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l. Summary

Over the last decades, system biology and multi-omics have become an
emerging field in life science. With the development of analytical instruments,
especially the mass spectrometry (MS), MS based metabolomics are widely
utilized to understanding the metabolic status. Due to significantly different
properties of lipids, lipidomics became more and more an independent research
discipline. Liquid chromatography coupled to tandem mass spectrometry (LC-
MS/MS) is the most popular analytical platform in metabolomics and lipidomics.
Recent progress in bioinformatical approaches has also facilitated the
bottlenecking data processing steps.

Although some widely used methods were established for general metabolomics
and lipidomics analysis, there are still some challenging analytes like
phosphorylated metabolites/lipids, which showed compromised performance.
Through highly regulated phosphorylation and dephosphorylation by enzymes,
phosphorylated metabolites/lipids regulate many important cellular processes.
Despite their importance, the performance of their current analytical methods is
not satisfying. Generally, analysis of phosphorylated analytes by LC-MS/MS face
the following challenges, including low abundance, low extraction recovery,
instability, regioisomers, availability of standards, etc. In order to address these
issues, we developed new methods based on phosphate methylation.
Accordingly, complete workflows from sample preparation to data processing
were developed and validated in biological matrix.

In the 15 project, a targeted LC-MS/MS method of fatty acyl-CoAs (acyl-CoAs)
with different chain lengths was established. Acyl-CoAs are central metabolic
intermediates in numerous biological processes. Due to diverse fatty acyl
compositions, acyl-CoAs vary greatly in polarity, which poses great challenges
to their chromatographic separation. Currently, short chain acyl-CoAs are
separated by HILIC or acidic RP-LC, while medium-, long- and very long-chain
acyl-CoAs are analysed in basic RP-LC. Additionally, carryover in LC-MS/MS
instrumentation requires extra flushing/cleaning procedures. To address these
problems, we developed phosphate methylation strategy for acyl-CoAs. In the

sample preparation, mixed-mode SPE was optimized to be compatible with



methylation. SRM transitions in MS detection was constructed with fragmentation
rule for all methylated acyl-CoAs. Uniformly 13C labelled yeast extract was used
as internal standards for accurate quantification. Odd chain and stable isotope
labelled analogs were used as surrogate calibrators. The LOQs were between
16.9 nM and 4.2 nM. The method was applied in cultured HeLa cells and human
platelets of coronary artery disease patients. The results showed that the
established method can be used to profile acyl-CoAs in biological samples.

In the 2" project, an isomer selective LC-MS/MS method of PIPx was developed.
PIPx is a family of low abundant phospholipids commonly found in eukaryotic
cells. Starting from phosphoinositol (Pl), PIPx family consists of three lipid
classes (PIP, PIP2, and PIP3) according to phosphorylation degree. There are
three distinct regioisomers in each class of PIP and PIP2. As phospholipids, PIPx
has two fatty acyl groups at the snl and sn2 position of a glycerol backbone.
Currently, methods capable of regioisomer separation and fatty acyl coverage
are still missing. To develop a comprehensive method, we utilized
polysaccharide chiral column with data independent acquisition technique.
Stable isotope labelled PIPx were characterized and used as internal standards.
The established method was applied to several biological samples, including
NIST SRM1950 plasma, Pichia Pastoris, and cultured HelLa cells. The results
indicate this method could effectively monitor PIPx profiles in real samples and
facilitate our understanding of physiological and pathological conditions.

In the 3@ and 4" project, improved LC-MS/MS methods of IPx and SPx were
developed. Compared to PIPx and acyl-CoAs, IPx and SPx are more polar and
hydrophilic. To apply the phosphate methylation strategy, a new derivatization
solvent mixture was developed and optimized. To improve extraction recovery,
an extraction kit compromised of TiO2 and centrifuge filter was established.
Differential isotope labelling methylation was utilized to generate stable isotope
labelled analogs in both projects (internal standards in IPx project, surrogate
calibrators in SPx project). Cholesterol-ether bonded RP column was used to
separate IPx regioisomers, especially 1(1,4,5)P3. Porous graphite carbon column
was used to separate SPx in glycolysis pathway. After validation in biological
matrix, the methods were applied in different biological samples, including NIST
SRM1950 plasma, cultured HelLa cells, and human platelets.
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ll. Zusammenfassung

In den letzten Jahrzehnten haben sich die Systembiologie und die Metabolomik
zu einem aufstrebenden Bereich der Biowissenschaften entwickelt. Mit der
Entwicklung von Analyseinstrumenten, insbesondere der Massenspektrometrie
(MS), wird die MS-basierte Metabolomik in grofiem Umfang zum Verstandnis
des Stoffwechselstatus eingesetzt. Aufgrund der Unterschiede in Struktur und
Eigenschaften wurde die Lipidomik mehr und mehr zu einer eigenstandigen
Forschungsdisziplin.  Flussigchromatographie  gekoppelt mit Tandem-
Massenspektrometrie (LC-MS/MS) ist die beliebteste analytische Plattform in der
Metabolomik und Lipidomik. Darliber hinaus haben die jingsten Fortschritte in

der Bioinformatik dazu beigetragen, die Datenverarbeitung zu vereinfachen.

Obwohl einige weit verbreitete Methoden fiur die allgemeine Metabolomics- und
Lipidomics-Analyse etabliert wurden, gibt es immer noch einige schwierige
Analyten wie phosphorylierte Metaboliten/Lipide, die eine kompensierte Leistung
aufweisen. Durch stark regulierte Phosphorylierung und Dephosphorylierung
durch Enzyme regulieren phosphorylierte Metaboliten/Lipide viele zellulare
Prozesse. Trotz ihrer Bedeutung ist die Leistung der derzeitigen
Analysemethoden nicht zufriedenstellend. Im Allgemeinen ist die Analyse
phosphorylierter Analyten mittels LC-MS/MS mit folgenden Problemen
verbunden: geringe Haufigkeit, geringe Extraktionsausbeute, Instabilitat,
Regioisomere, Verfugbarkeit von Standards usw. Um diese Probleme zu l6sen,
haben wir neue Methoden entwickelt, die auf Phosphatmethylierung basieren.
Dementsprechend wurden ganze Arbeitsablaufe, von der Probenvorbereitung

bis zur Datenverarbeitung, entwickelt und in biologischer Matrix validiert.

Im ersten Projekt wurde eine gezielte LC-MS/MS-Methode fir Fett-Acyl-CoAs
(Acyl-CoAs) mit unterschiedlichen Kettenlangen entwickelt. Acyl-CoAs sind
zentrale metabolische Zwischenprodukte in zahlreichen biologischen Prozessen.
Aufgrund der unterschiedlichen Zusammensetzung der Fettacylgruppen sind
Acyl-CoAs in ihrer Polaritat sehr unterschiedlich, was ihre chromatographische
Trennung vor grof3e Herausforderungen stellt. Derzeit werden kurzkettige Acyl-

CoAs durch HILIC oder saure RP-LC getrennt, wahrend mittel-, lang- und sehr
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langkettige Acyl-CoAs in basischer RP-LC analysiert werden. Auf3erdem
erfordert die Verschleppung in LC-MS/MS-Instrumenten zuséatzliche Spuil-
/Reinigungsverfahren. Um diese Probleme zu I6sen, haben wir eine
Phosphatmethylierungsstrategie  fur  Acyl-CoAs entwickelt. Bei der
Probenvorbereitung wurde die Mixed-Mode-SPE so optimiert, dass sie mit der
Methylierung kompatibel ist. SRM-Ubergéange in der MS-Detektion wurden mit
Fragmentierungsregeln fur alle methylierten Acyl-CoAs konstruiert. Einheitlich
13C-markierter Hefeextrakt wurde als interner Standard flr die genaue
Quantifizierung verwendet. Ungerade Ketten und mit stabilen Isotopen markierte
Analoga wurden als Ersatzkalibratoren verwendet. Die LOQs lagen zwischen
16,9 nM und 4,2 nM. Die Methode wurde in kultivierten HelLa-Zellen und
menschlichen Blutplattchen von Patienten mit koronarer Herzkrankheit
angewandt. Die Ergebnisse zeigten, dass die etablierte Methode fur die
Profilierung von Acyl-CoAs in biologischen Proben verwendet werden kann.

Im Rahmen des zweiten Projekts wurde eine isomerenselektive LC-MS/MS-
Methode fir PIPx entwickelt. PIPx ist eine Familie von Phospholipiden mit
geringem Vorkommen, die in eukaryontischen Zellen haufig vorkommen.
Ausgehend von Phosphoinositol (Pl) besteht die PIPx-Familie aus drei
Lipidklassen (PIP, PIP2 und PIP3) je nach Phosphorylierungsgrad. In jeder
Klasse von PIP und PIP2 gibt es drei verschiedene Regioisomere. Als
Phospholipide haben PIPx zwei Fettacylgruppen an der snl- und sn2-Position
eines Glycerin-Grundgerists. Derzeit gibt es noch keine Methoden, die eine
Regioisomerentrennung und Fettacylabdeckung ermdglichen. Um eine
umfassende Methode zu entwickeln, haben wir eine chirale Polysaccharidsaule
mit einer datenunabh&ngigen Erfassungstechnik verwendet. Mit stabilen
Isotopen markierte PIPx wurden charakterisiert und als interne Standards
verwendet. Die etablierte Methode wurde auf mehrere biologische Proben
angewandt, darunter NIST SRM1950 Plasma, Pichia Pastoris und kultivierte
HeLa-Zellen. Die Ergebnisse deuten darauf hin, dass diese Methode PIPx-
Profile in realen Proben wirksam Uberwachen und unser Verstandnis

physiologischer und pathologischer Bedingungen erleichtern kann.
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Im 3. und 4. Projekt wurden verbesserte LC-MS/MS-Methoden fir IPx und SPx
entwickelt. Im Vergleich zu PIPx und Acyl-CoAs sind IPx und SPx polarer und
hydrophiler. Zur Anwendung der Phosphatmethylierungsstrategie wurde ein
neues Derivatisierungslosungsmittelgemisch entwickelt und optimiert. Um die
Extraktionsausbeute zu verbessern, wurde ein Extraktionskit mit TiO2 und
Zentrifugenfilter entwickelt. Die Methylierung mit differentieller
Isotopenmarkierung wurde in beiden Projekten zur Erzeugung stabiler
isotopenmarkierter Analoga eingesetzt (interne Standards im IPx-Projekt,
Ersatzkalibratoren im SPx-Projekt). Zur Trennung der IPx-Regioisomere,
insbesondere 1(1,4,5)P3, wurde eine RP-Saule mit Cholesterinbindung
verwendet. Die Saule aus porésem Graphitkohlenstoff wurde flr die Trennung
von SPx im Glykolyse-Weg verwendet. Nach der Validierung in biologischer
Matrix wurden die Methoden in verschiedenen biologischen Proben angewandt,
darunter NIST SRM1950 Plasma, kultivierte HelLa-Zellen und menschliche
Blutplattchen.
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VIII. Introduction

1. Metabolomics and lipidomics

1.1. Metabolites and metabolomics

Metabolites are endogenous small molecules (molecular weight usually less than
1500 Da), including amino acids, lipids, sugars, organic acids, etc. In cell
metabolism, metabolites play critical roles as substrates, intermediates or end
products. Metabolomics is the study of the whole family of metabolites in a
system 3. Rather than investigating individual metabolites, metabolomics
analyzes all the metabolite features at a system-wide level. With the
development of analytical chemistry and instrumental technology, metabolomics
has become a powerful approach to studying the metabolic activity of organisms.
Its ability to reveal unexpected changes in metabolites under different conditions
makes it valuable for hypothesis generation. As shown in Figure VIII-1, compared
to other omics studies, metabolomics is uniquely challenging due to its

complexity and wide dynamic concentration range 4.

