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The revival of interest in cancer cell metabolism in recent years has prompted the need for quantitative analytical platforms for
studying metabolites from in vivo sources. We implemented a quantitative polar metabolomics profiling platform using selected
reaction monitoring with a 5500 QTRAP hybrid triple quadrupole mass spectrometer that covers all major metabolic pathways.
The platform uses hydrophilic interaction liquid chromatography with positive/negative ion switching to analyze 258 metabolites
(289 Q1/Q3 transitions) from a single 15-min liquid chromatography-mass spectrometry acquisition with a 3-ms dwell time and
a 1.55-s duty cycle time. Previous platforms use more than one experiment to profile this number of metabolites from different
ionization modes. The platform is compatible with polar metabolites from any biological source, including fresh tissues, cancer
cells, bodily fluids and formalin-fixed paraffin-embedded tumor tissue. Relative quantification can be achieved without using
internal standards, and integrated peak areas based on total ion current can be used for statistical analyses and pathway analyses
across biological sample conditions. The procedure takes ~12 h from metabolite extraction to peak integration for a data set

containing 15 total samples (~6 h for a single sample).

INTRODUCTION

This protocol addresses the need to quantitatively profile metabo-
lites extracted from cell lines, bodily fluids, tumors and formalin-
fixed tissue'. Renewed interest in cancer cell metabolism over the
last few years has prompted requests for technology capable of
profiling both intra- and extracellular metabolites from cultured
cells and in vivo sources in order to assess altered central meta-
bolic networks that contribute to cell proliferation, growth and
survival*’. These analyses are useful for determining which meta-
bolic pathways are affected by, for example, small molecules or
drugs, genetic alterations, or environmental stimuli. Metabolomics
analyses are routinely performed using several different platforms,
including nuclear magnetic resonance, gas chromatography—mass
spectrometry and liquid chromatography—mass spectrometry
(LC-MS), each with its advantages and disadvantages**.

This protocol uses a hybrid dual quadrupole linear ion trap
mass spectrometer for steady-state profiling of endogenous polar
metabolites from organic (methanol or acetonitrile) extractions
from biological samples. It requires no sample manipulation other
than metabolite extraction. The targeted metabolites cover all
major metabolic pathways, including glycolysis, the tricarboxylic
acid cycle, the pentose-phosphate pathway, and metabolism of
amino acids, nucleotides and so on. Although other mass spectro-
meters can be used, triple quadrupole mass spectrometers are
excellent for quantification because they isolate and target bio-
molecules of interest, exclude signal from the background matrix,
and are sensitive, fast-scanning and reproducible with high
dynamic range. For that reason, triple quadrupoles are routinely
used for developing mass spectrometry—based quantitative assays
for metabolites and peptides via multiple reaction monitoring
(MRM) and/or selected reaction monitoring (SRM)”°. Recent
developments in mass spectrometry instrumentation such as
fast—scanning, high-resolution orbitrap mass spectrometers and
hybrid quadrupole—time of flight mass spectrometers have made

872 | VOL.7 NO.5 | 2012 | NATURE PROTOCOLS

it possible to profile metabolites in MS mode with identification
in MS/MS mode with high resolution'*%.

We use relative quantification across biological conditions
wherein one or more of the profiled biological samples serve as a
reference control. Relative quantification relies on a reproducible
platform and it is recommended that samples be run in tripli-
cate so that statistics such as f tests can be applied for quality
control and three samples per biological condition are required
for some informatics software packages such as MetaboAnalyst
(http://www.metaboanalyst.ca, free online software)". Biological
triplicates rather than technical triplicates are suggested, as the
platform routinely shows R? values 20.97 for replicate analyses.
If one chooses to use a simple ratio or fold change analysis for
quantifying between samples, it is best to first normalize all
samples, including replicates and/or triplicates, according to
the median peak area in each sample; this should be followed by
taking an average of the triplicates per biological sample. One can
then calculate fold changes between biological sample conditions.
Alternatively, we recommend that MetaboAnalyst be used for sta-
tistically analyzing the data as well as for creating heat maps and
clustergrams, and for performing principal component analysis
(PCA) and pathway analysis'>'*. Absolute quantification (not
covered here) can be achieved using a concentration curve for
each metabolite of interest or by spiking the samples using an
internal standard®.

