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Abstract

Metabolic flux analysis (MFA) is highly relevant to understanding metabolic mechanisms of
various biological processes. While the pace of methodology development in MFA has been rapid,
a major challenge the field continues to witness is limited metabolite coverage, often restricted to a
small to moderate number of well-known compounds. In addition, isotopic peaks from an enriched
metabolite tend to have low abundances, which makes liquid chromatography tandem mass
spectrometry (LC-MS/MS) highly useful in MFA due to its high sensitivity and specificity.
Previously we have built large-scale LC-MS/MS approaches that can be routinely used for
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measurement of up to ~1,900 metabolite/feature levels [Gu et al. Anal. Chem. 2015, 87, 12355-
12362. Shi et al. Anal. Chem. 2019, 91, 13737-13745.]. In this study, we aim to expand our
previous studies focused on metabolite level measurements to flux analysis and establish a novel
comprehensive isotopic targeted mass spectrometry (CIT-MS) method for reliable MFA analysis
with broad coverage. As a proof-of-principle, we have applied CIT-MS to compare the steady-state
enrichment of metabolites between Myc(oncogene)-On and Myc-Off Tet21N human
neuroblastoma cells cultured with U-13Cg-glucose medium. CIT-MS is operationalized using
multiple reaction monitoring (MRM) mode and is able to perform MFA of 310 identified
metabolites (142 reliably detected, 46 kinetically profiled) selected from >35 metabolic pathways
of strong biological significance. Further, we developed a novel concept of relative flux, which
eliminates the requirement of absolute quantitation in traditional MFA and thus enables
comparative MFA under the pseudosteady state. As a result, CIT-MS was shown to possess the
advantages of broad coverage, easy implementation, fast throughput, and more importantly, high
fidelity and accuracy in MFA. In principle, CIT-MS can be easily adapted to track the flux of other
labeled tracers (such as 1°N-tracers) in any metabolite detectable by LC-MS/MS and in various
biological models (such as mice). Therefore, CIT-MS has great potential to bring new insights to
both basic and clinical metabolism research.
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Metabolism is ubiquitous in almost every aspect of biology, and abnormal metabolism often
signals underlying pathology or is itself the etiology of serious morbidities, such as inborn
errors of metabolism, obesity, diabetes, cardiovascular disease, Alzheimer's disease, and
cancer.1-10 Currently, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database has
indexed more than 8,700 metabolic reactions and annotated 16,000 metabolites. Defining
these metabolic pathways and characterizing their physiological roles have resulted in many
significant findings. For example, carcinogenesis and cell proliferation may cause aberrant
concentration and flux changes in numerous metabolites and metabolic pathways; the
Warburg effect stipulates that many cancer cells switch from producing most of their energy
via the TCA cycle in the mitochondria, to lactic acid production in the cytosol.#11.12 Thus,
in addition to gene- and protein-level studies, understanding the dynamic role of metabolites
and metabolic pathways is a critically important and novel area of research in both basic and
clinical settings.

Metabolic flux analysis (MFA) using stable isotope labeled tracers enables a dynamic
description of the cellular metabolome in a living system.8:13-22 The whole metabolome can
be conceptualized as a vast metabolic reaction network, comprised of metabolites (nodes)
and metabolic pathways (edges). Analysis of metabolite levels provides cross-sectional
information on biochemical abundances; however, cellular metabolism in a living system is
not static. In addition, many metabolites are involved in multiple pathways; therefore,
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concentration changes of a particular metabolite can result from perturbations in several
pathways, often confounding the analysis of metabolite level data. In contrast, MFA
investigates the rate of metabolite turnover in biochemical reactions derived from stable
isotope labeled tracers, through tracking isotopic conversions taking place in the metabolic
network.8:16-21 Fyrthermore, MFA can be easily linked to other important areas in systems
biology, such as proteomics and genomics. Therefore, pathway-specific information from
MFA is often required to fully understand a biological process.

MFA places a high requirement for analytical measurements and computational modeling,
since flux rates are not directly measurable. For metabolite level measurements, mass
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy are often used to
detect and quantify the isotopic peaks of product compounds of interest. While NMR is
highly useful to examine the position of isotopes (such as 13C) within isotopomers, MS is
significantly more sensitive and has a much wider metabolite coverage.2324 MS is a
preferred analytical method to detect low-abundance peaks, which is of great significance in
MFA as isotopic peaks (not M+ 0 peaks) tend to have low intensities in many cases.

