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Multiple reaction monitoring (MRM) profiling is an exploratory mass spectrometry (MS) method
applicable to the initial screening of complex samples for small molecules based on their chemical
functionalities. We report on the applicability and quality of this method to screen for metabolites, lipids
and exogenous compounds in a candidate reference material, the Metabolomics System Suitability
Research Grade Material (RGM 10122) which is being developed by the National Institute of Standards
and Technology (NIST). In an initial discovery experiment, we recorded data using eighty neutral loss
(NL) and precursor ion (Prec) MS/MS scans, selected from literature data as likely of value in recognizing
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Lf;g’grrmscs the presence of potential lipids and metabolites. Then the NIST sample was re-examined combining
Metabolomics precursor-to-product ion transitions from the discovery experiment with a list of 1357 known literature-
Exposome based metabolite MRMs. This MRM profiling experiment gave a small set (191) of high-quality lipid

specific MRMs for the sample. Similar experiments gave 104 and 17 metabolite and exosome MRM's.
These MRM experiments, with a few exceptions, showed relative standard deviations (RSD) under 25%
for individual tentatively assigned compounds. At a data acquisition rate of 50 compounds/min, using
two MRMs for each compound, this approach allows quick surveys for easily detectable compounds in
complex samples.
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1. Introduction

Continued progress in small molecule analysis by mass spec-
trometry (MS) has reinforced the need for analytical standards for
biological matrices, such as biofluids and tissues. Such complex
standards are necessary to support the development and validation
of workflows for sample preparation, measurement, and data
analysis, and are required for the evaluation of inter-laboratory
comparability. One of the first such initiatives involving the use of
a human biofluid analytical standard for metabolomics was taken
in 2010 when the LIPID Metabolites and Pathways Strategy (LIPID
MAPS) consortium published the analytical results of NIST Standard
Reference Material (SRM) 1950 Metabolites in Frozen Human
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Plasma and quantified the abundant lipid species [1] Subsequent
use of this NIST SRM contributed to a harmonization effort un-
dertaken through an interlaboratory comparison exercise involving
31 different sites [2].

A wide range of chemical functional groups occurs in individual
lipids and metabolites and they can be categorized as polar (me-
tabolites, some lipids, and most drugs) or non-polar (some lipids)
compounds. The structural variety extends even further if one
considers exogenous compounds such as synthetic chemicals,
drugs and their metabolites; the human metabolome can be used
as a basis to study exposure to exogenous compounds and hence to
provide a framework for study of exposure—response relationships
[3].

Full mass scan exploratory analysis for the identification of small
molecule metabolites, lipids, and exogenous compounds typically
utilizes commercial platforms often including liquid-
chromatography (LC) coupled to high-resolution mass spectrome-
ters (HRMS), especially time-of-flight (ToF) and Orbitrap
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instruments, or hybrids like the quadrupole/ToF. Sample separation
by LC is followed by product ion MS/MS scans. It is important to
note that even though the product ion scan MS/MS is the most
common MS/MS experiment, this is just one of the four types of
MS/MS experiments that can be performed in triple quadrupoles
and other types of mass spectrometers. Two other MS/MS scans,
namely the precursor ion scan (Prec) and the neutral loss scan (NL),
allow profiling for chemical functionalities since these frequently
yield class-diagnostic product ions or neutral losses [4]. Therefore,
while the product ion scan is ideal for obtaining structural infor-
mation on a specific precursor ion and hence a specific compound,
Prec and NL are powerful scan modes for exploratory analysis of
small molecules at the level of the chemical functional group.

