UC Davis
UC Davis Previously Published Works

Title
Metabolite Measurement: Pitfalls to Avoid and Practices to Follow

Permalink
https://escholarship.org/uc/item/3xq660ci

Journal
Annual Review of Biochemistry, 86(1)

ISSN
0066-4154

Authors

Lu, Wenyun
Su, Xiaoyang
Klein, Matthias S

Publication Date
2017-06-20

DOI
10.1146/annurev-biochem-061516-044952

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3xg660cf
https://escholarship.org/uc/item/3xg660cf#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Annu Rev Biochem. Author manuscript; available in PMC 2018 June 20.

-, HHS Public Access
«

Published in final edited form as:
Annu Rev Biochem. 2017 June 20; 86: 277-304. doi:10.1146/annurev-biochem-061516-044952.

Metabolite Measurement: Pitfalls to Avoid and Practices to
Follow

Wenyun Lul, Xiaoyang Sul, Matthias S. Klein?, lan A. Lewis?, Oliver Fiehn34, and Joshua D.
Rabinowitz!

1Lewis Sigler Institute for Integrative Genomics and Department of Chemistry, Princeton
University, Princeton, New Jersey 08544

2Department of Biological Science, University of Calgary, Calgary, Alberta T2N 1N4, Canada

SNational Institutes of Health West Coast Metabolomics Center, University of California, Davis,
California 95616

“Department of Biochemistry, King Abdulaziz University, Jeddah, Saudi Arabia

Abstract

Metabolites are the small biological molecules involved in energy conversion and biosynthesis.
Studying metabolism is inherently challenging due to metabolites’ reactivity, structural diversity,
and broad concentration range. Herein, we review the common pitfalls encountered in
metabolomics and provide concrete guidelines for obtaining accurate metabolite measurements,
focusing on water-soluble primary metabolites. We show how seemingly straightforward sample
preparation methods can introduce systematic errors (e.g., owing to interconversion among
metabolites) and how proper selection of quenching solvent (e.g., acidic
acetonitrile:methanol:water) can mitigate such problems. We discuss the specific strengths,
pitfalls, and best practices for each common analytical platform: liquid chromatography-mass
spectrometry (LC-MS), gas chromatography-mass spectrometry (GC-MS), nuclear magnetic
resonance (NMR), and enzyme assays. Together this information provides a pragmatic knowledge
base for carrying out biologically informative metabolite measurements.

Keywords
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1. SCOPE OF THE CHALLENGE

In contrast to DNA, RNA, and proteins, which are made by genetically encoded
polymerization of a small number of building blocks, metabolites do not follow a fixed
structural template and accordingly have diverse physical properties. As a result, no single
analytical tool can measure all metabolites. In addition, the complete scope of metabolic
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networks remains unknown, and this uncertainty complicates metabolite analysis because a
definitive list of relevant analytes (analogous to genes in the genome) is lacking. The Human
Metabolome Database (HMDB) (1, 2) is a good illustration of this uncertainty: The HMDB
has identified more than 40,000 putative human metabolites, but only 680 of the HMDB’s
water-soluble compounds have been mapped to standard metabolic pathways in humans (3).
The biological significance of many unmapped compounds remains unknown.

Metabolites can be classified in both biological and chemical dimensions. Biologically,
primary metabolites are required for growth, development, and reproduction, whereas
secondary metabolites are involved in communication, defense, or other life cycle-
independent functions. Chemically, water-soluble versus insoluble compounds must be
extracted in different solvents, and therefore, solubility plays a major role in real-world
metabolomics studies. Primary water-soluble metabolites are key players in the conversion
of nutrients into usable energy, provide the building blocks for biomass, turn over rapidly,
and collectively carry the vast majority of metabolic flux. They are among the most
evolutionarily conserved biomolecules.

This review focuses on the practical challenges that are encountered in the analysis of water-
soluble primary metabolites with particular attention to issues arising from their reactivity
and fast cellular turnover. These issues are substantially different from those in analyzing
lipids, whose measurements were discussed in a previous article (4). We begin by discussing
quenching and extraction, steps that are nearly universal in metabolite measurement and
critical to measurement accuracy. This is followed by in-depth discussion of liquid
chromatography-mass spectrometry (LC-MS), an important and versatile metabolite
measurement technology. Several general issues in metabolite quantitation are also
illustrated within the context of LC-MS. We then discuss important alternative measurement
approaches, including gas chromatography-mass spectrometry (GC-MS), nuclear magnetic
resonance (NMR), and enzyme assays. Throughout, we focus on both the strengths and
weaknesses of each technology, with an eye on potential pitfalls and how they can be
avoided.

2. ABSOLUTE VERSUS RELATIVE QUANTITATION

In most cases, the absolute concentration of a metabolite cannot be determined based solely
on the intensity of the associated instrument signal. For example, in LC-MS, different
metabolites ionize with dramatically different efficiencies. Thus, depending on the
metabolite, the same number of ion counts can reflect a millimolar or nanomolar
concentration in the sample. A standard curve shows the relationship between signal
intensity and analyte concentration. When a signal falls in the linear range of the standard
curve, a relative signal change equals a fold concentration change. When the signals from
different biological samples fall out of the linear range, fold changes can be either under- or
overestimated.

Absolute metabolite concentrations provide additional information. They determine enzyme
binding-site occupancies, the thermodynamics of metabolic reactions, and the relevant
concentration range for biochemical experiments. There are two ways to determine absolute
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concentrations: by comparison to internal standards (for MS, this is accomplished by
measuring intensity difference between 13C or 15N labeled standards and unlabeled
metabolites; for NMR, a single reference metabolite can frequently be used) or by external
comparison to metabolite standards prepared at a range of concentrations. To account for
matrix effects, external calibration curves are preferably made by adding standards into
samples. To equate losses during extraction and handling between standards and endogenous
analyte, standards should be added in the original extraction solvent, not to the final samples.

Although isotopic internal standards are both convenient and reliable, they are not
commercially available for many metabolites. Accordingly, it is sometimes more pragmatic
to feed cells with a labeled nutrient (e.g., 13Cg-glucose) and compare the levels of labeled
intracellular metabolites with unlabeled standards. In such experiments, correction for
incomplete cellular metabolite labeling is important. Detailed methods for this purpose are
provided in Reference 5. Using this approach, we have measured absolute concentrations for
~100 of the most important metabolites in Escherichia coli, yeast, and mammalian cells (6,
7). Once such absolute concentration measurements have been made, absolute concentration
measurements in related specimens can be made by relative quantitation, multiplying the
known absolute concentration in the previously measured sample by the experimentally
observed fold change in the new condition.

3. QUENCHING

The goal of quenching and extraction is to produce a stable extract that quantitatively
reflects the metabolites present in the biological specimen of interest. Quenching is
particularly important for highly metabolically active specimens like cells and tissues and is
of less concern for serum, plasma, or urine specimens. Two main problems can arise during
quenching: (&) perturbation of metabolite levels in the harvesting steps or () incomplete or
insufficiently fast termination of enzyme activity during quenching. For analysis of primary
metabolites from cellular and tissue samples, rapid quenching is necessary as the turnover
rate can be on the order of 1 s for compounds like ATP and glucose 6-phosphate (8-12).

For cellular studies, the first step in quenching is isolation of the cells from media. Pelleting
is slow and perturbs the nutrient environment. Accordingly, for harvesting from suspension
cultures, we recommend fast filtration followed by immediately placing the filter in
quenching solvent (5). For adherent cultures, we prefer to simply aspirate the media and
directly add the quenching solvent (13).