Mathematical models are applied to translate the measurement data into metabolic flux, and
kinetic flux profiling (KFP) is a practical and efficient modeling approach for obtaining
metabolic flux in live cells under the pseudosteady state.2>-28 Briefly, the enrichment of
tracers into various metabolites is determined. Mass isotopomer distribution (M/D) and
mean enrichment (ME) are calculated based on the isotopic intensities for each identified
metabolite (X). The time-course ME data (Mg are then used to fit an exponential function,
and the apparent first-order rate constant of decay (k) is derived from eq 1

xU

F = (1 —a)exp( — kyt) + a )
where X is the normalized total pool size of the metabolite of interest (constant in
pseudosteady MFA), which requires absolute quantitation in traditional MFA. XY denotes

U
unlabeled Xat time z‘(X—T =1- ME)), and a is a constant. Finally, the flux of metabolite X,
X

fx, can be calculated using eq 2:
kx =— @

While the pace of methodology development in MFA has been rapid and MFA has been
successfully applied in many studies,13:15.26.27.29-40 3 nymper of technical bottlenecks have
prevented realization of the full potential of MFA. A major challenge the field continues to
witness is limited metabolite coverage. Currently, MFA is severely restricted to a small to
moderate number of compounds from main pathways. For example, central carbon
metabolism metabolites have been heavily studied in MFA.92041 Although these
metabolites do play important roles in biological processes, the whole metabolome consists
of numerous other metabolites and metabolic pathways of different purposes and functions.
Furthermore, isotopic peaks from the same metabolite (M + 1) often have low signals;
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therefore, isotopic peaks should be detected with the best sensitivity offered to ensure
optimal MFA accuracy. It is of great significance to develop state-of-the-art methods and
platforms to enable broad MFA with high reliability.

Liquid chromatography tandem mass spectrometry (LC-MS/MS) is widely used in
analytical measurements, and it is often operated in multiple reaction monitoring (MRM)
mode.42-45 The combination of precursor ions and product ions makes MRM highly
sensitive and specific, especially for detecting exponentially decaying isotopic signals. In
addition, LC-MS/MS generally has excellent quantitative performance, providing a wide
linear dynamic range and good reproducibility. Notably, large-scale LC-MS/MS approaches
have been established and successfully used in a growing number of metabolomics studies.
45-49 For example, we developed novel LC-MS/MS approaches that have the analytical
advantages of both traditional untargeted profiling and targeted detection.59:51 In this study,
we aim to expand our previous studies focused on metabolite level measurements to flux
analysis and establish a novel comprehensive isotopic targeted mass spectrometry (CIT-MS)
method for reliable MFA analysis with broad coverage. As a proof of principle, we
examined the performance of CIT-MS to study cellular metabolic reprogramming as a result
of differential Myc-oncogene expression in Tet21N human neuroblastoma cells.

EXPERIMENTAL METHODS

Development of the overall analytical strategy is shown in Figure 1. This large-scale, LC-
MS/MS-based MFA approach can be conceptualized as follows:

Step 1. An in-house database was constructed comprising 310 metabolites selected from
>35 metabolic pathways of strong biological significance, and this in-house database was
assembled from a large-scale LC-MS/MS assay that has been widely used in a growing
number of studies.42:48:49.51-57 Notably, unlabeled chemical standards were available for all
these metabolites, enabling both the optimization of elution and MRM parameters of the
LC-QQQ-MS system as well as identification of detected metabolites.

Step 2. The isotopic MRM library was generated including all MRM transitions for each
metabolite isotopologue. Since the chemical formula is known for each selected metabolite
(i.e., the number of each element is known), it is easy to determine the precursor ion m/z
value (M + n) of the isotopologue when 77 (/7= 0 — the number of C in this metabolite)
carbon atoms are enriched, using tracking 13C as an example. For the product ion, we
examined the chemical formula in the HMDB and METLIN databases®®:°9 to determine the
number of carbon atoms. These isotopic MRMs were then used in LC-MS/MS
measurements, and the isotopic intensity of this isotopologue was the sum of MRMs of M +
n— all possible product ions when 77 12C atoms were replaced by 13C.

Step 3. Using IsoCor software,32 the M/D and ME values for each metabolite were
calculated.

Step 4. In case of a time-course study under the pseudosteady state,25-28 the rate constant of
decay (k) of a metabolite was determined by fitting an exponential equation (eq 1), similar to
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KFP. Notably, we also developed a novel concept of relative flux (fz) for comparative MFA,
without requiring absolute quantitation as with traditional MFA.