The important features of our platform are that (i) this is a sin-
gle normal-phase hydrophilic interaction liquid chromatographic
(HILIC) run, (ii) the MS acquisition time per sample is short (~15 min)
and (iii) more than 250 compounds are targeted without chroma-
tographically scheduled SRMs.

For HILIC-based chromatography, we use amide-capped ethylene-
bridged hybrid (BEH) particles (XBridge; http://www.waters.com/
webassets/cms/library/docs/720003232en.pdf) and amino-capped
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silica particles (Luna; http://www.phenomenex.com/Products/
HPLCDetail/Luna/NH2?returnURL=/Products/Search/HPLC)
Other modes of chromatography such as reversed-phase (C,,)
can be used effectively, but HILIC chromatography at high pH
(~9.0) captures the highest number of metabolites from a single
analysis, as demonstrated in several of our publications relating to
cancer metabolism!*?.

Mass spectrometry with positive/negative polarity switching allows
for the acquisition of Q1/Q3 MRM transition mass spectra in both ion-
ization modes from a single LC-MS/MS analysis*~°. The 5500 QTRAP
hybrid dual quadrupole linear ion trap mass spectrometer has the ability
to switch polarities in <50-ms, allowing one to use positive/negative
switching without substantial delay time in the duty cycle.

Similar platforms have been implemented?”*, whereas previ-
ous SRM-based metabolomics platforms typically use multiple
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LC-MS/MS runs and chromatography platforms per sample. We
also show the highest number of polar metabolites from a single
targeted LC-MS/MS experiment to date. It is important to note that
the current number of targeted compounds (258) can be increased
without adding substantial cycle time, because as low as a 2-ms
dwell time can be used on the 5500 QTRAP without marked losses
in sensitivity. Although this protocol focuses on formalin-fixed
paraffin-embedded (FFPE) tissue, fresh and/or frozen bodily
tissue, bodily fluids and cultured cells, the platform could be used
to analyze polar metabolites from any biological source regardless
of organism or tissue. However, we recommend that more than
two to three times the amount (weight) of recommended tissue
be used when analyzing adipose tissue because of the very high
lipid content. Also, we have not worked out metabolite extraction
methods from bone or related skeletal material.

MATERIALS

REAGENTS

+ LC/MS-grade water (Fisher Scientific, cat. no. MWX00011)

+ LC/MS-grade acetonitrile (Fisher Scientific, cat. no. AC61514-0025)

+ HPLC-grade methanol (Fisher Scientific, cat. no. AC61009-0040)

+ Ammonium hydroxide (25% (wt/vol) solution, puriss grade; Fisher
Scientific, cat. no. 1336-21-6)

* Ammonium acetate crystals (puriss grade; Fisher Scientific, 09688)

EQUIPMENT

+ Amide XBridge HPLC column (3.5 m; 4.6 mm inner diameter (i.d.) x 100 mm
length; Waters, cat. no. 186004868)

+ Luna NH2 HPLC column (5.0 um; 4.6 mm i.d. X 50 mm length;

Phenomenex, cat. no. 00B-4378-E0) A CRITICAL The Waters Amide

Xbridge columns are robust, reproducible and have a long life for

metabolomics analyses (21,000 analyses with high reproducibility).

Alternatively, the Phenomenex Luna NH2 columns can be used as they

produce slightly higher metabolite peak separation than the amide

column in our hands; however; the NH2 columns have a considerably

shorter life at pH = 9.0 with typically approximately 500-700 highly

reproducible analyses.

Security Guard universal HPLC guard cartridge (Phenomenex,

cat. no. AJ0-4301)

5500 QTRAP hybrid dual quadrupole ion trap mass spectrometer (AB/

SCIEX) capable of polarity switching times <50 ms at 3- to 4-ms dwell time

or other triple quadrupole mass spectrometer with similar specifications

(http://www.absciex.com/products/mass-spectrometers/qtrap-systems/

ab-sciex-qtrap-5500-lcmsms-system)

+ Prominence HPLC (Shimadzu) or generic HPLC instrument capable of high
run-to-run reproducibility and capable of flow rates in the several hundred
microliters per minute range (up to ~1 ml min~"). The HPLC must have a
chilled (4-8 °C) autosampler attached to the unit capable of holding all of
the metabolite samples in your sample set (approximately 24-96). Note that
equipment from many HPLC vendors can be used for this purpose