From these considerations, an alternative exploratory method
has emerged in which Prec and NL scans are used in experiments
(or alternatively taken from the literature) to discover precursor-to-
product transitions which are distinctive for particular functional-
ities. Once these are recognized, then individual samples can be
screened rapidly for these chemical signatures using a set of tran-
sitions assembled in a multiple reaction monitoring (MRM) set.
This procedure, under the name MRM profiling, has been described
[5] and reviewed [6]. Chromatographic separation and the use of
internal standards for structural confirmation or absolute quanti-
fication are reserved for a final target validation step [7] when such
a step is deemed necessary to solve the particular problem in hand.
Examples of published applications of the MRM profiling method
include identification of cases of drug resistance in bacteria [8],
profiling of epidermal lipids in a mouse model of dermatitis [9],
lipid extract stability [10] and characterization of peri-ovarian ad-
ipose tissue [11]. MRM profiling has also been integrated with
proteomics in analysis of the gold nanoparticle biocorona in healthy
and obese populations [12]. Structural confirmation and absolute
quantification have been performed in some studies, but the main
objective of the MRM profiling method is to survey the chemical
composition of the sample at a higher level than individual com-
pound identification in order to guide further exploratory and
validation efforts. This approach finds particular value in the clas-
sification of samples into related groups. We envisage that the
MRM profiling approach can support efforts in which MS is applied
to point-of-care analysis, specially using simple instruments and
low cost materials such as paper spray ionization [13,14].

In this research, the MRM profiling method was applied for the
exploratory analysis of lipids, metabolites, and exogenous com-
pounds in the NIST material currently being developed as a
Metabolomics System Suitability Sample (NIST RGM 10122), which
will soon become a NIST standard. This sample is a dried polar
extract of human liver intended for evaluation of instrument suit-
ability and performance in advance of a metabolomics study. In
addition, the NIST liver extract sample also served to provide in-
formation on the reproducibility of the MRM methodology.

2. Materials and methods
2.1. RGM 10122 production

Liver tissues were cryo-homogenized at the NIST laboratory in
Charleston (SC, USA) using established protocols [20]. Homoge-
nized liver powder was extracted with 70% volume fraction ethanol
in water and stored at —80 °C to facilitate protein precipitation. The
liver sample was then centrifuged at 4 °C, the supernatant was
transferred, and the centrifugation step was repeated. The final
supernatant was diluted twice (2x) with 70% volume fraction
ethanol in water, dispensed into autosampler vials and stored in a
liquid nitrogen vapor freezer prior to drying by vacuum centrifuge.
Four vials, each containing a dried extract of approximately 100 mg
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tissue equivalent, were provided for this study. The first vial was
used in the exploratory experiments. The last three vials were used
in the measurement of reproducibility.

2.2. Sample preparation

The dried NIST RGM 10122 sample extract was resuspended in
100 pL of MeOH/CHCl3 (3:1 v/v) with 5 ng mL~! of butylated
hydroxytoluene (referred to as the stock solution). The stock solu-
tion was then diluted in acetonitrile (ACN)/methanol (MeOH)/
ammonium acetate (NH4CH3CO;) 300 mM 6.65:3:0.35 v/v/v
(referred to as the injection solvent) to dilute the stock solution by
hundred times (100x ) for MRM profiling experiments and by fifty
times (50x) for the acquisition of product ions scans.

2.3. Instrumentation and data acquisition

The experiments were performed in a triple quadrupole mass
spectrometer (6410 Agilent) equipped with a capillary pump
(Agilent 1100 series) and an autosampler (G1377A Agilent). Both
positive and negative ion modes with an isolation window of + 0.7
mass units were used for the experiments. A volume of 8 puL (8 pL) of
the sample was used for flow injection (i.e. no chromatographic
separation) in MRM profiling experiments and in the reproduc-
ibility study. For each injection, data was acquired over 2 min. The
8 uL sample volume was chosen for injection because it provides
ion signal for around 45 s, which avoids carry over to the next
sample injection when using 2 min of data acquisition. The volume
of 12 pL chosen for the product ion scans gave higher ion signals
which was needed since this scan is less sensitive than are MRM
experiments. ACN containing 0.1% formic acid at the flow rate of
10 pL min~'was the solvent delivered by the capillary pump. No
solvent gradient was used.

