolution).
Both a !3C and a !N labeling dataset have been provided, all metabolites were measured in
underivatized form.

3.3 Simulated stable isotope labeling data

In cases where experimentally acquired data were not sufficient for the analyses (e.g., ultra-
high-resolution data from multiple-tracer experiments or specific examples to illustrate the
impact of correction), stable isotope labeling data were simulated. This was done either man-
ually, by devising uncorrected MIDs suitable for the given analysis, or by randomly generating
uncorrected MIDs using R. Random simulation was chosen in cases where the exact setup
of the MIDs was not important for the analysis. When randomly simulating MIDs, random
numbers within a certain interval between a minimum and a maximum number were chosen
for the different expected measurements of a given MID. The minimum was usually chosen
so that negative corrected values should not or only rarely occur, except negative corrected
values were explicitly intended.

4 Computational methods

4.1 Correction of stable isotope labeling data
4.1.1 Correction using tools

Correction of stable isotope labeling data for NA and tracer purity was performed using
IsoCorrectoR, IsoCor, ICT or PyNAC, or manually.

When correcting with IsoCorrectoR, either IsoCorrectoR version 0.1.12 together with R version
3.3.3 was used (analyses that have been taken from Heinrich et al. (2018)), or IsoCorrectoR ver-
sionres__dep_ v0.9 with R version 3.6.2. This is the prototype capable of resolution-dependent
MS and MS/MS correction. When using IsoCorrectoR, a threshold can be set to limit inter-
nal calculations to probabilities above this threshold when computing the probability matrix.
The default value for this calculation threshold is 1E-08. This default value was used for all
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analyses in this thesis, except for comparisons of resolution-dependent MS and MS/MS cor-
rection to manual calculations, for creating the example probability matrices in the algorithm
section and for the analysis on the impact of the calculation threshold parameter. In these
cases, the threshold was set to 0 (i.e., no threshold). For UHR correction with IsoCorrectoR,
a different type of threshold is used, as described in the algorithm section. Here, the default
value of 8 was used for all analyses, except for the analysis explicitly assessing the effect of
the calculation threshold parameter.

IsoCor v1 (Millard et al. (2012), version 1.0, Python version 2.6.5) was used for analyses from
Heinrich et al. (2018), while IsoCor v2 (Millard et al. (2019), version 2.1.3, Python version
3.7.3) was used for other analyses. Correction with ICT (Jungreuthmayer et al. (2016)) was
performed using ICT version 0.04 with Strawberry Perl version 5.24.1.1 (Windows) or Perl
version 5.22.1 (Linux). PyNAC (Carreer et al. (2013)) was used together with Python version
2.6.5. Depending on the analysis, slightly different values for natural isotope abundance have
been used. When comparing against IsoCor v2, for analyses of resolution-dependent correction
and for comparing UHR correction to resolution-dependent correction, the isotope abundance
values (and isotope masses) also used by IsoCor v2 were employed. When comparing against
PyNAC, isotope abundance values used by PyNAC were used. For all other analyses, IsoCor-
rectoR’s default NA values were employed. Table A7 in the appendix shows the corresponding
NA and mass values of the isotopes. In low-resolution correction, only nominal mass shifts
and no exact absolute isotope masses are used. Additional settings associated with a given
correction procedure are specified in the corresponding section in the results.

4.1.2 Manual correction

Manual correction of data was performed by first calculating the probability matrix P either in
Microsoft Excel (Office 365) or LibreOfficeCalc (version 5.1.6.2). While manual computation of
P in a spreadsheet is laborious and error-prone, it is still manageable for small core molecules
like glycine. If it does not add additional elements to the molecule, derivatization does not
substantially increase the complexity of calculations. To derive corrected values v, according
to v, = P - v, P and uncorrected values v,, were supplied to either the linsolve function of
Matlab (version R2016a, analyses taken from Heinrich et al. (2018)) or the Im function of R
(version 3.6.2) to solve the resulting system of linear equations.

4.1.3 Computing uncorrected values from known corrected values

To compute uncorrected values vy, from known corrected values v., IsoCorrectoR functions
were used to calculate the corresponding probability matrix P. Then, v,, could be derived
through matrix multiplication via v, = P - v,.

4.2 Statistics

All statistics were performed using base functions of R, version 3.6.2.
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4.2.1 Testing for normally distributed data

To test whether data can be assumed to be normally distributed or whether the normality
assumption has to be rejected, the Shapiro-Wilk test was used. In the case of p > 0.05,
normality was assumed, in the case of p < 0.05, the null hypothesis of normal distribution
was rejected and the data were assumed to follow a different distribution. It should be noted,
however, that the Shapiro-Wilk test has low power to reject the null hypothesis if sample sizes
are small, which usually is the case with the labeling data analyzed in this thesis.

4.2.2 Testing for differences between two groups

If not stated otherwise, to test for statistically significant differences between two (indepen-
dent) groups of samples, Welch’s t-test for unequal variances was used. In the case of data that
cannot be assumed to be normally distributed, a non-parametric test like the Mann-Whitney-
U test should usually be applied. However, all significance tests performed in this thesis were
performed on groups with a sample size of 3. With a sample size of 3, the minimal p-value
that can be obtained with the Mann-Whitney-U test is 0.1, the reason being the mathematical
definition of the test. As a consequence, at a significance level of 0.05, such a test could never
reject the null hypothesis. Thus, also in the case of data where normal distribution was in
doubt, Welch’s t-test was performed, albeit with a notification that the normality assumption
may be violated.

If equal group variances cannot be safely assumed, instead of generally using Welch’s t-test, it
would also be possible to first test for equality of variances (e.g. with Levene’s test), and then
use either Student’s t-test (which requires equal variances) or Welch’s t-test depending on the
outcome. However, the power of Levene’s test to reject the null hypothesis of equal variances
is low for small sample sizes, resulting in a substantial proportion of Type II errors, where
equal variance would be assumed when variances are in fact not equal. If Student’s t-test
is performed in these cases, its Type I error rate will increase, producing more false positive
results than expected. When generally using Welch’s t-test if equal variances are in doubt,
however, this increase of Type I error can be avoided. And if variances are in fact equal, the
power of Welch’s t-test is almost the same as that of Student’s t-test (Delacre et al. (2017)).

4.2.3 Correction for multiple testing

Correction for multiple testing was performed via the FDR approach of Benjamini and Hochberg
(Benjamini & Hochberg (1995)). If not stated otherwise, tests with a g-value (FDR) < 0.05
were considered to be statistically significant.

4.2.4 Testing for differences between more than two groups and post-hoc pairwise
tests

The presence of statistically significant differences between more than 2 group means was
tested for with a one-way ANOVA (analysis of variance) approach. In the case of normally
distributed ANOVA model residuals, a Welch-type ANOVA (variances were assumed to be
unequal) was used, if not stated otherwise. The non-parametric Kruskal-Wallis ANOVA was
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used in the case that the normality assumption had to be rejected (significant Shapiro-Wilk test
for the ANOVA model residuals). If multiple ANOVAs were performed in a given analysis, the
obtained p-values were corrected for multiple testing as described in the previous paragraph.
Results were considered to be statistically significant if their associated g-value (FDR) was
< 0.05. Subsequently, for significant ANOVA results, post-hoc Welch’s t-tests for pairwise
comparisons were applied to test for significant differences between pairs of groups. The p-
values obtained from the post-hoc pairwise tests were corrected for multiple testing as described
above. If not stated otherwise, differences with a g-value (FDR) < 0.05 were considered to be
statistically significant.

4.3 System

Analyses were run on a machine with a Intel Core i7-4510 CPU (4x 2.00 GHz) and 16 GB
RAM. As operating system, either Windows 10 or Ubuntu 16.04 LTS was used.

4.4 Additional software

R (version 3.3.3 or 3.6.2) together with ggplot2 (3.2.0) and cowplot (1.0.0) were used for
analyzing and plotting data. Microsoft Excel (Office 365) or LibreOfficeCalc (version 5.1.6.2)
were used for generating csv and xls input files for IsoCorrectoR and for setting up files for data
analysis in R. ChemDraw (version 16.0.1.4 or 18.1) was used for drawing chemical structures.
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Chapter V

Conclusion and outlook

In metabolomics, stable isotope labeling experiments with tracer isotopes like '3C or ®N can
provide a wealth of information on nutrient contributions to metabolite synthesis, contributions
to certain pathways or the dynamics of metabolism. To avoid misinterpretations of data or
incorrect flux estimates, it is however imperative to correct MS data from stable isotope
labeling experiments for natural isotope abundance (NA), and, possibly, for impurities of the
tracer substrate. This is necessary, since the mass shift that is produced by the incorporation
of tracer isotopes into the metabolites of interest also arises naturally, because stable heavy
isotopes like '3C, N or 2H are naturally present in all molecules, the quantity defined by
their NA. Additionally, impurities of the tracer substrate can lead to a "loss" of label and
mass shift, so that species that would actually carry a higher amount of label contribute to
the measurements of species with less amounts of label.

