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Abstract

Metabolomics utilising liquid chromatography mass spectrometry (LC-MS) offers biomedical
researchers a powerful means of assessing and comparing human phenotypes via
measurement of the metabolome in biological samples. Platforms for LC-MS-based global
profiling quantify hundreds or thousands of small molecule metabolites and/or lipids using
combinations of distinct methods and analyses to develop broad coverage of the metabolome
with high analytical sensitivity and specificity. However, the breadth of coverage provided by
global profiling assays still outpaces efforts to characterise them by annotating profile signals
with their respective metabolite identities. Fully realising the utility of metabolomics in
biomedical research requires closing this gap by more accurately defining the finite
metabolome coverage provided by common LC-MS-based global profiling methods. To date,
method characterisation activities have progressed in the absence of broadly accepted
standard LC methods as parallel efforts at building in-house libraries. While methodological
diversity is a natural consequence of different design constraints and priorities observed

across laboratories, it does tend to relegate in-house libraries to silos of information and
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investment that fail to advance the broader metabolomics community. Here, the National
Phenome Centre’s (NPC) established platform for LC-MS-based global profiling of small
molecule metabolites and lipids is made open in its entirety. Complete and detailed protocols
for reversed-phase and hydrophilic interaction liquid chromatography LC-MS methods are
offered alongside discussion of the rationale for their design specifics. In addition to the formal
protocols used routinely within the Centre, the reader is provided with notes for replication and
adaptation of the methodology, as well as guidance on the preparation of biofluid samples to
ensure their suitability for the analytical platform. The Centre’s accompanying open-source
software for data extraction and pre-processing is also reviewed, and finally the method-
specific identity of more than 700 small molecule and lipid species is disclosed. We hope that
the substantial annotation information is useful to metabolomics practitioners of all experience
levels and promotes the subsequent disclosure and constructive comparison (e.g. for
validation and collective growth) of other in-house libraries and their associated methods. For
interdisciplinary research teams looking to introduce LC-MS based metabolomics to their
biomedical research programmes, we offer the open platform as a turnkey solution and
welcome the growth in collective knowledge that may arise from its implementation in others’

hands.
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Introduction

Metabolomics (including lipidomics, also known as metabolic phenotyping) is a powerful
bioanalytical approach employed for the purposes of biomarker discovery in clinical and
population-scale research.! Metabolomics studies are characterised by the inclusive
measurement of the dynamic and versatile human metabolome(s)* 2 providing insight to
physiological and pathological processes at a chemical level. This kind of measurement is
enabled by a combination of specially adapted bioanalytical technologies, fit for purpose
methods and protocols, and accompanying bioinformatic and chemometric tools for data
extraction, pre-processing and interpretation. When used together, these resources constitute

a platform for metabolomics.

Liquid chromatography mass spectrometry (LC-MS) technologies enable the isolation and
measurement of small molecule metabolites and lipids in complex biological samples with a
high degree of analytical sensitivity and specificity, making them a cornerstone in global
profiling (un/non-targeted) metabolomics.* However, the resulting datasets are large and
complex, typically containing tens of thousands of variables ranging in measurement quality

and exhibiting a high degree of redundancy.® ¢ Consequently, biological interpretation of global



profiling data is fruitless without considerable effort toward transforming analytical data into
biochemical knowledge. This represents a substantial barrier to the success of LC-MS-based
metabolomics in clinical and translational research. This knowledge can be built incrementally
for each LC-MS method by establishing the chemical identity of each variable (or group of
variables representing a metabolite’s mass spectrum) and routinely assigning those identities
to the variables observed in each LC-MS-based metabolomics study. This process can be
arduous, however. The de novo annotation of metabolite-derived variables requires careful
interpretation of experimental spectral data by experienced specialists, optionally aided by
complex computational tools.” Furthermore, the procurement (or synthesis) and analysis of
reference materials with accompanying wet lab experimentation is expected where possible,
and required when reporting high confidence metabolite identification (MetlD).® °
Characterising the coverage of LC-MS profiling methods by this process is a mammoth task

given the diversity and breadth of analytes present and detectable in biofluids.

To make matters worse, variety in the analytical instrumentation and consumable materials
(LC stationary phases, predominantly) available to metabolomics practitioners, combined with
their unique perceptions, considerations, and preferences in method design, has driven
divergence among the LC-MS global profiling methods in use throughout the field.
Chromatographic retention time values are empirically derived and specific to each assay,
sensitive to even minute differences in column and stationary phase manufacture, mobile
phase and gradient composition, and LC-MS system configuration. Unlike metabolite libraries
containing mass spectral and collisional cross section data, the more context-specific nature
of metabolite retention precludes the creation of global chromatographic libraries and
ultimately hinders direct comparison of data between distinct LC-MS assays. Consequently,
metabolite annotations cannot be easily transferred between laboratories using divergent
methods, and a non-trivial amount of feature assignment work must be repeated for newly

developed assays.

