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Abstract

Liquid chromatography—mass spectrometry (LC-MS) technology allows for rapid quantitation of
cellular metabolites, with metabolites identified by mass spectrometry and chromatographic
retention time. Recently, with the development of rapid scanning high-resolution high accuracy
mass spectrometers and the desire for high throughput screening, minimal or no chromatographic
separation has become increasingly popular. When analyzing complex cellular extracts, however,
the lack of chromatographic separation could potentially result in misannotation of structurally
related metabolites. Here, we show that, even using electrospray ionization, a soft ionization
method, in-source fragmentation generates unwanted byproducts of identical mass to common
metabolites. For example, nucleotide-triphosphates generate nucleotide-diphosphates, and hexose-
phosphates generate triose-phosphates. We evaluated yeast intracellular metabolite extracts and
found more than 20 cases of in-source fragments that mimic common metabolites. Accordingly,
chromatographic separation is required for accurate quantitation of many common cellular
metabolites.
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The comprehensive analysis of small molecule metabolites from a complex biological
extract is a technical challenge. The ideal analytical platform should be able to analyze a
broad range of metabolites with good sensitivity and selectivity to avoid false discoveries.!
Liquid chromatography, coupled with mass spectrometry (LC-MS), has proven to be a
powerful tool for metabolomic analysis.213 For water-soluble metabolites, we and others
have developed effective analytical methods that utilize hydrophilic interaction
chromatography (HILIC), reversed phase ion pairing chromatography, or other separation
approaches coupled by ESI to MS/MS or high resolution MS.14-26

One key aspect of metabolomics analysis involves the annotation of a LC-MS feature to the
corresponding metabolite. The LC-MS feature involves retention time on the LC column
and mass spectrometry fragments in multiple reaction monitoring (MRM) mode or accurate
mass in full scan mode. Recently, with the development of the high resolving power and fast
scan speed mass spectrometers, compounds with small mass differences can be
discriminated and rapidly quantitated. Due to these features, MS or MS/MS platforms with
no or minimal LC separation have been developed, such as Agilent RapidFire high-
throughput MS systems and other systems using very short chromatographic runs.2/-3°
These platforms advantageously enable high-throughput screening. A well-known
disadvantage is the inability to resolve structural isomers effectively. For example,
glucose-6-phosphate, fructose-6-phosphate, and glucose-1-phosphate are structural isomers,
and their discrimination generally requires effective chromatographic separation due to
identical parent ion mass and similar MS/MS fragmentation behavior.

In-source fragmentation can result in related problems. In-source fragmentation or collision
induced dissociation (CID) occurs at the intermediate pressure region between the
atmospheric pressure ion source and the vacuum chamber of a mass spectrometer.36-39 The
extent of in-source fragmentation depends on the ion source. Electrospray ionization (ESI) is
a type of atmospheric ionization mode which manifests the “softest ionization”4%-42 and thus
is widely applied in metabolomics and proteomics. Here, we examined isomers and in-
source fragmentation in a LC-ESI-MS-based metabolomics platform. We provide methods
that resolve several common isomers. Particularly interestingly, we found a surprisingly
high number of cases where in-source fragments mimic common cellular metabolites. For
example, ions of identical mass to the short-chain sugar phosphates “glycer-aldehyde-3-
phosphate” and “erythrose-4-phosphate” could be produced via in-source fragmentation of
longer chain sugar phosphates such as glucose-6-phosphate and sedoheptulose-7-phosphate.
Because these structurally similar compounds often elute at similar chromatographic
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retention times, the lower molecular weight analytes are easily misannotated and
misquantitated. Thus, an effective upfront chromatographic separation and careful
annotation are essential for correctly measuring these compounds. Here, we provide a
detailed account of these metabolites and approaches to avoid misannotation of both isomers
and in-source fragments.

EXPERIMENTAL SECTION

Chemicals, Reagents, and Media Components

HPLC-grade water, acetonitrile, and methanol were Optima LC-MS grade obtained from
ThermoFisher Scientific (San Jose, CA). The majority of the metabolite standards, as well as
tributylamine, acetic acid, and all media components, were obtained through Sigma-Aldrich
(St. Louis, MO). U-13C-Glucose (99%) and 1,2-13C,-glucose were obtained from
Cambridge Isotope Laboratories (Andover, MA).