(A) (B) Number of compounds
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Metabolomics
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3 1450 Drugs
&
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Figure VIII-1. Overview of metabolomics and other omics 4. (A) Comparison of the
complexity of analytes in different omics studies. (B) The concentration range of the

human metabolome.

The workflow of metabolomics (Figure VIII-2) consists of experiment design,
sample collection including quenching, extraction, data acquisition, data
processing including identification and statistical analysis, and biochemical

interpretation . Data acquisition stage in metabolomics involves many analytical



techniques, including nuclear magnetic resonance spectroscopy (NMR) &7, gas
chromatography coupled to mass spectrometry (GC-MS) 8° and liquid
chromatography coupled to mass spectrometry (LC-MS) 1911, As summarized in
Table VIII-1, they have distinct advantages and disadvantages according to their

analysis principles 2.

Analytical
chemistry

Metabolomics
workflow

Vi

Metabolite

I. ':'DraAtaAn_‘iartr'ixA =

Scores (OPLS-DA)

hfé?‘\
Databases m P

Figure VIII-2. Metabolomics workflow.

Across these different techniques, the identification of humerous metabolites
remains challenging. To address this issue, the development of the
computational approach has attracted more and more attention recently. Since
the authentic standards remain limited. MS spectral library matching was the
breakthrough to move forward for identification. Online databases are now
available for electron ionization (EI) and electrospray ionization (ESI) techniques,
including the human metabolome database (HMDB) 12, MassBank 13,
Manchester Metabolomics Database (MMD) 14, and Tandem MS Database
(METLIN) %516 Golm Metabolome Database (GMD) 17, FiehnLib 8 and NIST
Database %20, After being identified in different conditions, differential

metabolites will be reviewed and validated in metabolic pathways. In this stage,

2



pathway databases like Kyoto Encyclopedia of Genes and Genomes (KEGG) %,
MetaCyc 22, etc. could be utilized for comprehensive analysis. Optionally, for
metabolites involved in multiple pathways, metabolic flux analysis is performed
to determine the metabolite interconversion. Stable isotopic tracers are often

used in this approach 23,



Table VIII-1. Comparison of different analytical techniques in metabolomics 2.

Analytical

olatform Advantages Disadvantages Special applications
Broad metabolite coverage Cross-platform variation or batch
Simple sample preparation effects that hinders
High sensitivity standardization
Superior flexibility in compound  Not quantitative .
: o . Comprehensive (broad- coverage)
LC-MS separation and detection (i.e., Destructive . .
. i . . metabolomics analysis
options of LC column, mobile Inability to measure organic
phase, or MS method settings)  compounds that do not form
Various open-source software molecular ion adducts (i.e.,
assisting data analysis hydrocarbons)
Variations due to instrument type
, or conditions
Broad metabolite coverage .
: Not quantitative
Analysis of gases or naturally .
volatile compounds Destru_ct|ve . . .
GC-MS . e Not suitable for nonvolatile or Petrochemical analysis
High sensitivity :
. thermally fragile molecules
Various open-source software 2 .
o : Complications from multiple
assisting data analysis LT
derivatization products from a
single metabolite
Low sensitivit De novo compound structure
Real-time reaction monitoring at y elucidation
Less metabolite coverage per run o . . .
controlled temperatures Kinetics analysis of chemical reactions
RO Less automated spectral T ) i
NMR Real-time in vivo measurements Real-time in vivo metabolic studies

Deeper structural information
Non-invasive

processing
High cost of equipment and
maintenance

using stable isotope tracing
Real-time imaging of live cells or
animals




1.2. Lipids and lipidomics

Lipids are a diverse family of fatty acids and their naturally occurring derivatives,

which are generally hydrophobic and soluble in nonpolar solvents. For

clarification and homogenization, lipids are sorted into eight categories according

to Lipid MAPS, an international consortium organized by lipid experts 2425, As

shown in Figure VIII-3, eight lipid categories are fatty acyls (FA), glycerolipids

(GL), glycerophospholipids (GP), sphingolipids (SP), sterol lipids (ST), prenol
lipids (PR), saccharolipids (SL), and polyketides (PK).

Fatty acyls [FA]: stearic acid

(o]
eSS A~y

Glycerophospholipids [GP]: 1-octadecanoyl-
2-(5Z,8Z,11Z,14Z-eicosatetraenoyl)-sn-
glycero-3-phosphocholine

o o
A —P-
BOSGF Ahaa's

RN e B

o]

Sterol lipids [ST]: cholest-5-en-3b-ol

Glycerolipids [GL]: 1-octadecanoyl-2-
(5Z,82,11Z,14Z-eicosatetraenoyl)-sn-glycerol

o
AN AN
\/\W&/\:/\/SWXOH
o

Sphingolipids [SP]: Sphing-4-enine

o
||

HO o)
o 0 !
HOu. I o__n_ NH
"lo— P~ —P~_ ~
/ 0~ o S
o) = HO HO K

0 NH HG  “OH

HO
HO

Saccharolipids [SL]: UDP-2,3-bis-(3R-
hydroxy-tetradecanoyl)-aD-glucosamine

Prenol lipids [PR]: 2E,6E-farnesol

OH

Figure VIII-3 Lipid classification system with representative structures in eight

categories.

Furthermore, these categories are divided into classes and subclasses, which

are summarized in Table VIII-2.



Table VIII-2 Lipid main classes and sub classes involved in this work with short

annotations.
. . Short
Lipid category Main class Sub class annotation
Fatty acyls Fatty acids - -
[FA] Fatty esters Fatty acyl cozyme A Acyl-CoAs
- Monorad_ylglycerollp Monoacylglycerols MAG
Glycerolipids ids :
[GL] Diradylglycerolipids Diacylglycerols DAG
Triradylglycerolipids Triacylglycerols TAG
Diacylglycerophosphocholines
Monoacylglycerophosphocholine PC
Glycerophosphocho S LPC
lines 1-alkyl,2- O-PC
acylglycerophosphocholines
Diacylglycerophosphoethanolami
nes
Glycerophosphoeth Monoacylgchergphosphoethanol LPI'DI?E
anol-amines amines
1-alkyl,2- O-PE
acylglycerophosphoethanolamin
es
Glycerophos- ) o
pholipids [GP] Dlacylglycerophosphmnqsno!s
. Monoacylglycerophosphoinositol Pl
Glycerophosphoino s LPI
sitols 1-alkyl,2- 0-PI
acylglycerophosphoinositols
Glycerosir;c()alsphomo Diacylglycerophosphoinositol PIP
monophosphates
monophosphates
Glycerophosphoino Diacylglycerophosphoinositol PIP2
sitol bisphosphates bisphosphates
Glycerophosphoino Diacylglycerophosphoinositol
. . : PIP3
sitol trisphosphates trisphosphates
Ceramides Ceramide 1-phosphates C1P
Sphingolipids Phosphosphingolipi Ceramide phosphocholines SM
[SP] ds
Sphingoid bases Lysosphlngomyelln_s _and LSM
lysoglycosphingolipids
Sterol lipids
[ST] Sterols Steryl esters CE

To standardize the detailed description of lipid chemical structures, a
nomenclature system was also introduced, which was used in this study as well.
Lipidomics was first introduced by Han and Gross in 2003 2. As a subdiscipline
of metabolomics, lipidomics stand out as a separate research field these years
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as a significant difference in chemical structure thereby properties between lipids
and other metabolites. A typical lipidomics workflow with mass spectrometry (MS)
is shown in Figure VIII-4 27, After sample preparation, direct infusion or LC-based
was performed prior to MS analysis. A broader coverage could be expected in
direct infusion lipidomics (shotgun lipidomics) compared to the LC-based
approach. However, due to co-extracted and co-ionized compounds, a significant
matrix effect is usually observed in shotgun lipidomics. In order to separate
isomers and reduce matrix effect, LC-MS-based lipidomics was used in this work

to realize more accurate quantification.

Data

Acquisition
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Low resolution MS
High resolution MS
LC-MS
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Figure VIII-4 Typical workflow in lipidomics study 2’.

1.3. Targeted phosphorylated metabolites and lipids in this work

Phosphorylation and dephosphorylation are ubiquitous in biology. These
reversible processes play critical roles in metabolic pathways, including
signalling 282°, energy metabolism, etc . As reviewed before, the reason nature
chose phosphate is the interplay between two counteracting facts: 1) phosphates

are negatively charged so phosphate esters are inert for hydrolysis due to



charge-charge repulsion. 2) the charge-charge repulsion makes it possible to
precisely regulate the phosphate ester hydrolysis by tuning the electrostatic
environment. These facts make phosphate ester an ideal candidate for fine-
regulated metabolism 3132, Below, some metabolic pathways involving targeted

phosphorylated metabolites and lipids in this work are introduced.

