Metabolomics: Open Access

ISSN: 2153-0769

Short communication

Jones et al., Metabolomics (Los Angel) 2017, 7:2
DOI: 10.4172/2153-0769.1000189

Multiplexed Quantification of Metabolites with MISSILE

Jones DR™, Wang X?, Shaw T3, Cho JH? and Peng J*5*

"Department of Biochemistry and Molecular Pharmacology, Langone Medical Center, New York University, NY, 10016, USA
2St. Jude Proteomics Facility, St. Jude Children's Research Hospital, Memphis, TN 38105, USA

3Department of Computational Biology, St. Jude Children's Research Hospital, Memphis, TN 38105, USA

‘Department of Developmental Neurobiology, St. Jude Children's Research Hospital, Memphis, TN 38105, USA
*Department of Structural Biology, St. Jude Children's Research Hospital, Memphis, TN 38105, USA

Abstract

We tested a strategy for multiplexed (4-plex) quantification of metabolites using the MISSILE identification method
with liquid chromatography coupled to tandem mass spectrometry. We applied this methodology to study the metabolic
effect of the proteasome inhibitor and chemotherapeutic drug Bortezomib in yeast cells. Using JUMPm software
version 1.1 we simultaneously identified and quantified 95 metabolites across four experimental conditions and
found that Bortezomib increased the accumulation of dipeptides but decreased the levels of specific lipid molecules
(e.g. phosphtidylethanolamines) in a dose-dependent manner. This method combines metabolite identification and
quantification, making untargeted metabolomics experiments more informative.
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Introduction

We recently described a formula-centric strategy for the
identification of metabolites in untargeted metabolomics
experiments [1,2]. The method uses stable isotope labeling [3-5] to
identify the formula and structure of metabolites in an automated
fashion with support for false discovery rate estimation [6,7]. Here
we have expanded on this strategy by adding a fourth isotope labeling
condition to enable 4-plex relative quantification of metabolites
in LC-MS experiments. Each label represents an independent
experimental condition so that we can compare the relative levels of
metabolites from pairwise duplicates, time course, or dose-response
experimental designs. Multi-plexed analyses offer many advantages
over traditional label-free methods [8], but current strategies rely
on specific functional group tags to chemically label metabolites
[9] which limit the scope of quantified metabolites and introduce
complexity to the sample preparation workflow. As a test of our
methodology, we performed a dose-response analysis on the effect
of the proteasome inhibitor Bortezomib [10] in yeast cells. This drug
is an effective therapy for multiple-myeloma, but drug-resistance
invariably develops due to incompletely characterized mechanisms
[11,12]. The effect of proteasome inhibition on protein [13] and
gene regulation [14] has been studied in a variety of contexts, but
much less is known about the role of metabolism in this process. We
report our preliminary investigation and demonstrate the analytical
tools for carrying out multiplexed metabolomics analyses.

Methods

Materials—-LC-MS grade acetonitrile (ACN), water, and formic
acid (Sigma), glass beads (Next Advance), Difco™ yeast nitrogen base,
DMEM (BD Biosciences), nanoLC column (Waters), *C-6 glucose,
*N-2 ammonium sulfate, (Cambridge Isotope Laboratories).

MISSILE protocol

For Saccharomyces cerevisiae (Fleischmann) labeling, cells were
grown in four different minimal media conditions. A control media
consisted of natural isotopic abundance components; Difco™ yeast
nitrogen base without amino acids and ammonium sulfate (BD
Biosciences), with 5 g/L ammonium sulfate (Sigma), and 20 g/L glucose
(Sigma). For carbon-13 labeling, the media remained the same except
that *C-6 glucose (Cambridge Isotope Laboratories) was used in place of
standard glucose. Similarly for nitrogen-15 labeling, *N-2 ammonium
sulfate was substituted into the media. Each culture was maintained
for ~30 generations in the labeled media before drug treatment and
metabolite extraction. For Bortezomib treatment, cultures were seeded
toan OD_ of 0.1 and allowed to grow to 1 (~6 generations).

