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Untargeted metabolomics provides a comprehensive platform for identifying metabolites whose levels are altered between two

or more populations. By using liquid chromatography quadrupole time-of-flight mass spectrometry (LC-Q-TOF-MS), hundreds

to thousands of peaks with a unique m/z ratio and retention time are routinely detected from most biological samples in an
untargeted profiling experiment. Each peak, termed a metabolomic feature, can be characterized on the basis of its accurate

mass, retention time and tandem mass spectral fragmentation pattern. Here a seven-step protocol is suggested for such a
characterization by using the METLIN metabolite database. The protocol starts from untargeted metabolomic LC-Q-TOF-MS data that
have been analyzed with the bioinformatics program XCMS, and it describes a strategy for selecting interesting features as well as
performing subsequent targeted tandem MS. The seven steps described will require 2-4 h to complete per feature, depending on

the compound.

INTRODUCTION

Metabolomics has emerged as a powerful technique for under-
standing the small-molecule basis of biological processes such as
those associated with disease pathogenesis!-2, interactions of micro-
bial communities3, microbial biochemistry*>, plant physiology®,
drug mode of action” and metabolism?. In general, there are two
technological platforms used to perform metabolomics, which
involve either nuclear magnetic resonance (NMR) spectroscopy?®-10
or MS1L12. Although NMR provides unique structural informa-
tion about metabolites, it suffers from limitations in sensitivity
and chemical resolution. In contrast, MS provides less-conclusive
structural information, but given its sensitivity and large dynamic
range, it allows for the detection of many more chemical species in a
single experiment. Each of these technologies has been successfully
applied to systematically studying metabolites; however, MS meth-
ods are more commonly used for comprehensive investigations
that are global in scope. The strength of MS-based metabolomics
is best realized when coupled to a chromatographic technique, such
as capillary electrophoresis, gas chromatography (GC) or LC, the
latter two being the most popular. GC/MS-based metabolomics is
arobust, well-established technique!3-15. Because of the reproduc-
ibility of the chromatography, retention time can be paired with
the electron impact—derived fragmentation spectral® and com-
pared against the National Institute of Standards and Technology
(NIST)!7 or Fiehn metabolomic!8 databases to make identifica-
tions. However, the majority of metabolites must be derivatized to
make them more volatile and more thermally stable, which intro-
duces a source of error and complicates identification!®.

In the past decade, LC/MS-based analysis has moved to the
forefront because of its ability to analyze and identify underiva-
tized and thermally labile metabolites. In contrast with electron
impact (EI), electrospray ionization (ESI)20 (and, to a lesser extent,

atmospheric pressure chemical ionization20) is a soft mechanism
for ionizing molecules, leaving the molecular ion intact. There
are two major approaches to LC/MS-based metabolomic experi-
ments: the targeted?!-23 and untargeted?4-28 analysis. In untar-
geted metabolomics, one tries to observe as many unknown and
known metabolic peaks as possible, comparing the ion intensity
between the same peaks present in two or more groups of samples.
The disadvantage of this technique is that it is not optimized for a
specific metabolite and is less quantitative. The advantage is that
it provides an opportunity to observe a large number of known
and unknown metabolites, which may provide novel insights into
a biological system3>29. Coupled to a high-resolution mass spec-
trometer39, such as a TOF22:31, Orbitrap32:33 or a Fourier trans-
form—ion cyclotron resonance (FT-ICR)34 instrument, high mass
accuracy can be obtained. This can greatly reduce the number
of potential molecular formulas corresponding to one metabolic
peak, but there may still be several possible molecular formulas
that are appropriate for the accurate mass data (depending on the
resolution of the instrument), and numerous potential isomers
for each molecular formula. More structural information can be
obtained by examining the fragmentation pattern. Combining
the high-resolution precursor ion with data from a fragmenta-
tion mechanism (obtained by MS/MS) reduces the number of
possible metabolites to a single structure or a narrow set of struc-
tures (see limitations below). When searching against a metabolite
database—in the case of this protocol, the METLIN database35
(http://metlin.scripps.edu)—it is therefore best to match both
the accurate mass and the fragmentation data (MS/MS spec-
tra) for each metabolite peak. Retention times, relative to other
metabolites of known identity and similar structural class, also
support the structural determination. This protocol describes an
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approach to provide rigorous characterization of metabolites from
LC/MS-based metabolomic data.