2.4. MRM-profiling exploratory experiments

The MRM profiling workflow for sample screening (Fig. 1) used
the instrumental conditions described above. Discovery step ex-
periments included the 80 NL and Prec MS/MS scans for lipids and
metabolites which are listed in Table S1. The transitions observed in
the discovery step experiments were combined with a list of 1357
MRMs based on the Lipid Maps Structure Database (LMSD) for ten
classes of lipids (Table S2), with 611 MRMs related to 155 metab-
olites commonly detected in biological samples (Table S3), and with
252 MRMs related to 90 exogenous compounds (Table S4). The
literature-derived MRMs related to metabolites and exogenous
compounds were compiled from the METLIN database (www.
metlin.com) together with metabolite [22,23] and exogenous bio-
fluid and tissue literature [15—30]. Data acquisition was performed
at a rate of 200 MRMs during each 2 min sample injection (i.e. 100
compounds in 2 min when using two MRMs for each compound).
The MRMs were acquired using the same solvent and ionization
source conditions, i.e. ESI conditions without intentional adduct
formation. Note that the Lipid Maps Structure Database - LMSD
(www.lipidmaps.org) is a relational database encompassing struc-
tures and annotations of biologically relevant lipids. Structures of
lipids in the LMSD come from several sources, including the LIPID
MAPS® Consortium's core laboratories and partners, lipids identi-
fied by LIPID MAPS® experiments, biologically relevant lipids
manually curated from LIPID BANK, LIPIDAT, Lipid Library, Cyber-
lipids, ChEBI and other public sources. Also novel lipids described in
papers submitted to peer-reviewed journals, computationally
generated structures for appropriate classes are included in the
LMSD.
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Fig. 1. Overview of the MRM profiling workflow used in this study. In the discovery step (D), 80 precursor and neutral loss ion scans were used to profile compound classes and
structural motifs related to lipids and metabolites, resulting in 210 MRM transitions being detected from 49 NL and Prec scans. For the screening step (S), 86 transitions seen (using
NL/Prec scans) in the discovery step and for which a tentative ID was found in Metlin or LipidMaps, were combined with MRMs based on class-specific parent/product ion pairs
listed at the Lipid Maps database, resulting in a final list of 1357 MRMs. The NIST sample was then examined for these MRMs and it gave 191 MRM hits all related to phospholipids.
Also, MRMs related to metabolites reported in Metlin or in the literature [21—23] were combined with the discovery data, and these 611 MRMs represented 155 metabolites. The
NIST sample was then examined for these MRMs and it gave 104 hits. MRMs for 90 exogenous compounds (252 MRMs) were also screened and these gave 17 hits. For the

reproducibility study, three vials of the sample were used to measure the % RSD of the signals

for the detected lipids, metabolites, and exogenous compounds. With a few exceptions,

the % relative standard deviation (RSD) for a variety of compounds as measured by their MRM transition(s) was under 20%.

2.5. Detection of expected fragments by product ion scans in
metabolites and exogenous compounds

Precursor ion my/z values corresponding to metabolites and
exposomes that showed ion intensities higher than those for the
blank sample were used for the acquisition of product ion MS/MS
data to obtain evidence for the tentative molecular structure
attribution. Product ion MS/MS was performed using four different
collision energies (10, 20, 25, and 30 V) for precursor ions of me-
tabolites and exogenous compounds (Tables S6 and S7).

2.6. Reproducibility study

Three additional vials of NIST RGM 10122 were used for the
reproducibility study. MRMs for lipids, metabolites, and exogenous
compounds were applied to screen a pooled sample composed of
aliquots from each of the three new vials of the NIST 10122 sample
and the detected MRMs were used for % RSD calculation as
described below.