Step 5. Depending on the experimental design, altered metabolite enrichment and/or relative
flux were examined, thereby allowing inspection of the mechanisms underlying metabolic
reprogramming.

Chemicals and Reagents.

HPLC-grade acetonitrile (ACN) and methanol (MeOH) were purchased from Sigma-Aldrich
(St. Louis, MO). Ammonium acetate and acetic acid were obtained from Fisher Scientific
(Pittsburgh, PA). Deionized water was provided in-house by a Millipore Milli-Q Academic
Water Purification System (Billerica, MA). Pure metabolite standards in the Arizona
Metabolomics Laboratory (AML) were purchased from Sigma-Aldrich and Fisher Scientific.
Stable isotope-labeled standards were purchased from Cambridge Isotope Laboratories
(Tewksbury, MA).

Cell Culture and Preparation.

For the unlabeled culture, Tet21N human neuroblastoma cells (Myc-On cells) were cultured
in DMEM with 25 mM glucose and 2 mM glutamine (Gibco, Grand Island, NY),
supplemented with 10% FBS (HyClone, South Logan, UT) and 1% penicillin/streptomycin
(Gibco). Doxycycline (1 pg/mL, Clontech Laboratories, Inc., Mountain View, CA) was used
to repress N-Myc expression, thereby enabling comparison of Myc-On and Myc-Off Tet21N
cells. For the labeled culture, the experimental conditions were the same, except that the
cells received an isotopically labeled tracer (U-13Cg-glucose; Cambridge Isotope
Laboratories, Tewksbury, MA). When cells were 80% confluent in a 2 cm diameter well (~1
x 108 cells), the culture medium was quickly switched to a 2-mL isotope-containing medium
with glucose/glutamine-free DMEM (Gibco) supplemented with 10% dialyzed FBS (Gibco),
5.5 mM U-13Cg-glucose, and 2 mM L-glutamine (Sigma-Aldrich, St. Louis, MO). For
steady-state growth, cell samples were cultured for 0, 24, 48, and 96 h after introduction of
U-13C4-glucose to the culture medium, and cell passage was carried out every 24 h. For
pseudosteady state growth, the time points of sample collection were 0, 0.5, 1, 2, 4, 8, 12,
and 27 h (for metabolites that can be quickly enriched, only the first few time points were
used).

The cell samples were processed using standard operating procedures (SOPs) we established
in previous studies.36:60-62 Briefly, the cells were rinsed using PBS (prechilled to 4 °C).
Afterward, 0.8 mL of methanol/H,0O (v:v = 80:20, prechilled to —80 °C) was added to
quench cellular metabolism and perform metabolic extraction on dry ice. Cells were then
scraped into a new tube. Then, 0.3 mL of prechilled methanol/H,0O (v:v = 80:20) was added
to the plate, and cells were scraped again. The two extraction solutions were combined and
sonicated for 30 min in an ice bath. The samples were then centrifuged at 14000 rpm for 10
min at 4 °C. Of the supernatant, 1,000 s was transferred to a new tube and dried using the
speed vacuum concentrator (Labconco, Kansas City, MO). The resulting sample pellet was
used to assay total protein concentration for normalization, using the BCA Protein Assay Kit
(Thermo Fisher Scientific, Rockford, IL).
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For MFA using gas chromatography (GC)-mass spectrometry, extracted samples were
incubated with 30 L of O-methylhydroxylamine hydrochloride solution in pyridine (Sigma-
Aldrich, St. Louis, MO) at 60 °C for 90 min. Next, 70 L of A-tert-butyldimethylsilyl-A-
methyltrifluoroacetamide (MTBSTFA, Sigma-Aldrich, St. Louis, MO) was added and
placed at 60 °C for 30 min.

instrumentation.