Bortezomib treatment

Bortezomib was solubilized in 10 mM, 1 mM, and 0.1 mM stock
solutions (water) so that equal volumes could be spiked in for each
treatment. For each 25 mL yeast culture, the OD,, was monitored
and recorded every hour. Bortezomib was added to each culture at

OD,,=0.5 absorbance units.
Sample preparation

Control and drug treatment yeast cultures were harvested and
their metabolites were extracted. The liquid cultures were transferred
to 15 mL conical vials and centrifuged at 1,000 g for 3 min to obtain
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a cell pellet. The supernatant was discarded and 1 mL of freezing 80%
acetonitrile was added. Each vial was subjected to 3 min of vortexing at
3,000 rpm in a 1 on/1 off pattern to maintain sample temperature [2].
The lysate was transferred to a fresh vial to exclude the glass beads, and
then centrifuged at 21,000 g for 5 min to clarify the liquid phase.

Spectrophotometric determination of multiplex mixing ratio

The absorption (300 nm) of each supernatant was measured in a 1
mL cuvette and used to calculate the mixing ratio of the 4 individual
cultures. For each culture we multiplied the absorbance reading by the
volume of supernatant recovered (900 L) as an estimate of the total
amount of metabolites present. We then calculated the amount of each
sample needed to equal 90% of the lowest measured label. Using these
values we mixed the supernatants of the 4 labeled samples into a single
tube (~3 mL), vortexed, and aliquoted the mixture into 4 separate tubes.

Sample reconstitution

The mixed or individual aliquots were dried under centrifugal
vacuum and resolubilized to 75 uL in buffer A and transferred to inserts
for LC-MS analysis.

LC-MS analysis and parameters

Bortezomib treated yeast samples were analyzed on an Orbitrap
Elite (Thermo Scientific) coupled to an Easy nLC™ system as previously
described [2]. In summary, we used a nano Acquity UPLC column
(75 pm x 100 mm) packed with 1.7 um BEH C18 beads with 0.2%
formic acid in water (Mobile Phase A) or acetonitrile (Mobile Phase
B). Sample injection volume was 2 uL. LC-MS analysis was performed
in positive ion (3 kV) mode with a 15 pm, 5 cm PicoTip emitter (New
Objective). A top 5 data-dependent method was used to target ions for
fragmentation (MS/MS) for later structural identification.

Results and Discussion

Proteasome inhibition of yeast cells and LC-MS analysis

Yeast cells in a respiring liquid culture were subjected to
proteasome inhibition by addition of Bortezomib. We treated cells with
three concentrations of drug; at the reported IC,, [15], 10-fold below,
and 10-fold above, with a no-drug control (Figure 1a). To distinguish
these four experimental conditions, carbon (i.e., glucose) and nitrogen
(ammonium sulfate) sources in the culture were exchanged for
various heavy stable isotope labeled compounds (i.e., *C-6-glucose
and ®N-ammonium sulfate). There was a decrease in the yeast growth
rate with increasing concentrations of Bortezomib (Figure 1b). We
subjected each condition to LC-MS analysis alone (Figure 1c) or
multiplexed (mixed together) and observed changes in the base-peak
chromatogram due to drug-treatment.

Formula and structure identification of Bortezomib regulated
metabolites

We used JUMPm software to globally analyze the metabolites
from yeast cells treated with Bortezomib. As an example, we
manually examined one of the down-regulated metabolites (a
phosphatidylethanolamine). The MS1 scan shows four ions of varying
mass, reflecting total incorporation of heavy stable isotopes into the
chemical structure (Figure 1d). The mass shift of the four ions can
also be used to determine the chemical formula of the metabolite
(Figure le) as previously described. Each of the four parent ions for
phosphatidylethanolamine was manually extracted to confirm their co-
elution and identity as isotope labels (Figure 1f). The intensity of these

peaks was detected by JUMPm and serves as the basis for the relative
quantification. The structure identity was determined by JUMPm in
a search of its associated MS/MS spectra (Figure 1g). These tandem
mass spectra were collected in a Top 5 data-dependent fashion. For
phosphatidylethanolamine, MS2 spectra were acquired from two of
the four labeled parent ions, the ?C parent (unlabeled control) and
the double labeled ®C"N parent ion. Two structural fragments were
observed for each parent with nearly identical relative intensities.
Overall, we identified 181 metabolite formulas and quantified 95
metabolite structures among the four treatment conditions with a false
discovery rate of less than 1% (Table 1).