Yeast Strains, Culture Condition, and Extraction

Yeast strains were derived from prototrophic S288C. Cells were grown in minimal media
comprising 6.7 g/L Difco Yeast Nitrogen Base without amino acids plus 2% (w/v) glucose.
Yeast FBA knockdown strain (FBA-DAmMP allele)*3 was a general gift from Prof. Amy
Caudy.

The metabolome of batch culture Saccharomyces cerevisiae was characterized as described
previously.*4 Briefly, saturated overnight cultures were diluted 1:30 and grown in liquid
media in a shaking flask to A600 of ~0.6. A portion of the cells (3 mL) was filtered onto a
50 mm nylon membrane filter (Millipore, Billerica, MA) resting on a vacuum filter support.
Once cells were loaded, the membrane filter was immediately transferred into precooled
Petri dishes with —20 °C extraction solvent (40:40:20 acetonitrile/methanol/water). The Petri
dish was then kept at =20 °C for 30 min to allow complete quenching and extraction. To
collect the metabolite extract, the filter (now with cell debris) was thoroughly washed by the
liquid in the Petri dish and the resulting mixture was transferred into an Eppendorf tube and
spun down. A portion of the supernatant (400 pL) was dried under nitrogen gas, resuspended
in 200 L of HPLC grade water, and analyzed on LC-MS.

For glucose upshift, 100 mL of cell culture grown on trehalose at A600 of ~0.6 was poured
onto a 100 mm cellulose acetate membrane filter (Sterlitech, Kent, WA) resting on a
vacuum filter holder with a 1000 mL funnel (Kimble Chase, Vineland, NJ) and was washed
with 100 mL of prewarmed (30 °C) glucose minimal medium. Immediately after the wash
media went through, the filter was taken off the holder and the cells were washed into a new
flask containing 100 mL of prewarmed (30 °C) glucose minimal medium. Samples were
then taken at 5 min after the switch and filtered and quenched as described above.

LC-MS Analysis

Method A: UPLC-MS (Exactive)-Based Untargeted Metabolomics Being Tested
Throughout This Study—The high resolution LC-MS metabolomics platform was built
as previously described. Briefly, it consists of an Accela U-HPLC system with quaternary
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pumps, an HTC PAL autosampler, and an Exactive Orbitrap mass spectrometer
(ThermoFisher Scientific, San Jose, CA), controlled by Xcalibur 2.1 software. Liquid
chromatography separation was achieved on a Synergy Hydro-RP column (100 mm x 2 mm,
2.5 um particle size, Phenomenex, Torrance, CA), using reversed-phase chromatography
with the ion pairing agent tributylamine in the aqueous mobile phase to enhance retention
and separation.10:1545 The present LC method is an updated version of a method previously
described by our lab.18 The total run time is 20 min (versus 25 min for the original method).
Solvent A is 97:3 water/methanol with 10 mM tributylamine and 15 mM acetic acid; solvent
B is methanol. The gradient is 0 min, 0% B, flow rate 200 pL/min; 2.5 min, 0% B, flow rate
200 pL/min; 5 min, 20% B, flow rate 250 pL/min; 12 min, 95% B, flow rate 250 pL/min;
14.5 min, 95% B, flow rate 250 uL/min; 15 min, 0% B, flow rate 250 uL/min; 19 min, 0%
B, flow rate 200 pL/min; 20 min, 0% B, flow rate 200 pL/min. Scan range is m/z 75-1000 in
negative ion mode at a frequency of 1 Hz.

Method B: LC (HILIC)-MS/MS Method for 2-Aminobutyrate and 4-
Aminobutyrate—2-Aminobutyrate and 4-aminobutyrate are not separated by the reversed
phase ion pairing chromatography method. They were separated by a modified HILIC
method on an aminopropyl column, Luna 5 um NH2 100A, 250 x 2 mm (Phenomenex,
Torrance, CA), with an acidic buffer system.14 The gradient used was as follows: t = 0 min,
85% B; t = 15 min, 0% B; t = 28 min, 0% B; t = 30 min, 85% B; t = 40 min, 85% B. Solvent
A is 98:2 HyO/acetonitrile with 10 mM ammonium acetate + 0.1% acetic acid. Solvent B is
acetonitrile. The flow rate is 150 uL/min. Under this chromatography condition, 2-
aminobutyrate elutes at 13.3 min while 4-aminobutyrate elutes at 14.5 min. Furthermore, the
two isomers can be differentially quantitated by MS/MS (selected reaction monitoring,
SRM) fragments on a triple quadrupole mass spectrometer. 2-Aminobutyrate has a specific
SRM of m/z 104 — 58 at 11 eV, while 4-mainobutyrate has a specific SRM of m/z 104 —
69 at 20 eV.