Triplicate sample injections were performed for each sample
vial. The measurements were run with samples either spiked or not
spiked with Avanti Equisplash® Mix (#330731, Avanti Polar Lipids,
Alabaster, AL). For those measurements where IS was spiked (total
of 1.6 ng of each IS for each sample injection), the ion intensities of
the IS's sphingomyelin (SM), phosphatidylinositol (PI), phosphati-
dylethanolamine (PE), phosphatidylserine (PS), phosphatidylgly-
cerol (PG), phosphatidylcholine (PC) were used to normalize the
ion signals of all lipids in the same class. These classes were selected
for normalization by IS since relative quantification using one or
few IS to represent the whole class is generally considered
acceptable. For quantitation of lipids in other classes, such as cho-
lesteryl esters which show in-source fragmentation, matching in-
ternal standards is usually required [22,31].

2.7. Data analysis

When profiling experiments are carried out by direct sample

injection (as in this research) or by LC-HRMS. Ions higher in in-
tensity than the background are used for database search and sta-
tistical analysis. Here we applied a filter requiring ion signals to be
30% higher than for a blank sample (i.e. just the injection solvent) to
refer to an ion or an MRM as detected and so to include it in the
profile. Therefore, if a MRM is referred to as “detected,” it means
that it showed an ion intensity at least 30% higher that the value
obtained for the injection solvent. For the relative quantification
data, where normalization by spiked internal standards was per-
formed, signal-to-noise threshold (S/N) >3 was used. This gave
similar data to the 30% above blank method.

Ion intensities of each MRM were summed for the scans ob-
tained over 2 min of data acquisition for the samples and for the
injection solvent (blank sample) using home-built scripts. This data
was used to calculate which MRMs were detected and the fold
change compared to the blank sample. For the reproducibility
study, relative standard deviations (% RSD) were determined using
total ion counts of each MRM. The % RSD was then calculated

0 — STDEVdata range
as % RSD = ( AVERAGE oo mnge) x 100.

3. Results and discussion

This research interrogated for selected small molecule chemical
functionalities in the NIST RGM 10122 polar liver extract using an
MRM profiling strategy. A clear understanding of the four MS/MS
scan modes in mass spectrometry (Prec, NL, Product ion scan and
MRM) as outlined by Schwartz et al. 1990 and recently reviewed [6]
is necessary to draw parallels between MRM profiling and the
typical exploratory methods for small molecule composition in
biological samples.

The experiments reported here were not aimed at individual
compound identification nor were they comprehensive since
various other chemical functionalities could have been sought.
Nonetheless, those selected represent common compound classes
that are present as small molecules in lipids, metabolites, and
exogenous compounds. The data shown were acquired in quickly,
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2 min for each Prec or NL scan or 100 MRMs/min after sample
dilution.

We started by interrogating the sample using 80 Pre and NL MS/
MS scans (Table S1) related to lipids and metabolites and refer to
this as the discovery step. That is, we use functional group selective
MS/MS scans to discover MRMs related to these two classes of
biological compounds. In order to screen the NIST standard sample,
ion transitions (MRM scans) detected by Prec and NL for which a
tentative ID found in the Metlin or the Lipid Maps database has
chemical functionalities of lipids and metabolites (N = 86), were
combined with additional MRMs. These additional MRMs were
compiled from the Lipid Maps Structure Database (Table S2)
together with MRMs compiled from the literature and the Metlin
data base for metabolites (Table S3) and for exogenous compounds
(Table S4). The experimental design and a summary of the out-
comes is described in Fig. 1.

For the MRM profiling discovery step, we applied 80 Prec and NL
MS/MS scans which were related to known structural motifs of
lipids (35 MS/MS scans) and metabolites (45 MS/MS scans)
(Table S1). A total of 210 ion transitions was observed, of which 85
ion pairs were related to 36 Prec or NL scans for lipids and 125 ions
were detected using 45 scans for metabolites. These Prec and NL
scans have been previously reported and used in previous MRM
profiling publications [5, 12, 13, 50]. Fig. 2 shows the Prec scan of m/
z 184 used to profile phosphatidylcholine and sphingomyelin lipids,
and the NL scan for 329 Da, which in the m/z range assayed, profiles
for glycerolipids containing arachidic acid (C20:0).

