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Abstract

RATIONALE—The metabolite profiling of a NIST plasma Standard Reference Material (SRM
1950) on different LC-MS platforms showed significant differences. Although these findings
suggest caution when interpreting metabolomics results, the degree of overlap of both profiles
allowed us to use tandem mass spectral libraries of recurrent spectra to evaluate to what extent
these results are transferable across platforms and to develop cross-platform chemical signatures.

METHODS—Non-targeted global metabolite profiles of SRM 1950 were obtained on different
LC-MS platforms using reversed phase chromatography and different chromatographic scales
(nano, conventional and UHPLC). The data processing and the metabolite differential analysis
were carried out using publically available (XCMS), proprietary (Mass Profiler Professional) and
in-house software (NIST pipeline).

RESULTS—Repeatability and intermediate precision showed that the non-targeted SRM 1950
profiling was highly reproducible when working on the same platform (RSD < 2%); however,
substantial differences were found in the LC-MS patterns originating on different platforms or
even using different chromatographic scales (conventional HPLC, UHPLC and nanoLC) on the
same platform. A substantial degree of overlap (common molecular features) was also found. A
procedure to generate consistent chemical signatures using tandem mass spectral libraries of
recurrent spectra is proposed.

CONLUSIONS—Different platforms rendered significantly different metabolite profiles, but the
results were highly reproducible when working within one platform. Tandem mass spectral
libraries of recurrent spectra are proposed to evaluate the degree of transferability of chemical
signatures generated on different platforms. Chemical signatures based on our procedure are most
likely cross-platform transferable.
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INTRODUCTION

Metabolomics has emerged as a field of great significance for biomedical research. It is
generally recognized that DNA sequencing or protein profiling are not sufficient for
diagnostic or therapeutic purposes(tl. In contrast, metabolic profiles reflect both endogenous
and exogenous influences and can provide a functional readout of the cellular state. These
profiles are easier to correlate with phenotype than genomic or proteomic information
because metabolites are not subject to epigenetic regulation or post-translational
modifications as are genes and proteins, respectively.

Metabolomics experiments can either be targeted or non-targeted. Targeted profiling entails
searching for known chemical compounds. In non-targeted profiling, the goal is to identify
as many metabolites as possible in each measurement. The majority of metabolomic
applications in the literature are targeted consequently there exists a wealth of information
on analyzing different classes of metabolites. Non-targeted profiling is a more recent
developmentl! 21, Liquid chromatography mass spectrometry (LC-MS) is widely used
because of its high sensitivity and large dynamic range, which are necessary to cover analyte
concentrations of nine orders of magnitude or morel3l. Furthermore, LC-MS is useful when
the metabolites are non-volatile or thermally unstable[#! giving the method a good
combination of “versatility and robustness”[®] even when working with different
platforms(®l.

Non-targeted profiling has been performed on a variety of human biological fluids including
plasma/serum, urine and cerebrospinal fluid. The global profiling of small molecules of the
human plasma metabolome has been discussed in several publications!3: 7: 8. Plasma has
been profiled for the discovery of biomarkers in cancers. A few examples include
hepatocellular carcinomal®!, pancreaticl1%, epithelial ovarian[!1], prostatel*2], and lung[*3]
cancers. In these types of experiments metabolites specific to the disease of interest are
sought by comparison of results between control and case samples. The analytical variability
is a serious impediment to this determination.

Several papers have focused on the biological variability in metabolomics experiments. Cai
et al. found that the highly polar metabolites in human plasma could be used to discriminate
samples by sex and agel’4]. Lawton et a/. found that metabolites that display differences in
age, sex and race can be found in human plasma. The most differences were associated with
age, followed by sex and then racel8l. Studies of analytical variability are scarce and mostly
focused on differences resulting from different sample preparation methods[*>-171. However,
in the course of expanding the NIST Standard Reference Material and Data (SRM/D) online
database project!!8], significant differences in the chromatographic patterns of a human
plasma Standard Reference Material (SRM 1950) were found on different LC-MS platforms
(where platform refers to a particular LC coupled to a specific mass spectrometer), even
when following the same sample preparation protocol. To date, several studies on SRM 1950
have been completed at NIST, NIH and other laboratories using GC-MS, LC-MS, NMR and
clinical tests[18-25]. It is worth mentioning that comparisons of the performance of different
LC-MS platforms for the field of proteomics have been previously reported!(26].
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In this work, we analyzed SRM 1950 across several LC-MS platforms - following the same
sample preparation procedures. These included different liquid chromatography separations
(conventional HPLC, UHPLC and nanoLC) and different mass spectrometers (Q-TOF and
Orbitrap). XCMS [27-29] the NIST pipeline (see supplemental info and http://
peptide.nist.gov) and Agilent Mass Profiler Professional (MPP) were used as pattern
recognition tools to find and report differences in the chromatographic patterns. The NIST
pipeline has proven very effective for providing performance metrics for LC-MS in
proteomic analyses[30. Recently it has been modified to work with small molecules other
than peptides. This paper represents a continuation of previous work!*8] and our objectives
are to 1) report the variability of plasma analysis on different LC-MS platforms and compare
the chromatographic patterns, 2) establish a precision limit where possible and 3) provide a
workflow and tools for systematically analyzing variability in metabolomics studies and
bringing consistency to cross-platform analysis with the use of tandem mass spectral
libraries of recurrent spectra.