Q-TOF-based characterization of metabolites
In this protocol, metabolites are characterized using an LC-Q-TOF
instrument in combination with the METLIN database3> (http://
metlin.scripps.edu). The Q-TOF provides the ability to collect both
high-resolution precursor and fragmentation data, facilitating the
characterization of metabolites. When used in conjunction with
the METLIN database, which provides the user with the ability to
search for the precursor ion, its fragments and neutral losses, the
characterization of metabolites is highly augmented. METLIN is
the largest curated database of high-resolution tandem mass spec-
tra, covering over 10,000 metabolites. The fragmentation spectra
are essential for the elucidation and confirmation of metabolites.
Matching the retention time and fragmentation of a metabolite
with those of an authentic standard can confirm its identity. One
of the advantages of tandem MS in the Q-TOF is that collision
energies can be adjusted to enhance or decrease the degree of frag-
mentation, thereby revealing more information about the metabo-
lite. Some metabolites, however, do not fragment well or fragment
poorly when an adduct (e.g., Na*) is present. The adduct stabilizes
the ion and can give limited fragmentation, but trying different
ionization strategies or solvent mixtures can ameliorate this.
Untargeted metabolomics begins with an initial profiling experi-
ment, often in which two or more sample groups are profiled via
LC-MS and statistically compared, with only the dysregulated
metabolites being characterized?-46-2936_ There are a few excep-
tions in which only one sample group is analyzed in studies char-
acterizing as many metabolites as possible in one biofluid37:38. Two
excellent protocols are available for LC-MS profiling experiments
in urine3? and in plasma and serum!4. These protocols can be easily
adjusted to other sample types. The key to obtaining good results is
to carefully design the experiments so that there are enough biologi-
cal replicates to make the results statistically significant (i.e., they
must not be underpowered). Appropriate power calculations must
be carried out first to determine the sample size that will have a
statistically significant effect40. There are a number of factors that
need to be considered, such as biological variation, sample prepara-
tion and others; these are discussed in more detail by Brown et al.41.
Depending on the biological variability of the system, we recom-
mend that the minimal numbers of each sample group be four to six
for cell culture, six to eight for animals and ten or more for humans.
After analysis of the initial profiling data by using a peak alignment
and statistical analysis package, such as XCMS%2 or XCMSOnline#3,
alist of dysregulated metabolic peaks with a retention time and m/z
will be generated. The protocol reported here is for the systematic
analysis of the dysregulated features on this list. The stages of the
procedure are as follows: (i) determine the adduct and charge of
a metabolite feature of interest; (ii) inspect MS data to determine
whether a peak is real and of sufficient intensity for MS/MS;
(iii) perform targeted MS/MS; (iv) search precursor in METLIN;
(v) search MS/MS in METLIN; (vi) compare experimental MS/MS
with METLIN; and (vii) verify that the characterization is correct
using a standard.

Limitations of this approach

Many of the limitations listed below can be mitigated using special-
ized MS techniques, and thus may not impose real challenges. It is,
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however, very important to consider these points when carrying out
general metabolomic approaches and before optimizing methods
for specific chemical species or in response to specific problems.

First, low-abundance ions can be hard to identify if the precursor
ion intensity is low (generally below 5,000 counts for an Agilent
Q-TOF), making it difficult to obtain the high-quality fragment
spectra needed to support a structural assignment. This is not, how-
ever, a problem for many peaks, and examples of high-sensitivity
MS-based metabolite identifications include 3.5 fmol of dimeth-
ylsphingosine (DMS) per mg of dorsal horn3¢, or an upper-
attomolar range in the analysis of Methylobacterium extroquens
AMI (ref. 44).

Second, MS-based analysis provides little, if any, information
about the stereochemistry of the metabolites identified and is often
insufficient to determine the positions of double bonds in acyl tails.
Some specialized techniques have been developed to overcome this
problem and have involved the use of ion mobility4>, the addition
of Li* with multiple rounds of fragmentation4® and ozone-induced
dissociation?”. The location of these bonds may be important; for
example, isobaric -3 or -6 isomers of a lipid can have markedly
different biological roles*s.