All LC-MS/MS experiments were performed on an Agilent 1290 UPLC-6490 QQQ-MS
system (Santa Clara, CA). The flow rate was 0.3 mL/min, autosampler temperature was set
at 4 °C, and the column compartment was set to 40 °C. The separations were performed on a
Waters XBridge BEH Amide column (150 x 2.1 mm, 2.5 um particle size; Waters
Corporation, Milford, MA). The mobile phase was composed of Solvents A (10 mM
ammonium acetate, 10 mM ammonium hydroxide in 95% H,0/5% ACN, pH =9) and B (10
mM ammonium acetate, 10 mM ammonium hydroxide in 5% H,0/95% ACN, pH =7).
After an initial 1 min isocratic elution of 90% B, the percentage of Solvent B decreased to
40% at £= 11 min. The composition of solvent B was maintained at 40% for 4 min (=15
min), after which the percentage of solvent B gradually returned to 90%, in preparation for
the next injection. The QQQ-MS system was operated with a capillary voltage of 3,500 V.
The nebulizer gas (N5) pressure was set at 30 psi with a drying gas (N») flow rate of 15
L/min and a temperature of 175 °C. The flow rate of sheath gas (N») was set at 11 L/min
with a temperature of 225 °C. After data collection, the extracted MRM peaks were
integrated using Agilent Mass Hunter Quantitative Data Analysis software (Santa Clara,
CA).

Briefly, GC-MS spectral acquisition was performed on an Agilent 7820A GC system
coupled to an Agilent 5977B MSD system (Agilent Technologies, Inc., Santa Clara, CA).
For analysis, 1 x4 of derivatized sample was injected using the splitless mode, and helium
(purity >99.999%) was used as the carrier gas. The flow rate of carrier gas was 0.5 mL/min.
The temperature of injection port and transfer line was 250 and 290 °C, respectively.
Chemical derivatives in the samples were separated using an HP-5 MS capillary column
coated with 5% phenyl-95% methylpolysiloxane (30 m x 250 zm i.d. x 0.25 gm film
thickness, Agilent Technologies). The column temperature was maintained at 60 °C for 1
min, then increased at a rate of 10 °C/min to 325 °C, and held at this temperature for 10 min.
The solvent delay was 9.69 min. Mass spectral signals were recorded in full scan mode
using electron ionization (El, 70 eV), ion source temperature was 230 °C, EM voltage was
1,225 V, and mass range was 50-600 /7/z with a scan frequency of 2.7 scans/s.

Data Analysis.

For each metabolite, M/D and ME were calculated after correction for natural abundance
using IsoCor software.32 The time-course data were used to determine flux, and exponential
fitting was carried out using R (version 4.0.0). Student’s t-test was performed using
Microsoft Excel (Redmond, WA). For analysis of Myc samples, principal component
analysis (PCA) was performed using MetaboAnalyst (https://www.metaboanalyst.ca/).63
Data were mean-centered prior to model construction. The metabolic map was generated
using IPath tools (https:/pathways.embl.de/).64
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RESULTS
CIT-MS Development.

Large-scale LC-MS/MS has been routinely used in metabolomics, mainly due to its high
sensitivity and reliable quantitative performance.25-27:30-32.44-46 A5 shown in Table S1, we
have compiled an in-house metabolite library that contains 310 unlabeled chemical
standards and their optimized MS parameters, such as precursor and product ions. The
retention times (RTs) of metabolites were acquired through hydrophilic interaction
chromatography (HILIC). Further, we used IPath tools to annotate these metabolites in the
KEGG global pathway map; however, although belonging to known pathways, only 179 (red
dots) of these 310 metabolites could be indicated in Figure S1 given software constraints and
consideration of optimal pathway view.

To determine isotopic MRM transitions, we first used the large-scale LC-MS/MS method to
target these 310 metabolites in a quality control (QC) sample that was pooled from
unlabeled Myc-On and Myc-Off Tet21N cells. Following reliable detection of 142
metabolites, precursor ions and corresponding product ions were structurally annotated by
searching spectral libraries using the HMDB®8 and METLIN®® databases. For an identified
metabolite, the MRM parameters can be easily generated from the number of carbon atoms
(for 13C-tracers) in the chemical formula.

Table S2 shows all isotopic MRM transitions in CIT-MS. Using alanine as an example,
Table 1 shows the MRM transition editing process. Alanine has a precursor m/z of 90.1 and
generates a two-carbon fragment with /7/z of 44.0 in positive ion mode. To detect 13C,-
labeled alanine (M + 2), 2 Da must be added to the precursor ion to form 92.1. However, for
product ions, two possibilities exist: 13C-labeled fragment or 13C,-labeled fragment.
Therefore, two transitions should be used to monitor 13C,-labeled alanine: 92.1 — 45 and
92.1 — 46, and the sum of them is the intensity for the M+ 2 peak. The LC-MS/MS
parameters for these MRMs were the same for each metabolite.