Standardisation of the chromatographic methods employed among laboratories for LC-MS-
based global profiling is a practical solution to this problem. While methodological and broader
platform diversity is helpful for the field in that it promotes healthy evolution and supports
independent validation of findings (e.g., by independent cohorts analysed by differing
platforms arriving at the same results), tension exists between the desire to develop cutting-
edge methodology and its undermining effect on the characterization and consolidation of
knowledge from stable (standardized) assays. Across laboratories, siloed development of
method-specific in-house libraries is pursued at great expense in parallel efforts to break a
field-wide bottleneck. Despite efforts toward standardisation in the metabolomics field'°2,

greater incentives appear to be required for success in standardising data-generating



methods. The open availability of such methods, disclosure of details and motivations driving
key method-defining decisions, availability of quality documentation, demonstrated track
record of performance and reproducibility, and accompanying open-source tools to facilitate
interrogation of the resulting data are important factors for practitioners looking to adopt
common methodology. However, gaining immediate knowledge of an extensive set of method-
specific metabolite annotations and the potential for further development of that knowledge as
a part of a larger collective of cooperative laboratories is arguably the most attractive incentive
to adopt and use established methodology. Such an approach has been previously
implemented for the substantial advancement of gas chromatography mass spectrometry
(GC-MS) establishing a precedent for successful standardisation.’®* Sets of annotated

metabolites are now being made publicly available for LC-MS methodology as well.® 14-16

Here we summarise a conscientiously developed and extensively used set of LC-MS
methodologies for human biofluid analysis (urine and blood products), complete with the
sample handling and preparation protocols required to make those biofluids amenable to LC-
MS analysis, a description of reference materials used for quality control (QC) assessment,
and the open-source software used to extract and prepare the data generated for subsequent
analysis. Furthermore, the m/z and retention time measurements for more than 700
biologically relevant metabolites detectable in biofluids are provided, bringing immediate value
to researchers wishing to adopt these approaches to reversed-phase chromatography (RPC)
and hydrophilic interaction chromatography (HILIC) separation for LC-MS analysis. Together,
these materials (summarised in Figure 1 and Table 1) constitute the National Phenome
Centre’s open platform for LC-MS-based large scale metabolomics. Our aim in making this
platform available in its entirety is to lower activation energy barriers involved in decentralising
the application of metabolomics in biomedical research by distributing knowledge gained from
centralised investment. By creating an open platform, we aim to help globalise metabolic
profiling capabilities for greater impact across an increasingly interdisciplinary landscape. By
adopting these methodologies for LC-MS global profiling, practitioners can benefitimmediately
from the knowledge contained herein, greatly reduce the resources spent on redundant assay
development and MetID, and cooperate on building a more complete atlas of the metabolome

observed in LC-MS-based global profiling.
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Figure 1. Summary of the workflow and materials available for the National Phenome Centre’s
open platform for LC-MS-based metabolomics.

Table 1:
metabolite annotations.

Available resources, including complete protocols, methods, software, and

Resource

Description

Available At:

Experimental Protocols

Full experimental methods for NPC
LC-MS profiling assays

LC-MS Metabolite Annotations

List of annotated compounds,
retention time and m/z values for
each assay

https://github.com/phenomecent
re/npc-open-lcms

DOI: 10.5281/zen0d0.5849038

Targeted Extraction of Annotated
Metabolites (PeakPantheR)

Comprehensive training materials and
documentation for the targeted
extraction of annotated metabolites
from LC-MS global profiling data,
including vignettes and exemplar data

https://github.com/phenomecent
re/peakPantheR

Data Pre-processing and Quality
Control (nPYc-Toolbox)

A Python implementation of the NPC
toolchain for the import, pre-
processing and quality control of
metabolic profiling datasets

https://github.com/phenomecent

re/nPYc-Toolbox

Training materials and documentation
for data pre-processing and QC,
including Jupyter notebooks and

exemplar data

https://github.com/phenomecent

re/nPYc-toolbox-tutorials
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Bioanalytical Methods

The analytical methods presented here are fit-for-purpose and performance-enhanced
adaptions of preceding methods, each developed in 2012 and in continuous use since in a
high-volume industrial-scale research environment. These methodologies are readily
implemented for human urine and blood product analyses and adaptable to other clinical
sample types. They are paired with bespoke open-source software for the targeted extraction
of known metabolites and pre-processing of the data in order to generate high quality and
high-fidelity datasets. The platform is scalable, enabling the analysis of 80 sample
assays/day/instrument on a regular schedule which is operationally convenient for laboratories

of any size.
m General parameters of bioanalytical methods:

The methods were developed for now-conventional ultra-performance liquid chromatography
systems with a maximum operating pressure of 15,000 psi. All methods are designed for ideal
operation within 80% of this limit, providing some overhead for increases in system pressure
often incurred during long sequences of sample analysis. The injection-to-injection cycle time
was standardised to exactly 15 minutes across all methods, allowing the analysis of a
complete 96-well plate of samples (80 study samples and 16 QC samples) in a 24-hour period.
While convenient for day-to-day laboratory operations involving smaller projects, this feature
becomes essential when applied to larger projects or concatenated smaller projects operated
in a “continuous analysis” manner!’ during which plates are prepared and analysed
sequentially without a break in analysis. This approach produces high precision data free from
batch effects, with the added benefit of high instrument utilisation and efficiency. A regular 24-
hour cycle under these conditions ensures predictable and easy to manage timing for the
preparation and submission of samples for analysis. For example, one plate per instrument is
prepared each morning and submitted for analysis in the early afternoon immediately following
on from the previous plate, allowing some time for monitoring the plate’s analysis before
leaving unattended overnight. This daily protocol is then repeated until all samples have been

analysed.
m LC methods

Three core separations are employed which together capture analytes present in human
biofluids with wide ranging hydrophobicity (Figure 2). The first is an RPC method for the
analysis of a broad range of analytes including smaller more hydrophilic species through to
more moderately hydrophobic species. Very polar and ionic species (especially basic

analytes) that are not well retained under these conditions are the targets of the HILIC



separation. Finally, more hydrophobic species, principally neutral and complex lipid species
ranging from lysophospholipids to triglycerides that would not be cleanly eluted from the RPC
method, are the targets of an adapted RPC method for lipidomics. The first two are applied
routinely to the analysis of urine and blood products, while the latter is generally applied to
blood products only (as well as tissue extracts and other clinical sample types outside the
scope of this paper). Notes for use, standard operating procedures and proformas are

available at https://github.com/phenomecentre/npc-open-lcms.