Third, isobaric species that co-elute will provide a convoluted
mass spectrum, making it difficult to characterize either species.
MS is prone to ion suppression®?; therefore, co-eluted species also
affect the quantification of molecules and reduce the ability to
observe ions that are less capable of ionization in the presence of
an interfering metabolite. Furthermore, isobaric and other species
with very similar masses could be fragmented together if not well
isolated, thus introducing contamination into the MS/MS spec-
tra and hindering characterization, possibly leading to false nega-
tives. Appropriate chromatographic methods can be developed,
which can help resolve different species and reduce some issues
with ion suppression. Ion mobility can also aid in the separation of
isobaric species in gas phase, which reduces contamination of
MS/MS spectra.

Fourth, in-source fragmentation is sometimes observed for
species containing a labile group. It can generate one or more
abundant fragments that show a similar level of dysregulation
compared with other peaks at the same retention time#4. If two or
more dysregulated peaks co-elute, one must ensure that the peaks
are not fragments from the same molecule. In Supplementary
Figure 1, an example of this is shown in which two species
(m/z of 339.2892 and m/z 480.3084) with the same retention
time are observed to be dysregulated. The peak 480.3085 corre-
sponds to a lysoPE(18:1/0:0), whereas 339.2892 is a major frag-
ment of this lysoPE, a dehydrated oleoyl (18:1) glycerol. Without
recognizing that the lysoPE is the dysregulated metabolite, one
may falsely identify the in-source fragment, oleoyl glycerol, as a
dysregulated metabolite.

In addition, new tandem MS techniques, such as MSE (from
Waters) and SWATH (from AB Sciex), have recently emerged.
MS/MS data acquired from MSE and SWATH techniques have not
yet been tested with METLIN MS/MS spectral comparison.

Finally, this approach does not provide an unequivocal iden-
tification of a metabolite. It does, however, provide a higher
level of confidence than high-resolution mass alone. To quan-
titatively evaluate the confidence of metabolite identification,
a scoring system is under development. For better confidence,
standards should be acquired and run on the same instrument
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with the same instrument parameters. The retention time and
fragmentation patterns must then match between the sample
and the standard to extend the Q-TOF-based characterization
to identification, and if the retention time does not match it
implies that the characterization is incorrect. For metabolites
in which a higher level of confidence is needed, an orthogonal
method should also be used to validate the metabolite structure.

PROTOCOL |

NMR, for example, has the benefit of structural identification and
accurate characterization; furthermore, when coupled to LC, it
can be highly effective for metabolite elucidation>0. Metabolites
lacking commercial standards should be chemically synthesized
and compared as above>>l. For some experiments, this level of
rigor may be unnecessary, depending on the scope of the biologi-
cal question?.

MATERIALS

REAGENTS

+ Acetonitrile with 0.1% (vol/vol) formic acid (Honeywell B&J brand, LC-MS
grade) ! CAUTION Acetonitrile is highly flammable.

+ Water with 0.1% (vol/vol) formic acid (Honeywell B&J brand, LC-MS grade)

« Extracted samples from biofluids, yeast, cells or animal tissues in autosam-
pler vials (Sample extraction methods have been extensively reported in the
previous literature2836,52)

EQUIPMENT

+ LC-Q-TOF system: ultraperformance liquid chromatography (UPLC) or LC
system; Q-TOF mass spectrometer; column (C18, HILIC and so on) used in
initial profiling experiment

+ Instrument method from MS-profiling experiment

+ A personal computer with an Internet connection and a web browser

+ XCMS output spreadsheet from an MS profiling experiment (extracted
sample analyzed using the LC-Q-TOF system; see Equipment Setup for
more detail)

+ Spectral files from the original profiling experiment

+ Software for mass spectral analysis, provided by instrument vendor
(e.g., Agilent MassHunter, AB Sciex PeakView, Bruker Compass,
Waters MassLynx)

PROCEDURE

EQUIPMENT SETUP

LC-MS instrument setup This protocol is mainly based on using an Agilent
1200 series HPLC system coupled to an Agilent 6538 Q-TOF-MS with Agilent
MassHunter (Version B.04.00) and XCMSOnline software (version 1.21.1).
There are many other hardware and software combinations that can be used with
METLIN; check the instrumentation and software documentation for assistance.
To ensure a high level of mass accuracy, the instrument should be calibrated before
running the samples according to the manufacturer’s guidelines. Ensure that sam-
ples are properly mixed and thawed before placing them in an autosampler tray.
Install mobile phases, prime system pump and tubing. Install the column and
ensure that it is properly equilibrated before injecting the samples.