1.3.1. Fatty acyl-CoA metabolism

Fatty acyl-CoAs (acyl-CoA) are important metabolic intermediates consisting of
a 3’-phosphoadenosine diphosphate (ADP), pantothenate (Vitamin B5) and B-
mercaptoethylamine 33. They can also be regarded as an acyl group linked to
coenzyme A by a thioester bond. As shown in Figure VIII-5, acyl-CoAs participate
in many pathways as acyl donor/transfer 3. In these pathways, acyl-CoAs are
oxidized to provide cellular energy and are incorporated into proteins and lipids.
Therefore, understanding the roles of acyl-CoAs in metabolic diseases is of
ultimate importance. In this work, we developed an LC-MS/MS method to profile

acyl-CoAs in biological samples.

B-oxidation
(even chain)
long- & medium-chain
acyl-CoAs
glutaryl-CoA 5 iR L
T g cholesterol & fatty acid
3-hydroxyacyl-CoA Sy n t h esls
Ciotony-Coly cholesterol
3-ketoacyl-CoA acetate
B-hydroxybutyryl-CoA
acetoacetyl-CoA » acetoacetyl-CoA i » HMG-CoA mevalonate
acetyl-CoA acetyl-CoA
/(mltOChond'la) (cytosol) g, malonyl-CoA long & medium-chain acyl-CoAs
HMG-CoA
B-hydroxybutyrate <@ acetoacetat triacylglycerol
ketogenesis
TCA cycle
succinyl-CoA \
methylmalonyl-CoA
tiglyl-CoA propionyl-CoA
isobutyryl-CoA 3-hydroxyisobutyryl-CoA
B-oxidation
(odd chain)

Figure VIII-5 Overview of acyl-CoA containing metabolic pathway 34.
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1.3.2. Phosphoinositide network

As introduced previously, phosphoinositol (PI) belongs to glycerophospholipid.
The chemical structure of PI is shown in Figure VIII-6, it has a glycerol backbone
with two fatty acyl side chains at snl/sn2 positions and inositol linked to
phosphate at the sn3 position. Arising from phosphorylation and
dephosphorylation at the 3’, 4’, and 5 positions at the inositol ring, a highly
regulated phosphoinositide (PIPx) metabolic network is constructed (Figure VIII-6).
The PIPx family consists of seven classes: phosphatidylinositol-3-phosphate
(PI1(3)P), phosphatidylinositol-4-phosphate (P1(4)P), phosphatidylinositol-5-
phosphate  (PI(5)P), phosphatidylinositol-3,4-bisphosphate  (PI1(3,4)P2),
phosphatidylinositol-3,5-bisphosphate  (PI(3,5)P2), phosphatidylinositol-4,5-
bisphosphate  (PI1(4,5)P2), and phosphatidylinositol-3,4,5-trisphosphate
(PI(3,4,5)P3) 3536,

(A) Two examples of phosphatidylinositol structures.
Phosphatidylinositol (PI) Pl (3,4,5)P3
(o]
P
0 o o on o oifH 9
(- L i J-L 'F,'\ HO 0 {SpH
Ry O H \ﬂ/ 1
T |
DAG
PIP-4 kinase
(B) Pl(S)P < P|(4,5)P2Phospholipasec|(1,4,5)P3
- 4-phosphatase
& 2
$
Pl-4 kinase ®
PI(3,5)P2 Pl &—— pi(a)p PI(3,4,5)P3

&
M
44)41
ALy R
ki,
956
PTEN
PI-3 kinase

o,
&,
®
PIP-4 kinase.

PIB)P ——— PI(3,4)P3
4-phosphatase

Figure VIII-6. Phosphoinositol structure and phosphoinositide network 3°.

The PIPx network is ubiquitously found in eukaryotic cells. It plays central roles

in a host of cell activities, including membrane trafficking, secretion, adhesion,

migration, cell survival, replication, etc 3"-2%, There are two widely investigated
9



pathways in this network. Phosphorylation of P1(4,5)P2 to generate PI(3,4,5)P3
was reported to be central in tumor biology, which makes the corresponding
kinase (phosphoinositide 3-kinase, PI3K) a promising drug target for cancer
treatment %42, Besides, phospholipase C (PLC) was recognized to hydrolyze
P1(4,5)P2 to generate second messengers diacylglycerol (DAG) and inositol
1,4,5-trisphosphate (1(1,4,5)P3) 4344, Apart from regioisomers indicated in Figure
VIII-6, fatty acyl chains were reported to have specific metabolism 4546, For
example, the fatty acyl profile of Pl was remodeled and enriched to 38:4 (18:0 at
snl while 20:4 at sn2) in platelets 47. Analysis of PIPx remains challenging due
to its instability, low abundance, presence of regioisomers, and rich negative
charge. Currently, a comprehensive method for PIPx profiling that is able to
provide information on fatty acyl chains and regioisomers is still in great demand.
In this work, a comprehensive workflow integrating sequential extraction,
phosphate methylation, chiral chromatography, and untargeted MS acquisition
was developed and validated. The established workflow was applied to different
biological samples to reveal its functionality.

1.3.3. Inositol phosphate network

Inositol phosphate (IPx) is a family of diverse phosphorylated derivatives of
inositol. As shown in Figure VIII-7, the IPx family is diverse in structure due to
combinations of different numbers and positions of phosphorylation 4. As
mentioned above, 1(1,4,5)P3 was generated via hydrolysis of P1(4,5)P2 into the
cytoplasm to trigger calcium release. Conversely, the ubiquitously expressed
inositol phosphatases hydrolyze IPx to repress the calcium signaling. With further
phosphorylation, IP6 can be a precursor for inositol pyrophosphates (PP-IPXx).
There are four common PP-IPx reported in nature: 5-diphosphoinositol (1,3,4,6)-
tetrakisphosphate (5PP-IP4), 1-diphosphoinositol (2,3,4,5,6)-pentakisphosphate
(1PP-IP5 or 1-1P7), 5-diphosphoinositol (1,2,3,4,6) pentakisphosphate (5PP-IP5
or 5-IP7) and 1,5-bisdiphosphoinositol (2,3,4,6) tetrakisphosphate (1,5PP2-IP4
or 1,5-IP8). Glycolysis and mitochondrial function were reported to be
upregulated by PP-IPx, followed by increased cellular energetic activities 490,
Due to the structure similarity, instability, high polarity, and low abundance, the

analysis of IPx remains challenging >!. In this work, we developed a method
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based upon SPE extraction, phosphate methylation, cholesterolether-bonded
RP column, and targeted MS detection. The IP1 to IP6 was covered in this
method and the biologically interesting messenger 1(1,4,5)P3 was for the first
time separated in RP condition with improved peak shape.
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Figure VIII-7. inositol phosphate metabolic network 8.

1.3.4. Central carbon metabolism

The sugars are converted into metabolic precursors in the central carbon
metabolism (shown in Figure VI11I-8), which includes the glycolysis pathway, the
pentose phosphate pathway (PPP), and the tricarboxylic acid (TCA) cycle 2. As
the starting point for most biosynthesis processes in vivo, central carbon
metabolism plays a vital role in metabolism. In the glycolysis pathway, one
molecule of glucose is broken down into two molecules of pyruvate, with the
generation of a net of two adenosine triphosphates (ATPs). The pathway in a
reverse direction leading to glucose generation is the gluconeogenesis pathway
53, The PPP provides reduced nicotinamide adenine dinucleotide phosphate and
ribose-5-phosphate, which is essential for the synthesis of nucleic acids. The
TCA cycle is also known as the Krebs cycle and citric acid cycle. It is well

investigated to support cellular activities by generating energy and biosynthesis
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intermediates for many years. It is reported by Otto Warburg that cancer cells
usually prefer anaerobic glycolysis over aerobic mitochondrial energy supply for
ATP generation, which is named the Warburg effect 55, As our understanding
develops, some cancer cells still retain oxidative phosphorylation (OXPHOS)
capacity and use it as the main energy source 8. There is still a great need for
improved analytical methods to monitor the central carbon metabolic network. In
this work, we extend our derivatization strategy to polar sugar phosphate
metabolites metabolites (SPx). As the proof of concept, the glycolytic SPx was
taken for method development. The established method was utilized to profile

SPx in different biological samples, including experimental human platelet

samples.
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Figure VIII-8. The central carbon metabolism.
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2. Sample preparation for metabolomics and lipidomics

2.1. Pre-analytical steps

The pre-analytical steps, including sample selection, sample collection, sample
storage, etc., are crucial in metabolomics and lipidomics studies. Sample
selection is the first step once the biological question is raised. There are several
biological materials available for sampling, including biofluids (e.g., plasma,
serum, urine, saliva, cerebral spinal fluid, bile, etc.), tissues (e.g., tumor tissues,
muscles, brain, etc.), and cultured cells. The sample selection should be based
on the research focus and the analytical methods. It should be noted that different
sample types potentially provide complementary information. Sample collection
with optional treatment should be carried out according to the specific standard
operation procedures (SOPs), which is critical for reliable results. Collection time
and variation sources should be carefully considered. As metabolite and lipid
profile are the reflections of the metabolism status, which is sensitive to in vivo
and in vitro environments. Therefore, nutritional status and circadian rhythm
should be considered for sample collection time. More importantly, a good
practice is always suggested to reduce variance, incusing low operation
temperature, immediate metabolism quenching, optional addition of antioxidants
and inhibitors, aliquoting whenever possible, avoiding repeated freeze-thaw
cycles, etc. After collection, samples should be stored at -80 °C or lower for long-
term purposes before analysis. As the best practice now, it is recommended by
Lipidomics-Standards-Initiative (LSI) that: 1) Collect, prepare and store samples
on ice; 2) Immediately flash-freeze in liquid nitrogen; 3) Long-time storage at -
150°C - -80°C *.

2.2. Extraction of metabolites and lipids

2.2.1. Cell disruption

To realize high efficiency from biological samples (e.qg., tissues, cells, especially
algal cells), cell disruption is usually required to release analytes from the sample
matrix. In general, there are two main approaches to cell disruption: physical-

mechanical methods and (bio-)chemical methods. Physical-mechanical methods
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mainly utilize different technologies, involving temperature, pressure, electric

field, ultrasonication, bead beading, which are summarized in Table VIII-3 8,

Table VIII-3 Commonly used physical cell disruption methods with their
advantages and disadvantages °8.