IsoCorrectoR, which is presented with this thesis, is an R-based tool for the correction of stable
isotope labeling data for NA and tracer purity. While there are already several other tools
available for this purpose, like Python-based IsoCor (v2) and PyNAC or Perl-based ICT, Iso-
CorrectoR provides a comprehensive set of correction features in a single solution, was designed
for ease-of-use, and, importantly, adds new modes of correction. IsoCorrectoR features low-
resolution and resolution-dependent MS and MS/MS correction, ultra-high resolution (UHR)
correction of UHR data (also from stable isotope resolved metabolomics (SIRM) experiments
employing multiple tracers like ¥C and PN simultaneously), tracer purity correction and
compatibility with any tracer isotope (e.g., *C, N or ?H).

A mode of correction that was novel when IsoCorrectoR was first released with Heinrich et al.
(2018) is the UHR correction of data from stable isotope labeling (SIRM) experiments not only
for NA, but also for tracer purity. The only other tool designed for the UHR correction of data
from SIRM experiments, where multiple tracer isotopes are used simultaneously, is PyNAC,
and it lacks the option to correct for tracer purity. Very recently, AccuCor2 (Wang et al.
(2021)) has been released, which can perform resolution-dependent correction on data from
SIRM experiments and is also capable of tracer purity correction. As shown in this thesis (and
before in Heinrich et al. (2018)), performing tracer purity correction can be crucial, especially
in the case of multiple tracers.

The other novel mode of correction that IsoCorrectoR can offer is resolution-dependent MS/MS
correction. It has been stated in the literature and shown with quantitative simulations in this
thesis that MS/MS stable isotope labeling data (where labeling can occur in both fragments)
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should not be corrected with a correction procedure intended for MS data. In these cases,
it is necessary to apply a correction algorithm specifically tailored for MS/MS data. While
the tools ICT and MS-X-Corr offer MS/MS correction for low-resolution MS/MS data (MS-
X-Corr being limited in its overall functions, though), only IsoCorrectoR can correct also
high-resolution MS/MS data in a resolution-dependent manner. The resolution-dependent
correction of high-resolution data takes into account that, for devices in the resolution range
of orbitraps (and partly also FT-ICRs), some NA contributions can be resolved, while others
can not, depending on the instrument resolution available for the measurement of the given
molecular ion or fragment. Clearly, this has to be accounted for in the correction process. As
shown in this thesis, if a casual low-resolution algorithm is applied to such data, this can lead
to marked overcorrection due to the removal of NA contributions that were already resolved
spectrometrically. To the best of our knowledge, the only tool (aside of IsoCorrectoR) with a
correct algorithmic approach to the resolution-dependent correction of high-resolution data is
IsoCor v2 - there are also other tools available for this purpose (AccuCor, ElemCor), but their
approach is slightly flawed. IsoCor v2 is only capable of correcting MS data in a resolution-
dependent manner, however, while it lacks the functionality of resolution-dependent MS/MS
correction. Thus, IsoCorrectoR is the only tool that provides such a feature. With increased
adoption of orbitrap mass spectrometers in metabolomics and the benefits that positional
labeling information from tandem MS measurements can provide especially for flux modeling,
being able to correct high resolution MS/MS data from stable isotope labeling experiments in
a resolution-dependent manner should be a relevant addition to the existing set of correction
approaches.

However, an important aspect that must be considered in this regard is the drop in resolution
in orbitrap and FT-ICR devices that accompanies tandem MS measurements. When not
operating the devices in direct infusion mode, the transient duration originally available for
full scan MS has to be split by the number of precursors that should be measured. Analyses
comparing low-resolution MS/MS correction and resolution-dependent MS/MS correction at
lower resolutions in the range of 5000 - 80000 (at 200 m/z) however showed that there can
still be marked differences down to a resolution of 20000 (and possibly lower, in specific cases)
for orbitrap devices. Thus, the use of resolution-dependent correction can also be advisable
in this medium resolution range, especially for low m/z species. Also, future technological
advancements may lead to a further increase of resolution capabilities in orbitrap devices.
Possibly, the relevance of resolution-dependent correction for orbitraps operating in a medium
resolution range also has implications for the correction of TOF data from stable isotope
labeling experiments, as TOF devices operate roughly in the resolution range of 10000 - 50000.
It has to be considered, however, that TOF resolution does not increase with lower m/z, which
likely makes resolution-dependent correction less relevant in this case. Not only the comparison
of low-resolution correction to resolution-dependent correction, but also the comparison of
resolution-dependent correction to UHR correction yielded important insights. As analyses in
this thesis have shown, the assumption of UHR correction - that stable isotope labeling data
acquired at ultra-high resolution (400000 at 400 m/z, or higher), only has to be corrected for
NA contributions of the tracer isotope itself, and no other isotopes - does not hold in any case.
Especially for high m/z metabolites, and in 15N labeling experiments, the error introduced can
be substantial, up to a point that meaningful biological interpretation of data should no longer
be possible. Thus, extreme caution is advised when correcting UHR data, and, if possible,
resolution-dependent correction should be employed instead of UHR correction.

In addition to analyses of its various modes of correction on example data, IsoCorrectoR has
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also been thoroughly validated against other available tools, manual calculations, and vali-
dation mixtures of known composition, all of which yielded very good agreement. More pro-
nounced (but still relatively small) differences where found in the comparison of low-resolution
MS/MS correction between IsoCorrectoR and ICT. These differences could be attributed to
the different strategies of the two programs to deal with measurement uncertainty that would
result in negative corrected values. Effectively, however, both approaches can be considered
viable. The analysis employing validation mixtures of known isotopologue composition showed
that relative errors in measurement can be magnified through the correction process, as abso-
lute errors in the uncorrected values translate more or less directly to the corrected values.

Albeit IsoCorrectoR already offers a comprehensive array of correction modes, there is of
course still room for improvement in the domain of isotope correction for stable isotope labeling
experiments. State-of-the-art resolution-dependent correction works with a hard d,,;, cut-off
to determine whether isotopic contributions have to be corrected for or not. Given the shape
of mass spectrometric peaks, it is questionable whether this approach is optimal. Often, peaks
may overlap only partially and only to a very low degree, while 100% of the NA contribution
is removed by the correction algorithm if the m/z difference is below 0,,;,. This can result in
overcorrection in the case of peaks where the absolute difference in m/z is roughly in the range
of FWHM. If the difference is much higher, the peaks should clearly be resolved, if it is much
lower (close to 0), the peaks will approximately overlap to 100%. A way to overcome this issue
may be to perform a partial correction for a given NA contribution, depending on an assumed
peak shape (e.g., gaussian) and the m/z difference between peaks in relation to FWHM (i.e,
a measure of peak spread). However, doing this for all relevant NA contributions may be
computationally expensive, and computationally efficient solutions for determining partial NA
contributions would be needed. Another useful improvement in the area of isotope correction
clearly is the possibility to correct multiple-tracer data in a resolution-dependent manner. As
analyses in this thesis have shown, UHR correction can lead to results that are markedly wrong,
and until very recently, only UHR correction was available for data from SIRM experiments.
However, as addressed in section 3.2.6, AccuCor2 has now been developed, and it is capable
of resolution-dependent correction of multiple tracer data (Wang et al. (2021)). Clearly, of
course, a mandatory prerequisite also for applying resolution-dependent correction to multiple-
tracer data is that at least the tracer isotopes (e.g., 3C and 1°N) can be reliably resolved.
And even with AccuCor2 being able to correct multiple-tracer data in a resolution-dependent
manner, a comprehensive solution to isotope correction that combines all commonly required
correction approaches in a unified algorithmic theory and implementation is still lacking. As
the authors of AccuCor2 state themselves, it is e.g. not advised to employ AccuCor2 for
the correction of single-tracer data, and AccuCor2 is further limited to the correction of only
specific combinations of tracer isotopes, lacking for instance the combinations 3C and 20
or 2H and '°N. Also, MS/MS correction is not covered. Thus, when considering the current
landscape of isotope correction tools, it resembles a patchwork of tools with various algorithmic
approaches and purposes, and IsoCorrectoR may still be the most comprehensive solution to
date.