1200 1200
N 1750

H (i) S ol ,:::! b
1000 i 1000 | i 1500/ i;#” ’

800 3 4 et X
400 ";

2001

logP >5

2 6 2 4 6 8 10 2 4 6 8 10 12
Retention Time (minutes) Retention Time (minutes) Retention Time (minutes)

—=}— —+ - —f==
HILIC RPC small molecules (C18) RPC lipids (C8)
Very polar and Small hydrophilic species and Neutral and
ionic metabolites moderately hydrophobic species complex lipids

Figure 2: Metabolite profiles produced by the methods described herein, illustrating the field
of metabolome capture across chemical space from smaller, polar, and ionic molecules
(HILIC) to larger and more moderately hydrophobic molecules (RPC small molecules) and
lipid species (RPC lipids). Two-dimensional feature maps (x = chromatographic retention time;
y = m/z) show noise-filtered data (using the previously defined criteria of feature precision and
correlation to dilution?’) from selected studies where urine (blue features) and blood products
(red features) were analysed. LogP values were calculated using the RDKit, an open-source
cheminformatics toolkit (http://www.rdkit.org).

The RPC method adopts the low ligand density HSS (high strength silica) T3 (Cis) stationary
phase (Waters Corp., Milford MA, USA) and mobile phase conditions previously employed by
others including Wong et al*® and later Want et al'® for the metabolic profiling of urine, proving
highly suitable for the retention of smaller and more hydrophilic analytes in highly aqueous
environments as well as moderately hydrophobic analytes including drugs and drug
metabolites. The adapted method substitutes a 150 mm column in place of the then-
conventional and ubiquitously used 100 mm columns, improving the separation of early eluting
metabolites.!” This expanded column length was paired with a higher 0.6 mL/min flowrate,
producing sharp peaks (approximately 1.5 seconds at baseline) across the gradient. This
method, eventually published in 2016 after extensive testing and use, was important in
establishing a new benchmark and “convention”.?° It is used with both positive and negative

mode ion detection.
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The HILIC method was adapted from Want et al.'°, employing a simple and reliable unbonded
ethylene bridged hybrid (BEH) particle (Waters Corp., Milford MA, USA) as the stationary
phase. The mobile phase composition was adapted to use a pair of unblended solvents,
eliminating the need for accurate volumetric preparation of a disproportionate (95:5 organic
solvent-to-water) mix sensitive to even minor compositional variation.?! The ultra-high
performance liquid chromatography (UHPLC) instrument is instead used to mix the solvent
pair during use in an accurate and reproducible manner, achieving the desired initial conditions
for maximal analyte retention. The aqueous solvent is prepared with 20mM ammonium
formate and both solvents are prepared with 0.1% formic acid, resulting in an ionic strength
gradient across the separation. Importantly, this precludes the need to force volatile buffer
salts into bulk solution with a mostly organic solvent which in our experience is an unreliable
practice. The result is easy and efficient solvent preparation that yields exceptional separation
reproducibility among solvent batches and experiments. The gradient used follows the same
principle employed in the RPC method of higher flowrate and longer column, the latter being
especially useful for HILIC because of the near-isocratic conditions used. The method is used

with positive mode ion detection only.

The lipidomics method utilises an RPC approach that separates individual lipids and other
hydrophobic metabolite species (as opposed to class-based lipid separations and direct
infusion methods??). The method used herein was designed as an adaptation of a now-widely
used approach (seemingly originating in the work of Castro-Perez et al?®) which employs a
C18 stationary phase and 90/10 mixture of 2-propanol and acetonitrile as the strong eluent. In
an effort to enable higher solvent flow rate and improved peak capacity (benefitting isomeric
structure separation), the strong eluent 2-propanol/acetonitrile ratio was modified from the
original method (90/10) to 50/50, resulting in a less viscous eluent better suited to high flowrate
delivery for higher peak capacity. The lower elution strength of the resulting mix was
compensated by use of a shorter acyl chain bonded phase (C8 instead of C18), allowing the
clean elution of triglycerides and longer chain lipids. Phosphoric acid was added to the mobile
phase for the chromatographic peak shape enhancement of acidic phospholipids.?* The
addition of phosphoric acid requires special care of and attention to the composition of the LC
pumps and pump heads (in our case, replacing more common grade 316 stainless steel parts
with MP35N alloy parts available from the original equipment manufacturer) to reduce pump

surface corrosion. The method is used with both positive and negative mode ion detection.
m MS coupling

To achieve the intended system pressures when coupling to MS, the volume of post-column

tubing is kept to an absolute minimum (33 cm or 38 cm of 0.10 mm ID tubing when used with