Method

Advantages

Disadvantages

Freeze-thaw

High-pressure
homogenization

Ultrasonication

Pulsed electric
field treatment

Bead milling

Microwave

Gentle extraction of fragile
compounds (protein, enzymes)

High efficiency; does not require
biomass drying; easy scale-up

Simple, short extraction time,
high reproducibility, efficient

Simple, highly energetically
efficient, relatively fast, easy to
scale up; can be combined with
other methods

Simple equipment, rapid
process, high disruption
efficiency, easy scale-up;
suitable for large-scale, low
labor intensity; low operating
cost; can be applied on algal
slurry

Simple, rapid process; effective
for robust species; easy to scale
up; low operating costs; does
not require dewatering of algal
biomass

High energy and time-consuming,
high maintenance cost, difficult to
scale up, degradation of lipids

High energy consumption;
temperature rise may lead to
degradation of thermolabile
compounds; rigid cell wall may hinder
product release; very fine cell debris

Moderate energetic costs,
temperature rise, rigid cell wall
hinders product release; production
of reactive hydroxyl radicals; not
applicable to large-scale, sonication;
energy effective in small volume

High maintenance costs, temperature
rise, dependence on medium
composition, decomposition of fragile
compounds

High energy consumption; requires
extensive cooling for thermolabile
compounds, formation of very fine
cell debris

High energy consumption and
maintenance costs, high temperature;
recovery of thermolabile compounds
may require cooling; lipid degradation
and protein aggregation,
denaturation, formation of free
radicals

Cell disruption by chemicals usually uses acid/alkaline, ionic liquid, supercritical
fluids, detergents, oxidizing agents, and so on. Compared to physical-
mechanical methods, chemical approaches are generally low-energy consuming
and more selective. However, the cost, quality, as well as compatibility with the
LC-MS platform should also be taken into consideration. For example, detergent-
based lysis buffers are widely used in the proteomics community, but they are

less interested in the metabolomics/lipidomics community as extra steps are
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required to remove MS-incompatible compounds. In large-scale
metabolomics/lipidomics studies, bead beading, high-speed homogenization,
and high-pressure homogenization are preferred due to their high efficiency, high
throughput, and compatibility with LC-MS. The most critical problem of those
homogenization techniques is the temperature rise which may lead to analyte
degradation. Therefore, in this work, we took an efficient homogenizer with a
temperature control function. Low temperature (typically 4 °C) could be
maintained to minimize the enzymatic activity and compound degradation

throughout the process.

2.2.2. Extraction

After being released from the sample matrix, metabolites/lipids are usually
extracted and transferred into the interferent-free phase. Liquid-liquid extraction
(LLE) and solid phase extraction (SPE) are commonly used. Different solvents
or different solvent mixtures should be selected according to the polarity and
octanol/water partition coefficient (log P) of targeted analytes. When further
clean-up is desired, biphasic LLE is performed by using a water-immiscible
organic solvent such as chloroform (CHCI3), hexane, and methyl tert-butyl ether
(MTBE). The organic layer is obtained for lipophilic analytes like lipids while the
aqueous phase is taken for polar metabolites like amino acids and nucleotides.
For example, Folch %°, Bligh—-Dyer ¢, and the Matyash ¢! methods are widely
used for lipidomics analysis. SPE is usually used to concentrate or clean up
analytes, in which sorbents of different mechanisms like reversed phase and ion
exchange are used. Currently, LLE followed by SPE is adopted for challenging
analytes. The extraction of phosphorylated analytes is challenging as they are
prone to bind to proteins. Therefore, several acids including acetic acid,
perchloric acid, trichloroacetic acid, and hydrochloric acid were reported to
protonate analytes to achieve satisfying recovery. Additionally, similar to the
extraction of phosphopeptides and phosphoproteins, metal oxide affinity
chromatography (MOAC) is interesting for phosphorylated metabolites/lipids 6262,
In this study, weak anion-exchange SPE and titanium dioxide (TiO2) based

MOAC method was used for sample preparation.
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2.3. Derivatization in metabolomics and lipidomics

2.3.1. Derivatization strategies

Chemical derivatization is an effective approach in LC-MS analysis to address
problems regarding sensitivity, selectivity, analyte stability, chromatographic
performance. As shown in Figure VIII-9, there are several derivatization
strategies targeting functional groups of metabolites/lipids reported 4. Ideally,
the derivatization strategy should satisfy the following criteria: 1) reasonable
reaction speed; 2) mild reaction (especially with unstable analytes); 3) robust and
reproducible reaction yield; 4) ease to remove excessive reagent and by-
products. When it comes to the application of real samples, it is important to
ensure compatibility of derivatization and extraction, including the solvent
composition, pH value, and buffer strength. Take phosphorylated analytes as an
example, derivatization strategy is desired due to their poor performance in
chromatography and MS. Phosphorylation makes the compound more polar and
richer in negative charge, which leads to poor retention on commonly used

reversed-phase LC columns.
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Figure VIII-9. Common derivatization reactions for functional groups in

metabolomics/lipidomics methods .

Phosphorylated compounds are prone to stick to glassware and stainless steel,

which are used in sample preparation and LC-MS instrumentations. After
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derivatization, phosphate groups are neutralized. Alkyl is introduced to improve
retention and ionization efficiency in MS. There are two main class strategies
targeting phosphate groups: amine-based and diazo reagent-based °. In amine-
based methods, phosphate groups are coupled with an amine in the presence of

N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide (EDC). This reaction usually

requires a relatively high temperature and long reaction time. In diazo reagent-
based methods, phosphate groups are alkylated with nitrogen release in an
almost instant manner, which produces quantitative derivatization efficiency.
Diazomethane was reported to methylate phospholipids and nucleotides. Due to
its explosive property, its safe alternative (trimethylsilyl)diazomethane was
applied for the same purpose. Although diazo reagents are reactive,
derivatization degrees should also be considered due to space resistance.
Derivatization of phosphate groups may be incomplete for large alkyl groups. In
this study, (trimethylsilyl)diazomethane was used due to the small methyl group.
The sample preparation protocol was optimized to be compatible with

derivatization accordingly.

2.3.2. Parallel derivatization strategy

Based on derivatization reaction, multiple advanced parallel derivatization
strategies were proposed, among which isotopic and isobaric labeling is the most
utilized ones. Most strategies were proposed for peptide analysis but they are
inspiring in metabolomics/lipidomics according to the reaction principle. In the
isotopic labeling strategy, stable isotopic analogs are used in replace (or in
parallel with) original reagents. Mass shift then is introduced and distinguished
by MS detection. This is quite useful to realize relative quantification in a complex
matrix or absolute quantification when labeled compounds are not available.
Usually, a decent mass shift (more than 3 Da) is introduced in these methods
and could be distinguished by low-resolution MS. In this study, a differential
stable isotope labeling strategy was developed to generate labeled analogs for
guantification. In isobaric labeling methods, isotopes are distributed over the
derivatization reagent. Once fragmented, reporter fragments with a difference in
exact mass are generated. Multiple samples could be analyzed at once. Recently,

a new approach combining isotopic and isobaric labeling was reported based on
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dimethylation with light (CH3)2 and heavy (*3C2Hs)2 formaldehyde 2°. It was
applied to the analysis of peptides and could be interesting for metabolites/lipids

with amine groups as well.

3. Liquid chromatography for metabolomics and lipidomics

After sample preparation, there are two main analytical approaches in data
acquisition: direct infusion and LC-MS. Direct infusion-based methods have
advantages in coverage and throughput. However, direct infusion holds inherent
disadvantages of matrix effect, difficulty in identification/alignment, and detector
saturation. Therefore, chromatographic separation is widely adopted prior to MS
detection in bioanalysis. The interactions in LC between analytes and the
stationary phase (SP) are shown in Figure VIII-10 5. Different LC modes are
selected according to the chemical and physical properties of analytes of interest.

Respective mechanisms and applications are discussed in the following sections.
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Figure VII-10. Sample-column interactions in liquid chromatography ©°.

3.1. Reversed phase liquid chromatography

There are many LC columns for different modes available on the market.
Reversed-phase liquid chromatography (RP-LC) columns remain the most
popular. In RP-LC, the polar mobile phase (MP) is made by water and water-

miscible organic solvent (e.g., acetonitrile, methanol, isopropanol). As shown in
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Figure VIII-11A 97, the unpolar SP consists of the silica or other supporting
materials chemically bonded with hydrophobic groups. The most common ligand
is the alkyl chains ranging from C1-C30, among which C18 (octadecyl chain) and
C8 (octyl chain) are widely used. The retention of analytes is determined by
polarity and hydrophobicity. The longer the carbon chain, the higher the SP
hydrophobicity. Phenyl ring is bonded to provide m—1r interaction, which could
exhibit specific retention for analytes capable of forming it. Halogen like fluorine
and compound like cholesterol are also bonded in order to provide different
selectivity. To eliminate peak tailing arising from residual silanols of SP, end-
capping with small molecules is commonly included in SP preparation. The
columns which are end-capped with polar groups are suitable for polar and basic
compounds. They could be operated in very low or even zero percentage of
organic solvent in MP, which could be quite useful when the focusing step is

needed at the beginning of the gradient 8,

As most metabolites are of low molecular weight and hydrophilic, they showed
inadequate retention in RP-LC. However, the application of RP-LC in lipidomics
studies is common practice due to its efficiency and robustness. Lipids usually
carry diverse fatty acyl chains which could be separated in RP-LC. A specific
elution pattern of lipids in RP-LC was reported, which was also used for lipid
identification. Within the lipid class, retention time increases with carbon number
and decreases with unsaturation 6%7°, Furthermore, a new strategy named
Equivalent Carbon Number was reported to predict retention time for different
lipid classes “*. In this study, the targeted analytes are highly polar and rich in
negative charge. After derivatization was proposed, the RP-LC approach was
adopted for separation, which is robust and reproducible. To achieve specific
selectivity, several RP-type LC columns were tested, including the C30 column

and cholesterolether-bonded column, etc.
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Figure VIII-11 Separation principles in (A) reversed phase liquid chromatography
(RP-LC), (B) normal phase liquid chromatography (NP-LC), and (C) hydrophilic
interaction liquid chromatography (HILIC) ©7.