+ SpeedVac concentrator or lyophilizer (for drying metabolite supernatants
to a pellet; Thermo Electron or other vendor)

+ Polypropylene microcentrifuge tubes (1.5 ml; Fisher Scientific,
cat. no. 05-408-129)

+ Polypropylene microcentrifuge tubes (2.0 ml; Fisher Scientific,
cat. no. 02-682-558)

« Polypropylene autosampler vials with caps (12 X 32 mm? National Scientific,
cat. no. C4000-87)

+ Small pestle or tissue grinder for use in 1.5-2.0 ml microcentrifuge tubes

* MATLAB R2010a (MathWorks)

+ Cell scraper

REAGENT SETUP

Tissue For soft bodily tissue samples including tumor tissue, start with approxi-

mately 10-15 mg of solid tissue or the equivalent of at least two million cells,

place in a 1.5-ml microcentrifuge tube and snap-freeze the tissue sample in
liquid nitrogen (—196 °C).

Fluid For bodily fluid samples, start with 150-250 pl of serum, plasma, urine
or cerebrospinal fluid (CSF) in a 1.5-ml microcentrifuge tube.

FFPE For formalin-fixed tissue samples, start with approximately

30—40 um FFPE slice for extraction (discard the top slice) from the

tissue block. Alternatively, approximately 1-2 mm? cores can be

extracted from the block in lieu of slices after discarding a top slice

layer to reduce contamination.

Cells For cultured cells, use the equivalent of >2-3 million cells, or one
10-cm? plate at ~80% confluence.

Methanol (80% (vol/vol)) To prepare the 80% (vol/vol) methanol solution
for metabolite extraction, add 40 ml of HPLC-grade methanol to a 50-ml
polypropylene conical tube, followed by 10 ml of LC/MS-grade water
solution; cap and gently shake to mix. Store in —80 °C freezer for 4-6 h

for further use. Note that methanol can be replaced or combined with
acetonitrile to an 80% (vol/vol) total organic concentration for metabolite
extractions, although methanol is preferred for intracellular metabolites
and most applications®*".

HPLC buffer A (pH = 9.0: 95% (vol/vol) water, 5% (vol/vol) acetonitrile,

20 mM ammonium hydroxide, 20 mM ammonium acetate) To prepare
HPLC A buffer, add 1.54 g of ammonium acetate to a 1-liter HPLC bottle and
add 950 pl of LC/MS grade water and gently stir by rotating the bottle. Next,
add 2.8 ml of 25% (wt/vol) ammonium hydroxide solution followed by 50 ml
of HPLC grade acetonitrile. Cap the bottle and mix by gently shaking. Check
the pH to assure it is at 9.0. Buffer A can be stored for up to 2 weeks at room
temperature (~20-25 °C).

HPLC B buffer B (100% acetonitrile) To prepare HPLC B buffer, add 1 liter
of LC/MS grade acetonitrile to a 1-liter HPLC bottle, and then cap the bottle.
Buffer B (acetonitrile) can be stored for up to 6 months at room temperature.
EQUIPMENT SETUP

Mass spectrometer Use a triple quadrupole mass spectrometer capable of a
positive/negative polarity switching time of 50 ms or below and an approxi-
mately 3- to 4-ms dwell time, such as the 5500 QTRAP or other triple quadru-
pole style mass spectrometer with similar capabilities. This allows for up to ~350
unscheduled SRM scans resulting in a sufficient number of scans (approximately
10-12) per metabolite peak in < 2.0 s using a standard HPLC. Chromatographic
scheduling of SRM is recommended if duty cycle times are close to ~2.0 s,
because an insufficient number of data points will be acquired per metabolite.
HPLC For the procedure described, a HILIC HPLC column is needed

(see EQUIPMENT). Ultra-high pressure HPLC (UHPLC) is not suitable for
this application, as the unscheduled SRM mode described here benefits from
peak widths of at least 8-10 s at full width at half height (FWHH). UHPLC
would limit the number of scans per metabolite Q1/Q3 transition.
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Software Software for SRM Q1/Q3 peak integration is needed, such as Multi- Additional software for performing PCA clustering can be used, such as Marker-
Quant 2.0 (http://www.absciex.com/products/software/multiquant-software). View 1.1 (http://www.absciex.com/products/software/markerview-software) in