Washing with phosphate-buffered saline (PBS), although typically considered innocuous, is
a metabolic perturbation as it removes all media nutrients. Cold PBS is not necessarily better
because cold shock can lead to leakage of intracellular metabolites (8, 14). Thus, unless
there are compelling reasons for washing, we avoid it. This makes the downstream analytical
chemistry somewhat more challenging, but that is a small price to pay compared to the risk
of systematic error. Nevertheless, sometimes there are compelling reasons for washing. For
example, in standard mammalian tissue culture, it is infeasible to measure intracellular
amino acids without washing due to the high concentrations of media amino acids. In such
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cases, we typically wash quickly (<10 s) with warm PBS. Important findings are then
validated, whenever possible, using an orthogonal approach.

In terms of quenching metabolism, the basic requirement is to stop enzymatic activity. This
is achieved with some combination of organic solvent, cold, heat, acid, or base. For tissue
specimens, the typical first step is deep freezing at liquid nitrogen temperature. Owing to
slow heat transfer from liquid nitrogen into warm biological specimens, smashing the tissue
against precooled metal plates (Wohlenberger clamp) is faster (15). For cultured cells, it is
more common to directly add hot or cold organic solvent. A classical approach, which works
well for many analytes, is boiling ethanol (16-18). Although the boiling solvent raises
concerns about thermal degradation, it reliably denatures enzymes. In contrast, cold organic
solvent may not fully denature enzymes or may do so too slowly such that some metabolic
reactions continue, interconverting metabolites during the quenching process. Incomplete
quenching can be experimentally tracked by looking for transformations of isotope-labeled
standards spiked into the quenching solvent (19). Figure 1 shows two examples: (&)
transformation of 3-phosphoglycerate into phosphoenolpyruvate and (6) ATP into ADP.
Phosphoenolpyruvate has a higher standard free energy then 3-phosphoglycerate; however,
phosphoenolpyruvate’s concentration in most biological settings is very low, and,
accordingly, residual enolase activity leads to its production. We observe that
interconversion during quenching is prevented by use of acidic solvent: addition of 0.1 M
(mol/L) formic acid (~0.5% v/v) (0.02 M is insufficient) (Figure 1). After metabolism is
quenched, we neutralize with ammonium bicarbonate (NH4HCO3) to avoid acid-catalyzed
degradation in the resulting extract. Although we find that acid generally accelerates
quenching, even brief exposure to acid may be deleterious for some analytes. Also, enzymes
in certain organisms (such as acid-tolerant microbes) may be acid resistant. Thus, when
working on new analytes or organisms, spiking experiments should be performed to check
for effective quenching and analyte stability. Nevertheless, for common organisms
(including mammals) and metabolites, quenching in cold acidic organic solvent is effective.

4. EXTRACTION

The goal of extraction is to obtain quantitative yields of metabolites in the specimen.
Because certain metabolites may be formed during quenching or extraction, more is not
always better. For example, some low-energy metabolites are also low-concentration ones
(e.g., [ATP] > [ADP] > [AMP] > [adenosine]). High yields of such metabolites do not
indicate successful extraction, but rather artifactual production from more abundant higher-
energy species. Another consideration is that some metabolites may be protein bound. The
total metabolome concentration is approximately 300 mM, whereas the protein
concentration is approximately 7 mM (6), which implies that most cellular metabolites are in
free form. However, certain metabolites, such as NADP*, both bind to many proteins and are
present in cells at low concentration; such metabolites may be largely protein bound.
Depending on the application, users might ideally want to extract only free metabolites, but
effective methods for selective extraction have yet to be developed.
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4.1. Extraction Methods

Cells can be extracted by adding organic solvent. Tissue samples need to first be pulverized
into fine powders (11, 20-23). This can be achieved by manual grinding using a mortar and
pestle at a cold temperature. Alternatively, a cryomill machine (such as the one
manufactured by Retsch GmbH, Germany) operated at a liquid nitrogen temperature is
effective. Extraction can be performed by mixing the specimen and solvent (e.g., on a
shaker) at a cold temperature for approximately 15 min. Studies involving serial extraction
show substantial metabolite yields (typically 20-40% of the total) in a second round of
extraction and diminishing returns thereafter (24). Therefore, we usually perform two rounds
of extraction.

Existing literature is ambiguous about the best solvent systems for metabolite extraction (12,
25-31). This reflects that many metabolites, including amino acids, Krebs cycle
intermediates, and glycolytic intermediates, are adequately extracted using a variety of
solvents. It further reflects the failure of many studies to monitor harder to extract
compounds, such as ATP and NADPH. The reported concentrations of cellular ATP are
notoriously inconsistent because of incomplete quenching and incomplete extraction. In our
experience, for both cell and tissue specimens, 40:40:20 acetonitrile:methanol:water with
0.1M formic acid (and subsequent neutralization with ammonium bicarbonate) is generally
an effective solvent system for both quenching and extraction, including for ATP and other
high-energy phosphorylated compounds (Figure 2) (24). We typically use approximately 1
mL of solvent mix to extract 25 mg of biological specimen. For serum and plasma, simpler
approaches like mixing with methanol may be sufficient to precipitate protein and thereby
yield an analysis-ready sample. Identification of the best extraction procedures, as a function
of sample type and compounds of interest, is an important ongoing area of investigation.

4.2. Sample Degradation and Metabolite Interconversion After Extraction

Metabolite extracts contain a large number of chemical species, which can potentially
degrade or interconvert (32, 33). Reducing the time interval between sample preparation and
analysis helps mitigate such problems. In some cases, however, preservatives are needed. For
example, for folate species including ascorbic acid in the extraction solvent mitigates folate
degradation and interconversion (34, 35).

A challenge in building a well-functioning metabolite analysis pipeline is that solvents used
for quenching and extraction may interfere with downstream analysis. For example, most
organic solvents interfere with retention on reversed-phase LC. Solvent removal addresses
this problem, as well as concentrating metabolites and facilitating long-term storage (11).
During solvent removal, however, the sample becomes more concentrated, and reactions
between metabolites accelerate. We studied the recovery of selected metabolites from a
tissue extract upon drying using three different approaches: a lyophilizer, a N, evaporator, or
a room temperature Speedvac. The dried extracts were each redissolved into an equal
volume of water with 10 mM ammonium bicarbonate. Most metabolites, including ATP,
were recovered nearly quantitatively (Figure 3). By contrast, NADPH and reduced
glutathione (GSH) were depleted under all drying conditions, in part through oxidation to
NADP* and glutathione disulfide (GSSG). Because the reduced forms (NADPH and GSH)
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are substantially more abundant in cells, modest oxidation during drying strongly perturbs
the concentrations of the oxidized species and leads to substantial underestimation of the
cellular NADPH:NADP* and GSH:GSSG ratios. Thus, although drying is acceptable for
most metabolites, care must be taken with redox-active species.

4.3. Take Home Message

The above examples illustrate the potential for the loss of abundant high-energy compounds
and the gain of less-abundant, lower-energy derivatives at multiple steps in the quenching
and extraction process. Modest degradation of the abundant compounds can lead to large
fold changes in the less-abundant degradation products. Each of these errors tends to
decrease the ATP:ADP, NADPH:NADP™*, and GSH:GSSG ratios.

An equally important consideration is avoiding metabolite perturbations during the handling
steps leading up to quenching. Such biological perturbations have unpredictable directional
effects but nevertheless can be reproducible for a given system, leading to false discoveries.
For this reason, it is critical to minimize prequenching handling of cells, tissues, and animals
(36).

5. LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

Diverse analytical methods are available for quantitating extracted metabolites. The most
sensitive detection, and thus the broadest metabolome coverage, is achieved by MS-based
methods (37-41). Among MS techniques, LC-MS is the most versatile. Accordingly, we

begin by discussing LC-MS in detail. In so doing, we also cover several general issues in

MS and metabolite measurement.

In LC-MS, analytes are separated on column, ionized at an ion source, separated by a mass
analyzer, and detected. Specificity is achieved through the combination of retention time
from the column and the MS signature. Specific MS signatures can be achieved through
tandem MS (MS/MS) and/or high-resolution MS.

5.1. Mass Spectrometry

The first requirement for MS detection is ionization. Most LC-MS methods for
metabolomics rely on electrospray ionization, which works effectively for charged
metabolites. LC-MS is blind to metabolites that do not ionize. For example, cholesterol is
invisible on LC-MS with electrospray ionization. For metabolites that do not ionize via
electrospray, alternative LC ionization methods, such as atmospheric pressure chemical
ionization, are available.

Once ions are obtained, the major choice is whether to use a targeted measurement
approach, which looks only for a predetermined set of ions, or a full-scan approach that
measures all ions. The main instruments used for targeted analysis are triple quadrupoles.
These are low-resolution mass spectrometers, which use MS/MS to achieve specificity:
monitoring the fragmentation of a parent ion into a characteristic daughter ion. The first and
third quadruples act as mass filters, selecting the parent ion and daughter ion mass,
respectively. The intervening quadrupole is used to carry out the fragmentation reaction. The
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approach of monitoring for a specific parent/product pair is sometimes called selected
reaction monitoring (SRM). When multiple SRMs are performed in series (typically for
~0.05 s each), the approach is known as multiple reaction monitoring. The primary
advantage of SRM is sensitivity. The main downside is its targeted nature: The instruments
must be preprogrammed with the parent/product scan events and have finite scan capacity,
limiting the total number of metabolites (or, in tracer experiments, labeled forms) that can be
measured.

To avoid the limitations of targeted analysis, especially for studies with isotope labeling, we
prefer full-scan approaches. Full-scan LC-MS can be performed on a low-resolution mass
analyzer like a single quadrupole, but with limited sensitivity and specificity. Accordingly,
high-resolution mass analyzers are preferred: time-of-flight (TOF) or Orbitrap mass
analyzers. Specificity is achieved by resolving ions of almost identical mass. Resolution is
defined as M/AM, where M is the ion mass and AM is the minimum mass difference that
allows two ions to be distinguished. A TOF mass analyzer has a typical resolution of
10,000-40,000, whereas an Orbitrap mass analyzer can reach 400,000 (42). The TOF mass
analyzer is a long-standing technology based on the principle that lower /m/zions accelerate
faster in an electric field. Recent years have seen steady improvement in TOF performance.
Orbitraps are a relatively new type of mass analyzer, with the first commercial instrument
introduced in 2005 (43, 44). They are based on the principle of trapping ions in an
electrostatic field, with ions simultaneously circling around an inner spindle electrode and
oscillating along the electrode’s Z-axis, with the Z-axis oscillation frequency inversely
related to ion mass (45).

Both TOF and Orbitrap mass analyzers are well suited to measuring metabolites, whether
targeted or untargeted. Typical metabolomics runs detect on the order of 10,000 ion peaks,
but some of these are adducts (i.e., pairs of ions) or fragments, not molecular ions: [M+H]*
in positive mode or [M-H]™ in negative mode. Buried among these are molecular ion peaks
for a few dozen to a few hundred primary water-soluble metabolites. With knowledge of the
retention time of targeted metabolites, it is possible to read their peaks directly off the high-
resolution MS chromatograms. Moreover, it is possible to compare all peaks across
biological conditions to find ones that change significantly in response to a biological
perturbation and thus merit identification (46-48).

Quadrupoles can also be coupled to high-resolution detection in a hybrid Q-TOF or Q-
Orbitrap instrument. Even with access to such a high-resolution MS/MS instrument, we find
that high-resolution full-scan MS is the most straightforward approach for measuring large
numbers of metabolites (and their labeled forms) in parallel. The MS/MS capabilities are,
however, useful for fragmentation-based identification of unknowns, distinguishing certain
isomers and maximizing detection sensitivity for selected metabolites.

Although each of the above approaches enables specific, sensitive, and quantitative
metabolite measurement, they also share certain pitfalls, mainly related to limitations of the
upfront LC and electrospray ionization steps.
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5.2. Liquid Chromatography

A major challenge in metabolomics is the lack of a single LC method that can analyze all
metabolites. Instead, to obtain optimal coverage, one must employ multiple LC-MS
approaches (49). Reversed-phase chromatography using a C18 column, while providing
good separation of fatty acids and lipids, is not ideal for the analysis of polar metabolites due
to poor retention on column. Retention of negatively charged metabolites can be improved
by including a cationic ion-pairing agent in the running buffer (50, 51). Several different ion-
pairing agents have been used, including hexylamine and tributylamine. These also improve
the peak shape for phosphate-containing metabolites (52-54). The drawback is that the ion-
pairing agent, which takes days to wash out of an LC system, suppresses ionization of
positively charged metabolites. Thus, metabolites that only ionize in the positive ion mode,
including carnitines and S-adenosylmethionine, cannot be measured.

An alternative chromatographic approach is hydrophilic interaction chromatography
(HILIC), a variant of normal phase chromatography, which uses only water-miscible
solvents. In HILIC, metabolites bind to a polar stationary phase and are eluted with a
gradient of increasing water content (55, 56). Several different stationary phases are
available, for example, silica hydride, aminopropyl, amide, cyano, or zwitterionic (57). In
our experience, performance of HILIC is quite sensitive to the choice of column, solvent,
and gradient, with optimized methods enabling effective measurement of a wide diversity of
metabolites, as well as good separation of many isomers (52, 58). For example, Pesek et al.
(59) used a stepped gradient with acidic mobile phases on a silica hydride stationary phase
to separate leucine and isoleucine. Zhang et al. (60) separated various isomers using a
zwitterionic column. We used a slow gradient with acidic mobile phases on an aminopropyl
column to separate the isomers leucine and isoleucine and 2-aminobutyrate and 4-
aminobutyrate (61). Overall, although no single method currently provides complete isomer
resolution or primary metabolite coverage, HILIC methods continue to improve and are
probably the most versatile current choice for metabolomics aimed at primary water-soluble
metabolites.

5.3. Peak Misidentification

To convert LC-MS raw data into metabolite abundances, it is necessary to match peaks with
metabolites. To this end, we rely on the peak’s retention time and mass. In some cases, the
MS/MS fragmentation pattern can also be useful. Although the combination of retention
time and mass signature provides great specificity, peak misannotation remains a major
problem. In our experience, there are three major causes: isomers, similar molecular-weight
interferences, and in-source degradation products.

5.3.1. Isomers—Isomers are compounds with identical molecular formulas but different
structures. Important examples in metabolism include hexose phosphates/inositol
phosphates, pentose phosphates, citrate/isocitrate, leucine/isoleucine, AMP/dGMP, ATP/
dGTP, and alanine/sarcosine. Measurement of isomers is a long-standing challenge in
analytical chemistry. Isomers have identical mass, so high-resolution MS alone is not
sufficient for their separation. Possible ways to differentiate them include chromatography
separation (59), ion mobility MS (62, 63), or MS/MS fragmentation (64). In some cases,
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when isomers cannot be readily differentiated directly, they can be separated after chemical
derivatization.