XCMS output spreadsheet For the analysis of untargeted mass spectrometric
data, we recommended using XCMSOnline software (https://xcmsonline.scripps.
edu), which can process and analyze data from Agilent, AB Sciex, Bruker, Thermo
Fisher and Waters hardware. The file formats of these platforms can be seen at
https://xcmsonline.scripps.edu/docs/fileformats.html, along with notes on how
to convert the files into the appropriate formats. The user manual for XCMSOn-
line can be found at https://xcmsonline.scripps.edu/docs/usermanual.pdf, and
related information can also be found in a recent publication®3.

Stage 1: Determine adduct and charge of a metabolite feature of interest

A CRITICAL The total ion chromatogram (TIC) and extracted ion chromatograms (EIC or XIC) should be retrieved from the
spectral files from the original profiling experiment. This can be done through the data analysis software provided by the
instrument vendor. Each instrument vendor has its own software, and each offers similar functions for retrieving the TIC and
EICs. Here we used Agilent MassHunter as an example to demonstrate this stage of the procedure.

1| Pick peaks of interest from the XCMS output spreadsheet (see Equipment Setup).

2| By using MassHunter, open the spectral file for a sample and search for the peak of interest by retention time and accurate mass.

3| In MassHunter, select File — Open Data File to select the data to analyze. The TIC should be displayed as in Figure 1a.

4| Select Chromatograms — Extract Chromatograms. In Type, select EIC.

5] On the MS Chromatogram tab, set the MS level to MS; for m/z value(s), type in your value.

6| On the Advanced tab, define the single m/z expansion to a symmetric parts per million (p.p.m.) value. For this example,
496.3409, +20 ppm was used. Click OK. The EIC should appear as in Figure 1b, and a peak with an appropriate retention time
(RT) for your peak of interest should be visible. The EIC will also display other species with very similar m/z, indicating

isobaric species that may be present.

7] With the Walk Chromatogram cursor selected, click on the EIC at the retention time of your peak of interest. The MS

spectrum will appear.
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Figure 1 | Determination of monoisotopic peak, a b
charge state and adduct of the precursor ion.
(a) The TIC for a represenative sample.

(b) The EIC showing one peak at m/z 496.3409.
(c) The mass spectrum at 24.5 min, scaled

to highlight the peaks at m/z 496.3409 and
518.3219, which represents the protiated
([M + H]*) and sodiated ([M + Na]*) species for i L

the same metabolomic feature. (d) Zooming in 14 16 18 20 22 24 26 28 30 32 34(min) 14 16 18 20 22 24 26 28 30 32 34 (min)
further on the peak at 496.3409 reveals a series
of isotope peaks of M + 1and M + 2. C 496.3409 d 496.3409

8| By using the Range Select cursor,
zoom in on the MS spectra as in 518.3219
Figure 1c. Determine the adduct of
your peak. In this case, 496.3409 is }
likely [M + H]*, as a peak of ~22 Da J
(518.3219) is present, which would
correspond to the [M + NaJ+.

497.3440

e JL L 498.3455

480 485 490 495 500 505 510 515 520 525 530 (m/z) 495 496 497 498 499  (m/2)

9| Zoom in further on the MS spectrum (Fig. 1d) and determine the charge for the peak. As there is a series of isotope
peaks ~1 Da larger after the most intense peak, it is singly charged. Subtracting the proton provides the neutral mass for this
species of 495.3336.

? TROUBLESHOOTING

Stage 2: Inspect the MS data to determine whether the peak is real and of sufficient intensity

10| Look for co-eluting ions within 1-2 m/z of the peak of interest in the MS spectra, as these may have convoluted the
fragment spectra. In Figure 2, a group of peaks is observed in which the separation is insufficient. Several species, such as
m/z 480.2805, m/z 480.3082 and m/z 482.2569, are not resolved and will fragment together, creating convoluted MS/MS
spectra (Fig. 2b). Once the species m/z 480.3082 is fully resolved by chromatography (Fig. 2c), the generated MS/MS spec-
trum shows good spectral purity. In addition to achieving high-quality MS/MS spectra, the feature of interest should have an
intensity greater than 5,000 (for an Agilent Q-TOF). The intensity requirement is empirical. Other Q-TOF instruments

from different vendors may have different intensity requirements. The parent ion intensity is required to ensure that the MS/
MS spectra have sufficient signal-to-noise ratios (S/N). If the peak is not pure (i.e., with co-eluting species within 1-2 m/z)
or intense enough, it will be difficult to obtain good MS/MS spectra and thus a meaningful characterization. All examined
features with good chromatographic resolution and peak intensities can be grouped for the MS/MS experiments in Stage 3.
? TROUBLESHOOTING

Stage 3: Perform targeted MS/MS

A CRITICAL The purpose of this section is to perform targeted MS/MS for the list of features with acceptable chromato-
graphic resolution and peak intensity as discussed in Stage 2. Various instruments have different ways to perform targeted
MS/MS experiments. Here we used the Agilent Q-TOF as an example.