Multiplexed quantification of Bortezomib

metabolites

regulated

We observed that higher Bortezomib concentrations had broader
impacts on the yeast metabolic profile, with a greater proportion
of metabolites showing a larger fold change in peak size relative to
control (Figure 1i). The lowest concentration of drug had a relatively
minor effect on metabolite levels, whereas the higher concentrations
increasingly segregated metabolites into up- or down-regulated
populations. This trend was also true for individual metabolites (Figure
1d). As expected we observed that Bortezomib treatment increased
the levels of incomplete protein catabolites e.g., di-peptides (Figure
1j). Metabolites that were unaffected by drug-treatment included
nucleo-bases (e.g. adenine) and other “housekeeping” metabolites such
as glutathione. We also observed that membrane components and
signaling lipids were strongly down-regulated with higher Bortezomib
concentrations (Figure 11 and 1k; Table 1).

Advantages and limitations

The described multiplexed design has several advantages over
classical unlabeled strategies for metabolite quantification. Peak
alignment between analyses is a major confounding factor for
unlabeled strategies, and much effort has been focused on resolving
this issue. For multiplexed samples, peak alignment is unnecessary
because the treatment conditions are analyzed simultaneously. Carbon
and nitrogen stable isotope labeling does not affect the retention time
of small molecules, so each labeled form co-elutes with the other
treatment conditions. This co-elution is a major advantage because it
controls for time and sample-dependent variations in retention time
and ionization efficiency, a major source of technical error during
metabolite quantification.

Using the current strategy we can expect to identify and quantify
metabolites from four independent labeled conditions. The labels are
comprised of light or heavy carbon and nitrogen atoms. Therefore
we observe all four possible mass labels for a given metabolite if the
chemical formula contains at least one nitrogen atom. We previously
observed that ~50% of known metabolite formulas contain nitrogen
while the rest do not. For metabolites without nitrogen, our strategy
can only provide two independent labels. In that case, the two peaks
represent the average of two cultures (ie., cultures 1&2 or 3&4).
Therefore the duplicate experimental design may be more suitable for
studies focused on such metabolites.

We introduce a new capability to perform 4-plex relative
quantification of metabolites in untargeted metabolomics experiments
using the MISSILE strategy in combination with JUMPm software.
Using this method, we can now analyze metabolites from two
experimental conditions with duplicates, or with up to 4 independent
experimental conditions (e.g. time series or dose response data). The
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Figure 1: Metabolomics analysis of Bortezomib treated yeast cells (a) Experimental design of the 4-plex study. Labels indicate the stable isotope culture condition.
Condition 4 (red) used both stable isotope labels simultaneously. (b) Growth curve for the four independent yeast cultures, monitored by OD, . (c) Base-peak
chromatograms for the four cultures analyzed independently prior to multiplex analysis. (d) An example MS1 spectrum for a metabolite peak after mixing the four
yeast samples together. Colored peaks reflect the increased mass of the metabolite from stable isotope labelling and also the relative intensity changes due to
Bortezomib treatment. This metabolite was identified as PE (15:0/14:1(9Z)). (e) Automated chemical formula-determination workflow for the example metabolite
peaks shown in (d). Candidates represent chemical formulas within 4 ppm mass tolerance of the unlabelled peak. With increasingly strict search criteria the number
of possible formulas dramatically decreases. The determined formula represents the charged parent ion. All formulas in Table 1 have been discharged. (f) Extracted
ion chromatogram for each of the four labeled versions of the yeast metabolite shown in (d). Retention time and peak shape are not affected by isotope labelling, while
the peak intensity reflects the changes due to Bortezomib treatment. (g) Tandem mass spectrum (MS/MS) of the labeled precursors from the example metabolite.
(d-f) Each structure fragment shows two peaks, representing the two isotopes labeled parent ions which were fragmented in the Top 5 data-dependent method. (h)
Fold change distribution of quantified metabolites compared to the no-drug control. Higher Bortezomib concentrations were associated with increased variation in
metabolite levels. (i) Summary of JUMPm global metabolite search results. The formula false discovery rate (FDR) was less than 1% as determined by JUMPm
based on the relative frequency of target and decoy formulas detected. (j-I) Up-regulated, unaffected, and down-regulated metabolites respectively as a function of
Bortezomib concentration. Labels indicate identified metabolites using JUMPm software.
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isotope labels are used by JUMPm software to determine chemical
formulas and perform relative quantification and false discovery
control.
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