150 mm or 100 mm long columns, respectively), avoiding any post-column fluidics (i.e., those
incorporated in the MS system to facilitate automated switching of inputs) to ensure highest
chromatographic performance and reliability of the system. These methods were initially used
with Q-ToF instruments (Waters Xevo G2-S) utilising Z-spray configured electrospray sources
but have been compatibility tested with mass spectrometers from other instrument
manufacturers. Any high-resolution MS instrument capable of adequately desolvating a 0.6
mL/min flow (challenging at 99% aqueous effluent) and a rapid scanning rate capable of
producing more than 10 points per peak for accurate quantitation 2 (excluding any duty cycle
consumed for alternative purposes including structural characterisation by MS/MS or dynamic
range extension by interleaving scans with an attenuated beam) should be suitable for utilising
these methods. When paired with Waters Xevo G2-S instruments, we observed a propensity
towards in source fragmentation (ISF) owing to the nature of the ion optics. Consequently,
acquisition of routine profiling data with simple MSL1 is sufficient to generate rich spectra
inclusive of diagnostic fragmentation patterns. This acquisition strategy is complemented with
data-dependent analysis (DDA) MS/MS analyses on pooled QC samples (QC materials are
discussed below in greater detail) and may be further augmented with targeted MS/MS
analyses on specific samples of interest as needed. Finally, it should be noted that the time-
of-flight MS instrument is regularly tuned to produce the highest resolution achievable at or
near maximal sensitivity. By prioritising sensitivity over other instrument attributes (i.e.
resolution in orthogonal acceleration time-of-flight mass spectrometry), the amount of sample
required for each analysis can be minimised. In turn, larger scale analysis (batches of one to
two thousand study samples) can be more practically achieved without stopping and
disassembling for cleaning and maintenance. This is a central tenet of our “continuous

analysis” approach to delivering high quality LC-MS raw data.
m Notes for replication and adaptation.

The ability to completely reproduce and confidently adapt methodology is a fundamental tenet
of an open platform (analogous to open-source software). Notes to promote the successful

replication and adaption of these methods are given below.

When replicating these methods, special attention should be paid to the system pressure
profiles produced with a new column. In our experience, despite the emphasis placed by
column manufacturers on consistency of performance, different column and packing batches
can result in columns that perform considerably better (albeit it with higher system pressure)
or worse for profiling applications. In some cases, the pressure profiles for a column can be
prohibitive for large project use. We routinely evaluate column pressure profiles and select

columns with average (for their type) performance, ensuring that similar performing columns



can be regularly procured. Representative pressure traces are provided with the experimental
protocols. Furthermore, if replicating these methods on different instrumentation, attention
should be paid to the extra-column volume of the LC-MS system and consequential holdup
time (see quality control section Table 2), as this will affect the accuracy of retention times,
with a knock-on effect to method performance and the accuracy of method-specific analyte
databases.

The methods presented here can be scaled for longer or shorter analysis times. To facilitate
this, the methods adhere to simple linear gradients as much as possible, with only slight
deviations in the HILIC and lipid methods. This differs substantially from more highly tailored
methods which, in our experience for metabolic profiling of complex biofluids, are less
reproducible and reliable. However, when shortening methods, it must be noted that a
reduction in the number of features detected and a reduction in the precision of their
measurement has been well described.*® For this reason, shorter methods utilising the same
UHPLC technologies may suffer a reduced ability to capture more subtle metabolic effects,
although more rapid methods have been shown to be of use where the expected effect sizes
are large and the analytes studied are dominant in the profiles.?® For best results, the
throughput provided by a platform should be carefully matched to (not needlessly exceeding)
the actual needs of the laboratory. Researchers concerned with data quality should not
overlook the addition of LC-MS instruments as a viable, albeit more costly, alternative to
reliance on higher throughput methodology alone when looking to increase overall analysis
capacity. Finally, the methods presented here can also be adapted for larger scale separations
(e.g., using HPLC columns) to allow isolation of metabolites from biological samples in support
of MetID efforts. We have achieved this using repeated HPLC-scale separations of urine

samples without difficulty using a rescaled version of our RPC assay for small molecules.?’

Beyond global profiling applications, the methods presented here can also be adapted for use
as targeted assays. For example, when developing an assay for the direct analysis of bile
acids without laborious sample preparation?®, the lipid RPC method was used as a foundation
owing to its ability to cleanly elute very hydrophobic lipid species in blood, bile and other
sample types of interest. Doing so precluded the need to separate lipids in the sample
preparation step, streamlining the whole analytical procedure. Similarly, when developing a
small molecule assay for tryptophan catabolism pathway analysis, the established lower
hydrophobicity RPC profiling method (column chemistry and dimensions, column temperature,
solvent system and initial conditions) was adapted, substantially accelerating the development

of the targeted method.?°



m Sample preparation

Given the extensive characterisation of the methods, the concept followed is that samples
should be adapted to a consistent and well-characterised analytical platform by conscientious
preparation. This approach deviates from the practice of adapting specific methods to specific
sample types, which multiplies the number of analytical methods which require
characterisation in the form of MetID. Instead, by minimising the number of methods
maintained within a laboratory, it becomes easier to deploy them more consistently (e.g., in
the form of dedicating an instrument to a specific method type) and allows investment made
in any one method in the form of characterising the elution of analytes (MetID) to be amortised
across more sample analyses and types. Sample preparation SOPs for blood product and
urine analysis by each method described above (RPC, HILIC, and Lipid RPC) are presented

in the appendices and recommended as points of departure for other biofluids.