3.2. Normal phase chromatography

In normal-phase liquid chromatography (NP-LC), SP is polar (silica or bonded
silica). Unpolar organic solvent (e.g., hexane, heptane) with miscible polar
organic solvent (e.g., isopropanol, chloroform) are used as in MP. Special care
should be taken when polyetheretherketone (PEEK) tubing is used with THF and
chloroform. As shown in Figure VIII-11B 87, polar MPs elute the analytes binding
to SP by increasing the polarity, after which a long equilibrium time is required.
Silanols are of high affinity to water. Therefore, even a trace amount of water
could lead to low reproducibility and NP-LC should be operated under strict
exclusion of water. When hyphenated to MS, NP-LC carries some inherent
disadvantages. In the ionization process, low conductivity and high resistance of
MP might lead to unstable spray and low ionization efficiency. Furthermore, the
high flammability of unpolar solvents should also be considered for safety
reasons. To address the above issues and improve the application range,
aqueous normal phase (ANP) LC was introduced. As shown in Figure VIII-12,
compared to conventional SP in NP-LC, silica is replaced with hydride silica 2.
ANP-LC has dual hydrophobic-hydrophilic property. ANP LC-MS was reported

in metabolomics to show great potential in terms of flexibility 73.
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Figure VIII-12 Structures of (A) conventional silica in NP-LC and (B) hydride silica
in ANP-LC.

3.3. Hydrophilic interaction liquid chromatography

As discussed above, RP-LC could separate hydrophobic compounds, NP-LC
could separate hydrophilic compounds, and ANP-LC could separate both.
Hydrophilic interaction liquid chromatography (HILIC) is the popular choice for
polar-ionic analytes. In HILIC (shown in Figure VIII-11C) 7, the SP is polar (silica
or functionalized silica). MP consists of water-miscible organic solvent and water.
Water in MP usually counts for more than 2.5% to form the water layer on SP.
Analytes are separated according to their partition between the water layer (the
actual SP) and MP. At the same time, the analytes in the water layer can interact
with charged SP, which introduces the ion exchange mechanism. When coupled
to MS, HILIC has the advantage in sensitivity due to the high content of organic

solvent 3.

3.4. lon exchange chromatography

lon chromatography or ion-exchange chromatography (IEC or IEX) separate
analytes by their charge. Different ligands containing acids/bases were
introduced in IEX. The analytes interact with charged SP and are eluted by

increasing ion strength or pH change. According to the chemistry, SPs in IEX are
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classified as strong/weak cation IEX and strong/weak anion IEX. SPs remain
charged across the whole pH range in strong IEX while SPs are only charged
within a certain pH range. As only ionic analytes are analyzed, IEX has a higher
tolerance for matrix, which is beneficial in bioanalysis. Additionally, columns for
IEX could be treated with harsh chemical solvents (e.g., KOH, H2S0a4) for
cleaning and regeneration. The limitation for IEX to be coupled to the MS detector
is the high concentration of ions, which is not MS compactible. To realize
desalting, an ion suppressor was used prior to MS 74-76, A makeup flow of organic
solvent was reported to increase the sensitivity significantly. Recently, with the
development of multidimensional LC, the desalting could also be done in the last

LC dimension.

3.5. Chiral chromatography

Chiral chromatography is the method of choice for enantiomer separation, which
is a large and challenging research field related to biology, analytical chemistry,
and drug development. Historically, there are two main approaches: 1) pre-
column derivatization with chiral reagent (indirect way), followed by achiral
separation. This approach requires high purity for the chiral derivatization
reagent. Possible racemization and variation in reaction make it less attractive in
bioanalysis, especially in large-scale studies in metabolomics/lipidomics. 2)
Chiral MP or chiral SP (CSP) (direct approach) ’’. The CSP approach is widely
investigated and applied as it avoids chiral reagent consumption in chiral MP
methods. Currently, there are many CSPs available on the market, including
macromolecular selectors (e.g., polysaccharides, proteins, synthetic polymers),
macrocyclic selectors (e.g., cyclodextrins, macrocyclic antibiotics, chiral crown
ethers), and small molecule selector (e.g., donor-acceptor type, chiral ion-
exchanger, ligand exchanger). Polysaccharide-based CSPs are the most
popular due to their column stability, column capacity, and reproducibility 7.
CSPs can also be classified into coated and immobilized types, among which the
former type is more flexible in the choice of selectors and the latter type has a
wider choice in solvents for MP. Chiral chromatography has been reported in
metabolomics/lipidomics addressing enantiomer separation 78, Recently, chiral

chromatography was found to be useful in achiral isomer separation. In this study,
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different chiral columns were tested to separate regioisomers of lipids. The
multiple interaction sites of CSPs are capable of providing different selectivity,

which is complementary to other LC modes.

3.6. Column and system technology

Apart from SP, the column technique plays a critical role in separation
performance as well. To describe the mechanism of peak broadening in
chromatography, the Van Deemter equation (Eq. 1) below was introduced in 1956

8182 The plate count can be calculated afterward (Eq. 2).
B
qu H =A+E+CU

E ZN—L
q' _H

Where H is the height equivalent to the theoretical plate (the plate height), A-term
is eddy-diffusion and flow distribution, B-term is longitudinal diffusion, C-term is
resistance to mass transfer, L is the column length, and N is the plate count.
According to the equations above, optimal performance (highest N value) is
obtained with reduced A-, B-, and C-term. In order to achieve that, efforts in
column technologies were made, including particle size 8, particle type 8485, and
column dimensions 887, Smaller particles generate flatter curves, which permit
higher flow rates while maintaining resolution performance. Based on this
background, sub-2-micron particles (< 2 um) were used for the LC column, which
was named ultraperformance LC (UHPLC). At the same time, backpressure from

the column increases significantly with decreasing particle size (see Eq. 3).

dnLv
2
dp

Eq.3 APcol =

Where AP is the pressure drop, n is fluid viscosity, L is the column length, v is
the flow velocity, dp is the particle diameter, and @ is the permeability of the
packed particle bed. Therefore, the whole LC instrumentation was upgraded to
stand higher pressure. Apart from fully porous particle (FPP), another particle
type: superficial porous particle (SPP), also known as core-shell particles is also
of interest. They consist of a nonporous core and a thin porous layer with a typical

size of 2.6 um. They can provide comparable performance to sub 2 pum patrticles
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with lower backpressure. In this study, columns packed with both two particle
types were used for optimal separation performance. Additionally, targeted
phosphorylated analytes are negatively charged and prone to stick to stainless
steel, which is the main material in LCMS instruments and LC columns. The
undesired absorption leads to a series of analytical issues, including significant
carryover, low recovery, bad peak shape, etc. Although PEEK material as
housing material could eliminate these problems to some extent, applications of
columns in PEEK are limited due to the low-pressure limit. To analyze these
challenging analytes, the treatment of metal materials in LC instrumentation and
columns was investigated. Improved peak shape and carryover were achieved
with the hybrid organic-inorganic surface technology. Following this strategy,
some bio-inert LC systems, as well as LC columns are available on the market.
They can be promising for phosphorylated compounds without chemical

derivatization 8889,

4. Mass spectrometry for metabolomics and lipidomics

Over the recent decades, there has been significant development in MS-related
techniques and instrumentation, which provides high resolving power and high
sensitivity %092, In MS, analytes are typically ionized in the ion source, then
separated according to their mass-to-charge ratio (m/z) in the mass analyzer,
followed by detection in the detector. Mass with optional fragmentation from MS
can provide elemental and structural information. Nowadays, MS has become

the most widely adopted technique for metabolomics/lipidomics study.

4.1. MS instrumentation

4.1.1. lon source

As the first step of MS analysis, the analytes must be converted into gas-phase
ionized species. In GC-MS, El is the most common ionization mode by which
high energy is applied via metal filament in a high vacuum. In LCMS, ionization
and solvent removal should occur under atmospheric pressure conditions.
Therefore, so-called soft ionization techniques are developed, among which ESI

93 and atmospheric pressure chemical ionization (APCI) ®* are commonly used.
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Figure VIII-13 Typical configuration and proposed ionization mechanism in (A)
ESI and (B) APCI.

The typical configuration and proposed ionization mechanism of ESI are shown
in Figure VIII-13A. LC flow (typical 1-1000 uL/min) containing analytes passes
through the spray needle applied with high voltage electricity. The Charged
droplets are surrounded by nebulizing gas and heating/drying gas, which
accelerate solvent evaporation. Surface charge of droplets increases during this
process. Coulombic fission occurs when the mutual repulsive force of the
charges exceeds the liquid surface tension. Smaller droplets are generated by
repeated abovementioned evaporation and fission. Gas-phase ions are
eventually formed to enter the mass spectrometer. Multiply charged ions can be
generated in ESI for large molecules with several ionizable sites (e.g., protein),
which allows those analytes to be analyzed in a mass analyzer with a limited m/z
range. ESI is suitable for a wide range of compounds with moderate to high
polarity. For compounds with low to medium polarity, APCI is suitable and can
tolerate better salts in the elute. As shown in Figure VI1lI-13B, the flow is sprayed
into a heater with gas. The solvent molecules are ionized by the corona discharge
needle. The ionization occurs after proton transfer between solvent ions and
sample molecules (via ion-molecule reaction). Due to high energy during the
process, APCI does not have the tendency to form multiply-charged ions like in

ESI. In this study, ESI was used for the ionization technique for most methods.
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In some methods, APCI was used together with ESI to realize embedded

calibration in the analytical sequence.

4.1.2. Mass analyzer

The gas-phase ions are sorted in mass analyzers according to their m/z values.
There are several mass analyzers available for ESI-LC-MS in bioanalysis. As
listed in Table V-4, different mass analyzers vary significantly in performance
in terms of resolution power, mass range, scan speed, sensitivity, capability of

tandem MS analysis and linear dynamic range.

Table VIII-4 Involved MS analysers in this study.

MS analyser Quadrupole lon trap Time of flight
Mass resolution unit or higher unit 10000
Mass accuracy 100 ppm at m/z 1000 100 ppm 2-50 ppm

Mass range up to 4000 2000 unlimited

Linear dynamic range 10% 10%-10° 104
Scan speed ~ second ~ second ~ millisecond
Cost low to moderate low moderate to high

In this study, two triple quadrupole systems (QqQ, API14000 and QTRAP4500
from Sciex) and one quadrupole time of flight (QTOF, TripleTOF5600+ from
Sciex) system were used. Involved mass analyzers including quadrupole, linear

ion trap, and time-of-flight are discussed below.

4.1.2.1. Quadrupole

Quadrupole is the most widely adopted mass analyzer due to its wide linear
dynamic range, high sensitivity, low cost, small size, and ease of automation.
The typical structure and scan principle are illustrated in Figure VIII-14A. A
combination of radiofrequency (RF) and direct current (DC) is applied to four
electrodes. A specific electromagnetic field was created to determine the
trajectory of ions with a corresponding m/z value. Therefore, by increasing RF
and DC while keeping the ratio of these two parameters constant, ions of different

m/z values can pass through the quadrupole sequentially.
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Figure VIII-14 Configuration and principle of quadrupole MS analyser.