Then, identification and deconvolution of isotopologues were conducted through searching
both the labeled and unlabeled samples. We examined ~30 metabolite standards and their
isotopic standards in various metabolic pathways, and the following criteria were used to
determine isotopologue groups (only peaks satisfying all criteria were regarded as isotopic
peaks generated from the same metabolite):

1 For the unlabeled sample, the base peak is the A+ 0 peak, and other M+ n
peaks should continuously decrease as //z increases;

2. For the labeled sample, if the base peak is the M+ 0 peak, there will be at least
one other isotopic peak higher than the corresponding peak from the unlabeled
sample after base peak normalization;

3. For the labeled sample, the base peak can be the M+ npeak (n7being an integer
between 1 and the number of carbon atoms in the metabolite);

4, The RT difference between isotopic peaks should be small (grT; €.g., <0.1 min).
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The collected data were then subjected to enrichment analysis (M/D and ME) and/or relative
flux (fp) calculations. Under the pseudosteady state, f can be obtained for probing cellular
metabolic flux based on the kinetics of assimilation of isotope-labeled nutrients into a
myriad of downstream metabolites.25-28 Fitted from eq 1, kx is the apparent first-order rate
constant for disappearance of the unlabeled metabolite. Notably, traditional MFA requires
absolute quantitation of the intracellular pool size of a metabolite to calculate its flux (eq 2),
which is able to compare flux of different metabolites. However, in many cases, we only
need to compare flux through the same metabolite but in different biological conditions.
Therefore, we used the relative intracellular pool size of the metabolites, normalized
intensities by total protein, to calculate 7.

Validation Using Glucose Isotopologues.

For the initial validation, we prepared 8 standard mixture solutions, with different mass
ratios of glucose (G), 1-13C-G, 1,6-13C,-G, and U-13C¢-G. The ratios were 0:100:0:0,
0:0:100:0, 0:0:0:100, 91:9:0:0, 71:9:10:10, 21:28:31:20, 0:38:32:30, and 0:0:11:89,
respectively. Figure 2 compares the percentage of these glucose isotopologues derived from
CIT-MS to theoretical values. It is evident that CIT-MS results fit well with expected values.
In Table S3, the linear regression analysis of the observed% against theoretical% showed all
coefficient of determination (/2) values to be more than 0.998. Therefore, these results
provide solid initial evidence that CIT-MS is able to perform reliable flux analysis.

Steady State Enrichment Analysis.

Myec is a well-studied oncogene that causes significant alterations in global gene and protein
expression and metabolic reprogramming.40:61.65.66 Using Myc-On and Myc-Off Tet21N
cells, we applied CIT-MS for a long-term steady state enrichment analysis. The cells were
cultured up to 96 h with U-13Cg-glucose, and cell samples were collected at 0, 24, 48, and
96 h. Ultimately, 80 metabolites were able to be enriched by U-13Cg-glucose, of which 63
were annotated by IPath (https://pathways.embl.de/). As shown in Figure 3, the enriched
metabolites were distributed in diverse pathways such as glycolysis, the TCA cycle, alanine/
aspartate/glutamate metabolism, purine metabolism, pyrimidine metabolism, pentose and
glucuronate interconversions, arginine biosynthesis, glutathione metabolism, and the hexose
monophosphate shunt, many of which are currently rarely studied.

To investigate long-term U-13Cg-glucose labeling, Figures 4 and S2—4 show labeled
enrichment of various metabolites at different time points. It was found that enrichment of
many nucleotides and amino acid metabolites stabilized after 48 h for both Myc-On and
Myc-Off cells. Consistent with previous studies,37:67-69 most TCA cycle metabolites and
other metabolites of carbohydrate metabolism quickly achieved steady state (~24 h).
Therefore, 96 h after labeling with U-13Cg-glucose was selected in this study to compare
differences between labeled enrichment of Myc-On and Myc-Off cell lines.

Based on the enrichment data at 96 h, Figure 5A showed that Myc-On and Myc-Off cells

could be clearly separated in the PCA score plot. The total variance explained by PC1 and
PC2 was more than 87%. In addition, as shown in Figure 5B, comparison of Myc-On and
Myc-Off variants of the human Tet21N cells revealed differential enrichment of nine

Anal Chem. Author manuscript; available in PMC 2020 October 09.


https://pathways.embl.de/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal. Page 9

detected metabolites with a pvalue < 0.05 and fold change (FC) > 2. These metabolites were
y-aminobutyric acid (GABA), methylmalonic acid, 2-methylglutaric acid, glutamine,
asparagine, a-ketoglutaric acid, hydroxyproline, aspartate, and glutamic acid.

Pseudosteady State and Relative Flux.