11| In MassHunter software, open the

a 2 b 8 instrument method used to collect the
q 9 N sqinal fili d
g B g original MS profiling data.
© < Qi
E g8 ¥ MS/MS
g N @
5 88 o 8 Figure 2 | Insufficient chromatographic
\| R 2 480.3084 resolution of a species can lead to overlapping
§ &3 339.2892 \ peaks that produce convoluted MS/MS spectra.
— l (@) Insufficent resolution of the species m/z
50 100 150 200 250 300 350 400 450 500 m/z .
480.3082 from other components in a
C § d 339.2892 sample provides several overlapping peaks.
g (b) Fragmentation of the unresolved species
< (m/z 480.3082) from panel a results in a
- MS/MS convoluted spectrum containing at least two
2 “ species, m/z 480.3084 and m/z 482.2567.
- q . . .
& 5 4803084 (c) Chromatographic resolutwn. of the species
% m/z 480.3084. (d) Fragmentation of a resolved
J k ) \ LLL bidl { b spectrum of m/z 480.3084 from panel c allows
4785 4795 480.5 4815 4825 m/z 50 100 150 200 250 300 350 400 450 500 m/z for the characterization of lysoPE(18:1/0:0).
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12| Under the Q-TOF tab, click on the tab for targeted
MS/MS.

13| Input the m/z value of the feature, set an RT window

of at least 1 min and set isolation to medium, unless
co-eluting species dictate a narrower window. More than one
feature may be programmed as needed.

14| Save this method, and then inject and analyze the sam-
ple with the new method. The collected data will be used in
Stage 5.

Stage 4: Search precursor in METLIN
15| In your web browser, open METLIN (http://metlin.
scripps.edu). In Search, select Simple.

16| In the mass widow, input the accurate mass value of the
parent ion (Fig. 3).

PROTOCOL |

METLIN: Metabolite Search

Simple
Simple|Advanced |Batch | Fragment | Multiple Fragment| Neutral Loss|Unknowns

Mass: 137.045 Tolerance () 30 ppm
Charge: Neutral = M+H
Positive M+NH4
Negative  M+Na
M+H-2H20
M+H-H20
M+K
M+ACN+H
M+ACN+Na
M+2Na-H
M+2H
M+3H
M+H+Na
M+2H+Na
M+2Na
M+2Na+H +To select multiple Adducts
M+Li &¥- Hit Ctrl + Adducts
M+CH3OH+H saiddi Sifnane” A9

Find Metabolites Reset

Figure 3 | Screenshot of metabolite search in METLIN. The simple metabolite
search panel, with 137.045 inputed and M + H selected as the adduct.

17| Select the charge and adducts determined in Stage 1 (Steps 8 and 9).

18| The default and maximum tolerance of 30 ppm is generally acceptable for Q-TOF experiments; adjust the parameters
as appropriate for your specific mass spectrometer. Generally, it is best to use a slightly wider window than the theoretical

tolerance for an instrument.

19| Click on the ‘Find Metabolites’ button.
? TROUBLESHOOTING

Stage 5: Search MS/MS in METLIN

20| Open the newly created MS/MS data file in Agilent MassHunter. To examine the MS/MS spectra, select Chromatogram —
Extract Chromatograms; for Type, select TIC, and in the MS Chromatogram tab select MS level: MS/MS and select the precursor

ion for the peak of interest.

21| Use the Walk Chromatogram cursor to click on individual scans at and near your peak of interest.

22| Inspect the individual MS/MS scans at and around this RT to assess spectral purity. Often a portion of the precursor ion
will remain intact, making it easier to identify the spectrum of interest and assess spectral purity. Generally, if a similar frag-
mentation pattern is consistently seen across a few scans, and the MS spectrum lacks co-eluting species within a few m/z,
then the spectra can be considered pure and sufficiently intense to identify the peak of interest.

? TROUBLESHOOTING

23] Scroll through the metabolites returned by the METLIN search in Stage 4 to find ones with MS/MS data (indicated by a

‘iew” button) (Fig. 4).