The RPC method is well suited to the analysis of agueous samples lacking appreciable lipid
and protein content. Human urine fits this description well, requiring only an optional dilution
prior to direct analysis by RPC LC-MS.' The analytical method can also be used for more
complex sample types where the lipids and proteins present are first removed as to not
compromise the analysis by accumulating or precipitating, respectively, on the column leading
to system pressure increases, unpredictable hydrophobic metabolite elution and ionisation
suppression effects. However, the complexity of the sample preparation and potential for
introducing selectivity bias rapidly increases. For example, precipitation of protein (required in
samples with appreciable protein to prevent on-column precipitation, increased LC system
pressure and ultimately column blockage) by addition of organic solvent either requires drying
and solvent exchange (i.e. reconstitution in water) or injection of the organic-solvent-
containing sample in sub-optimal conditions for the analysis, given that retention of small
molecules in biofluid samples generally requires loading and initial chromatographic
conditions to be as close to 100% aqueous as possible given the composition and tolerance
of the stationary phase. Similarly, depletion of lipids can be conducted by laborious methods
such as liquid/liquid biphasic separation or consumables-driven approaches such as solid-
phase extraction (SPE). However, perturbation of the small molecule profile is a risk that must
be minimised or avoided. Consequently, not all depletion methods are accepted as suitable
for analysis of the small molecule content of a biological sample.*°-3? Finally, note that this
method would not be suitable for analysis of lipophilic species (e.g. by extending the gradient
to higher strength elution) owing to their insolubility in the requisite aqueous sample diluent

and chromatographic initial conditions.



The HILIC method is more intrinsically adaptable to a wider variety of biological sample types
including those rich with lipid and protein content. HILIC methods generally do not retain
neutral lipids which therefore form a part of the injection peak.*® The HILIC method presented
here retains and elutes complex lipids within a compressed band to minimise overlap with the
small molecule profile. Proteins are precipitated in the normal course of preparing the sample
for HILIC which typically requires the addition of an organic solvent to the aqueous biofluid in
order to better match the initial mobile phase conditions of the method which are typically
between 90% and 95% acetonitrile. The method presented here utilises a 1:3 precipitation
with ACN as a compromise approximation of the 95:5 starting conditions. Caution must be
taken to avoid partitioning at very high percentage of acetonitrile specifically, and especially
with high salinity samples, as this can lead to phase separation.®* % Working at 4°C instead

of -20°C (as might be preferred for protein precipitation alone) can help.

The lipid method, being a RPC method that initiates in a mixture of aqueous and organic
solvents, is well served by organic extracts of biological samples which again generally
precludes issues with protein precipitation on-column. Furthermore, our experience shows
that the presence of small molecules in the sample does not pose a risk to the analysis of
lipids by RPC LC-MS, as the former are handily eluted from the column prior to lipid elution
and do not contribute a matrix effect (note that this would not be true for other methods e.g.
DIMS that are outside our platform and beyond the scope of this manuscript). It is therefore
unnecessary to perform complex and laborious biphasic separations, although lipid extracts
prepared as such can certainly be analysed by the method. Rather, protein precipitation with
2-propanol as a strong organic solvent capable of solubilising complex and neutral lipids, e.g.
from their native structures in blood products, has proven a simple and effective method for

preparing blood products and is generally extendable to other lipid-containing biofluids.*®

Finally, depending on the sensitivity achieved by the ionisation and MS system used, samples
may require greater or lesser dilution to ensure that the majority of analytes are well situated
within the linear dynamic range of the instrument for a given method.?” Range and response
assessment involving pilot sample sets and dilution series data from pooled representative
samples can be a useful tool to guide the most appropriate sample dilution for a given LC-MS

system (see more details of the quality control system below).®
Quality Control

Measurement precision is monitored and assessed using three types of quality control
reference materials: method reference mixtures, internal standards, and pooled QC samples.
The composition and the role of each type of these materials is summarised in Table 2, and

their integration with the sample handling and preparation workflow is illustrated in Figure 3.



Table 2: Quality Control reference materials composition and purpose in LC-MS assays

Type of QC Composition Assays Purpose

Mixture of heavy labelled
small molecules added to
pooled QC

Small molecules RPC LC-MS system monitoring
HILIC
Method

Reference (MR)

LC-MS system monitoring
Sample preparation
Injection precision
Matrix effect in study samples

Mixture of odd-chain lipids
added to pooled QC and Lipid RPC
study samples

Mixture of heavy labelled Sample preparation

Internal small molecules added to Small molecules RPC Injection precision
Standards (IS) pooled QC and study HILIC . .
samples Matrix effect in study samples
Study Reference Pooled QC sample Small molecules RPC Analytlc;\:erggggumblllty
y (SR) composed of equal parts of HILIC Data pre-processing
all study samples Lipid RPC QC dilution series
Analytical reproducibility
Long Term Externally procured pooled Small molecules RPC Precision
Referegce (LTR) QC sample of studied HILIC LC-MS system monitoring
biofluid Lipid RPC Reference across multiple

studies
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Figure 3: Schematic representation of the NPC quality control (QC) system for small molecule
metabolite analysis, illustrating how reference materials are incorporated in the sample
handling and preparation workflow. For the lipidomics workflow, method reference (MR) lipids
are incorporated directly within the internal standards (IS) mixture.