Myc-On and Myc-Off samples were collected during pseudosteady state cell growth. KFP
was used to calculate the rate constant of decay () following U-13Cg-glucose labeling using
eq 1, and curve fitting was estimated by assessing the correlation coefficient (/). An rvalue >
0.75 was regarded as good fitness. Relative flux (fz) of metabolites was calculated using eq
2. Here, XT denotes the peak area for each metabolite after normalization with total protein.
Using citrate as an example, Figure 6A shows the disappearance of unlabeled citrate to be an
exponential decay function. The kvalues of Myc-On and Myc-Off cells were calculated as
0.576 and 0.786, respectively. The rvalues were 0.986 and 0.979, indicating excellent fit to
the exponential function. In addition, f»was calculated to be 1168.26 + 65.56 and 7487.99 +
1385.49 (n=4) in Myc-On and Myc-Off cells, respectively.

In total, 46 metabolites were fitted for kand 7z under the pseudosteady state. Figures S5-S8
show the kinetics of disappearance for unlabeled nucleotide, carbohydrate, TCA cycle, and
amino acid metabolites following the U-13Cg-glucose isotope switch, respectively. Most 7
values were greater than 0.75 (mean = 0.90), showing the trend estimation to be reliable.
Along with the relative abundance of metabolites, the relative metabolic flux was obtained,
which was used to investigate altered metabolism in response to the Myc oncogene. Based
on fg, Figure 6B showed that Myc-On and Myc-Off cells were clearly separated in the PCA
score plot. The total variance explained by PC1 and PC2 was 99.8%. Table 2 shows
metabolites with significant relative flux difference between Myc-On and Myc-Off cells,
with p<0.05 and FC > 2 or < 0.5. In addition, we annotated 35 of these 46 metabolites in
IPath Pathways (Figure 6C, the changes were not quantitatively marked). Significant
metabolites (p < 0.05 and FC < 0.5) with downregulated flux in Myc-On cells were acetyl-L-
glutamine, aconitate, alanine, citrate, cytidine, dCDP, fructose, and sarcosine. Significant
metabolites (p < 0.05 and FC > 2) with upregulated flux in Myc-On cells were adenosine,
adenosyl-L-homocysteine, ADP, AMP, ATP, fructose 6-phosphate, G16BP, GDP, glutamine,
reduced glutathione, hydroxyproline, L-ascorbic acid, NAD, NADH, serine, UDP, UDP-
GIcNACc, and xylitol. Notably, metabolites with relative flux present only in Myc-On cells
were 1-methyladenosine, acetylcarnitine, oxidized glutathione, glycine, and NADP;
metabolites with relative flux present only in Myc-Off cells were 2-hydroxyglutaric acid, 3-
phosphoglyceric acid, and A-~acetylneuraminic acid.

To further assess the robustness of CIT-MS measurement, enrichment results for a few
representative metabolites were compared with those using GC-MS (Table 3). The deviation
between the two methods was calculated to determine measurement accuracy: (E¢y7r—
Ecc-m9)! EciT Where Eqyris the enrichment value obtained from CIT, and Egc s is from
GC-MS. Samples were collected at different time points from Myc-On cells post U-13Cg-
glucose labeling. Then, each sample was divided into two parts: one for GC-MS analysis
and the other for CIT-MS analysis. As can be seen, CIT-MS is highly consistent with
traditional MFA using GC-MS.
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DISCUSSION

MFA plays an important role in systems biology research as a highly useful technique to
determine dynamic metabolic reactions in the metabolome.1:19:32:35,40.70-72 However,
metabolite coverage in MFA is limited to a relatively small number of metabolites, mostly of
central carbon metabolism. In addition, MS detection in MFA requires optimal sensitivity,
since isotopic peaks tend to exponentially decrease with /7/z. While a number of previous
approaches have been developed,26:27:34.70.73 hroad and reliable detection of cellular flux
currently remains a challenge.