24| Click on ‘View" The spectrum will appear (Fig. 5).

25| Click on individual lines in the spectral table to select a specific precursor and voltage; the appropriate spectrum will
appear. You can right-click and drag a box to zoom in. Roll your cursor over a spectral peak and the exact mass for the

fragment will be displayed along with a predicted structure for that fragment if available. Click ‘Reset zoom” in the upper
left to zoom back out. Right-click and hold ‘move’ to move the spectral window around the page. To close, click on ‘close’

in the upper right corner.

Stage 6: Compare experimental MS/MS with METLIN

26| Compare your experimental spectra with the spectra in METLIN by visual inspection. If the same fragment ions are
present in the experimental spectra and the METLIN spectra with very similar intensity ratios, you have a match,
as seen for phenylalanine (Fig. 6a), arachidonic acid (Fig. 6b) and hypoxanthine in positive and negative modes
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(Fig. 6¢c,d). Hypoxanthine in positive
mode (Fig. 6¢) is a good match,

as the major experimental fragments
are of similar intensity as the standard,
although there is some low-intensity
contamination. If you find an accept-
able match, you can go to Stage 7.

If several high-intensity ions are miss-
ing or the ratios are markedly different
(as seen in Fig. 7, in which the inten-
sity ratios between the experimental
spectra in black are different from the
standard spectra in red), you have not
found a match.

? TROUBLESHOOTING

Stage 7: Verify that the
characterization is correct using a
standard

27| If you found an exact match
between your experimental spectra at
both the precursor and fragment lev-
els, then you have characterized the
metabolite. Depending on the level of
confidence needed in your analysis,
you should follow up with additional
techniques to support your identifica-
tion. Techniques such as FTICR-MS or
NMR can give you an additional level
of confidence, although metabolite
concentrations often prevent the use
of NMR to characterize metabolites.
The highest level of confidence is
obtained when standards are synthe-
sized or purchased, and compared by
LC-MS/MS to confirm retention time
and MS/MS with the same parameters.

? TROUBLESHOOTING

Stage 1: If it is determined that your
metabolic peak of interest is an iso-
tope peak, one must be cautious that
this may be a false positive. If your
peak is an adduct other than M + H
or M - H, one should look back at the
original profiling experiment to see
whether the monoisotopic peak or

M + Hor M - His also dysregulated.
If this is the case, complete this pro-
tocol with the M + H or M=H ion. If it
is not dysrequlated, do another simple
search in METLIN with the correct ad-
duct selected. As we discussed above

METLIN

Metabolites

Mass 137.045 with 30 ppm mass accuracy

Change Query |

Total: 7 Metabolites

uerun o] “wass oo wawe ——usws—sTeuoruRe
(0] OH

! 4244 [M+H]* 4 ||Threonate
mlz Formula: CAH805
137.0445 CAS: 70753-61-6 - OH
M View | HO
} 136.0372
\ OH
I
‘ 35473 [M+H]* 4 ||D-threonic acid NO 0
miz Formula: C4H805
\ 137.0444 CAS: HO
M
136.0372 OH
HO OH
i
| 45859 [M+H]* 4 || Threonic acid NO OH 0
‘ m/z Formula: C4H805
| 137.0444 CAS: HO
. OH
136.0372
‘ OH
\ | - ) )
‘ 45855 | [M+H]* 4 | Erythronic acid NO OH 0
mi/z Formula: C4H805
‘ 137.0444 CAS: HO
I M §-] OH
136.0372 =
[ =
I OH
i = = —l — - —_—
| 35474 [M+H]* 4 ||DL-erythronic acid NO OH 0
‘ miz Formula: C4H805
w 137.0444 CAS: HO
| M OH
136.0372
| on
[ |
[
(o]
| 865 [M+H]* 5 |allopurinol
[ mlz Formula: C5H4N40O
| 137.0458 CAS: 315-30-0
| M View Nl | \ N
| 136.0385 7
[ u NH
I
‘ 83 [M+H]* 5 |Hypoxanthine OH
[ miz Formula: C5H4N40O
137.0458 CAS: 68-94-0 - N
1 M | View / / N
136.0385 )l
HN \N

Figure 4 | Screenshot of the returned metabolites from the search for 137.045 in METLIN, with
structural and mass spectral information.