Both reversed-phase ion-pairing chromatography and HILIC can separate isomeric
metabolites. Additional separation power can be achieved by MS/MS. It is well known that
the acyl tail components of glycerophospholipids can be identified by MS/MS (64). By
combining LC with MS/MS, Buescher et al. (54) measured a large number of isomers of
hexose phosphate. Some of these species were only partially separated on column, but they
generated different fragmentation product masses (including 79, 97, 169, 241). We find that,
although 3-phosphoglycerate and 2-phosphoglycerate are difficult to chromatographically
resolve, they generate different ratios of product ions of 79 (PO3™) and 97 (H,PO4"),
enabling deconvolution of their relative concentrations by linear algebra (65).

When LC and MS/MS are insufficient for separating isomers, another option is chemical
derivatization (66). For example, R-2-hydroxyglutarate and S-2-hydroxyglutarate can be
separated by LC after derivatization with diacetyl-L-tartaric anhydride (67). GC separation
using the corresponding C-acetyl-di-(D)-2-butyl esters provides similar results (68). Some
other useful derivatization reagents include dansyl chloride and N,V >
dicyclohexylcarbodiimide. Dansyl chloride reacts with amines to form stable sulfonamides,
enabling separation of leucine and isoleucine, as well as sarcosine, a-alanine, and p-alanine,
by standard reversed-phase LC (69, 70). Similar results for the alanine isomers have also
been obtained using N,V -dicyclohexylcarbodiimide as the derivatization reagent, with the
added benefit of increased detection sensitivity in positive ion mode because the reaction
products have two additional nitrogen atoms (71).

In summary, separation of isomers is important to enable proper biological interpretation of
metabolite measurements. For example, it is important to know whether an apparent
decrease in alanine could actually be the result of decreased sarcosine. Although there is still
no generic solution for separation of important metabolic isomers, GC-MS or LC-MS/MS
are often sufficient.

5.3.2. Interfering compounds—The complexity of metabolite extracts frequently results
in interferences between compounds of similar molecular weight (e.g., £ 20 ppm). A key
benefit of high-resolution MS is the ability to minimize such interferences. In this regard, it
is important to recognize the difference between mass accuracy (which in a well-calibrated
TOF or Orbitrap mass analyzer is <2 ppm) and resolving power. Accuracy reflects the ability
to properly assign mass to a single isolated ion, whereas resolving power reflects the ability
to separate ions with similar mass. A TOF instrument with < 2 ppm mass accuracy and
40,000 resolving power cannot separate ions differing in mass by <25 ppm. Thus, because of
both the continued use of low-resolution instruments and the finite resolving power of TOF
instruments, interfering compounds remain a persistent issue. A simple example involves
lysine and glutamine, two amino acids with accurate masses in positive mode of 147.1128
and 147.0764. The resolution required to distinguish these is 4,000, which is readily
achieved on a TOF or Orbitrap mass analyzer. On a triple quadruple mass spectrometer,
however, both molecules have same SRM transition of m/z 147—84. Thus, low-resolution
MS/MS alone is not sufficient to differentiate these two compounds. Isotopic tracers usually
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amplify the interfering compound issue by bringing in additional labeled features. For
example, the mass of 13C5 pyroglutamate is only 6 ppm smaller than that of 13C, asparagine
(131.04538 versus 131.04622).

When an interfering compound elutes far away from a targeted analyte, chromatography
provides a straightforward fix. Trouble arises, however, with interfering compounds that
elute near to the expected retention time of a metabolite of interest. In Figure 4, we illustrate
such a case: detection of 6-phosphogluconate with a theoretical mass of 275.0174 in
negative ion mode by reversed-phase ion-pairing chromatography coupled to a stand-alone
Orbitrap mass spectrometer operated at 100,000 resolution. Using an /7/z window of
275.0174 + 20 ppm, we detected two peaks near the expected retention time, a prominent
peak at 12.8 min and a weaker peak at 13.3 min. When using a narrower mass window of
275.0174 + 5 ppm, only the weaker peak at 13.3 minute remains. The feature at 13.3 min
was confirmed to be the 6-phosphogluconate based on coelution with the authenticated
standard. We have yet to identify the feature at 12.8 min.

5.3.3. In-source degradation products—Electrospray ionization is a complex process
and may produce many types of by-product ions: fragments owing to the simple loss of
H»0, CO,, or H3POy; products of more complicated rearrangement reactions; multiple-
charged ions such as [M+2H]2*; dimers or trimers or heterodimers; and adducts from
attachment of Na*, NH,*, K*, Fe2*, etc. In-source fragmentation both reduces the signal for
the metabolite ion and produces lower molecular-weight fragments that can mimic other
metabolites. In many cases, the fragment ion has the same molecular formula (and even
structure)as the molecular ion of anothermetabolite. Accordingly, the fragment ion cannot be
differentiated by mass resolution.

In one example, Purwaha et al. (72) reported the in-source cyclization of glutamine and
glutamate to pyroglutamate. The three compounds are separated on a column, and the m/z
channel of pyroglutamate shows peaks at each of their respective retention times. It is
important to recognize that only one of these reflects biological pyroglutamate. We observe
similar phenomena for many metabolites (61). For example, using our reversed-phase ion-
pairing method (53), citrate elutes at 13.8 min, and the corresponding mass spectrum shows
five other major ions associated with it, including three fragmentation products (Figure 5a).
These can mimic other metabolites, as seen in Figure 55, which shows mass-specific
chromatograms at the /m/z of aconitate, 2-hydroxyglutarate, and itaconic acid. The only peak
at the aconitate mass is from citrate H,O loss. There is no detectable aconitate in this
sample. There are two peaks at the 2-hydroglutarate mass, one from 2-hydroxyglutarate and
one from COy, loss from citrate. At the mass of itaconic acid, there are four peaks: itaconic
acid itself, H,O loss from 2-hydroglutarate, citraconic acid (an isomer of itaconic acid
typically formed by heating of citrate), and loss of CO, + H,0O from citrate. Other examples
abound, with one of the most important of involving nucleotides, with higher-energy species
yielding lower-energy fragments (e.g., AMP can be formed from in-source fragmentation of
ATP or ADP) (61); due to such fragmentation, energy charge determinations require
chromatographic separation.
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These examples demonstrate the need for careful selection of the correct peak in each mass-
specific chromatogram. At present, we are unaware of automated algorithms that do this
effectively. Development of ion sources that reduce in-source fragmentation could mitigate
this issue. Alternatively, more standardized chromatographic approaches would facilitate
automation of peak picking and thus accurate data interpretation.

5.4. Quantitative Error in Liquid Chromatography-Mass Spectrometry

Metabolite measurements by LC-MS are subject to many of the same quantitative
considerations as other analytical methods. These include precision (reproducibility),
sensitivity (limit of detection), and linearity (dynamic range). Each of these can be assessed
by running the authentic standards at different concentrations. Absolute signal intensity in
LC-MS can drift from day to day (and sometimes even run to run) due to various factors,
including changing ionization efficiency. For this reason, when comparing metabolite levels
across groups of samples, it is important to run the samples in a randomized or interwoven
order, rather than all samples from one group followed by all samples from another. Such
randomization of sample order is in general good practice for metabolite measurement.

LC-MS is not particularly precise. The typical relative standard deviation (RSD) for repeat
analysis of the same metabolomics sample varies by compound, with the median RSD for
well-defined peaks usually ~10% (and worse for peaks near the limit of detection). LC-MS
is, however, sensitive and has a broad linear range, typically two to four orders of magnitude.
As shown for carnitine in Figure 6, signal response often becomes sublinear at high
concentrations. The underlying reason depends on the instrument. TOF instruments are
subject to detector saturation, which blunts the signal for abundant compounds and thereby
underestimates their concentrations. By contrast, ion trap instruments, including Orbitraps,
are more often subject to trap filling that leads to across-the-board signal decreases due to a
space-charge effect. In an effort to see low-abundance peaks, it is common to overload LC-
MS systems, compromising quantitative performance.