Method Reference (MR) mixtures are method-specific sets of reference chemicals not
expected to be present in the biological samples being studied (i.e., heavy labelled small
molecules and non-endogenous odd-chain lipids). Each MR is specific to a chromatographic
method (small molecule RPC, HILIC and lipid RPC) and formulated for use with both ionization
modes, where applicable. The MR mixture is added to all pooled QC samples providing
metabolite targets that represent the wider observable metabolome while facilitating a more
real-time assessment of data quality. To allow assessment of sample preparation and injection
precision as well as some limited assessment of matrix effect across individual study samples,
internal standards (IS) are added to all pooled QC and study samples. When preparing
samples for small molecule RPC or HILIC profiling, MS and IS mixtures are prepared in
agueous solutions and added to the sample prior to further preparative steps. For lipidomic
profiling, a combined MR/IS mixture (referred to as LipidMix in the lipid method protocol) is
added to all samples during protein precipitation with 2-propanol owing to the inability to
solubilise and add them in an agueous solution prior. The chemical composition of each MR
and IS, the ions routinely monitored, and their method-specific retention times are reported in
Table 3.

Table 3: Retention times and ion types of internal standards (IS) and method reference (MR)
standards for each LC-MS method

Positive Negative

RPC (small molecules) RT [min] . m/z . m/z
mode ion mode ion
Holdup time 0.44 +/- 0.02
L-Glutamine-13C5 0.56 +/- 0.01 [M+H]* 152.0937 [M-H] 150.0781
L-Glutamic Acid-13C5 0.58 +/- 0.01 [M+H]* 153.0777 [M-H] 151.0621
Creatinine-Methyl-d3 0.59 +/- 0.01 [M+H]* 117.0856 ---
Cytidine-5,6-d2 0.90 +/- 0.04 [M+H]* 246.1059 [M-H] 244.0902
L-Isoleucine-13C6,15N 1.49 +/- 0.02 [M+H]* 139.1196 [M-H] 137.1039
L-Leucine-13C6 1.56 +/- 0.02 [M+H]* 138.1226 [M-H] 136.1069
L-Phenylalanine- 2.11 +/- 0.02 [M+H]* 176.1140 [M-H] 174.0983
13C9,15N 1
L-Tryptophan-13C11, 2.78 +/- 0.02 [M+H]* 218.1286 [M-H] 216.1130
15N2
Hippuric Acid-d51 3.59 +/- 0.02 [M+H]* 185.0975 [M-H] 183.0818
Benzoic Acid-Ring-13C6 5.35 +/- 0.04 [M-H] 127.0491
Octanoic Acid-13C8 9.24 +/- 0.04 [M-H] 151.1340

T Compounds acting as IS

Continued on following page



Table 3: Continued from previous page

Positive

HILIC RT [min] : m/z
mode ion

Holdup time 0.53 +/- 0.08 --- -
Uracil-2-13C,15N2 0.87 +/- 0.02 [M+H]* 116.0325
Hippuric Acid-13C6 t 1.18 +/- 0.03 [M+H]* 186.0862
Hippuric Acid-d5 * 1.18 +/- 0.03 [M+H]* 185.0975
Adenosine-2-d1 * 1.75 +/- 0.03 [M+H]* 269.1109
Adenine-2-d1 2.17 +/- 0.05 [M+H]* 137.0686
Taurine-15N 2.59 +/- 0.05 [M+H]* 127.0195
L-Tryptophan-d5-(indole) 3.74 +/-0.21 [M+H]* 210.1291
L-Phenylalanine- 3.84 +/-0.24 [M+H]* 176.1140

13C9,15N t*

Creatine-(methyl-d3) 5.05 +/- 0.08 [M+H]* 135.0961
L-Arginine-13C6 5.95 +/- 0.07 [M+H]* 181.1396

t Compounds acting as IS in urine; # Compounds acting as IS in blood products

RPC (lipids) t RT [min] rsgjg'l‘fn miz gﬁ%‘?:‘é‘f} miz
Holdup time 0.35 +/- 0.05
LPC (9:0/0:0)  0.57 +/-0.01 [M-+H]* 398.2308  [M+CHsCOO]  456.2362
PC (11:0/11:0)  3.03 +/- 0.07 [M-+H]* 594.4135  [M+CHsCOO]  652.4190
C17:0  3.18 +-0.07 [M-H] 269.2481
PG(15:0/15:0)  4.81 +-0.13 [M+NaJ* 717.4682 [M-H] 693.4707
PE(15:0/15:0)  5.91 +/-0.11 [M+H]* 664.4917 [M-H] 662.4761
PS(17:0/17:0)  6.01 +/-0.17 [M-+H]* 764.5442 [M-H] 762.5285
PA(L7:0/17:0)  6.3+-0.16 [M+Na]* 699.4941 [M-H] 675.4965
Cer(d18:1/17:0)  6.92+-011  [M+H-H:O]*  534.5249 [M-H] 550.5199
DG(19:0/0:0/19:0)  9.26+-0.1  [M+H-H.O]*  675.5903
PC(23:0/23:0)  10.1 +/- 0.09 [M+H]* 930.7891  [M+CHsCOO]  914.7578
TG(15:0/15:0/15:0)  10.38 +/- 0.1 [M+NHa*  787.6792
TG(17:0/17:0/17:0) 11.25+-008  [M+NHs* 8717731

f LipidMix: all compounds act as both IS and MR standards

To facilitate quality control and assessment on the scale of the true chemical complexity of

biological samples, two types of biological pooled QC samples are used for global profiling

studies. The first, a study reference (SR), is a pooled QC sample composed of equal parts of

all samples in the study except any purposefully excluded. Here the SR is used in the

traditional sense for assessing the reproducibility of feature intensity measurement.®

Furthermore, by diluting the SR across a range of concentrations to form a set of "dilution

series" QC samples, features can also be assessed for how well they are captured with linear

dynamic range of the instrument, and for the proportionality of their response to dilution.® The

SR also forms the basis of pre-processing steps such as batch and run-order correction (see

data extraction and pre-processing methods section below).