In addition, you will need software for computational biology calculations addition to customized tools for creating heat maps, such as Clustergram in MAT-
and statistics, such as free online software from http://www.metaboanalyst. LAB R2010a; R, a freeware biostatistical suite (http://www.r-project.org/); and
ca/MetaboAnalyst/ that includes normalization, clustering tools, heat maps pathway analysis from KEGG IDs in TICL (http://mips.helmholtz-muenchen.
and pathway analysis. de/proj/cmp/), which is a freeware online tool.

PROCEDURE

Sample preparation: polar metabolite extraction
1| Perform extraction from bodily tissues, bodily fluids or FFPE tissues by following the steps in options A, B or C, respectively.
This protocol is also compatible with metabolite extractions from cultured cells. An example procedure for metabolite extrac-
tion from adherent cells is shown in option D. If you are using suspension cells, skip Step 1D(ii-vi), transfer the medium
with cells into a 15-ml conical tube, spin at 750g for 5 min at room temperature, remove the medium, add 4 ml of 80%
(vol/vol) methanol (-80 °C), vortex gently to stir cells, incubate for 20 min at -80 °C and proceed with 1D(vii).
(A) Extraction from bodily tissues (tumors/liver/brain/fat)
(i) Add 500 pl of 80% (vol/vol) HPLC-grade methanol (cooled to —80 °C) to fresh or frozen tissue piece(s) in a 1.5-ml
or 2.0-ml microcentrifuge tube.
(i1) Smash/grind for 1-2 min with small pestle/tissue grinder on dry ice in the tube, vortex for 1 min at 4-8 °C and
incubate for 4 h at —80 °C.
(iii) Centrifuge at 14,000g (or the highest speed) for 10 min using a refrigerated centrifuge (4-8 °C).
(iv) Transfer the supernatant to a new 1.5-ml microcentrifuge tube; store at —80°C until Step 1A(viii).
(v) Add 400 pl of 80% (vol/vol) methanol (cooled to —80 °C) to the precipitate.
(vi) Vortex for 1 min at 4-8 °C, and then incubate for 30 min at —80 °C.
(vii) Centrifuge at 14,0009 for 10 min (4-8 °C).
(viii) Transfer and combine the supernatant from both extractions.
(ix) Centrifuge again at 14,000g for 10 min (4-8 °C).
(x) Transfer the supernatant to a new 1.5-ml microcentrifuge tube.
(xi) SpeedVac/lyophilize to a pellet using no heat.
B PAUSE POINT Dried metabolite samples can be stored at —80 °C for several weeks.
(B) Extraction from bodily fluids (serum/urine/CSF)
(i) Centrifuge at 14,000g for 10 min in a cold room (4-8 °C).
(i1) Transfer the supernatant to a new 1.5-ml microcentrifuge tube.
(iii) Add enough methanol (cooled to —80 °C) to the supernatant to make a final 80% (vol/vol) methanol solution.
(iv) Gently shake to mix and incubate for 6-8 h at —80 °C.
. (v) Centrifuge at 14,000g for 10 min (4-8 °C).
@ (vi) Transfer the supernatant to a new 1.5-ml microcentrifuge tube.
= (vii) SpeedVac/lyophilize to a pellet using no heat.
B PAUSE POINT Dried metabolite samples can be stored at —80 °C for several weeks.
(C) Extraction from FFPE tissue
(i) Place curled FFPE slices or cores in a 1.5-ml microcentrifuge tube.

(i1) Prepare a water bath or heat block to 70 °C.

(iii) Add approximately 1-1.5 ml of 80% (vol/vol) methanol to the tube (enough volume to cover the slices completely)
and place the tube at 70 °C for 30-45 min. Note: less volume (approximately 0.5-1.0 ml) can be used for FFPE cores
because of their smaller size.

(iv) Remove from heat and put tube in ice to congeal the wax for 15 min.

(v) Centrifuge at 14,000g for 10 min (4-8 °C).