Method C: LC (Slow Gradient HILIC)-MS/MS Method for Leucine and
Isoleucine—Leucine and isoleucine are not separated on our reversed-phase ion pairing
chromatography method. Their MS/MS fragmentation patterns are similar to the strongest
fragments, m/z 86 at 10 eV. Isoleucine does have a specific SRM of m/z 132 — 69 at 11 eV,
but its intensity is ~10 times smaller than the main SRM of 132 — 86 at 10 eV.
Chromatographically, Pesek et al. recently demonstrated the possibility of using an aqueous
normal phase mode for the separation of 19 amino acids, on a silica hydride-based stationary
phase.24 Here, separation of leucine/isoleucine was achieved by a slow gradient using the
same HILIC column and acidic mobile phase as above. The gradient is 0 min, 85% B; 2
min, 85% B; 3 min, 80% B; 5 min, 80% B; 6 min, 75% B; 7 min, 75% B; 8 min, 70% B; 9
min, 70% B; 10 min, 50% B; 11 min, 50% B; 12 min, 25% B; 13 min, 25% B; 14 min, 0%
B; 20 min, 0% B; 22 min, 85% B; 30 min, 85% B. The flow rate is 200 pL/min. Solvent A is
98:2 H20/acetonitrile with 10 mM ammonium acetate + 0.1% acetic acid. Solvent B is
acetonitrile.
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Validation with Purified Metabolites

Authentic metabolite standards, when available, were used to confirm the metabolite
identity. For each purified metabolite, stock solution at a concentration of =0.1 mg/mL was
prepared in 50:50 methanol/water and stored at —80 °C. From these stock solutions,
metabolite solution was further diluted in water at 1, 5, 20, 100, 500, and 2000 ng/mL and
analyzed.

RESULTS AND DISCUSSION

Separating Structural Isomers by Chromatography

We used freshly generated intracellular metabolite extract of Saccharomyces cerevisiae and
high-resolution UPLC-ESI-MS (Thermo “Exactive”, Method A) to test the annotation
correctness of common water-soluble metabolites. We were able to detect and match the
retention time of ~130 intracellular metabolites, including central metabolism intermediates,
amino acids, and nucleotides, and their synthetic/degradative pathway intermediates/
products, energy charge compounds, and important cofactors.

Structural isomers have the same exact mass and thus cannot be discriminated by a single
mass spectrometry step. Accordingly, an orthogonal separation approach such as
chromatography is valuable. Table S-1, Supporting Information, lists common isomers
which could be detected in yeast metabolome. For each group, we ran an authenticated
standard for all the compounds and recorded chromatographic retention time.

Several groups of isomers were of special interest due to their importance in central
metabolism. Sugar phosphates with the same number of carbons are usually structural
isomers. For hexose-phosphates, glucose-6-phosphate, fructose-6-phosphate, and glucose-1-
phosphate are the most common structural isomers. The most abundant and best quantifiable
fragment of all of these hexose-phosphates is phosphate anion. Thus, fragmentation is of
limited value in quantitating these metabolites. However, by running internal standards and
comparing their retention time to that of the metabolite extract, we found glucose-6-
phosphate separates as the first peak in our 20 min chromatogram run (Figure S-1A,
Supporting Information). Fructose-6-phosphate is the second largest peak, but the right part
of the peak might also be mixed with small quantities of glucose-1-phosphate. Furthermore,
another unannotated peak with the same m/z ratio was present at the rightmost end of the
hexose-phosphate channel. For pentose-phosphates, ribose-5-phosphate separates as the left-
most peak on our chromatogram. Xylulose-5-phosphate and ribulose-5-phosphate cannot be
separated and make up the second peak, and another peak at the right was not readily
annotated (Figure S-1B, Supporting Information).