A second pooled QC sample set was developed and is routinely integrated in profiling studies
as a Long Term Reference (LTR)*, allowing independent monitoring of precision within a
study,*® providing a point of reference for relating measurements across multiple profiling
studies, and allowing the general monitoring of system performance across studies and years
of operation. Over time, LTR materials (human urine, plasma and serum) have also become
important as a system suitability test mixtures (SSTMs), allowing rapid assessment of an LC-
MS system’s accuracy (retention time, m/z and signal intensity measurement of spiked in MR
and IS as well as some most abundant endogenous metabolites commonly detected in biofluid
samples) after method-specific setup but before acquisition of study data. Each pooled QC

sample is injected regularly throughout the sample analysis sequence (see Figure 4, following

page).'’

Analysis Sequence

To provide the reader with a clear description of how independent studies are composed and
analysed on the LC-MS system (regardless of the method used), an example is provided
below (Figure 4). Each study begins with injections of blank, SR and dilution series (SRD)
samples. Then, study sample plates as constructed in Figure 3 are prepared daily and
appended to the analysis without a break in continuity. As many as 12 plates are consecutively
analysed on a routine basis in our laboratory, yielding sample batches of nearly 1000 samples.
In some cases, larger batch sizes have been implemented, but care must be taken to ensure
good chromatographic peak shape is maintained and that signal is not lost to source fouling.
Finally, the study concludes with the analysis of additional blank, SR and dilution series (SRD)
samples. The dilution series is repeated here in a manner similar to best practice for targeted
bioanalytical methods whereby calibration curves are analysed at the start and end of an
analysis to assess changes in instrument response over the course of the study. The final
region of the sequence is reserved for MS/MS data generation from repeat analysis of the
pooled undiluted study reference sample. Data dependent analysis (DDA) is routinely used in

our laboratory; however, data independent analysis (DIA) methods are equally applicable.

For small studies, the amount of system conditioning and the extent of replication within the
dilution series sets may be disproportionately large to the number of study samples analysed.
In this case, or in cases where less conditioning is thought to be necessary, these objectives
can be met with less repetitive sample injection. The development of automatic gain control
(AGC) for the purposes of compensating detector wear and stabilising the detection system’s
output !’ has indeed alleviated our dependence on heavy initial conditioning to ensure

measurement precision, however we have maintained the practice.
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Figure 4: A visual representation of the sequence of sample analysis within a study, illustrated
as the sum of all signal intensity (y axis, with 100% representing that obtained from the
undiluted study reference) for each sample analysed in the sequence (x axis). The delineated
sequence regions are described as follows: (1) blank injections for assessing the stability and
baseline of the LC-MS system, (2) undiluted study reference sample injections for conditioning
the LC-MS system, (3) blank injections to assess and eliminate carryover, (4) dilution series
sample injections for establishing feature filtering criteria based on range and response at the
outset of the study, (5) study sample and interleaved study reference and long term reference
sample analysis (two plates of a typical maximum of 12 plates shown), (6) final study reference
sample injections, (7) reverse order dilution series sample injections for establishing feature
filtering criteria based on range and response at the conclusion of the study, (8) blank
injections for assessing the baseline of the LC-MS system at the conclusion of the study, and
(9) undiluted study reference sample injections to support MS/MS data acquisition.

Bioinformatics Methodology
m Data extraction and pre-processing methods:

Data-processing and feature extraction of profiling LC-MS assays is usually performed using
untargeted peak detection workflows that aim to comprehensively detect all the LC-MS peaks
in a sample set. These workflows generate large data matrices comprised of thousands of
features requiring a posteriori metabolite annotation. This is commonly achieved using a
combination of computational methods to “group” features into “pseudo-spectra”, followed by
spectral matching to databases or other experimental data sources. There are already many
commercial and open-source software available for untargeted peak detection 443 and post-

processing.*+ 4°

Investment in assay-specific chromatographic and spectral library building unlocks the
possibility of deploying a more targeted feature extraction workflow. In this context, feature
extraction is performed solely with the objective of detecting and integrating a set of well
characterized and previously annotated signals. This approach provides users with a
consistent output that includes a fixed set of variables and conclusive assessment of detection
or non-detection of those metabolites in individual samples. We have developed an open-

source R package, peakPantheR?*, which leverages the knowledge gained from assay



characterisation and enables targeted detection, peak fitting and integration of pre-annotated
LC-MS features. The software also enables convenient visual review of individual peak
performance across a study (Figure 5). The approach produces high-quality annotated
datasets that are accessible to a broader range of biomedical researchers and more
immediately interpretable than untargeted feature tables. Further details on PeakPantheR
installation and usage can be found at https://github.com/phenomecentre/peakPantheR.
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Figure 5: A real-world example of the visual summary provided for an individual metabolite
extracted from global profiling data using PeakPantheR. From top to bottom, the output clearly
illustrates the chromatographic peak shape, chromatographic peak width and apex tracking,
and the trends and distribution for retention time, m/z and integrated peak area for all samples
across the study.