For the MRM profiling screen, a large set of MRMs (N = 1357) for
lipids and for metabolites (such as acylcarnitines) was also
considered. This list combines isomers of the same class into one
MRM. Therefore, these MRMs correspond to over 14,000 entries in
the Lipid Maps Structure Database - LMSD (www.lipidmaps.org).
These MRMs were associated with ceramides (Cer, N = 80), phos-
phatidylcholines and sphingomyelins (PC/SM, N = 147) phospha-
tidylethanolamines (PE, N = 151), phosphatidylglycerols (PG,
N = 151), phosphatidylinositols (PI, N = 147), phosphatidylserines
(PS, N = 147), cholesteryl esters (CE, N = 56), triacylglycerols (TAG,
N = 383) and acyl-carnitines (AC, N = 59) as well as free fatty acids
(FFA, N = 36). This set of MRMs was previously used for the analysis
of bovine oocytes and embryos, as well as for mouse peri-ovarian
fat as well as for swine milk and plasma [11,32,33]. Only the pre-
cursor ion mass was monitored for the free fatty acids since no
informative fragmentation was observed with CID in the negative
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ion mode. Triacylglycerols (TAGs) were monitored using NL for
C16:0 (NL 273 Da), C16:1 (NL 271 Da), C18:0 (NL 301 Da), C18:1 (NL
299 Da), C18:2 (NL 297 Da), C20:0 (NL 329 Da) and C20:4 (NL
321 Da) fatty acyl residues [34].

We also enriched the screening step by combining with the
experimentally discovered MRMs, a list of 611 MRMs (363 in the
positive mode, and 248 in the negative mode) related to 155 me-
tabolites and related isomers (Table S3) based on the METLIN
database and the literature [35,36]. Eventually 252 MRMs (190 in
positive and 62 in the negative ion mode) related to 90 exogenous
compounds (Table S4) of interest in environmental exposure and
listed in the METLIN database and in the literature [15—30,37,38]
were also combined with the discovery step MRM list. From all
these MRMs, 191 MRMs related to lipids (Table S5), 104 MRMs
related to 65 metabolites (Table S6), and 17 MRMS related to 14
exogenous compounds showed ion intensities above the threshold
level (30% above the blank; Table S7). An overview of the number of
detected MRMs in the screening step, which contained product
ions related to the chemical functionality of lipids, metabolites, and
exogenous compounds is depicted in Fig. 3.

In many applications of MRM profiling, the screening allows
classification of samples into classes without the need to identify
the individual compounds responsible for the classification. When
this identification is required, the most straightforward way of
obtaining it is to acquire product ion scan data for the precursors of
the most intense MRMs. We did this for the 104 MRMs related to
metabolites (Fig. S2) and for the 17 MRMs related to exogenous
compounds (Fig. S3).

For the MRMs related to metabolites, fragments observed for 11
compounds allowed their tentatively identification as glycocholic
acid (GCA), L-2-aminobutyric acid, glyceric acid, creatinine, L-pro-
line, L-leucine/i-isoleucine, 4-hydroxy-i-proline, hypoxanthine, L-
carnitine, a-p-glucose, p-galactose (Fig. S1). In the case of exoge-
nous compounds, the observed fragments allowed just two tenta-
tive identifications (diethyl hexyl phthalate and acrylamide)
(Fig. S2). These two compounds may be artifacts of the sample
production as they are quickly metabolized and excreted and un-
likely to be found in liver tissue. Monoesters of phthalate diesters
were not screened for. The small fraction of compounds with
assigned product ions in these experiments is due in part to the
lower sensitivity of product ion scans compared to the MRM scan.
Nonetheless, such experiments could help guide targeted LC-MS/
MS or HRMS validation, steps out of the scope of this study and
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Fig. 3. Plot at left displays the number of transitions related to lipids, metabolites and exogenous compounds detected in the MRM profile screening step. The plot at right lists the

number of MRMs for lipids by the lipid class.

the speed advantage of MRM profiling remains notable.