Three aspects distinguish this work from prior comparison studies in the metabolomics field.
The first is the use of a Standard Reference Material to facilitate the study of variability
arising from experimental conditions excluding the potential for biological variability. The
reference material used is publically available enabling others to reproduce our results. The
second distinguishing aspect is the use of in-house developed software in conjunction with
publically available software to provide LC-MS performance metrics in metabolomics
analyses. The third aspect is the fact that most comparisons are based on tandem mass
spectral library metabolite identifications versus unidentified extracted molecular features.
By working only with recurrent features (identified by their MS/MS spectra) we ensure that
we always extract the same feature from run to run or batch to batch.

The Results and Discussion section covers four main themes. First, we discuss the procedure
to generate material-oriented tandem mass spectral libraries, which are necessary to follow
the methodology we are proposing for cross-platform comparisons. These spectral libraries
include all recurrent spectra of identified and unidentified ions in a particular material. Next
we discuss the differences observed when comparing different chromatographic separations
(conventional HPLC, UHPLC and nanoLC). Following that, we analyze differences when
using different mass spectrometers. Finally, we give a brief account of complicating factors
that can account for the observed differences.

EXPERIMENTAL METHODS!

Reagents

All reagents were HPLC grade. Water and acetonitrile were manufactured by J.T. Baker and
obtained from VWR (Radnor, PA, USA). All remaining reagents were obtained from Sigma-
Aldrich (St. Louis, MO, USA).

Lcertain commercial instruments are identified in this document. Such identification does not imply recommendation or endorsement
by the National Institute of Standards and Technology, nor does it imply that the products identified are necessarily the best available
for the purpose.
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Sample Preparation

SRM 1950 was handled at Biosafety Level (BSL) 2 as recommended in the Certificate of
Analysis. The material was disinfected with ethanol which also resulted in protein
precipitation. Ethanol is a potent bactericidal and virucidal agent at concentrations of 60%—
80%[311. An ethanol concentration of 70% (v/v) for 30 min[32] at 0 °C was utilized.
Following disinfection, the material was considered safe for handling at BSL 1. Briefly,
SRM 1950 was allowed to thaw at room temperature. Ice-cold ethanol (200 proof) was
added to a concentration of 70% (v/v). The samples were vortexed for 15 s then allowed to
sit on ice for 30 min. The percent of ethanol was then adjusted to 80% (v/v) and samples
were vortexed and stored at —20 °C overnight. The next day, the samples were centrifuged at
4 °C for 15 min at 14,000xg and the supernatant was evaporated to dryness in a speedvac
(Labconco, Kansas City, MO, USA). The metabolites were reconstituted in 1% (v/v)
acetonitrile with 0.1% (v/v) formic acid and centrifuged at 4 °C for 15 min at 14,000 x g to
remove any insoluble material prior to analysis. The supernatant, excluding a yellow
hydrophobic material on the top, was stored at —20 °C until analysis.

LC-MS/MS Analysis

The metabolites were separated by three LC methods, namely using conventional HPLC,
UHPLC and nanoLC. Each type of separation was coupled to either a 6530 Accurate-Mass
Q-TOF mass spectrometer (Agilent Technologies, Inc., Santa Clara, CA) with a Jet Stream
ESI interface or an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, Waltham,
MA\) giving six possible combinations. The data was collected in positive ion mode with
data-dependent MS/MS acquisition, exept for the semi-quantitative study which was
acquired as MS only. The details of the MS settings for the Q-TOF instrument can be found
in the supporting information, Table SI_1, while those for the Orbitrap instrument can be
found in Table SI_2.