A particularly important issue in LC-MS is ion suppression, wherein a high-abundance ion
suppresses the electrospray ionization and thus the signal of coeluting ions (73).
Electrospray ionization involves the formation of small charged droplets at the spray tip.
Evaporation of solvent from these droplets leads to increasing charge density on the droplets
and eventually emission of gas-phase ions. Because emission of any appropriately charged
ion alleviates charge accumulation, ions effectively compete to enter the gas phase. In
practice, for metabolomics, ion suppression can be caused by ion-pairing agents, salts, and
metabolites. An extreme example involves tributylamine, which is a useful ion-pairing
reagent for negative mode analysis but in positive ion mode produces a peak at /7/2186.2,
which is so strong as to suppress virtually all other signals. Biological samples contain many
different metabolites as well as salts, such as NaCl and KH,POy4, which are abundant in cell
culture medium and tissues. When these coelute with metabolites, signals are suppressed.

A related pitfall in LC-MS is differential adduct formation, wherein coelution of metabolites
and salts increases formation of adduct peaks at the expense of the metabolite molecular ion
peak. A problematic scenario is when an abundant compound or salt varies in concentration
across samples, as this can induce apparent signal changes in coeluting metabolites.
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Ways to minimize ion suppression and differential adduct formation include upfront sample
cleanup (e.g., by solid-phase extraction), sample dilution, better chromatography separation,
and the use of isotope-labeled internal standards to correct for any changes in ionization
efficiency across samples (73).In practice, we find that a combination of awareness and good
chromatography, along with restraint in not overloading the LC-MS system, usually suffices.
Because in complex samples it is difficult to rule out ion suppression, important results
should be validated with isotopic internal standards, sample dilution, or an orthogonal
measurement approach.

6. GAS CHROMATOGRAPHY-MASS SPECTROMETRY

GC-MS is a versatile technique that can measure a broad spectrum of primary water-soluble
metabolites (74). Its strength is measurement of low-molecular-weight and volatile analytes,
including small species that typically do not retain well on LC and uncharged species that
ionize poorly by electrospray. For some compound classes, especially for essential oils and
volatiles, GC and GC-MS are the only universally applicable analytical methods (75).

To obtain broad metabolome coverage, GC-MS must be coupled with up-front chemical
derivatization to increase metabolite stability and volatility. This is typically achieved by the
trimethylsilylation derivatization reaction on samples that have been completely dried. The
reaction works at room temperature with pyridine as the catalyst (76) and can be performed
manually in tubes or vials, or automatically using robotic equipment, which can be part of
GC autosamplers. Derivatization success is impacted by solvent and sample cleanliness,
dryness, and only to a lesser extent by reaction time or temperature (77).

With derivatization, GC-MS is the preferred measurement option for many metabolites that
are hard to measure by LC-electrospray ionization-MS, including very-short-chain fatty
acids and alcohols, hydroxy acids, sugars and monophosphorylated sugars (78), and sterols.
It is also well suited to measurements of amino acids, fatty acids, polyamines, aromatics,
and catecholamines. For general metabolomics, the strengths of GC-MS include outstanding
chromatographic peak sharpness and extensive mass spectral libraries for peak identification
(79), such as the NIST14 Mass Spectral Library (80). The effectiveness of GC as a
separation method takes the pressure off MS analysis, with single quadruple detection cost
effective and robust. TOF mass spectrometers yield yet better coverage and sensitivity.
Similar to LC-MS, quantitative precision for technical replicates depends on the specific
compound and matrix. Precision may range from 2% RSD, e.g., for sugars and acids, to
more than 20% RSD for low-abundance compounds and metabolites that are affected by
matrix compositions (81).

GC requires, however, that molecules evaporate during the injection procedure. Hot
injections preclude undamaged quantification of thermolabile compounds, such as di- and
triphosphates (including ATP or NADPH). Even after trimethylsilylation derivatization,
molecules can decompose during the injection, for example, the guanidinium group of
arginine decomposes to yield ornithine (82). This major caveat has been recognized for
decades. Yet, in metabolomics, all signals are recorded, including decomposition products,
which can confound biochemical interpretations or lead to structures that are absent from
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chemical libraries such as PubChem. For example, UDP-N-acetylglucosamine and UDP-
glucuronide lead to decomposition products that cleave off the UDP moiety, forming a
double bond in a residual molecule that is not known as a naturally occurring metabolite
(83).

Unknown compound identification in GC-MS is complicated by the use of hard electron
ionization. This type of ionization yields many highly reproducible fragments and
rearrangement ions, making identification of known compounds straightforward, based on
comparison to mass spectra and retention indices of authenticated standards that have been
deposited in databases. However, the intact molecular ions are often absent from the mass
spectra (84). An alternative ionization approach for GC-MS is chemical ionization, which is
softer and thus more commonly yields a molecular ion peak (74). With chemical ionization,
molecular ions are observable even for high molecular-weight trimethylsilylated metabolites,
but fragmentation still occurs, and different chemical adducts abound, depending on the type
of chemical reactant gas used. This results in many of the same challenges as discussed
above in Section 5.3.3.

Another problem in GC-MS is the robustness of quantification, at least for some metabolite
classes. On the one hand, unlike electrospray ionization in LC-MS, GC-MS does not suffer
from ion suppression or differential adduct formation. On the other hand, compared to LC-
MS, the injection step is more challenging in GC-MS: The sample is introduced into the
inlet liner and volatilized, and the resulting vapor is mixed with carrier gas. During this
process, thermal degradation of analytes can occur and can be accelerated by degradation
products arising from an unclean injector or the sample itself. Nonvolatile compounds, such
as phosphatidylcholines, can degrade in the injector, cross contaminate samples, and lead to
undesired catalytic degradation of analytes of interest. One concern is the loss of
trimethylsilyl groups introduced during derivatization. O-trimethylsilyl groups are stable,
rendering GC-MS robust for measurement of sugars, phosphates, and hydroxy acids. N-
trimethylsilyl groups are less stable, however, and may be lost from trimethylsilylated
amines and amino acids. During analysis, such compounds can show different ratios of fully
and partially derivatized compounds (lacking the A-trimethylsilyl group) across samples,
owing to sensitivity of the A-trimethylsilyl linkage to matrix loads in the sample as well as
to the cleanliness of the injector system.

In general, cleanliness of both the sample and the injector system (from the injection needle
to involatile depositions in the liner and the beginning of the column) are critical to GC-MS
performance (77). Detailed protocols have been published to maintain analysis quality (85),
but staff needs to be trained in detail. First, liners (used to hold the injection gas cloud) need
to be kept meticulously clean and changed regularly. Automatic liner exchangers are
available, and their use helps maintain analysis quality. Second, users should employ empty
guard columns to protect the analytical GC column. Involatile matrix components deposit on
the guard column’s start site. The guard column may then be cut in quality maintenance
procedures without compromising GC separations (85). Alternatively, users can resort to
using more than one derivatization reaction (and more than one analytical run) to enhance
precision and accuracy, e.g., trimethylsilylation for general metabolome profiling (for
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sugars, hydroxy acids, and similar compounds) and tertiary-butyldimethylsilylation for
amines and amino acids (86, 87).