(v1) Transfer the supernatant to a new 1.5-ml microcentrifuge tube; chill on ice for 10 min.
i)
)
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(vii) Centrifuge again, cold (4-8 °C), at 14,0009 for 5 min.
(viii) Transfer to a new tube and SpeedVac/lyophilize the sample to dryness.
B PAUSE POINT Dried metabolite samples can be stored at —80 °C for several weeks.
(D) Extraction from adherent cell lines
(i) Change the medium of the cell plate(s) 2 h before metabolite extraction.
(ii) Aspirate the medium completely.
(iii) Put the plates on dry ice and add 4 ml of 80% (vol/vol) methanol (cooled to -80 °C).
(iv) Incubate the plates at —80 °C for 20 min.
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(v) Scrape the plates on dry ice with cell scraper.
(vi) Transfer the cell lysate/methanol mixture to a 15-ml conical tube on dry ice.

(vii) Centrifuge the tube at 14,000g for 5 min at 4-8 °C to pellet the cell debris.
(viii) Transfer the metabolite-containing supernatant to a new 15-ml conical tube on dry ice.

(ix) Add 500 pl 80% (vol/vol) methanol (—80 °C) to the pellet in a 15-ml tube and vortex for 1 min at 4-8 °C.

(x) Spin the tubes at 14,000g for 5 min at 4-8 °C.

(xi) Transfer the supernatant to a 50-ml conical tube on dry ice (from Step 1D(viii)).
(xii) Divide and transfer 4.5 ml of total extraction buffer into three 1.5-ml microcentrifuge tubes (1.5 ml in each tube).
(xiii) SpeedVac/lyophilize to a pellet using no heat.

B PAUSE POINT Dried metabolite samples can be stored at —80 °C for several weeks.

Preparing the instrument for acquisition

2| Create an instrument method in SRM mode (also called MRM when more fragments are incorporated) according to the
manufacturer’s acquisition software. Enter the Q1 (precursor ion) and Q3 (fragment ion) transitions, the metabolite name,
the dwell time and the appropriate collision energies (CEs) for both positive and negative ion modes. It is not necessary to
use scheduled SRM mode for this method, as the instruments cited are capable of scanning the 289 SRM transition list in
1.55 s using a 3-ms dwell time, producing approximately 10-14 scans per metabolite peak.

o
3 3| Always select Q1 and Q3 transitions to UNIT resolution for optimal metabolite ion isolation and selectivity. In addition,
% ensure that the polarity switching (settling) time is set to the lowest setting possible (50 ms for the 5500 QTRAP).
[2]
c 4| Check that the source conditions are suited to high flow rates from the HPLC. For the 5500 QTRAP only, the source and
= compound settings should be as follows for both positive and negative ion modes:
<
¢ Temperature 475 °C
=
g“ Curtain gas 20-25 (nitrogen)
E Collision gas High (nitrogen)
; Ion source gas 1 33
=
© Ton source gas 2 33
z
g Declustering potential +93 in positive ion mode/-93 in negative ion mode
N
© Entrance potential +10 in positive ion mode/-10 in negative ion mode
Collision cell exit potential +10 in positive ion mode/-10 in negative ion mode

Y

@ 5| Set up the generic HPLC gradient as follows:

Flow rate Approximately 350-400 pl min-* (back pressure
should not exceed ~3,000 p.s.i. at 2% (vol/vol) B)

85% (vol/vol) B 0.0 min
85% B to 30% B 3.0 min
30% B to 2% B 12.0 min
2% B 15.0 min
2% B to 85% B 16.0 min

85% 23.0 min

Metabolite sample preparation

6| For each metabolite of interest, prepare and run a standard compound to ensure the proper chromatographic elution
time on your particular system. It should be prepared in LC/MS-grade water at a concentration of ~1 uM. Before running a
real biological sample, one should also prepare a ‘standard” sample to be run as the first sample preceding a biological
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sample set to ensure that the LC-MS system is operating efficiently (sufficient metabolite separation on the HPLC column,
well-calibrated MS with proper sensitivity). The sample could be a well-characterized metabolite extract from a cell line or
tissue source. One should achieve at least 180-200 unique quantifiable metabolites from this test sample. As the -coA
derivatives tend to be some of the weakest metabolite responses by SRM in our platform, one should be able to quantify
acetyl-coA in positive ion mode (peak area in the 10 range or greater) if samples were prepared properly and sufficient
metabolite material is available. In addition, hexose phosphate, a metabolite with a good response in our platform, should
be present with peak areas in the lower 10° range or greater.