Q-TOF Analysis

Conventional HPLC and UHPLC separations were done on an Agilent 1290 Infinity HPLC
while nanoLC separation used an Agilent 1200 Series HPLC with a nano and cap flow
splitter. Two different conventional HPLC columns were used with similar results. These
columns were a Waters SunFire C18 (1.0 x 150 mm, 100 A, 3.5 um) and an Agilent
ZORBAX Eclipse Plus RR C18 (2.1 x 150 mm, 95 A, 3.5 ym). The UHPLC column was a
ZORBAX Eclipse Plus RRHD C18 (2.1 x 150 mm, 95 A, 1.8 pm) and was used with a
guard column. For the nanoL.C, a Polaris-HR-Chip 3C18 (150 mm, 180 A, 3 um C18 chip
with 360 nL trap column) was used with the HPLC-Chip Cube MS Interface. HPLC mobile
phases A and B consisted of 0.1% (v/v) formic acid in water and acetonitrile, respectively.
The HPLC flow rates were 75 pL/min and 210 pL/min for the SunFire and ZORBAX
Eclipse Plus columns, respectively. Approximately 565 pg or 1150 pg of metabolites were
injected for the SunFire column and ZORBAX Eclipse Plus columns, respectively. The
gradient (Gradient 1) in (v/v %) started at 1% B, increased linearly to 20% B in 30 min, to
90% B in 10 min, was maintained at 90% B for 5 min, returned to 1% B in 2 min and then
was maintained at 1% B for 20 min. Approximately 7-8 pug of metabolites was analyzed for
nanoLC, and Gradient 1 was used with a flow rate of 2.5 uL/min and 0.4 puL/min for the trap
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and analytical columns, respectively. The flow rate and gradient used for UHPLC was scaled
to the ZORBAX Eclipse Plus RR column to maintain the same separation using the HPLC
Calculator Version 3.0[33. 341 and the same amount of sample was analyzed. The UHPLC
flow rate was 408 pL/min and the gradient (Gradient 2) started at 1% B, increased linearly to
20% B in 15.43 min, to 90% B in 5.14 min, was maintained at 90% B for 2.57 min, returned
to 1% B in 1.03 min and then was maintained at 1% B for 10.29 min. Blanks using the same
method were run before the first and between each sample injection. In addition, for
nanoLC, the trap and analytical columns were washed separately at 90% B for one hour
after each sample run.

Orbitrap Analysis

The same columns and HPLC system as above for the HPLC separation were used with
Gradient 1 for the analysis. Approximately 1100 ug were injected, depending on the run. For
the nanoLC separation, the HPLC system was an Eksigent 2D Classic nanoLC. Gradient 1
was used at a flow rate of 300 nL/min. The column was an Agilent ZORBAX
300StableBond RR C18 (75 pum x 150 mm, 300 A, 3.5 um). Approximately 221 ng of
metabolites were analyzed. Blanks using the same method were run before the first and
between each sample injection.

Data Analysis

All data were analyzed using XCMS and the NIST pipeline. The data from each platform
was searched against a metabolite library with the NIST MSPepSearch softwarel35-37] to
provide tandem mass spectral library identifications. All hits were manually curated because
of the many complicating factors (see discussion) with library identifications. The
identifications were manually checked and a quality index with four levels (E: excellent, G:
good, A: acceptable and P: poor) was developed. Poor matches and duplicated
identifications were removed. The entire Q-TOF data set was also processed using Agilent’s
Mass Profiler Professional Software.

RESULTS AND DISCUSSION

Below we analyze the relative performance of individual mass spectrometers and different
chromatographic separations and make comparisons between them using open, proprietary
and in-house software. It is worth remarking that the current study purposely uses the same
standard reference material and LC instrument on two different mass spectrometers.
Therefore, some differences were expected and were considered only due to differences in
the platform performances regarding background ions, artifacts, ionization efficiency, data
processing, etc.

Material-oriented Tandem Mass Spectral Libraries

In order to generate chemical signatures that could be validated across different separations
(and also across different LC-MS platforms), we have added another step to the workflow.
We have built tandem mass spectral libraries of all recurrent spectral38lfor the materials of
interest, so it makes it possible to identify common molecular features in different runs
through library match. To build the tandem mass spectral libraries, in-house software and
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data from more than 300 runs of human plasma and urine standard reference materials on
different platforms were used. In most LC-MS/MS runs, between two and three thousand
tandem mass spectra were acquired, with at least three replicate runs of each sample. NIST-
developed software was used along with available commercial software to align
chromatograms, derive chromatographic peak shapes, intensities and retention times and to
find and cluster recurrent spectra. High quality spectra of these recurrent, but unidentified,
species were used to build tandem MS libraries for each material. These libraries can be
accessed by the library search software as an independent library or as part of the NIST
MS/MS library through a labeling system (plasma, urine, etc.). NIST spectral data uses an
index file structure (NIST#, CAS, etc.) to specify certain attributes of the data; the access
structure is expressed with these attributes and logical operations over the attributes. 695
components of the plasma samples have been identified previously using the NIST tandem
mass spectral library (version 11)[18]. To build the libraries of recurrent spectra, spectra were
first extracted from original data files by the NIST pipeline using settings designed to
minimize spurious spectra, followed by searching the NIST tandem mass library with all
spectra. The spectra that could not be identified were then filtered to remove poorly
deconvoluted data and clustered. The results were assumed to be unidentified components. It
was required each unidentified spectrum to be found in multiple replicates. Over the past
two years the NIST Mass Spectrometry Data Center has built several of these material-
oriented libraries for common materials, such as human plasma and urine, cell extracts, etc.,
for both LC-MS and GC-MS applications. At this point, the human serum tandem mass
library of recurrent spectra contains 14,481 high quality spectra derived from the analysis of
SRM 1950. Spectra have been recorded on different mass spectrometers (Waters QQQ,
Agilent Q-TOF and Thermo Orbitrap) and different chromatographic scales (conventional
HPLC, UHPLC and nanoLC). All spectra in the library were labeled as identified, recurrent,
contaminants, or artifacts, so we can assign a prior probability to each spectrum (compound)
regarding its potential biological origin.