To obtain the identity of these unannotated metabolites, we labeled yeast cells with 13C

and 1°N nutrients and found no shift from nitrogen labeling and a shift of +6 and +5 from
carbon labeling (Figure S-1C, Supporting Information).6 Exact masses of these compounds
matched putative formulas of CgH1309P1 and CsH110gP4, indicating that they indeed
belong to hexose-phosphate and pentose-phosphate, respectively. Other than the common
hexose- and pentose-phosphates discussed above, we found fructose-1-phosphate and
ribose-1-phosphate in the KEGG database. We ran their standards and found that the
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rightmost peak in the hexose-phosphate channel matched the retention time of fructose-1-
phosphate and the rightmost peak in the pentose-phosphate channel matched the retention
time of ribose-1-phosphate. We have recently shown that ribose-1-phosphate is an
intermediate in the ribose salvage pathway.*” This is the first report of fructose-1-phosphate
in yeast, and its physiological function is now under investigation in our lab.

Although reversed phase ion pairing chromatography allows separation of many structural
isomers, isomers of amino acids and their derivatives are poorly separated. This is because
these polar compounds elute near void volume on reversed phase and do not separate well
even in the presence of ion pairing regent. Thus, alternative chromatography and/or mass
spectrometry approaches are needed. We found that hydrophilic interaction chromatography
(HILIC) and/or compound-specific MS/MS fragments can effectively separate certain amino
acid isomers. For example, 2-aminobutyrate and 4-aminobutyrate were separated by a
modified HILIC method on an aminopropyl column and also by specific MS/MS fragments
on a triple quadrupole mass spectrometer (Figure S-1D, Supporting Information, Method B).
Leucine and isoleucine were separated by a slow HILIC gradient with acidic mobile phase
(Figure S-1E, Supporting Information, Method C).

In-Source Fragmentation Generates lons That Mimic Common Metabolites

When analyzing a mixture of metabolites, structural isomers can usually be found in
common metabolite databases. Thus, the need for their separation is unlikely to be
overlooked. In-source fragmentation, in contrast, can happen unexpectedly and interfere
with the measurement of a variety of metabolites. For example, we noticed that the channel
for adenosine-diphosphate (ADP) has two peaks in the yeast intracellular metabolite extract
sample. The retention time of the left peak matched the pure ADP standard (Figure 1A),
while the retention time of the right peak matched the pure ATP standard. Interestingly,
when only the pure ATP standard was injected into the instrument, an “ADP” peak also
appeared, at the same retention time of ATP and at the same retention time of the right peak
in the ADP channel in the yeast intracellular metabolite extract (Figure 1B). This indicates
that such a peak is actually the in-source fragmentation product of ATP. To confirm this, we
performed a carbon upshift experiment which involves switching yeast cells growing on
media using trehalose as the carbon source to media using glucose as the carbon source.
Such carbon upshift is known to transiently decrease ATP but not ADP due to the rapid
consumption of ATP for glucose phosphorylation.*8 Indeed, we found that the ATP level
decreased while ADP level slightly increased in yeast after glucose upshift (Figure 1C). The
second “ADP” peak, matching the retention time of ATP, also decreased, confirming that
this peak is an in-source fragment of ATP. Thus, without chromatographic separation, ADP
level will be subject to misquantitation.

Upon careful evaluation and annotation of metabolites with similar structures, we found that
in-source fragmentation widely exists (Table 1). For example, pyrophosphate anion is
formed by the fragmentation of various pyrophosphorylated metabolites, and its real peak
has lower intensity than those fragments. Fumarate anion is formed by the malate losing a
water molecule. Nucleic acid base anions are formed by the fragmentation of nucleosides,
and various short-chain sugar phosphate anions are formed from corresponding longer chain
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sugar phosphates. We also notice that NADH or NADPH form NAD* or NADP™ (in the
forms of [NAD*-2H]~ and [NADP™*-2H]", respectively) likely via their oxidation in the
high-temperature ion source. Thus, failure to separate these metabolites by chromatography
would result in misquantitation.