As indicated in Figure VIII-14B, different m/z have distinct stable areas in the
guadrupole. The offset and slope (or gain) of the scan line are two parameters
that can be used to tune the MS performance regarding resolution and sensitivity.
The area bisected by the scan line reflects the total amount of ions passing
through the quadrupole. Therefore, increasing the offset and slope leads to
increased resolution and decreased sensitivity. The opposite is also true. In
practice, mass peak width ranges from 0.6 to 0.8 is a good compromise between
resolution and sensitivity. In some applications, these parameters can also be
adjusted to improve resolution or sensitivity for target masses. Additionally,
guadrupole is commonly used as ion guide and collision cell in tandem MS. When
guadrupole is used as ion guide transporting ions, it is operated without DC (RF
only mode) and ions of a broad range of m/z can pass through. When an inert
gas (e.g., nitrogen) and collision energy (CE) is applied, ions can be fragmented,
which is termed collision-induced dissociation (CID). The multiple roles of the
guadrupole make it suitable to be used in combination with several quadrupoles

or other mass analyzers (e.g., QqQ, QTOF).
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4.1.2.2. Linear ion trap

Unlike the 3D ion trap, the linear ion trap is a quadrupole ion trap operated as
the 2D device. Opposite to that in the quadrupole mass filter, unstable ions are
detected in the linear ion trap. The unstable ions are selectively ejected by
changing alternating current (AC). Compared to the 3D ion trap, the linear ion
trap showed advantages of wider dynamic range and higher sensitivity. Linear
ion trap is robust, inexpensive, small in size and excellent in MS" analysis. When
integrated into QgQ, the QTRAP system from Sciex for example, linear ion trap
provides extra functions regarding better resolution and sensitivity. However,
there is an inherent limitation for ion trap: low mass cut-off, which is also known
as the one-third rule. Fragments with m/z values less than 30% of the m/z value
of the precursor cannot be effectively trapped.

4.1.2.3. Time-of-flight

Time-of-flight mass (TOF) MS was introduced in the 1940s and commercialized
in the 1950s °1. TOF MS resolves ions with different m/z values by measuring
their flying time. lons are accelerated by an electric field (E) before entering a
field-free tube. Ideally, all ions are with equal kinetic energy (KE), and the
relationship between m/z value and velocity could be obtained from the below
equations (Eq. 5 - Where e is the charge of an electron, V is the voltage, z is the
number of charges, mis the mass, and v is the velocity. These equations indicate
that with a given KE, smaller ions have larger velocity, which exactly happens in

TOF MS. Smaller mass flies faster than larger ones.):
Eq. 4 KE = zeV

Eq.5 KE = >mv?

EQ. 6 zeV = %mv2

m _ 2ev

p2

Where e is the charge of an electron, V is the voltage, z is the number of charges,
m is the mass, and v is the velocity. These equations indicate that with a given
KE, smaller ions have larger velocity, which exactly happens in TOF MS. Smaller
mass flies faster than larger ones.
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Eq.8 v=L/t
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Compared to velocity measurement, it is much easier to measure the flight time
(t) of ions at the detector. Velocity could be obtained by dividing tube length (L)
by the flight time. Eventually, m/z can be obtained from flight time. With the same
principle above, there are several configurations of TOF MS: linear type,

reflection type, and orthogonal type, which are illustrated in Figure VIII-15.

( A) Drift tube Detector

(B)

(C)

> -

Figure VIII-15 Different types of TOF-MS configurations.

4.1.3. Detector

The detector is the last part of MS. After separated in mass analyzers, ions arrive

at the detector by passing by or hitting on the surface, which generates a current
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signal. Different detectors have advantages and disadvantages. Table VIII-5
summarizes some commonly used detectors in MS instruments. For TOF MS,
two main types of the detectors analog-to-digital converter (ADC) and time-to-
digital converter (TDC) are used. ADC is simply a data recorder and records
arrived ions at a fixed interval. TDC count the arrived ions when a discriminator
is triggered by ions at a certain signal level. When compared to each other, ADC
has a wider dynamic range, especially in high ion currents, while TDC is superior

in resolution across the whole mass range.

Table VIII-5 Commonly used MS detectors.

Detector type Advantages Disadvantages

Robustness, stable
sensitivity,

and good for measuring ion
transmission

Faraday cup Low amplification (~10)

Extremely robust, long

Scintillation counter

Electron multiplier (EM)

High-energy dynodes
W/EM

Array

FT-MS (Orbitrap)

lifetime
(>5 yrs), good sensitivity
(~10°)

Fast response, good
sensitivity

(~10°)

Increased sensitivity for
measuring high mass

Fast response, good
sensitivity,
simultaneous detection

Mass analyzer serves as the
detector of high resolution

Sensitive to light

Short lifetime (1-2 yrs)

May shorten lifetime of
EM

Low resolution
(~0.2 amu), expensive,
short lifetime (<1 yr)

Used only for the
specific

instruments

4.2. MS experiments and analytical strategies

As different mass analyzers have different functions, different MS experiments
can be performed in tandem MS, in which multiple MS analyzers are coupled. In

this section, commonly performed MS experiments are discussed

On the low-resolution (LR) MS systems, quadrupoles are coupled in series. Scan
types of a QQgQ instrument are summarized in Table VIII-6. The second
guadrupole (Q2) can be optionally operated in fragmentation mode. When Q1

and Q3 are operated in the scan, selected ion monitoring (SIM), and ion guide
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(RF only) mode, different MS experiments can be performed for different
purposes. Especially, if the Q3 is a linear ion trap (QTRAP system from Sciex),
ions can be trapped before being scanned out, which brings improved sensitivity.
Unlike fragmentation and isolation in the ion trap, QTRAP does not suffer from
the one-third rule. On the QTRAP system, additional MS experiments can be
performed. For example, an enhanced product ion (EPI) scan can be used to

generate MS2 spectra of high quality.

Table VIII-6 Scan mode in triple quadrupole MS instrument.

Scan mode Q1 Q2 Q3

lon lon
Q1 scan scan transmission transmission

lon lon

Q3 scan transmission transmission scan
Selected reaction monitor
(SRM) selected ion Fragmentation selected ion
Product ion scan (MS2) selected ion Fragmentation scan
Precursor ion scan scan Fragmentation  selected ion
Neutral loss scan (NLS) scan Fragmentation scan

In high-resolution (HR) MS systems, when quadrupoles are coupled to an HR-
MS analyzer, tandem MS analysis can be performed with high resolution power.
The system consists of two quadrupoles and one TOF MS. Different scan types
are listed in Figure VIII-16. When MS1 and MS2 analyses are carried out. Usually,
the TOF MS scan in MS1 serves as the survey scan, followed by dependent or
independent MS2 analysis. The former way is named data-dependent acquisition
(DDA, also known as information-dependent acquisition, IDA). The precursors
are detected and sorted in MS1. MS2 analysis is triggered by ions that meet
specific criteria. The latter way is termed data-independent acquisition (DIA), in
which MS2 is performed regardless of results at the MS1 level. The MS2 spectra
are the mixture of fragments of multiple precursors. Thus, the spectra from the

DIA technique require deconvolution to reconstruct.
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Figure VIII-16 Scan modes in TOF MS instrument.

5. Data processing in metabolomics and lipidomics

To generate a hypothesis, typical metabolomics, and lipidomics study starts with
untargeted experiments, in which usually HR-MS is used. Untargeted
experiments can provide a comprehensive overview of metabolites/lipids in the
metabolism. Holding the hypothesis or prior biological knowledge, targeted
experiments (usually LR-MS is used) are performed for better quantification
performance. Unlike straightforward targeted data, processing untargeted data
remains challenging nowadays and is an active research field in bioinformatics
research. Raw data obtained from LC-MS is a gold mine with metabolomics and
lipidomics information. Data processing workflow consists of pre-processing of
raw data, identification, quantification, statistical analysis, and biological

interpretation.

In the pre-processing stage, raw data is converted into a matrix of MS features.
To realize this, raw data is optionally converted and imported into software,
including XCMS %97, MZmine %8, OpenMS %°. This software performs sequential
steps of noise filtering and baseline correction, peak detection and deconvolution,
alignment, and normalization. Identification then is carried out with the MS
features obtained. Identification can significantly reduce data complexity. It has
been well recognized that the MS library contains information on exact mass,

isotopic pattern, retention time, fragments, etc. is of great help in identification.
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As summarized in Table VIII-7, the currently available MS libraries are large in
size and are still growing. Quantification steps are performed to give relative or
absolute concentration information, which is further used for statistical analysis.
Results are then evaluated together with biological background and experimental

design for the biological interpretation.
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Table VIII-7 Summary of most used MS databases in metabolomics/lipidomics.