Chromatography Differences between conventional HPLC, UHPLC and nanoLC

Data from different chromatographic separations on the Agilent HPLC/Q-TOF system
(conventional HPLC, UHPLC and nanoL.C), consisting of five technical replicates and three
different batches, was analyzed using XCMS, the NIST pipeline and MPP. On average, the
numbers of extracted molecular features using XCMS were 6455, 4844, and 1012,
respectively. 4259 common features were found between conventional and UHPLC analysis,
and only 424 between nanoLC and conventional (336 between nanoLC and UHPLC). These
numbers do not show much variation across batches and regularly the same molecular
features were consistently found across batches. It is worth mentioning that an optimized set
of parameters and a deisotoping algorithm were used for the molecular feature extraction.
The repeatability and intermediate precision of the conventional and UHPLC analyses,
based on the variations of the relative abundances of the molecular features, were acceptable
to excellent (RSD < 2%), as demonstrated in Figure 1. It shows three (not aligned or
normalized) chromatograms from the conventional HPLC/Q-TOF analysis of SRM 1950.
For the sake of simplicity, it shows only 50 extracted molecular features confidently
identified with tandem mass spectral library searching for three (out of five) replicates.
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The degree of overlap between the conventional and UHPLC analyses was relatively high.
Surprisingly, the number of extracted molecular features using the optimized XCMS settings
was higher for the conventional analysis despite the fact that the UHPLC chromatography
performance (discussed later on) was actually better than the conventional analysis. It might
be thought that this is a consequence of the conventional analysis being less robust than the
UHPLC analysis, so many of the additional molecular features found in the conventional
analysis are borderline background or low intensity features. However, this is not always the
case and we will see later that a significant number of identified features are unique to each
separation. It raises some concerns about the indiscriminate use of feature finding algorithms
in untargeted, unsupervised approaches, to generate chemical signatures correlated to a
biological or other effect based only on retention time alignment and accurate mass. In
addition, when comparing separations at different scales (e.g., conventional vs. UHPLC)
there is no trivial rescaling factor for the LC retention time[39].

When the plasma tandem mass spectral library of recurrent spectra was used to compare the
conventional and the UHPLC analyses on the Q-TOF mass spectrometer, the number of
common features was significantly reduced from 4259 to 637 with the library match step
(see Figure 2a). However, a significant portion of this reduction could be due to the fact that
many common extracted features were not found in the library, either because the spectra
were not of high enough quality or because they were not sampled for MS/MS. Currently,
new experiments targeting these compounds are in progress.

The overlap is further reduced if only identified features are included in the analysis.
Specifically, this means molecular features that found a match in the NIST tandem mass
spectral library of pure compounds (not the library of recurrent spectra). For example, a total
of 237 different compounds were identified from a single replicate of each type of analysis
using the Q-TOF mass spectrometer, but results differ significantly across different
chromatographic separations (conventional HPLC, UHPLC or nanoLC). Table I shows the
chemical name, Human Metabolome Database (HMDB) index, parent ion formula, relative
abundance (as percent of the most abundant peak in each chromatogram) and the percent of
the corresponding relative standard deviation (RSD) for the 50 extracted molecular features
shown in Figure 1. The ion formulas (MSY) were automatically generated based on how well
they match the experimental mass, abundance pattern of the isotopic cluster, and m/z
spacing between the monoisotopic ion and the A+1 and A+2 ions. The library precursor ion
my/z values are given at the level of precision of the matching library spectrum. The NIST
tandem mass library currently contains more than 10,000 compounds of biological and
environmental relevance (including metabolites, bioactive peptides, amino acids and small
peptides, sugars and glycans, lipids and phospholipids, drugs, pesticides, surfactants, and
various contaminants).