Shorter Chain Sugar Phosphates Are Easily Subject to Misannotation and Misquantitation

For shorter chain sugar phosphates, e.g., triose-phosphates, we also observed several peaks
in their ion-specific chromatograms. We ran standards of the triose-phosphates
glyceraldehyde-3-phosphate and dihydroxyacetone-phosphate and observed a perfect
retention time match to dihydroxyacetone-phosphate but some ambiguity with
glyceraldehyde-3-phosphate (doublet peak in extract but singlet with standard) (Figure 2A).
To resolve this ambiguity, we turned to a biological experiment: knockdown of the
metabolic enzyme fructose-bisphosphate aldolase (FBA) that makes both glyceraldehyde-3-
phosphate and dihydroxyacetone-phosphate. Knockdown of FBA differentially impacted the
left and right triose-phosphate peaks. The intensity of the right peak (dihydroxyacetone-
phosphate) in the FBA knockdown strain was substantially lower as expected, while the
intensity of the left peaks was not (Figure 2C). Further examination revealed that the left
peaks matched the retention time of glucose-6-phosphate and sedoheptulose-7-phosphate,
respectively. This indicates that these peaks might be the in-source fragmentation products
of the longer chain sugar phosphates. Indeed, when running pure glucose-6-phosphate and
sedoheptulose-7-phosphate standards, we also observed “glyceraldehyde-3-phosphate”
peaks in the triose-phosphate channel, whose retention time exactly matched the
“glyceraldehyde-3-phosphate” peaks observed in the yeast intracellular metabolite extract
sample (Figure 2B).

While some sugar-phosphates such as fructose-1,6-bisphosphate or fructose-6-phosphate can
be enzymatically fragmented into two triose species, the fragmentation reaction of
glucose-6-phosphate into glyceraldehyde-3-phosphate is not known enzymatically. Thus, we
hypothesized that such fragmentation is unspecific and can happen to any C-C bond on the
glucose backbone (Scheme S-1, Supporting Information). Indeed, in the pure glucose-6-
phosphate standard sample, we also observed peaks at the same retention time in the
pentose-phosphate (e.g., ribose-5-phosphate), tetrose-phosphate (e.g., erythrose-4-
phosphate), and diose-phosphate (e.g., glycolaldehyde-phosphate) channels. Such
fragmentation can result in misquantitation of many short-chain sugar phosphates.

To confirm that the leftmost triose-phosphate peak in cell extracts is indeed an in-source
fragment of glucose-6-phosphate, we labeled yeast cells with 1,2-13C,-glucose. Such
labeling gives intracellular 1,2-13C,-glucose-6-phosphate and 1,2-13C,-fructose-1,6-
bisphosphate (Figure 3A). Although the breakdown of 1,2-13C,-fructose-1,6-bisphosphate
gives 1,2-13C,-dihydroxyacetone-phosphate and unlabeled glyceraldehyde-3-phosphate,
triose-phosphate isomerase activity generates both 1,2-13C,-glyceraldehyde-3-phosphate
and unlabeled dihydroxyacetone phosphate. We indeed observed nearly 50:50 1,2-13C,/
unlabeled dihydroxyacetone-phosphate (Figure 3B, right panels). However, there was only
unlabeled “glyceraldehyde-3-phosphate” (Figure 3C, left panels). This confirms that the
“glyceraldehyde-3-phosphate” peak is indeed the in-source fragment from C4 to C6 of
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glucose-6-phosphate and that the real glyceraldehyde-3-phosphate peak has small abundance
and is masked.

The above examples indicate that annotation of small metabolites by matching their
retention time to their standards is not always enough. The results may be unreliable if the
standards of small metabolites and their parent metabolite (e.g., glyceraldehyde-3-
phosphate, erythrose-4-phosphate, and glucose-6-phosphate) are analyzed together. One way
to resolve this issue, while relying only on MS1, is to analyze each standard one by one,
looking for possible in-source fragments, noting those in-source fragments that mimic other
compounds being studied, and confirming chromatographic separation between the
compounds of interest and any in-source fragments mimicking them. To identify likely in-
source fragments, we developed a “Fragments and Adducts” function in the Metabolomics
Analysis and Visualization Engine (MAVEN) software. The function identifies likely
fragments and adducts based on chromatographic coelution, peak shape similarity, and
correlation in peak intensities across samples.*® When full-scan MS2 is available, the MS2
spectrum of the higher molecular weight metabolite will typically reveal the complete set of
relevant fragments. Such peaks at the relevant retention time in lower m/z MS1 spectra
should alert the user that they are likely fragments of the higher molecular weight species,
not parent peaks. One can envision automated bioinformatics methods, using logic similar to
decoMS2, for mining combined MS1 and MS2 data to issue alerts or even automatically
annotate MS1 peaks corresponding to fragments.>0 To further confirm the identities of
metabolites in biological extracts, it is valuable to use isotopic labels (especially positional
labels that are unlikely to similarly labeled potential interfering compounds) and biological
perturbations that are known to manipulate specifically the concentration of the selected
metabolites.