https://github.com/phenomecentre/peakPantheR

Regardless of the feature extraction method used, quality control and feature filtering
procedures should be applied to assess and ensure the quality of the dataset and individual
LC-MS features. For this purpose, we have implemented routines for metabolomic data pre-
processing and quality control in an open source Python software, the nPYc-Toolbox.*” The
nPYc-Toolbox provides functionality for batch and run order correction, feature filtering
procedures based on repeated injections and dilution series of pooled QC samples,
exploratory multivariate quality control, and summary reporting (Figure 6). Further details on
nPYc-Toolbox installation and usage can be found at

https://github.com/phenomecentre/nPYc-Toolbox and detailed tutorials at

https://qgithub.com/phenomecentre/nPY c-toolbox-tutorials.
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Figure 6: Real-world example outputs from the nPYc-Toolbox that aid the user in clearly
visualising batch and run-order feature intensity correction on a per-feature basis (A), feature
filtering on a per-feature basis (B), comprehensive study multivariate quality assessment (C),
and a summary report of all named metabolites and their measurement quality characteristics
(D). Study samples (SS) are shown in yellow, study reference samples (SR) in green, long-
term reference samples (LTR) in blue and dilution series samples (SRD) in red.
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Method Characterisation

As discussed above, the classical metabolomics approach follows a workflow whereby
complex analytical profiles are captured in sample analysis, optionally pre-processed (e.g., for
quality control purposes) and analysed using univariate or multivariate statistical methods.
This approach is powerful for biomarker discovery but can be frustrating for both metabolomics
practitioners and their collaborators if important biomarkers are slow or difficult to identify post-
hoc. For this reason, metabolic profiling laboratories often build in-house method-specific
databases, empirical in nature and matching their chosen chromatographic separation
conditions, for the characterisation (broad annotation) of their profiling methods. This action
requires the procurement and analysis of chemical reference standards, building an
investment-based activation energy barrier to adopting or even developing newer or different
methodology. Beyond the personal preference of analytical chemists, this phenomenon might
be one of the principal reasons that a wide variety of otherwise similar RPC and HILIC methods
persist in the field. It therefore follows that standardisation requires the complete disclosure of
the value associated with a given method or set of methods. For this reason, we provide here
more than 700 annotated biologically relevant metabolites detectable in human biofluid
samples in the context of the methods described (available at

https://github.com/phenomecentre/npc-open-lcms). All annotations have been manually

curated and whenever possible (for the majority of small molecules and some lipids) compared
to the reference chemical material achieving the highest annotation confidence level of 1
according to MSI.8 An overview of the small molecules and lipid species described is provided

in Figure 7 (following page).
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Figure 7: Summary of the annotated chemical coverage for the small molecule and lipid
profiling assays. Small molecule annotations are grouped by their ClassyFire*® superclass and
class, and lipids by LIPID MAPS®*® main class and sub class (inner and outer pie chart,

respectively).



Conclusion

LC-MS-based global profiling technologies enable measurement of the small molecule and
lipid content of biofluids and tissue extracts with excellent coverage and precision. However,
the bioanalytical data produced (sets of retention time, m/z and signal intensity coordinates)
is at least one step removed from biologically interpretable information, requiring linkage of
those measurements to the small molecule metabolites and lipids they represent before the
data are usable in the context of biomedical research and clinical practice. The process of
MetID remains a bottleneck in the metabolomics workflow, limiting the perceived utility of LC-
MS-based global profiling platforms in key application areas including clinical diagnostics
development and molecular epidemiology. Given the resource and expertise requirements
essential for MetID, cooperative efforts and information sharing across laboratories are clearly
needed to break this bottleneck. However, the diversity in chromatographic methodology in
use across the field poses some challenges to straightforward sharing of metabolite
annotations, creating a case for methodological standardisation that we believe is reasonable
only when substantial value is offered in the form of a highly characterised and open platform.

Here the National Phenome Centre’s established platform for metabolic profiling is made open
in its entirety, including complete protocols, methods, software, and metabolite annotations.
The open platform leverages the experience of dedicated metabolomics practitioners,
providing both a foundation for cooperation among like-minded experts and a turnkey solution
for novice users. The latter is specifically helpful in promoting the application of metabolomics
within multidisciplinary research teams as it helps to quickly establish reliable methodology
and the means to interrogate the data it produces to derive biochemical insights. We advocate
the suitability of the methods presented here for a wide variety of clinical sample types and
encourage researchers to adapt new sample types to these methods rather than create new
uncharacterised methods. However, their use does not preclude more hypothesis and need-
driven expansion via the development of augmenting methods and technologies including
those oriented toward more sensitive detection (e.g., for low abundance metabolites) or

increased analytical specificity (e.g., chiral separations).

The sharing of method-specific annotations is core to the purpose of our promoting the
National Phenome Centre’s open platform for metabolomics. These annotations, each linked
to the well-established methods detailed here, represent a substantial investment in method
characterisation that we hope will not require repeating by our colleagues in the field (beyond
that prudent and necessary for any further validation of their accuracy). We feel strongly that
biochemical annotations in metabolomics should not be considered as protectable intellectual

property, but rather as public knowledge which can be used, updated, and expanded by a



broader community of researchers. In this manner, the disclosure of global profiling methods
and associated method-specific annotations is essential for facilitating this process,
accelerating the unlocking of the real value held within global profiling, and democratising its

development and utility across fields of application.
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