The results indicated that repeatability and intermediate precision on the same instrument
are excellent. The sample preparation and analysis procedures were highly repeatable as
90% of the peak intensities in Table | have a RSD < 2 % for the five replicates. (A few
outliers have been removed from the calculation of the RSD using a modified Z-score[40]).
Intermediate precision for three replicate experiments (sample prepared in three different
batches on different days) was similar to results for repeatability with RSD < 2%.
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Table I also shows that there was not always a strong correlation between higher abundance
and lower RSD. Some abundant peaks such as those of phenylalanine and tryptophan have
very small RSDs, but some lower abundance peaks such as methionine and kynurenine also
have very small RSDs. This suggests that major differences in RSD are due to the ionization
efficiencies of the small molecules and not to their relative abundances (see Table 111 and
later discussion).

As mentioned above, while results from the same platform have excellent repeatability and
intermediate precision, the analysis of the same samples with different chromatographic
separations (conventional HPLC, UHPLC and nanoLC) also produced different results,
which mirrors our findings above when processing the data including all molecular features
(identified and identified). A Venn diagram of the metabolite identifications for the Q-TOF
mass spectrometer with different chromatographic separations is shown in Figure 2 (details
of the experiments and data processing are given in the Experimental Methods section and
Supporting Information).

For the conventional HPLC, UHPLC, and nanoL.C separations, 103, 155, and 94 metabolites
were identified, respectively from a single experiment (the first replicate). Different LC-MS
platforms produced large differences in the metabolite identifications. Only 27 metabolites
were identified in all three separations for this single replicate. In part, these differences
depend on the quality of the experimental spectra, the library searching algorithm
performance, and the limited coverage of the library to identify all components in a complex
mixture. Different compounds can be identified in replicate runs because of the numerous
low abundance compounds that are present in the material or also because of missing data,
which has been previously reported[#1l. The comparison of replicates shows an overlap of
about 85% of the identifications. The average number of IDs and their deviations for all
replicates are not very representative of the overall variability because in different replicates
some missing values are replaced by different identifications.

The degree of overlap between nanoLC and the two other chromatographic separations was
very poor. NanoLC is not very popular in metabolomics applications, so regarding these
separations we shall limit the discussion to those elements relevant to the cross-platform
comparison. The differences between the nanoLC separation and the other two can be
explained in part by the fact that a different packing material (see Experimental Section) was
used for the separation. The packing material used for the HPLC and UHPLC columns was
not available for the nano scale. In addition, the theoretical base of nanoLC is currently
underdeveloped which makes the scaling up of the chromatographic processes difficult. In
general, the chromatography at the nano scale showed poor separation at the beginning of
the run (hydrophilic region) having very broad peaks. The high organic elution region also
shows depleted signals compared to the conventional HPLC and UHPLC analyses.
Phospholipids and probably some other large molecules are partially retained by the trap
column of the nano chip. This is supported by the observation that initial data collected on a
new column will show depletion and then eventually, a large mass of hydrophobic
components will be eluted in a single injection. Although the chromatograms are also
reproducible, the phospholipid retention can be a major problem affecting the retention of
the small molecules in the long term. For this reason, in order to eliminate the retained
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material, a 90% B wash was run after each injection. It is not clear how these variations
actually lead to different identifications, but most hydrophilic compounds elute earlier in
nanoL C using the same gradient as the conventional HPLC (e.g., phenylalanine and
tryptophan have roughly half of the retention times). This, in conjunction with the broad
peaks and weak signal strengths, explain in part why fewer identifications are found using
the nanoLC. More experiments are necessary to improve and validate the use of nanospray
techniques for this kind of complex metabolite mixture analysis. Due to the small size of the
columns, nanoL.C requires cleaner samples previously subjected to solid phase extraction
(SPE) or a different sample preparation protocol (not protein precipitation), things not
performed in this work. However, in general, the observed peak capacities of the nano-
columns in this work are smaller than the conventional HPLC and UHPLC columns. It is
likely due to these reasons that, nanoL.C separations are rarely used in metabolomics and
would be recommended only in cases of limited sample amount and for relatively clean
samples.

For conventional HPLC and UHPLC analyses the same packing material was used in a
different particle size (3.5 pm and 1.8 pum, respectively) where the gradient and flow rate
were scaled to maintain the separation performance, and the scan speed of the mass
spectrometer was also scaled, so the differences are only due to particle size. The UHPLC
column shows a significantly higher estimated peak capacity than the conventional column
(187 vs 165). The peak capacity[42] was estimated based on the average baseline peak width
of the 20 most intense peaks. This higher peak capacity resulted in a better separation and
more metabolite identifications for the UHPLC runs. These runs consistently showed a
better MS2 sampling and better peak purity.