Database Advantages Disadvantages
Public

HMDB 12 Mass spectral data on ~9500 chemical standards Mixed collision energies and instrument types
Spectral data are downloadable
Public

METLIN 100 Curated mass spectral data on >13,000 chemical standards Only Q-TOF data

LipidSearch 192

LipidBlast 102

LipidMaps 103

mzCloud 104

Wiley 10th 105

MaConDa 106

Over 63,500 high-resolution MS/MS spectra

Over 1.5 million lipid ions and their predicted fragment ions
Includes lipid adduct ions and MSn

fingerprints

Data are stored in XML files

Over 200,000 tandem mass spectra covering 25 lipid classes
Publicly available
Spectral data are downloadable

Over 40,000 unique lipid structures
- Spectral data are downloadable

Public

Highly curated MS/MS and MSn spectral information

Spectral peaks are structurally annotated

Largest mass spectral library commercially available

719,000 spectra (>950,000 spectra if combined with NIST 14)

Over 638,000 compounds (>760,000 compounds if combined with NIST

14)
Compatible with most instrument manufacturers
Public database of ~200 contaminants in mass spectrometry

Theoretical and experimental spectral records detected across several

MS
platforms
Downloadable

Spectral data are not downloadable

Commercial license required
Developed for Orbitrap technology
In silico generated MS/MS library
Overlap with LipidBlast is unclear

In silico generated library using heuristic modeling of
tandem mass spectra

- “One-third rule” limitation: developed with mostly
ion-trap tandem mass spectra

- Does not allow batch search of precursor ions

- Overlap with LipidSearch unclear

MS/MS spectra only predicted in negative or positive
ionization mode
MS/MS spectra only available for one adduct per lipid

Low number of metabolites
Spectral data are not downloadable
Only Orbitrap spectra

Commercial license required
Only 70 eV El mass spectra
Beyond metabolomic applications

Has no MS/MS data
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MassBank 107

NIST 14 108

GMD %7

FiehnLib 18

ReSpect 109

GNPS 110

Public

Mass spectra from different MS setups

Approximately 19,000 MS1 and 28,000 MS2 and MSn spectra
Spectral data are downloadable

234,284 ESI MS/MS spectra of 9344 chemical standards

Large number of MS/MS spectra from adducts

MS/MS spectra recorded using multiple high- and low-resolution
instruments

Curated collection of 276,259 El mass spectra from 242,477 unique
compounds

387,463 measured Kovats or Lee retention index information from 82,337

chemical standards

Public
Over 2500 EI mass spectra and retention index information
Spectral data are downloadable

Over 2200 El and retention indices for >1000 metabolites

Public

More than 9000 MS/MS spectra corresponding to >3600 metabolites:

~38% literature data, ~12% Q-TOF MS/MS, ~50% QqQ MS/MS
Merged spectra (same as MassBank)

Curated record data

Downloadable

Public

8853 MS/MS spectra

MS/MS of adducts

MS/MS of unidentified structures
Downloadable

Not sufficiently curated

Commercial license
- Lack of additional identifiers to external database
resources

Data derived primarily from plant materials

Commercial license with Agilent Technologies and
LECO Corporation
Data derived primarily from plant materials

Only Q-TOF and QqQ MS data
Mainly phytochemicals (plant metabolomics)
High degree of redundancy with MassBank

Very few spectra in negative ionization

Limited spectrum information

No spectral clean-up/noise removal

“Gold standard” is not comparable with reference
databases
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IX. Objectives of the thesis

The aim of this thesis was to develop new methods of phosphorylated
lipids/metabolites by LC-MS/MS. To address the analytical issues airing from
phosphate groups, derivatization strategy was developed. Workflow including
sample preparation, chromatographic separation, MS detection, and data
processing was established and validated accordingly. According to different
analytes, my work was divided into the following 4 main projects.

In the first project, a new method was developed for fatty acyl-CoAs with different
side chains. Due to diverse fatty acyl compositions, multiple LC methods are
required to cover the whole family of fatty acyl-CoAs in chromatography. A
methylation strategy was developed to narrow the polarity range, which enables
the full coverage with single RP-LC method. The method was validated and
applied for clinical samples to look for potential biomarkers of coronary artery
disease.

The second study was aimed at the development of a new analysis method of
PIPx, which is capable of regioisomer separation and fatty acyl chain coverage.
In this study, PIPx was sequentially extracted, methylated for improved extraction
efficiency and stability. Immobilized polysaccharide stationary phase was
screened and optimized for separation. DIA MS technique was used to acquire
full MS2 spectra.

The goal of the 3™ study was to develop a new method of IPx. In the sample
preparation, TiO2 was used for extraction. After phosphate methylation,
cholesterolether bonded RP column was used to separate 1(1,4,5)P3 from other
regioisomers.

The aim of the 4" project was to develop a new method of SPx in biological
samples. As the proof of concept, SPx in glycolysis was analysed with
methylation. PGC column was used for better separation. The method was
applied to monitor the glycolysis pathway during platelet activation process.

Apart from method development, other efforts were also made. To support
clinical research, method integration strategy was developed to get more
information from limited real samples. Modifications of methods were made to
meet the requirements of different sample types, including murine platelets,
organelle samples.
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ABSTRACT: Fatty acyl-coenzyme As (acyl-CoAs) are of central L e R
importance in lipid metabolism pathways. Short-chain acyl-CoAs : -
are usually part of metabolomics, and medium- to (very) long- * E ‘ = .. =
chain acyl-CoAs are focus of lipidomics studies. However, owing to R - .
the specific complex and amphiphilic nature contributed by fatty .27 ,gs.g“b)()kvk«;:m Targeted RM
acyl chains and hydrophilic CoA moiety, lipidomic analysis of acyl- e *° ™ woir [
W__MLN

U "3C-labeled yeast extract

Internal standards

ion workflow

CoAs is still challenging, especially in terms of sample preparation
and chromatographic coverage. In this work, we propose a 0
derivatization strategy of acyl-CoAs based on phosphate methyl-

ation. After derivatization, full coverage (from free CoA to C25:0-
CoA) and good peak shape in liquid chromatography were

achieved. At the same time, analyte loss due to the high affinity of phosphate groups to glass and metallic surfaces was resolved,
which is beneficial for routine analysis in large-scale lipidomics studies. A sample preparation method based on mixed-mode SPE was
developed to optimize extraction recoveries and allow optimal integration of the derivatization process in the analytical workflow.
LC-MS/MS was performed with targeted data acquisition by SRM transitions, which were constructed based on similar
fragmentation rules observed for all methylated acyl-CoAs. To achieve accurate quantification, uniformly *C-labeled metabolite
extract from yeast cells was taken as internal standards. Odd-chain and stable isotope-labeled acyl-CoAs were used as surrogate
calibrants in the same matrix. LOQs were between 16.9 nM (short-chain acyl-CoAs) and 4.2 nM (very-long-chain acyl-CoAs). This
method was validated in cultured cells and was applied in HeLa cells and human platelets of coronary artery disease patients. It
revealed distinct acyl-CoA profiles in HeLa cells and platelets. The results showed that this method can effectively detect acyl-CoAs
in biological samples. Considering their central importance in many de novo lipid biosynthesis and remodeling processes, this
targeted method offers a valid foundation for future lipidomics analysis of acyl-CoA profiles in biological samples, particularly those
concerning metabolic syndrome.

Derivatization

atty acyl-coenzyme As (acyl-CoAs) are a kind of fatty acyl routinely utilized due to the high separation performance of

lipids (structure shown in Figure 1A) that result from two- RPLC and the high sensitivity as well as selectivity of tandem
step enzymatic reaction of free CoA-SH and fatty acids by Ms.51?
thioester bond formation catalyzed by acyl-CoA synthetase Because of different fatty acyl chain compositions, including
(ACS).! Fatty acids are converted into acyl-CoAs to enter different chain length, degree of unsaturation, and functional
bioactive enzymatic networks and participate in various groups, physicochemical properties of acyl-CoAs vary greatly.
metabolic pathways. Acyl-CoAs play vital roles in numerous This has been the bottleneck in the development of

comprehensive analytical methods. Due to the high polarity
of the CoA residue, short-chain acyl-CoAs re%ulre acidic
mobile phases to gain better retention in RPLC. L1314 op
the other hand, long-chain acyl-CoAs show serious peak tailing
under these conditions due to too strong retention. Basic

biological processes, including lipid biosynthesis/remodeling,
fatty acid oxidation, mitochondrial dysfunction, and xenobiotic
metabolism.” > Considering the key functions of acyl-CoAs in
physiological and pathophysiological pathways, it is necessary
to have a method for comprehensive profiling of acyl-CoAs in
biological samples, particularly those collected from patients

with metabolic syndrome and cardiovascular disease. Due to Received: February 11, 2021
the presence of adenosine group in acyl-CoAs, early methods Accepted: February 16, 2021
mainly adopted liquid chromatography coupled with ultra- Published: February 23, 2021

violet detection (LC-UV), which showed lack in resolution and
sensitivity.”” Recently, reversed-phase liquid chromatogra-
phy—tandem mass spectrometry (RPLC-MS/MS) has been

© 2021 The Authors. Published b
American Chemical Societ; https://dx.doi.org/10.1021/acs.analchem.1c00664
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Figure 1. Phosphate methylation mechanism of acyl-CoAs using trimethylsilyl diazomethane.

mobile phases are often used to obtain a better peak shape for
long-chain acyl-CoAs.”'® Ton pairing reagents were also
suggested to improve the separation.'®'” Unfortunately,
satisfactory separation and adequate peak shape could not be
obtained simultaneously for both short- and long-chain acyl-
CoAs employing a single method. In addition, contamination
of MS is a common problem for methods with ion pairing
reagents.m_18 Thus, in the traditional methods mentioned,
only a limited range of acyl-CoAs could be simultaneously
determined limiting information on the overall metabolic
processes.

To combine optimal methods for short-, medium-, and long-
chain acyl-CoAs, Wang et al. designed an online 2D-LC high-
resolution mass spectrometry (HRMS) platform."” During the
analytical run, short-chain acyl-CoAs were separated from
medium- and long-chain acyl-CoAs in the first dimension. Two
parallel columns were employed in the second dimension.
Short-chain acyl-CoAs were separated with weakly basic
mobile phases, while medium- and long-chain acyl-CoAs
were analyzed with strongly basic conditions. Abranko et al.
conducted a comprehensive analysis of acyl-CoAs via two
parallel columns, one of which was a hydrophilic interaction
liquid chromatography (HILIC) column used for separation of
short-chain acyl-CoAs.”® Although the aforementioned pro-
gress has been made, analytical systems consisting of multiple
columns are complicated, especially for high-throughout
lipidomic research as required for large-scale clinical studies
or routine analysis. Besides, problems of signal deterioration
(due to dilution effects in the two-step chromatographic
process), analytes’ stability, and poor sensitivity remained
unresolved, which has hampered the development of
comprehensive analytical workflows for acyl-CoAs.”’

In this work, we established a new straightforward approach
based on a phosphate methylation methodology to achieve
comprehensive profiling of acyl-CoAs. After derivatization,
acyl-CoAs of different chain lengths were separated by typical
RPLC conditions. Scheduled selected reaction monitoring
(sSRM) was adopted for detection. Coverage and sensitivity
were improved greatly by analyte methylation, which enabled
comprehensive profiling of acyl-CoAs in a single analytical run.
To demonstrate the utility of the new method, we analyzed
acyl-CoAs in different biological samples, viz., HeLa cells and
human platelets.
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B METHODS

Materials. Fatty acyl-coenzyme A (acyl-CoA) standards,
including acetyl Coenzyme A sodium salt (C2:0-CoA),
propanoyl Coenzyme A sodium salt (C3:0-CoA), palmitoyl
Coenzyme A ammonium salt (C16:0-CoA), palmitoyl-
(11,11,12,12-d4) Coenzyme A (C16(d4):0-CoA), heptadeca-
noyl Coenzyme A ammonium salt (C17:0-CoA), stearoyl
Coenzyme A ammonium salt (C18:0-CoA), lignoceroyl
Coenzyme A ammonium salt (C24:0-CoA), and pentacosa-
noyl Coenzyme A ammonium salt (C25:0-CoA) were
obtained from Avanti Polar Lipids (Alabaster, AL). Coenzyme
A free acid (CoA-SH) and malonyl-CoA (M-CoA) were
purchased from Sigma-Aldrich (supplied by Merck, Taufkirch-
en, Germany). Fully *C-labeled yeast extract of more than 2 X
10° Pichia pastoris cells (~15 mg; strain CBS 7435) was
obtained from ISOtopic Solutions (Vienna, Austria). Standards
were dissolved in 50% methanol to give stock solutions of 5
mg/mL except for C16(d4):0-CoA (1 mg/mL). Internal
standard solution was prepared by reconstituting dry extract
with 2.0 mL of methanol. Solutions were kept at —80 °C until
further use.