In this study, we have described an innovative CIT-MS strategy to enable broad MFA
(Figure 1) for the reliable and routine measurement of biological systems such as cell
models. CIT-MS is based on LC-MS/MS detection, since it provides excellent sensitivity for
detecting exponentially decaying isotopic signals. In addition, large-scale LC-MS/MS has
been established to measure levels of up to ~1,900 metabolites/features.>0->1 Toward turning
this approach into a practical tool in MFA, we have developed and optimized LC-MS/MS
data collection and analysis approaches, isotopic peak identification methods, and
computational algorithms. Starting with a list of 310 metabolites for which all (unlabeled)
chemical standards were available in-house, the isotopic MRMs were assembled depending
on the number of carbon atoms (for 13C-tracking) in the precursor and product ions. After
data collection, M/D and ME were calculated to correct for natural abundance. Similar to
KFP,25-28 our novel approach was developed to study flux but was able to derive relative
flux, which is highly useful in comparative MFA. Taking this pilot study for example,
accurate quantitation of 46 metabolites will cost a lot of time, effort, and expense; for best
quantitation, stable isotope labeled internal standards (iSTDs) are often required, but many
iSTDs are not commercially available and/or very expensive. In contrast, the approach
described herein does not require absolute quantitation, which significantly reduces
experimental efforts in terms of both time and complexity. Notably, our method still well
meets the requirement to investigate flux changes, when comparing biological systems under
different status. In an initial validation, our results indicated excellent CIT-MS performance
in MFA as determined by glucose isotopologue standards (Figure 2). Cumulatively, these
data showed that CIT-MS has good analytical performance for reliable and broad MFA.

In a proof-of-principle study using Myc-On and Myc-Off Tet21N cells, 142 of 310
unlabeled metabolites were detected. We further found that 80 metabolites were able to be
enriched by U-13Cg-glucose (Figure 3), most of which achieved steady state within 96 h of
isotopic culturing (Figures 4 and S2-S4). The PCA score plot showed Myc-On and Myc-Off
cells to have dramatically different enrichment profiles under the steady state (Figure 5A).
Univariate testing showed significant (p < 0.05) enrichment differences in 37 metabolites,
nine of which also had FC > 2 or < 0.5 (Figure 5B). These findings suggest our novel CIT-
MS method to be highly applicable and scientifically relevant to Myc(oncogene)-related
metabolic reprogramming.40.61.65,66

We further applied CIT-MS in a pseudosteady state MFA study. Within 27 h of isotopic
culturing, we determined 46 metabolites for which disappearance of the unlabeled form
followed an exponential decay function. Based on 77 values, Myc-On and Myc-Off cells

Anal Chem. Author manuscript; available in PMC 2020 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal.

Page 11

clearly had differential flux profiles under the pseudosteady state (Figure 6). In particular, 8
metabolites had significantly downregulated flux in Myc-On cells (p< 0.05 and FC < 0.5),
and 18 metabolites were significantly upregulated (p < 0.05 and FC > 2) (Table 2).
Interestingly, 5 and 3 metabolites had relative flux present only in Myc-On and Myc-Off
cells, respectively. Notably, some of these metabolites were rarely connected to the Myc
oncogene or more broadly, cancer.

A primary argument for CIT-MS over existing MFA approaches is broader coverage of the
metabolome. For instance, a comparison of various methods for flux analysis of Myc-
induced metabolic reprogramming in B-cells showed isotopically nonstationary 13C flux
analysis to achieve maximum resolution, although enrichment could only be determined for
18 amino acids.*? A recent comprehensive 13C-MFA of £. coli metabolism using traditional
GC-MS returned seven validated metabolites for analysis, all representative of central
carbon metabolism.”? In contrast, 142 targeted metabolites were reliably detected using our
proposed method; while 80 were found to be enriched, and 46 were successfully fitted to
exponential decay. Therefore, CIT-MS provides increased metabolome coverage for routine
flux analysis, a readily apparent benefit to current techniques. In addition, some studies have
proposed methods for high-resolution (HR) 13C MFA.74-79 CIT-MS can be used as a
complementary approach to HR 13C MFA, and based on MRM detection, it provides unique
advantages of high sensitivity and specificity which are highly useful to access low-
abundance metabolites and isotopic peaks.80

While detailed biological interpretation is out of the scope of this study, our MFA results
from Tet21N cells fit well with previous studies. As is well-known, Myc causes significant
alterations in global gene and protein expression, and activation of the Myc oncogene
facilitates proliferation through metabolic reprogramming.36:40.61.65.66 ynder the steady
state, we found that significant metabolites in Myc-On cells all had low enrichment
compared to Myc-Off cells, especially amino acid and TCA cycle metabolites (Figure 5B).
Additionally, f» values of many TCA cycle metabolites were decreased in Myc-On cells
under the pseudosteady state, while glutamine flux was increased in these cells (Table 2).
These results indicate that Myc-On cells are less dependent on glucose in the metabolome.
In fact, previous studies showed that Myc-induced metabolic reprogramming resulted in
glutamine addiction, despite the abundant supply of glucose. In addition, glutamine
addiction was correlated with Myc-induced redirection of glucose carbon away from
mitochondria, as a result of the Warburg effect.66:81.82 Fyrthermore, it would be very
interesting to carry out further biological validation of the significant metabolites in Figure
5B and Table 2, especially those present only in one group of cells (Myc-On or Myc-Off).