Q-TOF vs Orbitrap Analyses

At first sight the chromatographic patterns derived from Orbitrap Elite data were clearly
different from the ones from the Q-TOF. As stated before, repeatability and intermediate and
precision of analyses[8] of SRM 1950 within a LC-MS platform were deemed acceptable to
excellent depending on the relative abundance of the components (see Table | and Table 1l
below). Also, we determined that, when identified and unidentified compounds were
included in the analysis the major source of variability resulted from low intensity peaks, a
finding previously shown in the analysis of a material with a simpler matrix, urinel43].
However, significant differences were found between different LC-MS platforms suggesting
that the results obtained should be cautiously analyzed. In fact, data shows great disparity
between LC-MS platforms when comparing the total number of molecular features, the
nature of the molecular features and the intensity patterns of the molecular features that are
common to both analyses.

Molecular features from the conventional analysis of SRM 1950 in two different platforms
(HPLC Agilent 1290 / Agilent QTOF 6530 and HPLC Agilent 1290 / Thermo Orbitrap
Elite), with absolute peak heights greater than 5000 counts, were selected for feature
alignment, data processing and multivariate statistical analysis in XCMS. Agilent raw data
files were also processed using Agilent MassHunter Qualitative Analysis Software (version
B.05.00). The untargeted molecular feature extraction algorithm44], was used to generate
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features based on the elution profile of identical mass and retention times (mass accuracy <5
ppm). Only molecular features found in at least 75% of the samples were taken in account.

As mentioned before, the average numbers of extracted molecular features from the
conventional QTOF data using XCMS was 6455. On the other hand, 3229 molecular
features were found in the conventional Orbitrap data and 1593 molecular features were
common to both analyses. This number was reduced to 821 when a constraint to count only
features found in all replicates was applied. Again, these numbers do not show much
variation across batches.

Figure 3 shows a principal component analysis (PCA) that was applied to find molecular
features showing statistical differences across chromatographic separations on both
platforms. The Benjamini-Horchberg procedure was applied to adjust for false-positive
discovery, arising from multiple testing of p-values (adjusted for predicted p<0.01). The
PCA analysis showed that the LC separations are clearly statistically different without any
explicit reference to the identified features. The first principal component captures over 75%
of the variance. As mentioned above, the major source of variability across chromatographic
separations are the signal intensities.

Although PCA is a useful technique for linear dimension reduction, it is difficult to use with
spectral data derived from complex samples due to the information loss caused by frequent
missing values. However, it is still useful for capturing the main modes of variability of the
data when dealing with large datasets. For example, Figure 3 shows more variability
between Q-TOF experiments than between Orbitrap experiments.

In order to find a unique chemical signature transferable across platforms a library searching
against the SRM 1950 tandem mass spectral library of recurrent spectra was run. 335 of the
common molecular features found a library match (match factor > 600 out of 999), which
represents a drastic reduction of the number of features. Nevertheless, there was a significant
overlap considering the limitations of the libraries at this point to contain all spectra of the
material. More importantly, the most prominent features of both chromatograms were found
among these features.

Regarding only MS/MS identifications, for the conventional HPLC and nanoLC separations
on the Orbitrap Elite a total of 86 and 72 metabolites were identified, respectively. Also,
similar differences among the different chromatographic separations were observed in the
Orbitrap results. The nanoLC/Orbitrap chromatograms did not show apparent depletion at
the end of the run (in the hydrophobic region) as the nanoLC/Q-TOF, but there were still
fewer identifications in this region compared to the conventional HPLC. This difference is
likely due to the fact that the sample was directly injected onto the analytical column for the
Orbitrap separation while it was first trapped on a trap column in the chip for the Q-TOF
separation.

As we reported beforel18], nanoLC systems allowed us to generate many ion features, but
lead to a greater uncertainty in MS/MS identification. In that work, we were able to identify
many components with the nanoLC/Orbitrap Elite platform, but more than 50% of the
identifications represent borderline identifications (match factor between 500 and 600).
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Frequently, the experimental spectra were of poor quality to be fully interpretable because of
low signal strength.

Experiments of conventional HPLC chromatography using the same LC coupled to the
Orbitrap mass spectrometer show also significant differences with the Q-TOF experiments.
Only 45% of the identifications obtained for the conventional HPLC separation on the
Orbitrap were also found in the conventional HPLC separation on the Q-TOF (see also NIST
pipeline outputs in the supplemental information, Tables SI-3 and SI-4). Therefore, since
the samples were analyzed with the same LC, same column and same amount of sample
injected, we assume that the major differences between the platforms are determined by the
ion source and the MS settings.