A reproducibility study of the MRM-profiling method was con-
ducted using three different vials of the NIST RGM 10122 sample
(Fig. S3). For the three sample vials, 237 MRMs were evaluated only
based on total ion intensities (SM, Cer, AC, PI, FFA, PE, PS, PG, PC).
The reproducibility results are summarized below in Fig. 4 and
Table S8 where 79% of the measured lipids (188 out of 237 MRMs
based on total ion intensities) showed % RSD lower than 25%. We
did not observe a correlation between the ion abundance and the
RSD for the classes of compounds profiled.

For the remaining 194 MRMs related to PC/SM, PG, PI, PS, and PE,
normalization of data was performed using one IS per class (Fig. S5
and Table S9). The use of IS normalization for some lipid classes
(SM, PI, PE, PS, PG, and PC) did not lower RSD values, most likely
because the concentration of the IS used was not appropriate for all
lipid classes monitored given the wide range of lipid concentra-
tions. This suggestion is consistent with the fact that higher RSD
values were observed for low abundance lipids (Tables S8 and S8).
For the 58 MRMs related to metabolites studies for reproducibility
(Table S10), average RSD was 12.3%. For the 11 MRMs related to

exogenous compounds evaluated, average RSD observed was 13.5%.

For the entire reproducibility study, we used less than 1% of the
sample (equivalent to 1 mg of tissue). Production of NIST RGM
10122 resulted in a known mass variance across vials as was
exemplified by the results of vial number 2 which showed overall
higher RSDs. Complimentary vials are available to the research
community for feedback to help in the development of a system
suitability sample Research Material (RM) or for use in laboratory
method validation.

In summary, this exploratory analysis of the NIST RGM 10122
sample by the MRM profiling method used Prec, NL, and MRM
scans to profile chemical classes, establishing MRM transitions for
this important sample. The experiments were neither intended to
be comprehensive nor specific to the sample type. The novelty of
this research lies in the measurements on the NIST samples and the
demonstration of reproducibility in the MRM-profiling study. The
MRM profiling workflow is flexible, which means that exogenous
compounds and known or predicted metabolites can be added to
the screening methods. In the NIST RGM 10122 sample, MRM
profiling allowed the detection of 191 MRM s related to lipids, 104 to

Total lon Intensity
Cer: 6 SM; 26 Cer; 6 SM; Cer; 6
AC; 21 AC; 20 AC 21
PC; Pl;14 PC; PI; 14 Pl; 13
107 107 105
k FFA; FFA; 9 FFA
1 PE; 30 PE; 32 PE; 31
PG;3 PS; PG; 3 PS;
e e
18. 5 19.3 211
AC 16.7 AC 19.0 AC 24.4
Pl 17.0 Pl 17.9 Pl 18.9
FFA 59.1 FFA 15.2 FFA 35.4
PE 16.5 PE 20.2 PE 15.7
RE 2 17.5 R 22 PS 16.3 RG 2 PS 18.3
PG 26.7 PG 20.3 PG 15.8
PC 18.2 PC 19.9 PC 25
Cer 1.8 Cer 224 Cer 235

Fig. 4. Schematic showing %RSD for the data normalized by total ion intensities for each of the three RGM 10122 vials used in the MRM-profiling reproducibility analysis. The pie
charts depict the number of lipids evaluated by lipid class. The MRMs that showed RSDs below 25% were 79% lipids (188 out of 237 MRMs based on total ion intensities).

Comparisons across vials are not valid due to known variance during vial production.
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metabolites, and 17 related to lipids, metabolites and exposome
compounds, respectively. The % RSD was typically under 25% when
using three different sample vials. The normalization of the data by
addition of IS for some lipid classes did not lower the RSD values. As
a fast and sensitive exploratory approach, this method can be used
to guide the selection of molecules to be further validated by LC-
MS/MS or HRMS.
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