As an application of isotope correction, a '3C stable isotope labeling experiment in P493-6 B-
cells was presented in this thesis. These cells have an inducible MY allele. If MYC' is induced
(MY C-high state), the cells mimick Burkitt lymphomas, if MYC is repressed (MY C-low state),
the cells resemble normal B-cells. In the MY C-high state, cells proliferate quickly, while there
is hardly any proliferation in the MYC-low state. However, as shown in a previous study
(Feist et al. (2017)), if the microenvironmental factors IL10 and CpG are added to MYC-low
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P493-6 cells, they proliferate almost with the same rate as MYC-high cells. As the combined
addition of IL10 and CpG activates joint STAT3/NFxB signaling, the IL10+CpG stimulated
state of MYC-low P493-6 cells may serve as a model for B-cell lymphomas with aberrations
in that part of cellular signaling. As malign transformations are usually accompanied and
supported by metabolic alterations, a C tracer analysis in P493-6 cells with U-'3C-glutamine
as the tracer substrate was performed to check for differences in the usage of the major
nutrient glutamine between the different cellular states MY C-low, MYC-high and IL104+CpG
stimulated MYC-low. Key results were that glutamine usage for the synthesis of glutamate-
derived amino acids and TCA cycle intermediates increases substantially and significantly
from MYC-low over the IL104+CpG state to MYC-high. Additionally, the usage of glutamine
for oxidative phosphorylation increases in the same order, as inferred from the fractional
abundance of m+4 TCA cycle intermediates and m+4 aspartate. Within the scope of the
Feist et al. (2018) study, the '3C tracer analysis was performed in conjunction with other
analyses, including nutrient deprivation and rescue, oxygen consumption rate and inhibitor
experiments. Taken together, the results indicate that glutaminolysis plays a very important
role in both MY C-low IL10+CpG stimulated cells and MY C-high cells, but they use glutamine
in a different manner. MYC-high cells seem to be very dependent on the usage of glutamine
for oxidative phosphorylation, via 2-ketoglutarate. In IL104+CpG stimulated cells, on the
other hand, glutamine appears to have an especially dominant role in nulceotide synthesis
via aspartate, and the aspartate aminotransferase GOT2 seems to be crucial in that regard.
Because of the general difficulties when attempting to transfer results from cell culture to
medical insights, it remains to be seen whether the IL10+CpG stimulated cellular state of
P493-6 MYC-low cells can really serve as a model for certain types of B-cell lymphomas.
However, in the Feist et al. (2018) study, it was possible to significantly associate aberrant
GOT?2 expression with shorter overall survival in DLBCL patients that received an R-CHOP
treatment, which may be a first indication of the medical relevance of the established cell
culture model.
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Abbreviations

ANOVA

Analysis of variance

AOA

Aminooxyacetate

BL

Burkitt lymphoma

DLBCL

Diffuse large B-cell lymphoma

ESI

Electrospray ionization

FDR

False discovery rate

FT-ICR

Fourier-transform ion cyclotron resonance

FWHM

Full width at half maximum

GC

Gas chromatography

HILIC

Hydrophilic interaction chromatography

HPLC

High performance liquid chromatography

IDH

Isocitrate dehydrogenase

ISS

Isotopic steady state

LC

Liquid chromatography

LLOQ

Lower limit of quantification

MDV

Mass distribution vector

MFA

Metabolic flux analysis

MID

Mass isotopomer distribution

MPSS

Metabolic pseudo-steady state

MS

Mass spectrometry

MSS

Metabolic steady state

MSTFA

N-methyl-N-(trimethylsilyl)trifluoracetamid

MS/MS

Tandem mass spectrometry

MTFA

N-methyltrifluoracetamid

NA

Natural isotope abundance

NMR

Nuclear magnetic resonance spectroscopy

OCR

Oxygen consumption rate

PCA

Principal component analysis

PCF

Propylchloroformate

RP

Reversed phase

SIRM

Stable isotope resolved metabolomics

TCA cycle

Tricarboxylic acid cycle

TMS

Trimethylsilyl -

TOF

Time-of-flight

UHR

Ultra-high resolution
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Figure Al: Illustration of the impact of resolution-dependent MS correction on ex-
ample data, 1°C labeled derivatized proline. The figure shows the results obtained from
correcting simulated MS data of TMS- (a) and PCF-derivatized (b) proline. The uncorrected
MID is the same for both molecules. The z-axis labels correspond to the number of 1>C' la-
bel incorporated in the respective isotopologue. Data are shown uncorrected, corrected with
IsoCorrectoR’s low-resolution MS correction algorithm (low) and corrected with IsoCorrec-
toR’s resolution-dependent MS correction algorithm (high). Resolution-dependent correction
was performed assuming an orbitrap mass analyzer with a resolution of 140000 at 200 m/z.
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Figure A2: Illustration of the impact of resolution-dependent MS correction on ex-
ample data from °N labeled underivatized acetyl-CoA. The z-axis labels correspond to
the number of 12N label incorporated in the respective isotopologue. Data are shown uncorrected,
corrected with IsoCorrectoR’s low-resolution MS correction algorithm (low) and corrected with
IsoCorrectoR’s resolution-dependent MS correction algorithm (high). Resolution-dependent
correction was performed assuming an orbitrap mass analyzer with a resolution of 140000 at
200 m/z (a) and 500000 at 200 m/z (b). At the lower of the two resolutions, °C and 1°N
can’t be resolved for the 810 m/z acetyl-CoA molecular ion.
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Figure A3: Illustration of the impact of resolution-dependent MS/MS correction
on example data. The figure shows the results obtained from correcting simulated MS/MS
data of TMS- (a) and PCF-deriwatized (b) alanine. The uncorrected MID is the same for
both molecules. The z-azis labels n.m correspond to the MS/MS transitions with n 1°C in
the precursor ion and m °C in the product ion. Data are shown uncorrected, corrected with
IsoCorrectoR’s low-resolution MS/MS correction algorithm (low) and corrected with IsoCor-
rectoR’s resolution-dependent MS/MS correction algorithm (high). Resolution-dependent cor-
rection was performed for the usual case of having a low-resolution precursor mass analyzer
(1000 at m/z 200, FWHM constant over the m/z range) and a high resolution product ion
mass analyzer (140000 at m/z 200, orbitrap m/z dependency of FWHM), labeled "high - prod-
uct ion", and for the theoretical case of both analyzers operating at high resolution, labeled
"high - both analyzers'.
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Figure A4: Illustration of the impact of resolution-dependent MS/MS correc-
tion on example data from I°N labeled underivatized acetyl-CoA. Precursor:
Co3H39N7O17P3S™, product ion: CijoHisN5019P2" (8-phosphonucleoside monophosphate),
neutral loss: C13HagNoOrPS. The x-axis labels n.m correspond to the MS/MS transitions with
n 1°N in the precursor ion and m *°N in the product ion. Data are shown uncorrected, corrected
with IsoCorrectoR’s low-resolution MS/MS correction algorithm (low) and corrected with Iso-
CorrectoR’s resolution-dependent MS/MS correction algorithm (high). Resolution-dependent
correction was performed for the usual case of having a low-resolution precursor mass ana-
lyzer (1000 at m/z 200, FWHM constant over the m/z range) and a high resolution product
1on mass analyzer, labeled "high - product ion", and for the theoretical case of both analyzers
operating at high resolution, labeled "high - both analyzers”. Panels a and b correspond to
different resolutions of the high-resolution orbitrap mass analyzer(s): a) 140000 at m/z 200,
b) 200000 at m/z 200. At the lower of the two resolutions, 1>C and °N can’t be resolved for
the acetyl-CoA product ion (nominal m/z of 428). Even at a resolution of 200000, the two
isotopes cannot be resolved for the precursor (nominal m/z of 810).
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Figure A5: Heatmap showing differences between IsoCorrectoR’s low-resolution and
resolution-dependent MS/MS correction on data from a 13C labeling experiment.
Organic acid data from a 1°C labeling experiment with the tracer substrate U-'°C-glutamine
m a P493-6 B-cell line. Resolution-dependent correction was performed for the usual case
of having a low-resolution precursor mass analyzer (1000 at m/z 200, FWHM constant over
the m/z range) and a high resolution product ion mass analyzer (140000 at m/z 200, orbi-
trap m/z dependency of FWHM). A tracer purity of 0.99 was assumed. The heatmap was
generated by subtracting MIDs from low-resolution correction from the MIDs resulting from
resolution-dependent correction. Columns represent samples, while rows represent measure-
ments of MS/MS transitions. The numbers n.m after the metabolite names correspond to the
MS/MS transitions with n label in the precursor ion and m label in the product ion.
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Figure A6: Heatmap showing differences between IsoCorrectoR’s low-resolution and
resolution-dependent MS/MS correction on data from a 13C labeling experiment.
Amino acid data from a °C labeling experiment with the tracer substrate U-12C-glutamine
m a P493-6 B-cell line. Resolution-dependent correction was performed for the usual case
of having a low-resolution precursor mass analyzer (1000 at m/z 200, FWHM constant over
the m/z range) and a high resolution product ion mass analyzer (140000 at m/z 200, orbi-
trap m/z dependency of FWHM). A tracer purity of 0.99 was assumed. The heatmap was
generated by subtracting MIDs from low-resolution correction from the MIDs resulting from
resolution-dependent correction. Columns represent samples, while rows represent measure-
ments of MS/MS transitions. The numbers n.m after the metabolite names correspond to the
MS/MS transitions with n label in the precursor ion and m label in the product ion.
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Figure A7: Heatmap showing differences between low-resolution and resolution-
dependent MS/MS correction (product ion mass analyzer resolution of 80000 at
m/z 200). Simulated 1°C labeling data of underivatized and PCF-/TMS-derivatized alanine
(Ala, Ala_ PCF, Ala_ TMS), simulated *>N labeling data of acetyl-CoA. A tracer purity of 0.99
was assumed. The heatmap was generated by subtracting MIDs corrected via IsoCorrectoR’s
low-resolution MS/MS correction approach from MIDs corrected via the resolution-dependent
approach. For resolution-dependent MS/MS correction, the precursor mass analyzer was as-
sumed to operate at a resolution of 1000 at m/z 200 (FWHM constant over the m/z range),
while the product ion mass analyzer was assumed to be an orbitrap operating at a resolution
of 80000 at m/z 200. The (absolute) differences were logiy transformed, gray fields indicate
an untransformed difference of 0 (equality of values). Columns represent samples, while rows
represent measurements of MS/MS transitions. The numbers n.m after the metabolite names
correspond to the MS/MS transitions with n label in the precursor ion and m label in the
product ion.
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Figure A8: Heatmap showing differences between low-resolution and resolution-
dependent MS/MS correction (product ion mass analyzer resolution of 10000 at
m/z 200). Simulated 1°C labeling data of underivatized and PCF-/TMS-derivatized alanine
(Ala, Ala_ PCF, Ala_ TMS), simulated *>N labeling data of acetyl-CoA. A tracer purity of 0.99
was assumed. The heatmap was generated by subtracting MIDs corrected via IsoCorrectoR’s
low-resolution MS/MS correction approach from MIDs corrected via the resolution-dependent
approach. For resolution-dependent MS/MS correction, the precursor mass analyzer was as-
sumed to operate at a resolution of 1000 at m/z 200 (FWHM constant over the m/z range),
while the product ion mass analyzer was assumed to be an orbitrap operating at a resolution
of 10000 at m/z 200. The (absolute) differences were logiy transformed, gray fields indicate
an untransformed difference of 0 (equality of values). Columns represent samples, while rows
represent measurements of MS/MS transitions. The numbers n.m after the metabolite names
correspond to the MS/MS transitions with n label in the precursor ion and m label in the
product ion.
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Figure A9: Illustration of the impact of UHR (and tracer purity) correction on
simulated example data from simultaneously 1°C and 1°N labeled PCF-derivatized
asparagine. The z-axis labels Cx.Ny correspond to x 12C label and y >N label incorporated
in the respective isotopologue. Data are shown uncorrected and corrected with IsoCorrectoR’s
UHR correction algorithm at different assumed purities of the tracer substrate. The panels a
and b correspond to different uncorrected MIDs.
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Figure A10: Heatmap showing differences between UHR and resolution-dependent
correction of data from a 1°N labeling experiment with IsoCorrectoR. Data used are
example data supplied with AccuCor (Su et al. (2017)). Correction was performed assuming a
tracer purity of 0.99. An FT-ICR mass analyzer with a resolution of 400000 at 400 m/z was
assumed for resolution-dependent correction. The heatmap was generated by subtracting MIDs
obtained by UHR correction from MIDs obtained through resolution-dependent correction. The
(absolute) differences were logyog transformed, gray fields indicate an untransformed difference
of 0 (equality of values). Columns represent samples, while rows represent measurements of
mass 1sotopomers. The number after the metabolite name corresponds to the number of label