7| Add ~20 pl of LC/MS grade water to resuspend each standard sample and each biological sample just before
LC-MS/MS analysis.

8| Inject approximately 5-10 pl of sample onto the LC-MS/MS system using an autosampler (do not inject more than half
of the sample in case of a system failure, and inject no more than ~5 pl if technical triplicate runs are desired).

Peak integration

9| Once the SRM data are acquired, peaks must be integrated in order to generate chromatographic peak areas used for
quantification across the sample set. Use a suitable software platform for peak area integration, such as MultiQuant 2.0
from AB/SCIEX (http://www.absciex.com/products/software/multiquant-software). Ideally, standard compounds from the
metabolites of interest should be tested on the platform to assure proper chromatographic elution times; however, the
largest SRM peak in the chromatogram is typically correct for approximately 80-90% of the targeted metabolites for
carefully selected Q1/Q3 transitions, typically between ~4 and 11 min (the majority of peaks appear between 6.0 and
8.0 min) in elution time.

10| Use the MultiQuant v2.0 software to integrate the peak areas from the Q3 TIC values across the chromatographic elution.
If sufficient sample is present, a single dominant peak will typically be present for most detectable compounds.

For MultiQuant peak integration settings, use the following:

Algorithm MQ4

Smoothing points 2.0

Retention time (RT) half window 15-20 s (varies depending on chromatographic reproducibility)
Update expected RT No

Do not check ‘report largest peak’ box

Min peak width 8 points

Min peak height 750 (varies depending on sensitivity)
Noise (%) 40

Baseline subwindow 1.7 min

Peak splitting 3 points

11| Select a representative control sample and manually scroll through each metabolite peak to ensure that the proper peaks
are selected for integration over the entire data set. If there is an error with peak selection, one can manually select the
peak of interest or change the integration parameters for a particular Q1/Q3 transition.

A CRITICAL STEP It is important to run a standard compound to ensure the proper chromatographic elution time on your
particular system, especially if multiple peaks are present per Q1/Q3 transition. This is essential when incorporating new
compounds into your transition list. Previous knowledge of the compound of interest and the chromatography can also

be used to identify the correct peak for integration. SRM transitions can be obtained from public mass spectral databases
such as MassBank (http://www.massbank.jp/) or the Human Metabolome Database (HMDB; http://www.hmdb.ca/).

? TROUBLESHOOTING
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Sample Name 032610xy2e151 032610xy2e152 032610xy2e153 032610xy2£301 032610xy2£302 032610xy2E303
1,3-diphopshateglycerate 536454.9233 413098.637 5428067131  582675.3685  6£67309.3643 539606111
- = 3-phospho-ses 3101064.273 3322130.806 1890258.722  2049840.683  2300053.593  1767775.1%9
glucose.1-phosphate 544166.9834  46B0G6.7088  865997.5975  963915.7736  942569.M485  $41332.3727)
T glucose.6-phosphate 1461391121 118142111  12568157.436  1753710.683  1718123.586 1761014.28
" e fructose.6-phosphate 2049805.207 1526835.723 2050798.12 2099733774  1570151.262  1586805.052
ik phosphoenolpyruvate 5425737303 7166020413  697045.0112 1316318.153  3699110.12  128707L94
e {2l 3-phosphoglycerate 3523185.018 2423991059 327842456 3684093.857 11043167.28  6043378.238
fructose.1,6-bisphosphate 9670439409  6877636.220 10653361.96  11129759.65  15268906.63  13167693.11
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lactate 109837523.3 8675915477  122434117.1  124536589.5  129434848.4  126864395.7

Figure 1 | Metabolomics platform schematic. Overview of the targeted LC-MS/MS experiment for polar metabolite profiling via SRM, using positive/negative
switching from a single 15-min HILIC column run while targeting more than 250 compounds.

? TROUBLESHOOTING

The dried metabolite pellet appears to be very large and fluffy

This may indicate contamination with large molecules (protein, DNA, lipids and so on). Ensure that the appropriate amount
of methanol and/or acetonitrile was used in extraction (at least 80% (vol/vol)), incubation time was sufficient at —80 °C,

and that the sample was spun at the highest speed before removing the supernatant (polar metabolites). The pellet should
be less than 15 ul liquid equivalent in volume in a 1.5-ml microcentrifuge tube.