Overall, LC-MS and GC-MS are complementary techniques, which work best for different
analytes. Although some of the pitfalls in LC-MS and GC-MS are conceptually similar, they
are unlikely to incorrectly measure the same analyte. Thus, obtaining the same quantitative
results in both methods is reassuring. The difficulty is that both methods require not only
advanced instrumentation but also substantial practical expertise, and few labs do both well.
More optimized—and thus easier—workflows will hopefully change this moving forward.

7. HIGH-THROUGHPUT MASS SPECTROMETRY

An important constraint in LC-MS and GC-MS is the time required for each
chromatography run. This is a particularly important issue given the expense of the back-end
mass spectrometer. Accordingly, there is substantial interest in direct MS to increase sample
throughput. This includes MS without chromatography separation, desorption ionization
MS, and microfluidics coupled to MS (88). One commercial example of a chromatography-
free system is the RapidFire instrument from Agilent (89-91). The benefit is the analysis
time of < 1 min per sample, versus approximately 30 min per sample with typical
metabolomics LC-MS methods.

The direct-injection approach is ideally suited to certain applications, such as measuring
metabolite levels in enzyme assays consisting of purified protein and a few metabolites. In
such a context, direct measurement of all metabolites by MS has important advantages over
monitoring the fluorescence of a single indicator compound, which was the main option for
high-throughput analysis until recently.

Direct-injection MS has also shown substantial potential for metabolomics analysis of
cellular extracts (92-94). Even over the brief injection window, a large number of ions are
detected, corresponding to a similar number of primary metabolite masses as in a standard
LC-MS run. Thus, ion suppression is not so severe as to eliminate signals for most
metabolites. The improved throughput has enabled some important applications, including
screening of whole-genome knockout collections and fine-grained kinetic analysis of the
metabolome of bacteria undergoing dynamic perturbations (94).

That said, direct-injection MS is not a suitable substitute for LC-MS for quantitative
metabolite analysis in complex mixtures because without any chromatographic separation
the potential problems with LC-MS are greatly magnified: (&) Isomers cannot be
distinguished; (4) in-source fragments cannot be distinguished from true molecular ions,
precluding measurement of many central carbon metabolites and of energy charge; (¢)
matrix effects and/or ion suppression may alter quantitative measurements in unpredictable
ways that result in both random and systematic errors. Thus, in the arena of metabolomics,
direct-injection MS is a promising discovery tool but, absent confirmatory analysis by LC-
MS or other methods, is likely to generate many artifactual observations in addition to true
discoveries.
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8. NUCLEAR MAGNETIC RESONANCE

NMR spectroscopy played a foundational role in the development of metabolomics (95, 96)
and has the important advantage (compared to MS-based methods) in that it sees all organic
molecules with signal intensities proportional to metabolite concentrations (97). NMR also
provides more extensive structural information than MS, which is valuable for unknown
identification or(in labeling studies) position-specific isotope enrichment measurements. The
most widely acknowledged downside of NMR relative to MS is lower sensitivity [~10 uM is
the practical limit for one-dimensional (1D) *H NMR experiments] (98-100). In practice, a
yet more important challenge may be limited resolution of individual metabolites from
complex samples.

In 1D IH NMR, the most sensitive and widely used NMR experiment, metabolite signals
populate a narrow frequency range from ~1-10 ppm. Consequently, almost all aliphatic
signals (-CH, —CH,, —CHj3 groups; 1-5 ppm) overlap with peaks from multiple metabolites.
This overlap makes peak integration, multiplicity analysis, measurement of J-couplings, and
other basic structural determination procedures infeasible. Although the aromatic signals (5—
10 ppm) are generally well resolved, most of these peaks are singlets and provide limited
structural information. Moreover, traditional structural assignment requires definitive
molecule-specific peak lists, which cannot be generated directly from complex 1D spectra.
These challenges have driven the development of alternative methods; the most successful of
these are database searches (1, 101, 102), peak fitting (103), statistical deconvolution (104),
and multidimensional NMR (105-107).

Database searching is the most popular approach for assigning metabolomics spectra.
Several databases (e.g., the Human Metabolome Database, http://www.hmdb.ca) allow users
to upload NMR spectra to generate putative metabolite assignments. These automated
assignments are complicated by the fact that 1H NMR shifts are sensitive to pH, osmolality,
and concentrations of certain ions (e.g., Ca%*). As a result, database searches must allow for
considerable uncertainty in peak position. This tolerance, along with the many similarities in
reference spectra, leads to a high false discovery rate in database-driven assignments. More
than 137 metabolites, for example, can be mapped to every 0.1 ppm segment of a 1H NMR
spectrum (Figure 7). This issue can be mitigated by combining database searches with peak
fitting (103, 108), leveraging a priori knowledge of the sample composition (109), or
statistical deconvolution of the data (104, 110). Although each of these approaches
significantly improves assignments, results derived from overlapped spectra should be
treated with skepticism until the assignments are cross validated. Multidimensional NMR
offers a validation mechanism. Specifically, 1H-13C heteronuclear single quantum coherence
(HSQC), 1H-13C heteronuclear multiple bond correlation (HMBC), and 1H-1H correlation
spectroscopy (COSY) allow molecular connectivity to be established, and H-1H total
correlation spectroscopy (TOCSY) allows signals from individual metabolites to be
differentiated in complex spectra (105).

Difficulties in resolving individual peaks also increase quantitative error. Even under
idealized conditions, error rates in overlapped 1D NMR spectra exceed 16% (111); real-
world error reaches 20% (112) and is likely higher for low-abundance compounds. This
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quantitative performance is disappointing given that NMR can achieve error rates under
0.1% (113). Peak fitting and multidimensional NMR provide potential routes to improved
measurement precision. Peak fitting is unfortunately a skill-dependent manual procedure
where incorrect assignments can lead to systematic error. Multidimensional NMR analyses
are not subject to these user-dependent problems, but the complicated multidimensional
pulse sequences introduce humerous quantitative variables. Sophisticated new NMR
approaches are being developed that allow two-dimensional (2D) signals to be quantified
directly (114, 115); however, the most practical approach for non-NMR experts is to
calibrate observed 2D signal intensities using mixtures of standards prepared at known
concentrations (99, 111, 116, 117). This strategy serves two purposes: It enforces robust
peak assignments and allows real-world metabolomics studies to achieve error rates in the
range of 5% or less (111).

8.1. Practical Recommendations for Identifying and Quantifying Metabolites by NMR

To facilitate metabolite identification, a representative sample should be carefully prepared
to match the solution conditions used by the large reference databases (e.g., pH 7.4, 100%
D,0, and 0.5 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid for matching data to the
Biological Magnetic Resonance Bank). Then high-resolution 2D NMR spectra (e.g.,tH-13C
HSQC, 1,024 increments, 8,192 points in the direct dimension) should be recorded for
metabolite identification. These spectra can be assigned via various software and databases
(1,101, 102, 118, 119). Metabolite assignments should be validated using mixtures of
standards. With the metabolites of interest thus identified, the relative abundances of
metabolites can be determined using 2D NMR (generally HSQC, TOCSY, or COSY),
selecting well-resolved signals in the 1D spectra, or carefully fitting known metabolite
signals from the overlapped spectra. For absolute quantification, reference mixtures of
standards prepared at known concentrations should be used to calibrate the signals observed
in the experimental data.