incorporated.
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Figure A11l: Heatmap showing differences between UHR and resolution-dependent
correction of data from a 1°N labeling experiment with IsoCorrectoR. Data used are
example data supplied with AccuCor (Su et al. (2017)). Correction was performed assuming a
tracer purity of 0.99. An FT-ICR mass analyzer with a resolution of 800000 at 400 m/z was
assumed for resolution-dependent correction. The heatmap was generated by subtracting MIDs
obtained by UHR correction from MIDs obtained through resolution-dependent correction. The
(absolute) differences were logyog transformed, gray fields indicate an untransformed difference
of 0 (equality of values). Columns represent samples, while rows represent measurements of
mass 1sotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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Figure A12: Heatmap showing differences between IsoCorrectoR and IsoCor v2 for
the low-resolution MS correction of data from a 13C labeling experiment. Amino
acid data from a 1°C labeling experiment with the tracer substrate U-1°C-glutamine in a P493-6
B-cell line. Data not corrected for tracer purity. The heatmap was generated by subtracting
MIDs corrected by IsoCor v2 from MIDs corrected by IsoCorrectoR. Columns represent sam-
ples, while rows represent measurements of mass isotopomers. The number after the metabolite
name corresponds to the number of label incorporated. Abbreviated metabolite names: Gly -
Glycine, Orn - Ornithine, Pro - Proline, Ser - Serine.
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Figure A13: Heatmap showing differences between IsoCorrectoR and IsoCor v2 for
the low-resolution MS correction of data from a 13C labeling experiment. Amino
acid data from a Y2C labeling experiment with the tracer substrate U-1°C-glutamine in a P493-
6 B-cell line. Data not corrected for tracer element natural abundance in the core molecule
(part of the molecule not coming from derivatization). Tracer purity was assumed to be 0.99.
The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs corrected
by IsoCorrectoR. Columns represent samples, while rows represent measurements of mass iso-
topomers. The number after the metabolite name corresponds to the number of label incor-
porated. Abbreviated metabolite names: Gly - Glycine, Orn - Ornithine, Pro - Proline, Ser -
Serine.
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Figure Al4: Heatmap showing differences between IsoCorrectoR and IsoCor v2
for the low-resolution MS correction of data from a simulated 80 labeling ex-
periment. Correction of data from glucose (CgHi1106 ), tracer purity was assumed to be
0.99. The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs
corrected by IsoCorrectoR. Columns represent samples, while rows represent measurements of
mass isotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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Figure A15: Heatmap showing differences between IsoCorrectoR and IsoCor v2
for the low-resolution MS correction of data from a simulated *H labeling ex-
periment. Correction of data from palmitate (C16H3102 ), tracer purity was assumed to
be 0.99. The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs
corrected by IsoCorrectoR. Columns represent samples, while rows represent measurements of
mass isotopomers. The number after the metabolite name corresponds to the number of label
incorporated.
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Figure A16: Experimental validation of low-resolution MS correction with isotopo-
logue mixtures of known composition. Low-resolution MS correction of GC-MS data of
miztures of TMS-derivatized alanine isotopologues. The mixtures have known composition.
The z-azis labels 0 - 8 correspond to the TMS-alanine isotopologues with 0 - 8 1°C incorpo-
rated. The grouped bar charts depict the correction performance of IsoCorrectoR or IsoCor in
comparison to the expected values. Additionally, the expected uncorrected values (reverse ap-
plication of IsoCorrectoR functions) are compared to the uncorrected values actually measured.
Samples were measured in technical triplicates, means of isotopologue fractions +/- SD are
shown. Panels a and b show different miztures. (Figure and legend taken from Heinrich
et al. (2018) supplementary material and slightly modified)
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Heatmap showing the correction residuals for the low-resolution
MS/MS correction of data from a °C labeling experiment with IsoCorrectoR.
Amino acid data from a 1°C labeling experiment with the tracer substrate U-1°C-glutamine in
a P493-6 B-cell line. A tracer purity of 0.99 was assumed. The (absolute) values were added
a constant of 1 and logyy transformed. Columns represent samples, while rows represent mea-
surements of MS/MS transitions. The numbers n.m after the metabolite names correspond to
the MS/MS transitions with n label in the precursor ion and m label in the product ion.
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Figure A18: Heatmap showing differences between IsoCorrectoR and ICT for the
low-resolution MS/MS correction of data from a '°N labeling experiment. Sim-
ulated acetyl-CoA data, the precursor CsgHsgNyO17P3S™ fragments into the product ion
C1oH16N5019P2" (3-phosphonucleoside monophosphate) and the neutral loss C13Ha3N2O7PS.
A tracer purity of 0.99 was assumed. The heatmap was generated by subtracting MIDs cor-
rected by ICT from MIDs corrected by IsoCorrectoR. The (absolute) differences were logi
transformed, gray fields indicate an untransformed difference of 0 (equality of values). Columns
represent samples, while rows represent measurements of MS/MS transitions. The numbers
n.m after the metabolite names correspond to the MS/MS transitions with n label in the pre-
cursor ton and m label in the product ion.
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Figure A19: Heatmap showing differences between IsoCorrectoR and IsoCor v2 for
the resolution-dependent MS correction of data from a °C labeling experiment.
Data used are example data supplied with AccuCor (Su et al. (2017)). A tracer purity of 0.99
and an orbitrap mass analyzer with a resolution of 140000 at 200 m/z were assumed. The
heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs corrected by
IsoCorrectoR. Columns represent samples, while rows represent measurements of mass iso-
topomers. The number after the metabolite name corresponds to the number of label incorpo-