The mass spectrometer is not showing any Q1/Q3 transition peaks above the baseline

This would indicate that not enough metabolite content is on the HPLC column during the acquisition. Ensure that HPLC
buffers and collision and source gases are sufficient, and that the column or tubing is not leaking. Is the instrument well
calibrated in both positive and negative ion mode? How many cells or how much tissue was used? It is possible that more
sample quantity is needed (equivalent of >2 million cells). In addition, the ion source area has a tendency to get very dirty
using the conditions described in this protocol, so routine source cleaning is necessary.

The metabolite peaks are either not being retained or eluting very late on the HPLC column

Are your HPLC buffer concentrations and pH correct? Are the HPLC A and B pumps properly purged to remove air in pumps?
If so, this may indicate that either your pre-column filter is clogged or that you need to change or clean your HPLC column
due to passivation or contamination. First, try changing the pre-column filter followed by an analytical column change.

Some metabolites are never detected no matter what I change or what concentrations I inject

It is possible that the metabolite Q1/Q3 values are not optimal or incorrect or that the CE selected is not ideal for the
selected fragmentation event. Also, the particular metabolite of interest may exist in very low concentrations in your
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Figure 2 | Reproducibility and heat maps from cancer

cell metabolomics. (a) Reproducibility of cancer cell
extracts by polar metabolomics profiling platform. Typical
R? values across biological replicates in a data set from
293T embryonic kidney and H929 multiple myeloma cells
are shown. (b) Unsupervised hierarchical clustering heat
map of metabolites from both H929 and 293T cancer

cells stimulated with the growth factors EGF and insulin
across different time points (0, 15, 30 min). (c) PCA
clustering of polar metabolites from the same 293T and
H929 human cancer cell extracts with EGF and insulin
stimulation, showing different clustering groups according
to incubation time of growth factor stimulation. (d) Fold
changes of individual glycolytic intermediates upon acute
serum stimulation in 293T and H929 cells. Western blots
of key signaling nodes such as phosphorylated AKT (pAKT)
correlate with glucose uptake in cancers.
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biological matrix or it may degrade quickly. For example, the -coA derivatives degrade quickly and are more difficult to detect
than other metabolites. Other possibilities are that methanol or acetonitrile are not ideal for the metabolite extraction or
that the chromatography used is not suitable for the compound of interest.

® TIMING

From tissue/cells/fluid/FFPE collection to sample injection of metabolite extracts: ~4-6 h, mainly depending upon the drying

speed of the SpeedVac/lyophilizer

Total LC-MS/MS run time: 23 min (15 min MS acquisition) from injection to injection
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Figure 3 | In vivo metabolomics profiling. (a) The PCA clustering from extracted polar metabolites from cerebrospinal fluid (CSF) from 20 patients, 10

of which present with gliomas. Different disease stages are highlighted. (b) Hierarchical clustergram from polar metabolites that were extracted from
formalin-fixed paraffin-embedded (FFPE) tissue cores from normal (Norm) lung and kidney tissue and from acute myeloid leukemia (AML) from kidney and
lymphangioleiomyomatosis (LAM) lung disease. The data show that distinct clusters can be obtained from fixed tissue samples.

Peak integration and verification of raw data: ~1 h per data set
Data analysis using various bioinformatics software tools: variable, depending on the degree of interpretation

ANTICIPATED RESULTS

Figure 1 shows an overview of the metabolomics platform described in this protocol. Extracted metabolites are run using a
5500 QTRAP LC-MS/MS system via SRM followed by Q3 peak area integration using MultiQuant 2.0 software. This peak area
output is considered to be the raw data from the metabolomics profiling experiment for further informatics processing. Be
aware that some metabolites from some biological conditions will show no data (‘N/A"in the table). This is due to either low
metabolite concentration below the instrument threshold for detection, metabolite degradation, poor fragmentation or poor
ionization efficiency for a specific metabolite. From 258 unique metabolites (289 transitions), we typically acquire robust
data for ~200 unique metabolites when sufficient sample quantity is present. It is important to note that the data do not
represent absolute concentrations of metabolites so peak area values can only be used relative to a control (reference)
sample. However, one can perform a standard curve analysis using known concentrations of a standard compound for
absolute quantification if needed, or a stable isotope-labeled metabolite can be spiked into a sample for quantitative
reference®*?, Supplementary Table 1 contains 289 Q1/Q3 transition lists representing 258 unique polar metabolites using
both negative and positive ion modes along with CEs, chemical formulas, dwell times and database identifiers (KEGG, HMDB
or PubChem) for the targeted metabolites. Some metabolites are targeted in both positive and negative ion modes as they
show response in both ionization modes; however, the chromatography mode used and the pH of HPLC buffers can influence
the response in a particular ionization mode.