(Supplementary Fig. 1), in-source fragments should also be checked. These in-source fragments always co-elute with their
parent ions. If the in-source fragment ion is identified, one should look for the parent ion at the same retention time. If the
parent ion is also dysregulated, complete this protocol with the parent ion.
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Figure 5 | Screenshot of the spectrum of
hypoxanthine. The fragmentation spectrum is
shown. Clicking on the other voltages in the
black-bounded box displays the appropriate
spectrum. The act of rolling over a fragment peak
(such as 119) with your mouse reveals a predicted
fragment structure and details about the exact
mass and relative intensity of that fragment.

Stage 2: If a co-eluting metabolic
peak is within 1-2 m/z of your ion of
interest, it may provide a convoluted
spectrum. If you suspect that this is the
case, you should refragment this
species with a narrower isolation
window. If it is within 1 Da, this may
not be sufficient to isolate the species,
and you may need to use another
approach to identify this peak. If two
ions are co-eluting, different chromato-
graphic conditions may allow these two
species to be separated as in Figure 2.

Intensity (%)

100

75

50

25

PROTOCOL |

Hypoxanthine

MID: 83

Mode:

m/z: 119.0350

+)

Collision Energy: 20 V

Intensity: 45 % ‘
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T T T
100 125 150

Mass (m/z)

+)

20V

[M+H]+
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Stage 4: If no metabolites are returned from the search, you can increase the tolerance value, or add additional
adducts if appropriate. For the ionic metabolites, when searching the METLIN database, the ‘neutral’ should be chosen for
the “‘charge’ setting. In addition, the isotopic pattern distribution also helps predict the empirical formula of unknown
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Figure 6 | A comparison of experimental (black) and METLIN standard (red) spectra for three metabolites.
(a-d) Phenylalanine (a), arachidonic acid (b) and hypoxanthine in positive (c) and negative (d) mode.

compounds. Most data analysis tools
provided by instrument vendors have
this function.

Stage 5: If you cannot identify the
precursor ion in Step 22, you may
want to rerun the sample, performing
fragmentation at a lower energy in
Stage 3. If the precursor is identified,
but there is insufficient fragmentation,
you may want to rerun the sample,
fragmenting at a higher energy in
Stage 3.

Stage 6: Note that MS/MS spectra
in the METLIN database are acquired
on Agilent Q-TOF mass spectrometers.
Although we have demonstrated
that other Q-TOF mass spectrom-
eters have similar MS/MS spectra to
those in the METLIN database®3, the
relative intensities of fragment ions
in MS/MS spectra may be slightly
different, depending on the instru-
ment settings. In addition, MS/MS
spectra in METLIN database are
acquired with an isolation window
of 1.3 Da, and thus there is no iso-
topic peak for fragment ions. When
MS/MS spectra in Stage 3 are
acquired with a wider isolation win-
dow (e.g., 4 Da), one should expect
that isotopic peaks will be shown in
the MS/MS spectra.
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Figure 7 | The importance of retention time, accurate mass and fragmentation for identification. (a) Separation of sphingosine C-18 (peak 1), sphingosine
C-20 (peak 2), palmitoyl ethanolamide (peak 3) and stearoyl ethanolamide (peak 4) from a tissue extract analyzed by reversed-phase-HPLC-MS/MS. Note that
the isobaric species 1 and 3 are well separated and can be identified. Without separation, a convoluted spectrum would be produced. (b) Characterization

of N,N-dimethylsphingosine (DMS). In a separate analysis, DMS (peak 5) was observed, which is isobaric with sphingosine C-20 (peak 2) and stearoyl
ethanolamide (not observed in this analysis). Top, the MS/MS spectra of DMS (black) acquired at the collision energy of 20 V and 40 V, respectively. Bottom,
the MS/MS spectra of sphingosine C-20 (red) in METLIN database with the collision energy of 20 V and 40 V, respectively. Comparison of the experimental
spectra of DMS against sphingosine C-20 reveals a poor match because of different ratios between the higher intensity species at 20 V and a poor correlation
in the lower mass species at 40 V.

@ TIMING
This protocol should take 2-4 h, depending on the metabolite.

ANTICIPATED RESULTS

This protocol allows one to characterize a peak of interest in an untargeted metabolomic experiment if it is a metabolite
found in METLIN, or is an analog of a metabolite in METLIN. Metabolites that are not in METLIN or not analogs of known
metabolites are difficult to identify with this technique, although this protocol will provide information that would be
valuable when used in combination with other analytical techniques. Some cases that have proved challenging when
attempting to identify unknown metabolites are discussed below; they include examples of metabolites that have no exact
match in METLIN and metabolites that co-elute with other metabolic peaks of similar m/z.