rated.
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Figure A20: Heatmap showing differences between IsoCorrectoR and IsoCor v2 for
the resolution-dependent MS correction of data from a 1°N labeling experiment.
Data used are example data supplied with AccuCor (Su et al. (2017)). A tracer purity of
0.99 and an orbitrap mass analyzer with a resolution of 140000 at 200 m/z were assumed.
The heatmap was generated by subtracting MIDs corrected by IsoCor v2 from MIDs corrected
by IsoCorrectoR. The (absolute) differences were logig transformed, gray fields indicate an
untransformed difference of 0 (equality of values). Columns represent samples, while rows rep-
resent measurements of mass isotopomers. The number after the metabolite name corresponds
to the number of label incorporated.
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Figure A21: Heatmap showing differences between IsoCorrectoR and IsoCor v2 for
the resolution-dependent MS correction of data from a 1°N labeling experiment,
altered IsoCorrectoR algorithm. Data used are example data supplied with AccuCor (Su
et al. (2017)). A tracer purity of 0.99 and an orbitrap mass analyzer with a resolution of
140000 at 200 m/z were assumed. IsoCorrectoR’s algorithm was adjusted to always use the
m/z of the m+0 mass isotopomer of a given metabolite (instead of the respective m+i mass
isotopomer) for computing FWHM. The heatmap was generated by subtracting MIDs corrected
by IsoCor v2 from MIDs corrected by IsoCorrectoR. The (absolute) differences were logig
transformed, gray fields indicate an untransformed difference of 0 (equality of values). Columns
represent samples, while rows represent measurements of mass isotopomers. The number after
the metabolite name corresponds to the number of label incorporated.
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Figure A22: Comparison of UHR correction to manual calculations on simulated
UHR example data of simultaneously 1°C and °N labeled PCF-derivatized glycine.
A tracer purity of 99% was assumed for correction. The x-axis labels Cx.Ny correspond to x
13C label and y 1°N label incorporated in the respective isotopologue. Data are shown uncor-
rected, corrected with IsoCorrectoR’s UHR correction algorithm and corrected through manual
calculations. The panels a and b correspond to different uncorrected MIDs.
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Figure A23: Comparison of UHR correction to manual calculations on simulated
UHR example data of simultaneously 1°C and °N labeled PCF-derivatized glycine.
A tracer purity of 99% was assumed for correction. The x-axis labels Cx.Ny correspond to x
13C label and y 1°N label incorporated in the respective isotopologue. Data are shown uncor-
rected, corrected with IsoCorrectoR’s UHR correction algorithm and corrected through manual
calculations. The panels a and b correspond to different uncorrected MIDs.
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Figure A24: Heatmap showing differences between performing IsoCorrectoR’s low-
resolution MS correction with the default calculation threshold and without calcu-
lation threshold on data from a '°C labeling experiment. Data used are example data
supplied with AccuCor (Su et al. (2017)). The default calculation threshold is 1E-08, a tracer
purity of 0.99 was assumed. The heatmap was generated by subtracting MIDs corrected without
threshold from MIDs corrected with the default threshold. Columns represent samples, while
rows represent measurements of mass isotopomers. The number after the metabolite name
corresponds to the number of label incorporated.
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A2 13C Tracer analysis
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Figure A25: Activation of cell metabolism and global gene expression by combined
stimulation of P493-6 cells with IL10 and CpG. a Heatmap of changes in intracellular
metabolite concentrations depicted as Log2FC after IL10 and/or CpG stimulation of P493-6
MYC-low cells in relation to unstimulated cells. Heat map of gene expression changes asso-
ciated with b glycolysis (KEGG-term) and ¢ glutaminolysis (KEGG-term), respectively, after
IL10 and/or CpG stimulation of P493-6 MYC-low cells presented as Log2FC. Mean of three
independent experiments is shown in all heat maps. Effects on gene expression were analyzed
by linear regression and p-values for the IL10:CpG interaction terms were calculated (adjusted
by Benjamini—Hochberg). Positive synergistic interactions are marked with a star (*p < 0.05).
Relative cell counts of d IL10 + CpG-stimulated P493-6 MYC-low cells and e unstimulated
P493-6 MYC-high cells grown in media with and without either glucose (—-Glc) or glutamine
(-Gin). Mean +/- SD of three independent experiments are given. (Figure and legend
taken from Feist et al. (2018))
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A2.1 Assessment of isotopic steady state
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Figure A26: Assessment of isotopic steady state, °C tracer analysis with the
tracer substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of PCF-
derivatized alanine from cell extracts for the different cell states MY C-low, MYC-high and
IL10+CpG stimulation and for the different harvesting time points 18 h, 22 h, 24 h, 26 h
and 30 h. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming a
tracer purity of 99%. The x-azis labels correspond to the number of *2C' label incorporated in
the respective isotopologue. Samples were measured in (biological) triplicates, means of mass
isotopomer fractions +/- SD are shown.
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Figure A27: Assessment of isotopic steady state, 1°C tracer analysis with the
tracer substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of PCF-
derivatized aspartate from cell extracts for the different cell states MY C-low, MYC-high and
IL10+CpG stimulation and for the different harvesting time points 18 h, 22 h, 24 h, 26 h
and 30 h. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming a
tracer purity of 99%. The x-axis labels correspond to the number of 1°C' label incorporated in
the respective isotopologue. Samples were measured in (biological) triplicates, means of mass
isotopomer fractions +/- SD are shown.
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Figure A28: Assessment of isotopic steady state, 1°C tracer analysis with the
tracer substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of PCF-
derivatized glutamate from cell extracts for the different cell states MY C-low, MY C-high and
IL10+CpG stimulation and for the different harvesting time points 18 h, 22 h, 24 h, 26 h
and 30 h. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming a
tracer purity of 99%. The x-axis labels correspond to the number of 1°C' label incorporated in
the respective isotopologue. Samples were measured in (biological) triplicates, means of mass
isotopomer fractions +/- SD are shown.
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Figure A29: Assessment of isotopic steady state, 1°C tracer analysis with the
tracer substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of PCF-
derivatized glycine from cell extracts for the different cell states MY C-low, MYC-high and
IL10+CpG stimulation and for the different harvesting time points 18 h, 22 h, 24 h, 26 h
and 30 h. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming a
tracer purity of 99%. The x-axis labels correspond to the number of 1°C' label incorporated in
the respective isotopologue. Samples were measured in (biological) triplicates, means of mass
isotopomer fractions +/- SD are shown.
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Figure A30: Assessment of isotopic steady state, 1°C tracer analysis with the
tracer substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of PCF-
derivatized ornithine from cell extracts for the different cell states MY C-low, MYC-high and
IL10+CpG stimulation and for the different harvesting time points 18 h, 22 h, 24 h, 26 h
and 30 h. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming a
tracer purity of 99%. The x-axis labels correspond to the number of 1°C' label incorporated in
the respective isotopologue. Samples were measured in (biological) triplicates, means of mass
isotopomer fractions +/- SD are shown.
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Figure A31: Assessment of isotopic steady state, °C tracer analysis with the
tracer substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of PCF-
derivatized proline from cell extracts for the different cell states MY C-low, MYC-high and
IL10+CpG stimulation and for the different harvesting time points 18 h, 22 h, 24 h, 26 h
and 30 h. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming a
tracer purity of 99%. The x-axis labels correspond to the number of 1°C' label incorporated in
the respective isotopologue. Samples were measured in (biological) triplicates, means of mass
isotopomer fractions +/- SD are shown.
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Figure A32: Assessment of isotopic steady state, 1°C tracer analysis with the
tracer substrate U-1°C-glutamine in P493-6 cells. The figure shows the MIDs of
PCF-derivatized serine from cell extracts for the different cell states MY C-low, MYC-high
and IL10+CpG stimulation and for the different harvesting time points 18 h, 22 h, 24 h, 26
h and 30 h. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming a
tracer purity of 99%. The x-axis labels correspond to the number of 1°C' label incorporated in
the respective isotopologue. Samples were measured in (biological) triplicates, means of mass
isotopomer fractions +/- SD are shown.
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Figure A33: Assessment of isotopic steady state, 1°C tracer analysis with the tracer
substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of citrate from
cell extracts for the different cell states MY C-low, MYC-high and IL10+CpG stimulation and
for the different harvesting time points 18 h, 22 h, 24 h, 26 h and 30 h. Data were corrected for
NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The x-axis labels
correspond to the number of *>C label incorporated in the respective isotopologue. Samples were
measured in (biological) triplicates, means of mass isotopomer fractions +/- SD are shown.
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Figure A34: Assessment of isotopic steady state, 1°C tracer analysis with the tracer

substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of fumarate from
cell extracts for the different cell states MY C-low, MYC-high and IL10+CpG stimulation and

for the different harvesting time points 18 h, 22 h, 24 h, 26 h and 30 h. Data were corrected for

NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The x-axis labels
correspond to the number of *>C label incorporated in the respective isotopologue. Samples were
measured in (biological) triplicates, means of mass isotopomer fractions +/- SD are shown.
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Figure A35: Assessment of isotopic steady state, 1°C tracer analysis with the tracer
substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of 2-ketoglutarate
(KG) from cell extracts for the different cell states MY C-low, MY C-high and IL10+CpG stim-
ulation and for the different harvesting time points 18 h, 22 h, 24 h, 26 h and 30 h. Data were
corrected for NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The
z-awxis labels correspond to the number of 12C label incorporated in the respective isotopologue.
Samples were measured in (biological) triplicates, means of mass isotopomer fractions +/- SD
are shown.
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Figure A36: Assessment of isotopic steady state, 1°C tracer analysis with the tracer
substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of lactate from
cell extracts for the different cell states MY C-low, MYC-high and IL10+CpG stimulation and
for the different harvesting time points 18 h, 22 h, 24 h, 26 h and 30 h. Data were corrected for
NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The x-axis labels
correspond to the number of *>C label incorporated in the respective isotopologue. Samples were
measured in (biological) triplicates, means of mass isotopomer fractions +/- SD are shown.
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Figure A37: Assessment of isotopic steady state, 1°C tracer analysis with the tracer
substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of malate from
cell extracts for the different cell states MY C-low, MYC-high and IL10+CpG stimulation and
for the different harvesting time points 18 h, 22 h, 24 h, 26 h and 30 h. Data were corrected for
NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The x-axis labels
correspond to the number of *>C label incorporated in the respective isotopologue. Samples were
measured in (biological) triplicates, means of mass isotopomer fractions +/- SD are shown.
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Figure A38: Assessment of isotopic steady state, 1°C tracer analysis with the tracer
substrate U-13C-glutamine in P493-6 cells. The figure shows the MIDs of succinate from
cell extracts for the different cell states MY C-low, MYC-high and IL10+CpG stimulation and
for the different harvesting time points 18 h, 22 h, 24 h, 26 h and 30 h. Data were corrected for
NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The x-axis labels
correspond to the number of *2C label incorporated in the respective isotopologue. Samples were
measured in (biological) triplicates, means of mass isotopomer fractions +/- SD are shown.
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Cell state | Measurement | p-value g-value | significant | Statistical test
MY C-low Asp m+0 1.052E-01 | 2.135E-01 no anova welch
MY C-low Asp m+1 9.293E-01 | 9.716E-01 no anova welch
MY C-low Asp m+2 9.151E-02 | 1.973E-01 no anova welch
MY C-low Asp m+3 2.325E-02 | 1.146E-01 no anova welch
MY C-low Asp m+4 5.740E-02 | 1.584E-01 no anova welch
MY C-low Glu m—+0 7.095E-02 | 1.748E-01 no kruskal
MY C-low Glu m+1 9.761E-01 | 9.935E-01 no anova welch
MY C-low Glu m+2 4.912E-01 | 6.509E-01 no anova welch
MY C-low Glu m+3 8.452E-02 | 1.881E-01 no kruskal
MY C-low Glu m+4 1.310E-01 | 2.511E-01 no anova welch
MY C-low Glu m+5 3.546E-02 | 1.225E-01 no anova welch
MY C-low Orn m+0 1.970E-02 | 1.133E-01 no anova welch
MY C-low Orn m+1 5.152E-01 | 6.509E-01 no anova welch
MY C-low Orn m+2 1.640E-01 | 2.902E-01 no anova welch
MY C-low Orn m-+3 3.982E-01 | 5.846E-01 no anova welch
MY C-low Orn m+4 6.264E-01 | 7.086E-01 no anova welch
MY C-low Orn m+5 4.915E-01 | 6.509E-01 no anova welch
MY C-low Pro m+0 1.021E-01 | 2.135E-01 no anova welch
MY C-low Pro m+1 7.001E-01 | 7.668E-01 no anova welch
MY C-low Pro m+2 4.077E-02 | 1.251E-01 no anova welch
MY C-low Pro m+3 3.397E-01 | 5.382E-01 no anova welch
MY C-low Pro m+4 4.798E-01 | 6.509E-01 no anova welch
MY C-low Pro m+5 5.619E-02 | 1.584E-01 no anova welch
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Table Al: ANOVA tests to assess significant differences between time points for
amino acid 1°C labeling states from a time course experiment in P493-6 cells,

MYC-low cellular state.

"Measurement" corresponds to the labeling state for which the

difference between time points was tested. The p-value is the p-value that results directly from
the ANOVA test, the q-value corresponds to the FDR when correcting for multiple testing
according to the Benjamini-Hochberg approach. The test was considered to be significant when
q < 0.05. Depending on whether or not ANOVA model residuals were normally distributed,
either the Welch-type ANOVA (anova welch) or the non-parametric Kruskal-Wallis ANOVA
(kruskal) were used.
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Cell state | Measurement | p-value g-value | significant | Statistical test
MY C-high Asp m+0 7.423E-02 | 1.766E-01 no anova welch
MY C-high Asp m+1 1.300E-03 | 4.486E-02 yes anova welch
MY C-high Asp m+2 2.926E-02 | 1.225E-01 no anova welch
MY C-high Asp m+3 5.244E-03 | 7.237E-02 no anova welch
MY C-high Asp m+4 4.170E-02 | 1.251E-01 no anova welch
MY C-high Glu m+0 1.684E-02 | 1.127E-01 no anova welch
MY C-high Glu m+1 1.726E-04 | 1.191E-02 yes anova welch
MY C-high Glu m+2 1.446E-02 | 1.127E-01 no anova welch
MY C-high Glu m+3 3.471E-02 | 1.225E-01 no anova welch
MY C-high Glu m+4 7.382E-01 | 7.959E-01 no anova welch
MY C-high Glu m+5 2.379E-03 | 5.473E-02 no anova welch
MY C-high Orn m—+0 1.703E-02 | 1.127E-01 no anova welch
MY C-high Orn m+1 4.068E-03 | 7.018E-02 no anova welch
MY C-high Orn m+2 2.302E-02 | 1.146E-01 no anova welch
MY C-high Orn m+3 2.309E-01 | 3.887E-01 no anova welch
MY C-high Orn m+4 8.566E-01 | 9.093E-01 no anova welch
MY C-high Orn m—+5 1.002E-02 | 9.876E-02 no anova welch
MY C-high Pro m+0 1.279E-01 | 2.511E-01 no anova welch
MY C-high Pro m+1 3.670E-02 | 1.225E-01 no anova welch
MY C-high Pro m—+2 4.290E-01 | 6.044E-01 no anova welch
MY C-high Pro m+3 2.935E-02 | 1.225E-01 no anova welch
MY C-high Pro m+4 9.935E-01 | 9.935E-01 no kruskal
MY C-high Pro m+5 6.648E-03 | 7.645E-02 no anova welch

Table A2: ANOVA tests to assess significant differences between time points for
amino acid 1°C labeling states from a time course experiment in P493-6 cells,

MYC-high cellular state.