CONCLUSION

The high throughput metabolomics allows measurement of many metabolite-associated m/z
peaks, with short runs with minimal or no chromatographic separation. The complexity of
biological samples, however, renders metabolite annotation and data analysis challenging.
Here, we demonstrate that, for the 130 water-soluble intracellular metabolites that we
routinely monitor in yeast extracts, more than one-third need particular attention to separate
structural isomers (29 metabolites affected) or in-source fragments (21 metabolites affected).
Even using the softest ionization method, electrospray ionization, in-source fragmentation
widely exists and could generate unexpected misquantitation of important metabolites.
Although metabolite annotation studies have been published previously, they usually only
contain the information for the correct target metabolites. Because chromatographic
retention time can shift slightly from run to run and interfering peaks often elute close to
targeted ones, developing a database archive for both targeted and artifact peaks is essential
to avoid misannotation and misquantitation. Fragmentation typically does not lead to
substantial misquantitation of the metabolite generating the fragment but, instead, of a lower
molecular weight and less abundant metabolite, for which the fragment is mistaken. Thus,
we remain comfortable relying solely on the parent ion peak for quantitation, with the key
challenges of identifying the correct parent ion peak for each metabolite and ensuring that
this peak is adequately separated from interfering ones.
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B In cells grown on trehalose
[T In cells with glucose upshift

Correct quantitation of ADP requires chromatographic separation. (A) The negative
ionization mode-extracted ion chromatogram for U13C-ADP (+10, upper panel) and
unlabeled ADP (lower panel). Yeast cells were grown in U13C-glucose, and metabolome
was extracted with quenching solution spiked with unlabeled ADP. (B) The negative
ionization mode-extracted ion chromatogram for the ADP channel in the ATP standard. The
retention time of the “ADP” peak matched the retention time of the ATP standard, indicating
that such a peak is an in-source fragment. (C) The negative ionization mode-extracted ion
chromatogram for ADP and ATP channels in yeast cells grown on trehalose and 5 min after
switching to glucose. Method A has been used throughout this figure.
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Glyceraldehyde-3-phosphate peak is masked by in-source fragments of glucose-6-phosphate
and sedoheptulose-7-phosphate. (A) The negative ionization mode-extracted ion
chromatogram for U3C-triose-phosphate (+3, upper panel) and unlabeled triose-phosphate
(lower panel). Yeast cells were grown in U13C-glucose, and metabolome was extracted with
guenching solution spiked with unlabeled glyceraldehyde-3-phosphate (GAP). (B) The
negative ionization mode-extracted ion chromatogram for “triose-phosphate” peaks in the
glucose-6-phosphate and sedoheptulose-7-phosphate standards. Glucose-6-phosphate (upper
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panel) and a mixture of glucose-6-phosphate and sedoheptulose-7-phosphate standards
(lower panel) were analyzed by LC-MS. The retention time of the “triose-phosphate” peaks
matched glucose-6-phosphate and sedoheptulose-7-phosphate standards, indicating that they
are in-source fragments. (C) The negative ionization mode-extracted ion chromatogram for
triose-phosphate, glucose-6-phosphate, and sedoheptulose-7-phosphate channels in wild
type and FBA knockdown yeast cells. Wild type and FBA knockdown yeast cells were
grown to exponential phase, and their metabolome was extracted and analyzed by LC-MS.
Method A has been used throughout this figure.
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Figure 3.

Confirmation via isotope labeling that the putative glyceraldehyde-3-phosphate peak is from
in-source fragmentation. (A) Schematic of upper glycolytic intermediates in yeast cells
grown on 1,2-13C,-glucose. (B). The negative ionization mode-extracted ion chromatogram
for unlabeled and 13C, hexose-phosphate and triose-phosphate channels. Dihydroxyacetone-
phosphate (DHAP) shows up in both unlabeled and 13C, channels, but the leftmost “triose-
phosphate” peak only shows up in the unlabeled channel, confirming that this peak is the in-
source fragmentation of the last three carbons of glucose-6-phosphate. Method A has been
used throughout this figure.
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