For our first example, the metabolic peak of interest has an m/z of 496.3409 and an RT of 24.5. The ion spectrum is
extracted (Fig. 1c) from the TIC, and upon inspection of the spectrum at m/z 496.3409 another peak is observed at m/z
518.3219, which is 21.981 amu larger. This is characteristic of the [M + Na]+* peak and supports the fact that m/z 496.3409
is the [M + H]* peak (Na* - H* = 21.9820). As also noted (Fig. 1d), two isotope peaks for the m/z 496.3409 peak can be
seen, m/z 497.3440 and m/z 498.3455. As these peaks are approximately +1 and +2 from the [M + H]+ peak, it adds vali-
dation that this is a singly charged ion and that m/z 496.3409 is indeed the protonated monoisotopic mass of the molecule.

To determine the structure of the species at 480.3082 in Figure 2, caution must be taken to avoid potential contami-
nation from the species at m/z 479.7786 [M + 2H]2+*, m/z 480.2805 and m/z 482.2569 [M + 2H]2+. Indeed, when m/z
480.3082 is isolated and fragmented, the spectrum in Figure 2b is obtained, which contains both m/z 480.2805 (isotope
of m/z 479.7786) and m/z 482.2567 species. In this situation, m/z 480.3082 cannot be identified, as the MS/MS spectrum
is suppressed and contaminated. If chromatography is used to separate these species, as shown in Figure 2c, a pure MS/MS
spectrum can be obtained for m/z 480.3084 (Fig. 2d), which is characterized as lysoPE(18:1/0:0). The use of a narrow isola-
tion window may also be useful to prevent contamination by other species if the mass difference of two species is sufficient.

The characterization of three metabolites, phenylalanine, arachidonic acid and hypoxanthine, is depicted in Figure 6. The
simple fragmentation of the experimental phenylalanine (Fig. 6a) and the more complex arachidonic acid (Fig. 6b) match
the standard METLIN spectra in both intensity ratio and accurate mass of the fragments, supporting their identification. The
experimental spectrum for hypoxanthine in negative mode (Fig. 6d) matches well with the METLIN spectrum, although there
is substantially more contamination in the experimental sample than observed in positive mode (Fig. 6¢). The observation
that hypoxanthine is dysregulated in both positive and negative modes also supports the characterization of this peak.

In addition to the MS/MS pattern, the retention time is another key parameter to consider. As seen in Figure 4, a search
for m/z 137.0450 returns seven hits. The first five hits (such as threonate) are organic acids, and the remaining two hits
(allopurinol and hypoxanthine) are more basic metabolites. The two types of metabolites could be differentiated by their
retention time and ionization efficiency using positive-mode ESI. This helps narrow down the candidates before comparing
MS/MS spectra. However, to further differentiate allopurinol and hypoxanthine, MS/MS matching is necessary.
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Another example for the importance of retention time is shown in Figure 7. The precursor ion m/z 300.2889 is appropriate
for both sphingosine C-18 and palmitoylethanolamide, which have the same formula of C,3H;;NO, (Fig. 7a) These molecules
are indistinguishable by accurate mass alone. If these molecules were not resolved by chromatography, both species would
be selected to fragment at the same time, generating a convoluted spectrum that would hinder the identification of either
species. When resolved, the individual species can be analyzed and structures can be assigned to each peak, as represented
by peaks 1 and 3 in Figure 7a. The relative retention time can support a structural assignment. In Figure 7, two additional
peaks, 2 and 4, can be seen, which are analogs of 1 and 3 but are an additional two carbon units long. In general, on
(18-based columns, increasing chain number and increasing saturation increases the retention time for a group of molecules
with the same functional group. Observing a later retention time for sphingosine C-20 over sphingosine C-18 and stearoyl
ethanolamide over palmitoylethanolamide is consistent with their characterization. Figure 7b shows the importance of
MS/MS spectral matching to differentiate the N,N-dimethylsphingosine (DMS, peak 5) and its isobaric species sphingosine

C-20 (peak 2).

Investigators who have access to pure standards of compounds that are not currently characterized in METLIN can email
metlin@scripps.edu to arrange for these to be added to the database.

Note: Supplementary information is available in the online version of the paper.
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