8.2. NMR-Based Measurement of Isotope Labeling

NMR is a powerful tool for measuring position-specific isotope labeling in metabolites
(120-122), which makes NMR valuable for quantifying flux through metabolic networks.
Differential isotopic enrichment in the 2-C versus 3-C positions of lactate in cells incubated
with 2-13C glucose, for example, allows one to probe flux through the pentose phosphate
pathway versus glycolysis (123-125). Though powerful, these isotope-based analyses
introduce quantitative pitfalls. Most significantly, signals from H attached to 13C relax more
quickly than those attached to 12C, which artificially deflates the 1H-13C signal (120).
Although this quantitative defect can be corrected using standards, the isotopomers needed
for this calibration are frequently expensive or unavailable. A practical solution is to include
a paramagnetic relaxation agent in each sample (e.g., 1 mM Fe-EDTA solution) (114) to
normalize T1 relaxation rates across molecules. The main disadvantage of this approach is
that the paramagnetically broadened lines further reduce NMR’s sensitivity.

8.3. In Vivo NMR

NMR’s ability to interrogate the metabolism of intact cells and organisms (126, 127) is one
of its most exciting attributes. Because metabolically active cells that are present at sufficient
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density for NMR analyses quickly deplete their nutrients and oxygen over the course of an
NMR experiment, careful attention must be paid to the solution conditions to ensure that the
data remain physiologically relevant. In addition, the magnetic permittivity of cells differs
from the surrounding solution, which diminishes NMR sensitivity and quantitative
reliability. Although a variety of hyperpolarization techniques are being developed that may
transform this field by boosting NMR’s sensitivity > 10,000 fold (128), these strategies are
currently inaccessible for routine metabolomics. Nevertheless, moving toward cellular and in
vivo measurements is of great importance, especially given the myriad of ways that
metabolite concentrations can be altered during quenching and extraction.

9. ENZYME ASSAYS

9.1. ATP

Although MS and NMR have grabbed most of the recent headlines in terms of metabolite
measurement, enzyme assays remain among the most commonly used approaches (129).
Enzymatic reaction followed by colorimetric detection uses only standard lab equipment.
Here, we sought to assess whether LC-MS and kit-based measurements of ATP, NADPH/
NADP*, and GSH/GSSG agree, and, if not, where the discrepancies arise. We find that the
commonly used chemiluminescence assay for ATP provides a reliable ATP measurement. In
contrast, the Kits for redox cofactors are subject to systematic measurement error owing to
metabolite interconversion during the aqueous extraction steps.

The luminescent ATP assay kit is based on the production of light from the luciferase-
catalyzed reaction of ATP with D-luciferin (129, 130). Either 6 M guanidine-HCI or 5%
trichloroacetic acid can be used to inactivate ATP consuming enzymes. In our hands, we
obtained equal ATP yields (within ~20% error) for quenching and extraction with 6 M
guanidine-HCl in Tris-EDTA (100 mM Tris, 4 mM EDTA, pH 7.8) and with 40:40:20
acetonitrile:methanol:water + 0.1 M formic acid. The luciferase ATP assay can measure less
than 1 picomole of ATP with high specificity and no inhibition from ADP or AMP at up to
equimolar concentrations. The signal decays quickly (ty/> ~10 min); therefore, the timing
between reagent addition and measurement needs to be consistent. Importantly, whereas the
insensitivity of luciferase to ADP and AMP enables accurate ATP measurement, ATP
concentration is more reflective of overall purine abundance than cellular energetics. The
ATP:ADP and ATP:AMP ratios, which can be quantified by LC-MS but not directly by
luciferase, are more biologically informative measures of energy status.

9.2. NADPH/NADP*

Measurement of NADPH/NADP* is based on conversion of NADP* to NADPH with
glucose-6-phosphate dehydrogenase, with the resulting NADPH used to reduce thiazolyl
blue to formazan (570 nm absorbance) (131-133). Selective measurement of NADPH is
based on its superior stability to NADP* under basic conditions: Incubation for 30 min at
60°C and pH 12 destroys NADP* (134, 135). Determination of NADP™ is by subtraction.
We independently validated that the heating stepatbasicpH destroys > 99% of NADP* by
using LC-MS (Figure 84). Although most of the NADPH is retained, given the much greater

Annu Rev Biochem. Author manuscript; available in PMC 2018 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 18

concentration of NADPH than NADP™ in cells, even minor degradation of NADPH results
in substantial mismeasurement of NADP* by subtraction.

The greater problem, however, involves the extraction step. We compared extraction using
the kit buffer (20mMnicotinamide,20 mMNaHCO3, 100mMNa,CO3 in water)with
acidic40:40:20 acetonitrile:methanol:water. The aqueous extract is dramatically lower in
NADPH and higher in NADP?*, consistent with residual enzyme activity that oxidizes
NADPH (Figure 86). Extraction buffer containing detergent [e.g., 0.05% Triton X-100 + 1%
(v/v) Dodecyltrimethylammonium bromide] mitigates NADPH loss but does not fully
prevent interconversion. Thus, although acidic organic extraction followed by LC-MS can
give more accurate NADP(H) measurement, when applying enzyme assays, it is critical to
include detergent in the extraction buffer to limit interconversion.

9.3. Glutathione

The reduced GSH cofactor is measured through its reaction with 5,5-dithio-bis (2-
nitrobenzoic acid) to produce 5’-thio-2-nitrobenzoic acid (412 nm absorbance). This step
both measures and consumes the GSH. To measure GSSG, it is converted to GSH by
glutathione reductase in the presence of NADPH, and the colorimetric assay is repeated.
Although the principles of the assay appear to be solid, GSH may oxidize to GSSG during
sample handling (136, 137). At neutral pH in water, substantial GSH is oxidized to GSSG
within a few minutes (136). We observe ~20% loss of 10 uM GSH standard in 40:40:20
methanol:acetonitrile:water solution after 16 h at 4°C; losses in neutral pH water have been
reported to be faster (136). Giustarini et al. (138) recently reported a method that derivatizes
GSH with the alkylating agent A~ethylmaleimide (NEM) to form GS-NEM (137). The NEM
is added immediately upon sample collection. This prevents the oxidation of GSH. GS-NEM
can be measured by LC, MS, or spectrophotometry. This NEM-based method yields a
dramatically higher GSH:GSSG ratio (> 100 across rat tissues) than that typically measured
by enzyme assay. We currently consider NEM derivatization the most reliable way of
measuring GSH/GSSG.

10. OUTLOOK

Over the past decade, advanced analytical technologies, especially MS, have revolutionized
metabolite measurement. Incremental improvements in protocols and automation are poised
to enable the measurement of a majority of primary metabolites via straightforward LC-MS
methods. Although technology-focused labs will surely want to continuously test new
measurement procedures, there would be great value in the field in standardizing as much as
possible a few measurement pipelines, enabling their facile adaptation across labs and
automation of data analysis. In so doing, it is important to give equal weight to sample
preparation as to extract measurement.

An important benefit of measuring large numbers of metabolites of each sample is that their
respective concentrations must fit together. Metabolism is subject to thermodynamic
constraints, with downstream metabolites in a pathway lower in free energy (chemical
potential) than their upstream precursors. In practice, systems-level thermodynamic analysis
can be used to identify mismeasured metabolites, to quantitate unmeasured metabolites, and
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to more precisely measure many species (7, 139, 140). Such analyses are most powerful
when combined with flux measurements that further constrain metabolite concentrations.
Greater utilization of such information is a significant opportunity.