"Measurement" corresponds to the labeling state for which the

difference between time points was tested. The p-value is the p-value that results directly from
the ANOVA test, the q-value corresponds to the FDR when correcting for multiple testing
according to the Benjamini-Hochberg approach. The test was considered to be significant when
q < 0.05. Depending on whether or not ANOVA model residuals were normally distributed,
either the Welch-type ANOVA (anova welch) or the non-parametric Kruskal-Wallis ANOVA
(kruskal) were used.
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Cell state | Measurement | p-value g-value | significant | Statistical test
IL104+-CpG Asp m+0 6.776E-01 | 7.541E-01 no anova welch
IL10+CpG Asp m+1 1.796E-02 | 1.127E-01 no anova welch
IL10+CpG Asp m+2 6.292E-02 | 1.635E-01 no anova welch
IL10+CpG Asp m+3 3.531E-01 | 5.414E-01 no anova welch
IL104+-CpG Asp m+4 6.399E-02 | 1.635E-01 no anova welch
IL10+CpG Glu m—+0 3.432E-01 | 5.382E-01 no anova welch
IL104+-CpG Glu m+1 1.488E-01 | 2.702E-01 no anova welch
IL104+-CpG Glu m+2 5.658E-01 | 6.850E-01 no anova welch
IL104+-CpG Glu m+3 8.131E-02 | 1.870E-01 no anova welch
IL10+CpG Glu m+4 2.124F-01 | 3.663E-01 no anova welch
IL10+CpG Glu m+5 1.467E-01 | 2.702E-01 no anova welch
IL10+CpG Orn m+0 5.777E-01 | 6.873E-01 no anova welch
IL10+CpG Orn m+1 4.292E-01 | 6.044E-01 no anova welch
IL104+-CpG Orn m+2 5.972E-01 | 6.985E-01 no anova welch
IL10+CpG Orn m+3 6.261E-01 | 7.086E-01 no anova welch
IL104+-CpG Orn m+4 9.882E-01 | 9.935E-01 no anova welch
IL104+-CpG Orn m+5 5.065E-01 | 6.509E-01 no anova welch
IL104+-CpG Pro m—+0 2.787E-01 | 4.578E-01 no anova welch
IL10+CpG Pro m+1 3.282E-02 | 1.225E-01 no anova welch
IL10+CpG Pro m+2 5.580E-01 | 6.850E-01 no anova welch
IL10+CpG Pro m+3 3.852E-01 | 5.778E-01 no anova welch
IL10+CpG Pro m+4 5.188E-01 | 6.509E-01 no kruskal
IL10+-CpG Pro m+5 3.728E-02 | 1.225E-01 no anova welch
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Table A3: ANOVA tests to assess significant differences between time points for
amino acid 1°C labeling states from a time course experiment in P493-6 cells,
IL10+CpG stimulated MY C-low cellular state. "Measurement” corresponds to the la-
beling state for which the difference between time points was tested. The p-value is the p-value
that results directly from the ANOVA test, the g-value corresponds to the FDR when correct-
ing for multiple testing according to the Benjamini-Hochberg approach. The test was consid-
ered to be significant when g < 0.05. Depending on whether or not ANOVA model residuals
were normally distributed, either the Welch-type ANOVA (anova welch) or the non-parametric
Kruskal-Wallis ANOVA (kruskal) were used.
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Cell state | Measurement p-value g-value | significant | Statistical test
MY C-low KG m—+0 2.113E-01 | 5.956E-01 no anova welch
MY C-low KG m+1 4.060E-01 | 7.840E-01 no kruskal
MY C-low KG m+2 NA NA NA anova welch
MY C-low KG m+3 6.929E-01 | 9.084E-01 no kruskal
MY C-low KG m+4 1.031E-01 | 4.712E-01 no kruskal
MY C-low KG m+5 6.566E-01 | 9.084E-01 no kruskal
MYC-low | Citrate m+0 | 6.441E-01 | 9.084E-01 no anova welch
MYC-low | Citrate m—+1 9.054E-01 | 9.531E-01 no anova welch
MYC-low | Citrate m—+2 4.410E-01 | 7.840E-01 no anova welch
MY C-low Citrate m+3 7.267E-01 | 9.084E-01 no anova welch
MY C-low Citrate m+4 3.725E-01 | 7.840E-01 no anova welch
MYC-low | Citrate m+5 1.970E-01 | 5.956E-01 no anova welch
MYC-low | Citrate m+6 | 3.791E-01 | 7.840E-01 no anova welch
MYC-low | Fumarate m+0 | 7.282E-01 | 9.084E-01 no anova welch
MYC-low | Fumarate m+1 | 4.312E-01 | 7.840E-01 no anova welch
MYC-low | Fumarate m+2 | 6.455E-01 | 9.084E-01 no anova welch
MYC-low | Fumarate m—+3 | 1.403E-01 | 5.612E-01 no anova welch
MYC-low | Fumarate m—+4 | 9.451E-01 | 9.802E-01 no anova welch
MY C-low Malate m+1 4.264E-01 | 7.840E-01 no anova welch
MY C-low Malate m+2 7.631E-01 | 9.194E-01 no anova welch
MY C-low Malate m+3 3.172E-01 | 7.624E-01 no anova welch
MY C-low Malate m-+4 5.694E-02 | 4.181E-01 no anova welch
MYC-low | Succinate m+0 | 6.659E-01 | 9.084E-01 no anova welch
MYC-low | Succinate m—+1 | 5.749E-02 | 4.181E-01 no anova welch
MYC-low | Succinate m+2 | 9.907E-01 | 9.907E-01 no anova welch
MYC-low | Succinate m—+3 | 2.112E-01 | 5.956E-01 no anova welch
MYC-low | Succinate m—+4 | 6.325E-01 | 9.084E-01 no anova welch

Table Ad: ANOVA tests to assess significant differences between time points for
organic acid 13C labeling states from a time course experiment in P493-6 cells,

MYC-low cellular state.

"Measurement" corresponds to the labeling state for which the

difference between time points was tested. The p-value is the p-value that results directly from
the ANOVA test, the g-value corresponds to the FDR when correcting for multiple testing
according to the Benjamini-Hochberg approach. The test was considered to be significant when
q < 0.05. Depending on whether or not ANOVA model residuals were normally distributed,
either the Welch-type ANOVA (anova welch) or the non-parametric Kruskal-Wallis ANOVA
(kruskal) were used. ANOVA on KG m+2 could not be performed because of too many zeros
in the data. KG: 2-ketoglutarate.
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Cell state Measurement p-value g-value | significant | Statistical test
MY C-high KG m+0 7.128E-01 | 9.084E-01 no anova welch
MY C-high KG m+1 1.121E-01 | 4.721E-01 no anova welch
MY C-high KG m+2 2.748E-01 | 6.871E-01 no anova welch
MY C-high KG m—+3 7.700E-01 | 9.194E-01 no anova welch
MY C-high KG m+4 7.320E-01 | 9.084E-01 no anova welch
MY C-high KG m+5 2.051E-01 | 5.956E-01 no anova welch
MYC-high | Citrate m+0 | 1.912E-01 | 5.956E-01 no anova welch
MYC-high | Citrate m+1 | 3.648E-02 | 3.648E-01 no anova welch
MYC-high | Citrate m+2 | 2.642E-01 | 6.846E-01 no kruskal
MYC-high | Citrate m+3 | 1.060E-01 | 4.712E-01 no anova welch
MYC-high | Citrate m+4 | 1.060E-02 | 2.922E-01 no anova welch
MYC-high | Citrate m+5 | 3.240E-01 | 7.624E-01 no anova welch
MYC-high | Citrate m+6 | 4.228E-01 | 7.840E-01 no anova welch
MYC-high | Fumarate m+0 | 4.202E-01 | 7.840E-01 no anova welch
MYC-high | Fumarate m+1 | 6.508E-02 | 4.338E-01 no anova welch
MYC-high | Fumarate m+2 | 3.548E-02 | 3.648E-01 no anova welch
MYC-high | Fumarate m+3 | 1.257E-02 | 2.922E-01 no anova welch
MYC-high | Fumarate m+4 | 2.159E-01 | 5.956E-01 no anova welch
MYC-high | Malate m+1 7.401E-02 | 4.413E-01 no anova welch
MYC-high | Malate m+2 1.874E-01 | 5.956E-01 no anova welch
MYC-high | Malate m+3 | 9.972E-03 | 2.922E-01 no anova welch
MYC-high | Malate m+4 | 1.461E-02 | 2.922E-01 no anova welch
MYC-high | Succinate m+0 | 4.696E-01 | 8.154E-01 no anova welch
MYC-high | Succinate m+1 | 8.299E-01 | 9.352E-01 no anova welch
MY C-high | Succinate m+2 | 6.660E-01 | 9.084E-01 no anova welch
MY C-high | Succinate m+3 | 8.484E-01 | 9.426E-01 no anova welch
MY C-high | Succinate m+4 | 3.811E-01 | 7.840E-01 no anova welch