Table Il shows the repeatability of relative ion abundances of 35 metabolites that are
consistently found in both platforms (Q-TOF and Orbitrap) with the 2.1 mm column. The
RSDs of the ion abundances of these components in some cases reaches 30% or more. This
is likely due to the fact that despite the chromatographic patterns of the main molecular
features being very reproducible, the extracted features from medium and low abundance
components with poor ionizing power add high variability to the analysis. This occurs
frequently with significant fluctuations in the peak composition and peak shape. A similar
behavior has been observed across batches. In general, repeatability and intermediate
precision depend on the analytical platform and it is recommended to determine these before
drawing conclusions about any biological significance of the data. Standard Reference
Materials are especially useful in this regard.

Since the MS settings were optimized using experimental design to maximize the number of
identifications we intuit that most differences are due to the differences in the ion sources for
the two instruments.

Table I11 shows the identifications belonging to different chemical classes on different LC-
MS platforms. Amino acids and related metabolites represent around 30% of all
identifications in most platforms. The milder conditions set in nanoLC instruments allow us
to identify more carbohydrates than in other instruments such as the Q-TOF with the
JetStream source or even a more conventional ESI source where these ions are more subject
to in-source fragmentation. In contrast, these sources allow identifying higher molecular
mass molecules, such as steroids, lipids and phospholipids.

It is worth mentioning at this point that the unsupervised analysis of non-targeted
experiments requires the use of optimized software settings for each platform for the data
processing; otherwise many spurious differences might be reported. An account of a study
performed along this line has been recently published[43]. The authors used three AB Sciex
proprietary software packages and one open source software package to compare the peak
picking performance on the same LC-MS data. Despite the fact that the data was from an
AB Sciex instrument they found only about 10% overlapping between the peak lists
generated for different packages. One could object that the analysis was almost exclusively
limited to data and software from one vendor or that the package parameters were not
properly optimized, but it still raises serious questions regarding the processing of
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metabolomics data. This setting-dependence is reduced using the above-mentioned material-
oriented spectral libraries.

Semi-quantitative Aspects of the Plasma Metabolite Profiling across Platforms

In a separate series of experiments, we tested the reliability of the relative semi-quantitation
across platforms for those metabolites identified in both platforms by matching the library of
recurrent spectra. (We refer to this as a semi-quantitative approach because no internal
standards were used; the only purpose of this experiment was to verify if both platforms at
least show proportional metabolite variations). Different dilutions of SRM 1950 were
injected and separated in a similar way to the UHPLC metabolite profiling experiments
described in the previous sections. Five injections were made yielding the following
amounts on column (2.1x150mm): 254, 507, 761, 1015, and 1269 pg. The ions identified as
recurrent features in both platforms were extracted from each of the five separations and the
maximum intensities were collected. Linear regression analysis using the two set of
intensities (Orbitrap vs. Q-TOF) shows that both platforms render similar metabolite
variations for most components. Table SI_5 in the supplemental information shows a list of
the molecular features that were extracted, the maximum intensities of each feature, and the
Pearson correlation coefficients between the variables, Orbitrap and Q-TOF intensities. Out
of the 1299 common features extracted in this experiment, 612 had correlation coefficients
between 0.9 and 1.0 and 847 had correlation coefficients that were higher than 0.7. It means,
50% of the shared ions had correlation coefficients greater than 0.9. It was also observed that
the correlation of the relative semi-quantitation for multiple components across platforms
depends on the metabolite abundances, and the size of the injection (see Table SI_5 of the
supplemental information). It is worth mentioning that 96 relevant metabolites have been
quantified in SRM 1950 and reported in its Certificate of Analysis, so it could be used as an
external standard for the quantitation of these and other similar metabolites.

Complicating Factors in Metabolite Identification

The above metabolite identifications are MS/MS library identifications and not authentic
identifications (where the pure compound is injected onto the platform and identification is
confirmed by retention time also). In addition, the use of retention times as a second
dimension for the identification is limited by the poor transferability and reproducibility
across different chromatographic conditions, chromatographic instruments, and mass
spectrometers. Therefore, all hits were manually curated and the poor matches removed. In
the process of manually curating the data, we have found many complicating factors in the
identification process based on LC-MS data that are relevant to metabolite profiling. These
are worth discussing individually. Some of these important factors include metabolite co-
elution which is a problem for near isobaric ions, ion suppression, multiple ions of the same
compound, contaminants, in-source fragmentation and artifacts originating from chemical
reactions in the ion source or the collision cell.

As an illustrative example of co-elution, we have chosen six metabolites that have been
reported as possible prostate cancer biomarkers[12], sarcosine, uracil, kynurenine,
glycerol-3-phosphate, leucine, and proline. This finding still remains controversiall46. 471 |n
our separations, we found in all cases co-eluted analytes contributing to the spectrum, but we
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were not able to properly identify all the co-elutants. Moreover, two of these metabolites,
sarcosine and kynurenine, co-elute with compounds generating precursor ions with the same
my/z. Sarcosine co-elutes with alanine and kynurenine with an unknown compound of m/z
209. A strategy to deal with unknowns is discussed below.