The major limitation to implementation of CIT-MS is that the whole process is not fully
automated yet. To monitor the full list of MRMs using LC-MS/MS, 7 injections are needed
for each sample: 5 and 2 in positive and negative ionizationmode, respectively, using the
same collision energy and cell accelerator voltage for both polarities. Currently, we are
making significant efforts to the analytical process to accommodate automation and assist
with the deconvolution/computation process. Eventually, the CIT-MS method will be simple
to conduct, incorporating an add-in package into the commercial software. A second
limitation is the realized MFA coverage. In theory, CIT-MS is applicable to any metabolite
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detectable by LC-MS/MS; we started with ~310 metabolites in the detection panel of our
large-scale LC-MS/MS assay that are of strong biological significance.448:49.51-57 | this
proof-of-principle project using Myc-On/Off cells as an example, although a marked
improvement was seen compared to previous studies,%:71 only 142 of 310 targeted
metabolites were detected, and flux estimates were measured for only 46 of those
metabolites. While this may be inherently due to Myc-biology,36:40.65.66.81 C|T-MS
generally requires a careful selection of metabolites and metabolic pathways to target.

CONCLUSION

In summary, we have developed a novel CIT-MS method for systemic and broad MFA and
have successfully applied it for the discovery of altered metabolite enrichment and flux in
cell metabolic reprogramming. CIT-MS is able to cover flux of a variety of metabolites,
including some previously less-studied ones. Relative flux provides a simple approach to
compare flux of a metabolite from different sample groups, which is sufficient in many
biological studies. CIT-MS is innovative and powerful and carries the advantages of broad
coverage, easy implementation, fast throughput, and, more importantly, high fidelity and
accuracy. In addition, our approach can be easily expanded to include other tracers (such as
15N-tracers), a wide range of other metabolites, and various biological systems, such as gut
microbiome, animal models, and humans. Therefore, it is expected that the broader impacts
of CIT-MS are multifaceted and include analytical technique developments that will
ultimately provide a large number of scientists with highly reliable and robust methods and
tools for characterizing metabolic flux in complex biological systems.
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Overall analytical strategy for CIT-MS in MFA.
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Comparison of the theoretical percentage values of glucose isotopologues to those derived

from CIT-MS.
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Figure 3.

Pathway view of enriched metabolites from U-13Cg-glucose that were detected by CIT-MS

in a steady state study using Tet21N cells.
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Figure 4.
Enriched nucleotide metabolites from U-13Cg-glucose that were detected by CIT-MS in a

steady state study using (A) Myc-On and (B) Myc-Off Tet21N cells.
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A) The PCA score plot and B) metabolites with p< 0.05 and FC > 2 for the comparison of
Myc-On and Myc-Off Tet21N cell lines at 96 h post U-13Cg-glucose labeling.
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Figure 6.
A) Exponential fitting of the time-course data of citrate, B) the PCA score plot, and C)

pathway view of metabolites with relative flux derived, for the comparison of Myc-On and
Myc-Off Tet21N cells under pseudosteady state following U-13Cg-glucose labeling: red
circles have pvalues < 0.05, blue circles have p values > 0.05, and pink squares indicate
metabolites present only in the Myc-Off group.
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Table 1.

MRM Transitions of Alanine Isotopomers in CIT-MS

MRM

precursor ion product ion

collision energy  polarity

alanine-M+0-0
alanine-M+1-0
alanine-M+1-1
alanine-M+2-1
alanine-M+2-2

alanine-M+3-2

90.1 (C3HgNO,)  44.0 (C,HgN)

91.1
91.1
92.1
92.1
93.1

44
45
45
46
46

9

© © ©O O o

positive
positive
positive
positive
positive

positive
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Table 3.

Deviation between CIT-MS and Traditional MFA Using GC-MS

metabolite 24h 48h 72h 120h
serine 0.11 005 013 0.02
alanine 0.03 0.08 007 0.07
asparagine 0.14 0.02 0.16 0.06
lactate 0.08 0.07 0.06 0.05
succinate 015 025 011 0.03
glutamate 0.03 0.05 0.10 0.07
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