Table A5: ANOVA tests to assess significant differences between time points for
organic acid 13C labeling states from a time course experiment in P493-6 cells,
MY C-high cellular state. "Measurement” corresponds to the labeling state for which the
difference between time points was tested. The p-value is the p-value that results directly from
the ANOVA test, the g-value corresponds to the FDR when correcting for multiple testing
according to the Benjamini-Hochberg approach. The test was considered to be significant when
g < 0.05. Depending on whether or not ANOVA model residuals were normally distributed,
either the Welch-type ANOVA (anova welch) or the non-parametric Kruskal-Wallis ANOVA
(kruskal) were used. KG: 2-ketoglutarate.
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Cell state Measurement p-value g-value | significant | Statistical test
IL104+-CpG KG m+0 9.627E-01 | 9.802E-01 no anova welch
IL104+-CpG KG m+1 9.680E-01 | 9.802E-01 no anova welch
IL104+-CpG KG m+2 6.295E-01 | 9.084E-01 no kruskal
IL104+-CpG KG m+3 6.566E-01 | 9.084E-01 no kruskal
IL104+-CpG KG m+4 1.964E-01 | 5.956E-01 no kruskal
IL10+CpG KG m+5 2.653E-01 | 6.846E-01 no anova welch
IL10+CpG | Citrate m+0 | 9.383E-02 | 4.712E-01 no anova welch
IL104+CpG | Citrate m+1 | 5.729E-02 | 4.181E-01 no anova welch
IL10+CpG | Citrate m+2 | 3.935E-01 | 7.840E-01 no anova welch
IL10+CpG | Citrate m+3 | 1.967E-01 | 5.956E-01 no kruskal
IL10+CpG | Citrate m+4 | 3.192E-02 | 3.648E-01 no anova welch
IL10+CpG | Citrate m+5 | 4.197E-01 | 7.840E-01 no anova welch
IL10+CpG | Citrate m+6 | 5.417E-01 | 9.028E-01 no anova welch
IL10+CpG | Fumarate m+0 | 6.284E-01 | 9.084E-01 no anova welch
IL10+CpG | Fumarate m+1 | 2.631E-02 | 3.648E-01 no anova welch
IL10+CpG | Fumarate m+2 | 7.381E-01 | 9.084E-01 no anova welch
IL104+CpG | Fumarate m+3 | 1.015E-01 | 4.712E-01 no anova welch
IL10+CpG | Fumarate m+4 | 8.027E-01 | 9.308E-01 no anova welch
IL10+CpG | Malate m+1 | 8.300E-01 | 9.352E-01 no anova welch
IL10+CpG | Malate m+2 | 4.791E-01 | 8.154E-01 no anova welch
IL10+CpG | Malate m+3 | 6.792E-01 | 9.084E-01 no anova welch
IL10+CpG | Malate m+4 | 9.009E-01 | 9.531E-01 no anova welch
IL10+CpG | Succinate m+0 | 9.035E-01 | 9.531E-01 no anova welch
IL10+CpG | Succinate m+1 | 6.737E-01 | 9.084E-01 no anova welch
IL10+CpG | Succinate m+2 | 8.613E-01 | 9.439E-01 no anova welch
IL10+CpG | Succinate m+3 | 7.723E-02 | 4.413E-01 no anova welch
IL10+CpG | Succinate m+4 | 8.028E-01 | 9.308E-01 no kruskal

Table A6: ANOVA tests to assess significant differences between time points for
organic acid 13C labeling states from a time course experiment in P493-6 cells,
IL10+CpG stimulated MY C-low cellular state. "Measurement” corresponds to the la-
beling state for which the difference between time points was tested. The p-value is the p-value
that results directly from the ANOVA test, the q-value corresponds to the FDR when correct-
ing for multiple testing according to the Benjamini-Hochberg approach. The test was consid-
ered to be significant when q < 0.05. Depending on whether or not ANOVA model residuals
were normally distributed, either the Welch-type ANOVA (anova welch) or the non-parametric
Kruskal-Wallis ANOVA (kruskal) were used. KG: 2-ketoglutarate.
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A2.2 Analysis of label incorporation
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Figure A39: 13C tracer analysis with the tracer substrate U-1°C-glutamine in P493-6
cells, mean 1°C enrichment of amino acids in cell supernatants. The figure shows the
mean 2C enrichment of PCF-derivatized amino acids from cell supernatants and the medium
control for the different cell states MY C-low, MYC-high and IL10+CpG stimulation. Cells
were harvested after 24 h of incubation with the tracer substrate. Data were corrected for NA
and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. Samples were measured
in (biological) triplicates, means of mean enrichment among replicates +/- SD are shown.
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Figure A40: 13C tracer analysis with the tracer substrate U-1%C-glutamine in P493-
6 cells, labeling of amino acids in cell supernatants. The figure shows the MIDs of
PCF-derivatized amino acids from cell supernatants for the different cell states MY C-low,
MYC-high and IL10+CpG stimulation. Cells were harvested after 24 h of incubation with the
tracer substrate. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming
a tracer purity of 99%. The z-axis labels correspond to the number of 1°C' label incorporated
in the respective isotopologue. Samples were measured in (biological) triplicates, means of
isotopologue fractions +/- SD are shown.
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Figure A41: 13C tracer analysis with the tracer substrate U-13C-glutamine in P493-
6 cells, labeling of amino acids in cell supernatants. The figure shows the MIDs of
PCF-derivatized amino acids from cell supernatants for the different cell states MY C-low,
MYC-high and IL10+CpG stimulation. Cells were harvested after 24 h of incubation with the
tracer substrate. Data were corrected for NA and tracer purity using IsoCorrectoR, assuming
a tracer purity of 99%. The z-axis labels correspond to the number of 1°C' label incorporated
in the respective isotopologue. Samples were measured in (biological) triplicates, means of
isotopologue fractions +/- SD are shown.
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Figure A42: 13C tracer analysis with the tracer substrate U-13C-glutamine in P493-
6 cells, labeling of amino acids in the medium control. The figure shows the MIDs
of PCF-derivatized amino acids from the medium control (incubated for 24 h). Data were
corrected for NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The
z-awxis labels correspond to the number of *2C label incorporated in the respective isotopologue.
Samples were measured in triplicates, means of isotopologue fractions +/- SD are shown.
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Figure A43: 13C tracer analysis with the tracer substrate U-13C-glutamine in P493-
6 cells, labeling of amino acids in the medium control. The figure shows the MIDs
of PCF-derivatized amino acids from the medium control (incubated for 24 h). Data were
corrected for NA and tracer purity using IsoCorrectoR, assuming a tracer purity of 99%. The
z-awxis labels correspond to the number of *2C label incorporated in the respective isotopologue.
Samples were measured in triplicates, means of isotopologue fractions +/- SD are shown.
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Figure A44: Mass spectra of the alanine standards used for generating mixtures
of known composition, silylated L-alanine-1°Cy. Standard solutions of the alanine iso-
topologues /isotopomers used for generating miztures of known composition were measured via
GC-APCI-TOFMS as described in the methods chapter. The table to the right of the mass
spectrum depicts the expected masses and expected relative abundance of species from the re-
spective isotopic distribution. (Figure and legend taken from Heinrich et al. (2018)
supplementary material and slightly modified)
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Figure A45: Mass spectra of the alanine standards used for generating mixtures
of known composition, silylated L-alanine-1-1°C; and L-alanine-3-1°C;. Standard
solutions of the alanine isotopologues/isotopomers used for generating miztures of known com-
position were measured via GC-APCI-TOFMS as described in the methods chapter. The table
to the right of the mass spectrum depicts the expected masses and expected relative abundance of
species from the respective isotopic distribution. (Figure and legend taken from Heinrich
et al. (2018) supplementary material and slightly modified)
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Figure A46: Mass spectra of the alanine standards used for generating mixtures
of known composition, silylated L-alanine-2,3-1°Cs and L-alanine-13Cs. Standard
solutions of the alanine isotopologues/isotopomers used for generating miztures of known com-
position were measured via GC-APCI-TOFMS as described in the methods chapter. The table
to the right of the mass spectrum depicts the expected masses and expected relative abundance of
species from the respective isotopic distribution. (Figure and legend taken from Heinrich
et al. (2018) supplementary material and slightly modified)
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Isotope Mass IsoCor | Abundance Abundance Abundance
v2 default IsoCor v2 PyNAC

2c 12 0.9893 0.9893 0.98891

BC 13.003354835 0.0107 0.0107 0.01109

TH 1.0078250322 0.999885 0.999885 0.99985

‘g 2.0141017781 0.000115 0.000115 0.00015

N 14.003074004 0.99632 0.99636 0.9963

BN 15.000108899 0.00368 0.00364 0.0037

160 15.99491462 0.99757 0.99757 -

70 16.999131757 0.00038 0.00038 -

B0 17.999159613 0.00205 0.00205 -

sip 30.973761998 1 1 -

329 31.972071174 0.9493 0.9499 -

339 32.971458910 0.0076 0.0075 -

319 33.9678670 0.0429 0.0425 -

368 35.967081 0.0002 0.0001 -

R 27.976926535 0.922297 0.92223 -

28 28.976494665 0.046832 0.04685 -

3085 29.9737701 0.030872 0.03092 -

Table A7: Natural isotope abundance values and absolute isotope masses used with
IsoCorrectoR. Isotope abundance values and absolute isotope masses as used by IsoCorrec-
toR. Default abundance: Values used by IsoCorrectoR by default (taken from Rosman & Taylor
(1998)). IsoCor v2 and PyNAC abundance: Values used by the respective tools. As it performs
only UHR correction, only the isotope abundance of potential tracer elements is relevant for
PyNAC. It is limited to the tracer isotopes °C, °N and *H.
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