In-source fragmentation, adduct formation and large differences in ionization efficiencies in
the ion source are a major challenge for the proper identification of components in a
complex mixture. Figure 4 shows a zoomed portion of a 3D plot (retention time, m/z,
relative abundance) of the SRM 1950 sample chromatogram (known: blue, unknown: red)
that shows phenylalanine. Phenylalanine is not only detected as the protonated form, but also
as the sodiated form, and the protonated form with formic acid, ammonia, and ammonia plus
water losses. In all, we see five different ions for a single metabolite.

As mentioned above, it is typical to observe several peaks with similar retention times (co-
elution), but frequently the MS? information and the spectral libraries can help to distinguish
between related peaks and unrelated compounds. Another complication that is observed is
that a tandem mass spectrum for one ion can match the spectrum of other ions. For example,
the loss of formic acid from phenylalanine produces an ion that has the same tandem mass
spectrum as the one derived from the loss of water of phenylethanolamine (/m/2120.08). A
similar situation is illustrated for tryptophan as the loss of ammonia matches the spectrum of
the ion generated by loss of water from indole-3-lactic acid (see figure 5). Both compounds
appear to be present in the samples and the retention times are similar. The library search
software yields a slightly higher score for the identification of the product ion derived from
tryptophan as phenylethanolamine. In this case the fragment ion information is redundant
because both compounds were identified from their parent ion spectra, but in many cases
fragment ion spectra are the only spectra available. In these cases, manual inspection and
prior probability information are necessary.

The NIST pipeline is able to retrieve information on multiple ions, typical adducts or
contaminants, etc., automatically from the MS? spectra. There are many other complicating
factors in the identification process that are more difficult to detect automatically without
previous knowledge of unexpected spectral modifications. For example, reactions that can
take place in the ion source or collision cell and modify mass and tandem mass spectra. In
our laboratory we have documented reactions of many protonated molecules and fragment
ions with residual water or collision gas[48: 491 in the collision cell.

Cross-platform Transferable Chemical Signatures

Perhaps the main problem in the LC-MS analysis of any biological fluid is that it produces a
very large number of species that are not confidently identified. These molecular features are
used in many studies ‘as is” assuming at best that exact mass and biological relevance are
good enough for the purposes of metabolomics. Figure 6a shows the molecular features that
are found in a sample of SRM 1950 using the conventional HPLC 1290 / Orbitrap platform.
It reveals that the universe of unknowns is vast and we were not able to identify more than
10% of the components of this complex sample even after reducing the number of
components by counting multiple ions, adducts, artifacts and others. It is worth mentioning
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that many adducts, artifacts, in-source transformations, etc., are also specific to the LC-MS
platform used.

Figure 6b also shows the usefulness of the tandem mass spectral libraries of recurrent
spectra in managing the uncertainty related to unknown compounds. Once the components
in a material are properly labeled with a fragmentation spectrum, even if an authentic
identification is not possible, consistent chemical signatures can be generated across
platforms. Also, the library assigns prior probabilities of finding particular components in a
material. Thus, chemical signatures based on the library match and prior probabilities are
most likely cross-platform transferable. In general, the uses of recurrent unidentified spectra
are multiple and include applications such as helping to connect samples, e.g., case vs.
control, analyzing variation across laboratories, across methods, across platforms,
identifying sample preparation artifacts, identifying new targets and finding chemical classes
of unknowns.

After this work was completed, a paper dealing with the reproducibility of metabolomics
studies was published[®0]. The authors observed large differences in the number of spectral
features across methods and analytical platforms, but also significant overlap among them.

CONCLUSIONS

The metabolite profiling of SRM 1950, Metabolites in Human Plasma, was performed using
different LC-MS platforms. High repeatability, expressed as a RSD < 2% for relative
abundances of the main components, was found while working within a particular LC-MS
platform. However, large variability is observed in the metabolite profiling of the same
material (including using the same sample) on different LC-MS platforms. Most of the
variability is associated with the ionization process in the interface (ion source) and not with
the chromatographic behavior (LC) of the sample or the nature of the mass analyzer (MS).
The differences in the metabolite profiling on different platforms may have serious
implications for the interpretation of metabolomics results. Several factors affecting the
identification process have been discussed including and co-elution, multiple ions for each
component, in-source fragmentation, the formation of adducts and reactions in the collision
cell. Tandem mass spectral libraries of human plasma (SRM 1950) including all recurrent
spectra (identified and unidentified) have been built. These libraries have been used for
generating unique chemical signature that are transferable across different LC-MS
platforms. Also, the relative semi-quantitation of signature metabolites renders similar
results on different LC-MS platforms. All programs and data are freely available upon
request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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