Looking forward, a critical frontier in metabolomics is spatial resolution. Metabolites are
compartmentalized at both the cellular and tissue level. Isolation of subcellular organelles
can unfortunately perturb metabolite concentrations: There is no validated method to quench
metabolic activity without causing leakage between compartments. Faster organelle isolation
can help mitigate such problems, but the current standard for fast isolation of ~10 min
remains slow relative to turnover of many metabolites (141-143). Nevertheless, some
biological insights may be obtained, although it is important to validate their accuracy.
Metabolite-sensitive fluorescent reporter proteins enable compartmentalized measurement,
but current versions have modest signal-to-noise ratios and remain challenging to use (144—
146). Spatially resolved MS holds the potential to measure many more metabolites, but
issues remain with quenching, signal specificity (e.g., due to metabolite mimics made during
ionization), and spatial resolution. Hyperpolarized NMR holds great potential for
measurements in live mammals. Ultimately, progress along several of these dimensions is
likely to provide complementary information to standard extract analysis and, with proper
care to avoid measurement pitfalls, is poised to take metabolomics to new heights over the
coming decade.
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Figurel.
Metabolite interconversion owing to incomplete quenching of enzymatic activity is

prevented by 0.1 M formic acid (FA). (a) HEK293 T cells were grown in 13Cg-glucose
media to completely label glycolytic intermediates. Unlabeled 3-phosphoglycerate (3PG)
was added to the extraction solvent of 80:20 methanol:H,0 (-70°C), which contained no
FA, or 0.02 M FA, or 0.1 M FA. Phosphoenolpyruvate (PEP) can be made from 3PG through
enolase activity. Extraction with 0.1 M FA eliminates unlabeled PEP made from the added
3PG standard. The same reaction occurs with endogenous (in this case, labeled) 3PG.
Therefore, quenching without FA would greatly overestimate cellular PEP. (6) Yeasts were
grown in 13Cg-glucose media to completely label cellular metabolites. Unlabeled ATP was
added to the extraction solvent of 80:20 methanol:H,O (=70°C), which contained no FA, or
0.02 M FA, or 0.1 M FA. Extraction with 0.1 M FA eliminated unlabeled ADP made from
the added ATP standard. Therefore, quenching without FA would greatly overestimate ADP
and underestimate the energy charge. Note that the FA should be neutralized after quenching
to prevent acid-catalyzed degradation in the extract.
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Figure 2.

Comparison of two different extraction methods for polar metabolites from mouse liver
samples. Mouse liver was ground using a cryomill, and 25 mg of ground tissue was then
extracted in a 2 mL Eppendorf tube using the following methods: The first protocol (80%
methanol) is to add 870 uL 80:20 methanol:water (v/v) at —=70° C, vortex for 10 s, and place
on dry ice for 20 min. The second protocol (addition of acetonitrile and formic acid) is to
add 800 pL 40:40:20 acetonitrile:methanol:water + 0.1 M formic acid (solvent A) at —20°C,
vortex for 10 s, place on ice for 2 min, add 70 pL 15% (w/v) NH4HCOg3 in H,O (solvent B),
place in —20°C freezer for 20 min. For both protocols, samples were spun for 10 min at
16,000 x gravity, and the supernatant was analyzed by liquid chromatography-mass
spectrometry (LC-MS). Control experiments (not shown) demonstrated that the difference in
yields was due primarily to the solvent and not the temperature.
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Figure 3.
Effects of solvent evaporation on selected metabolites. Approximately 30 mg of mouse liver

tissue was extracted using 1.2 mL 40:40:20 acetonitrile:methanol:water with 0.1 M formic
acid, followed by neutralization by NH4HCO3. The extract was divided into multiple 200 pL
portions, dried using indicated methods, and redissolved in 200 uL of 10 mM NH4HCO3 in
H»0. Samples were analyzed by liquid chromatography-mass spectrometry (LC-MS), and
the peak area of each compound was compared to those in the original extract. It was found
that the majority of metabolites, including ATP, were not affected by the solvent evaporation
process. By contrast, there was a significant decrease in NADPH and reduced glutathione
(GSH) and an increase in NADP* and oxidized glutathione disulfide (GSSG).
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Measurement of the 6-phosphogluconate (M—H)™ ion by liquid chromatography-mass
spectrometry (LC-MS) showing the effect of interfering compounds with similar mass from
a mammalian cell extract. (8) Within a mass range of 275.01736 + 20 ppm, two features
were detected, one at ~12.8 min and one at ~13.3 min. (4) With a narrower range of

275.01736 £ 5 ppm, only the feature at ~13.3 min is observed. The feature at ~13.3 min is 6-
phosphogluconate, with a measured mass of 275.0176 (+1.0 ppm error) and a retention time
match to the authenticated standard. The other feature has a measured mass of 275.02167
(+16 ppm difference from 275.0174) and comes from an unknown interfering compound.

Main panels aand 6 show mass-specific chromatograms. Insets show mass spectra with X-

axis in units of m/zand the dashed line indicates the 6-phosphogluconate mass of

275.01736.
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Figure5.
In-source fragments from electrospray ionization of citrate mimic other metabolites. (&)

Mass spectrum taken at the retention time of citrate shows isotopic forms, adducts, and
fragments: 13C;-natural abundance peak (D), Na* adduct (E), H,0 loss (C), CO, loss (B),
and the loss of CO, + H,0 (A). (6) Mass-specific chromatograms show that citrate fragment
ions mimic other metabolites. Channels refer to signals at the /7/z of the stated metabolite
molecular anion +5 ppm. All of the peaks at 13.8 min are from citrate. The apparent itaconic
acid peak at 13.1 min is from 2-hydroxyglutarate fragmentation.
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Figure 6.

Assessment of linearity. Plot of the liquid chromatography-mass spectrometry (LC-MS)
peak areas (dark red dots) versus the concentration of the carnitine standard. The LC-MS
method is reversed-phase chromatography on a C18 column coupled to a Q-Exactive plus
mass spectrometer operating in positive ion mode. The signal is linear from 0.0005 to 1.2
UM and sublinear at higher concentrations.
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Figure 7.
Signal specificity and false discovery in one-dimensional (1D) IH-NMR-based

metabolomics. Database searches using a hand-curated standard set (A= 270 common
metabolites) from the Madison Metabolomics Consortium Database (MMCD; http://
mmcd.nmrfam.wisc.edu) returns an average of 12 matches per 0.1 ppm region ina 1D 1H
NMR spectrum. This increases to an average of 137 metabolites per 0.1 ppm using the
online tools available from the Human Metabolome Database (HMDB; http://
www.hmdb.ca/) and 1,710 per 0.1 ppm for MMCD’s predicted chemical shift dataset (V=
19,070).
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Figure 8.
Evaluation of enzymatic assay for quantitation of NADPH/NADP™. (&) Consistent with the

principle of the enzymatic assay, basic pH selectively degrades NADP*. 10 pM NADPH and
10 uM NADRP in aqueous buffer containing 20mM nicotinamide, 20mM NaHCO3, and
100mM Na,CO3 were heated at 60°C for the indicated times, and their concentrations were
compared to the unheated samples by liquid chromatography-mass spectrometry (LC-MS).
Note that modest degradation of NADPH is sufficient to alter NADP* measurements, which
are determined by subtraction. (6) Aqueous extraction without detergent using typical
enzymatic assay conditions results in a dramatic loss of NADPH and a gain in NADP*,
undermining utility of the enzyme assay. NADPH and NADP* were measured from cultured
HEK?293T cells and mouse liver using two extraction methods: the suggested conditions of
the enzymatic assay kit (20mM nicotinamide, 20mM NaHCO3, 100 mM Na,COs in water)
or our suggested extraction for LC-MS analysis (40:40:20 acetontrile:methanol:water + 0.1
M formic acid, followed by neutralization with NHsHCO3). Results were normalized to the
LC-MS extraction buffer.
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