Figure 2a shows a typical example of the reproducibility of two biological replicate analyses by Pearson correlation with
~¢4 orders of magnitude of SRM dynamic range. Notice the highly reproducible R? value for both 293T and H929 cell extracts.
Average replicate reproducibility is ~0.986 (R?) for most data sets and primarily represents biological sample variability, and,
to a lesser extent, technical variability. Figure 2b shows an unsupervised hierarchical heat map of more than 200 unique
metabolites from 293T embryonic kidney-derived cells and H929 multiple myeloma plasma cells derived from bone marrow
that were treated with epidermal growth factor (EGF) and insulin at 15 min and 30 min of stimulation after overnight serum
starvation. This heat map was created using MetaboAnalyst software (distance was calculated using Pearson and clustering
using Ward). The data show that the metabolites mostly cluster according to cell type rather than growth factor stimulation.
293T cells were more responsive to different growth factor stimulation times. Figure 2c shows the PCA (PC1 versus PC2)
clustergram created using MarkerView software from the same 293T and H929 cells treated with EGF or insulin for 15 min and
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30 min as in Figure 2a. The data show three different clusters on the basis of the polar metabolic profile. Although H929
cells are less responsive to growth factor stimulation, 293T cells are responsive and form two distinct clusters, separated
mainly by the time of stimulation rather than the specific growth factor used. This may be explained by noting that 293T
cells have very high activation levels of both AKT and extracellular signal-regulated kinase (ERK) compared with H929 cells.
Figure 2d shows the fold change of glycolytic intermediates for 20 min of acute serum stimulation with 10% (vol/vol) FBS
versus cells that were serum starved overnight. The glycolytic intermediates from 293T cells are highly responsive to serum
(glucose uptake), whereas RPMI-8226 and H929 multiple myeloma cell lines show lower glycolytic response. Compared with
293T cells, phosphoenolpyruvate does not increase with FBS stimulation with little to no AKT activation. Western blots are
shown for pAKT (S473) and pERK1/2 with relevant controls for serum-fed conditions. The glycolytic responses directly
correlate with pAKT expression levels, but not necessarily with pERK levels in the multiple myeloma cells tested. It has been
established in the literature that glycolysis is closely related to AKT activation®*-**. Although RPMI-8226 and H929 cells do
not perform glycolysis to a marked extent upon acute serum stimulation, the cells still produce both pyruvate and lactate to
maintain their growth in culture. In addition to cancer cells, we have developed methods for profiling tumor tissue, bodily
fluids and FFPE tissue samples'®?. Figure 3a shows a PCA cluster plot from nearly 150 polar metabolites extracted from CSF
from ten cancer patients and ten patients without cancer. Note that we can distinguish between different patient groups
using metabolic signatures according to PCA, including advanced disease, early-stage disease, and two different groups of
patients without cancer from whom CSF was extracted at two different locations. Figure 3b shows hierarchical clustering
via the Ward method in MetaboAnalyst from FFPE-extracted polar metabolites from normal lung and kidney tissue as well

as acute myeloid leukemia from kidney and lymphangioleiomyomatosis lung disease. By using ~135 robustly detected
metabolites from 1-mm? cores extracted from fixed tissue blocks, the clustergram shows that the metabolites mostly cluster
according to disease state and tissue type. The data show that stored tissue samples can be used for patient classification
and potentially for interrogating metabolic pathways.

Note: Supplementary information is available via the HTML version of this article. 7. Kitteringham, N.R., Jenkins, R.E., Lane, C.S., Elliott, V.L. & Park, B.K.
Multiple reaction monitoring for quantitative biomarker analysis in
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