Acetonitrile, isopropanol, and methanol of Ultra LC-MS
grade were supplied by Carl Roth (Karlsruhe, Germany).
Ammonium acetate, monopotassium phosphate (KH,PO,),
trypan blue solution, acetic acid, ammonium hydroxide
solution (28.0 - 30.0% NH3 basis), dimethyl sulfoxide
(DMSO), and radioimmunoprecipitation assay buffer (RIPA)
were purchased from Sigma-Aldrich. Trimethylsilyl diazo-
methane (TMS-DM) was obtained from Acros Organics
(supplied by VWR, Bruchsal, Germany). Water was purified by
a Purelab ultrapurification system (ELGA LabWater, Celle,
Germany).

Cell Culture. The human cervical HeLa cells adapted to
serum-free conditions (AC free, ECACC 08011102) were
grown in a humidified incubator at 37 °C with 5% CO,. Cells
were fed with EX-CELL Hela serum-free media (Sigma-
Aldrich) with 2 mM L-glutamine (Sigma-Aldrich), 12 U/mL
penicillin, and 12 pg/mL streptomycin until the cell density
reached around 3 X 10° cells/mL. Cell counting was
performed in triplicate with a hemocytometer. Aliquots of
107 HeLa cells were transferred into 15 mL falcon tubes and
spun down for 5 min at 100g. After removing the supernatant,
cell pellets were washed twice with ice-cold Dulbecco’s

https://dx.doi.org/10.1021/acs.analchem.1c00664
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phosphate-buffered saline (Sigma-Aldrich) with repeated
centrifugation. Cell samples were snap-frozen in liquid
nitrogen and kept at —80 °C till use.

Human Platelet Isolation. Human platelet samples were
from previous studies”" and were collected from the peripheral
blood of donors at the Department of Cardiology and
Angiology, University Hospital Tiibingen, following a standard
protocol, in accordance with ethical guidelines and approved
by regional authorities (number 237/2018BO2).

Extraction. Acyl-CoAs were extracted by liquid extraction
followed by solid-phase extraction (SPE). Briefly, 80 uL of
internal standard solution and 750 uL of acetonitrile/
isopropanol (3:1, v/v) were added. Samples were homogen-
ized for 1 min (strength S, 50% pulse) with a cell disruptor
(Branson Sonifier B1S, Branson Instruments Co., Stamford).
KH,PO, buffer (250 uL, 0.1 M, pH 6.7) was added, and
samples were homogenized for another 1 min. After
centrifugation (10 min, 1835g, 4 °C), the supernatant was
acidified by 250 pL of acetic acid and was loaded onto SPE
cartridge (Oasis WAX, Waters, Milford, MA), which was
previously preconditioned with 1 mL of SPEmix, methanol/
water/acetic acid (3:1:1, v/v/v). After washing twice with 1
mL of SPEmix followed by twice 1 mL of 50% (v/v) methanol
with a 10 min drying step between. Acyl-CoAs were eluted
with 1.5 mL of isopropanol/methanol/3% ammonia (6:3:1, v/
v/v) in 0.5 mL aliquots. The samples were dried under
nitrogen at R.T. in a Genevac EZ2 system (SP Scientific,
Ipswich, U.K.).

Derivatization. Dried extracts were reconstituted with 100
uL of methanol. The upper layer (1 mL) of tert-butyl methyl
ether/methanol/water (10:3:2.5, v/v/v) and TMS-DM (100
UL, 2 M in hexane) were added. The solutions were gently
mixed, and the generated (nitrogen) fume was released for a
few seconds. The reaction mixture was shaken for 30 min at
room temperature. Then, 5 yL of acetic acid was added to
quench the reaction, leading to a visible color change. The
samples were dried under N, in an evaporator (Genevac EZ-2)
and kept at —80°C until analysis. The dried samples were first
reconstituted with 50 uL of DMSO. Full recovery of the dried
matter was facilitated by sonication and vortexing. H,O (50
uL) was added, followed by repeated sonication and vortex
steps. The samples were centrifuged (at 16 100g, 4 °C, for S
min), and the supernatant was transferred into vials with
inserts for LC-MS/MS analysis.

sSRM Analysis with UHPLC-QTRAP MS. Separation was
performed on a 1290 Infinity UHPLC system (Agilent
Technologies, Waldbronn, Germany) with an ACQUITY
UPLC CSH C18 Column (100 mm X 2.1 mm, 1.7 um, 130
A) and an ACQUITY UPLC CSH C18 VanGuard precolumn
(5§ mm X 2.1 mm, 1.7 um, 130 A) (Waters, Milford, MA).
Mobile phase A was 10 mM ammonium acetate in water.
Mobile phase B was methanol. Gradient elution (0.0 min, 10%
B; 3 min, 10% B; 16 min, 100% B; 21 min, 100% B; 22 min,
10% B; 25 min, 10% B) was carried out at a flow rate of 0.4
mL/min and a constant column temperature of 50 °C.
Injection volume was 20 yL. The first S min eluate was
diverted into waste to prevent possible contamination of the
MS ion source.

Acyl-CoA detection was performed on a QTRAP 4500 mass
spectrometer with a Turbo V source (Sciex, Concord, ON,
Canada) operated with ESI probe. Data were acquired under
the following parameters: collision gas (N,), 6 psi; curtain gas
(N,), 30 psi; nebulizer gas (zero grade air), SO psi; heater gas
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(zero grade air), SO psi; ion-source voltage, 3500 V (positive
mode); and source temperature, SO0 °C. An sSRM with a
detection window of 30 s around the target retention time was
applied for data acquisition. Ion transitions, retention times,
and compound dependent parameters for all acyl-CoAs are
summarized in Table 1. The total cycle time was 0.6 s, and
dwell time was adjusted automatically.

Table 1. Acyl-CoAs Analyzed by This Method and
Compound-Specific MS Parameters™”

RT DP CE CXP
acyl-CoA Ql Q3 (min) V) V) (V)
CoA-SH 8382  275.1 7.84 80 45 20
malonyl 9242  361.1 8.01 80 4S 20
C2:0 8662  303.1 8.00 80 45 20
C3:0 8802 3172 8.77 80 45 20
C4:0 8942 3312 9.53 80 45 20
C6:0 9223 3592 10.76 80 45 20
C8:0 950.3 3872 11.50 80 45 20
C10:0 9783 4153 13.14 80 50 25
C12:0 10064  443.3 14.83 80 50 25
C14:0 10344 4713 15.34 80 50 25
C16:0 10624  499.4 15.89 80 50 25
C16(d4):0 1066.5  503.5 15.90 80 50 25
C17:0 10764  S13.4 16.12 80 50 25
C18:0 10904  527.4 16.36 80 50 25
C18:1 1088.4 5254 16.02 80 50 25
C18:2 10864  523.4 15.70 80 50 25
C18:3 10844 5213 15.39 80 50 25
C20:0 1118.5  555.4 16.72 80 55 30
C20:4 11104 5474 15.99 80 55 30
C20:5 11084  545.3 15.69 80 55 30
C22:0 1146.5  583.5 17.02 80 55 30
C22:6 11344 5714 15.92 80 55 30
C24:0 11745 6115 17.27 80 55 30
C25:0 1188.6  625.5 17.40 80 55 35
UBc-C2:0 889.3  316.1 8.00 80 45 20
UBC-C16:0  1099.5  526.5 15.89 80 50 25
UBC-C18:0  1129.5  556.5 16.36 80 50 25
UBC-C18:1  1127.5 5545 16.02 80 50 25
UBC-C22:0 1189.6  616.6 17.02 80 55 30
UBC-C24:0 1219.7  646.6 17.27 80 55 30

“RT: retention time, DP: declustering potential, CE: collision energy,
CXP: collision cell exit potential. “Entrance potential (EP) for all acyl-
CoAs was 10 V.

Data Processing. Analyst 1.7 was used in both analytical
systems for data acquisition and system control. Commercially
available software packages PeakView and MultiQuant were
involved in data processing. PeakView 2.2 was used for manual
data evaluation and LC-MS performance check by comparing
periodically with QC samples. MultiQuant 3.0 was used for
peak integration, linear regression, and calculation of
concentrations.

B RESULTS AND DISCUSSION

Mechanism and Optimization of Derivatization. The
analytical challenge for simultaneous short-, medium-, and
long-chain fatty acyl-CoAs analysis is related to the wide range
of analytes’ physicochemical character with high hydrophilicity
of short-chain and amphiphilic nature of long-chain CoAs. The
most problematic issues of low recoveries and poor chromato-
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graphic performance, however, entirely originate from the
phosphate moiety of the ribosyl phosphate residue of CoAs.
Hence, we introduced a derivatization strategy to methylate
phosphate groups of acyl-CoAs to eliminate its negative charge.
TMS-DM was chosen as the derivatizing reagent due to its fast
reaction speed, mild conditions, and ease of removing
byproducts and excess reagent.”> TMS-DM was reported to
label phospholipids to increase electrospray ionization
efficiency.”””* The mechanism of methylation of acyl-CoAs
is illustrated in Figure 1B. Methanol is a proton provider to
form in situ diazomethane (CH,N,) and CH;OTMS. Excess
TMS-DM is quenched by acetic acid. All of the resultant
byproducts during reaction are volatile and can be easily
removed by the following evaporation step. Care must be taken
as much nitrogen is generated during the derivatization and
quenching processes. Therefore, derivatization must be
conducted under a well-functioning hood.

Due to the presence of a thioester bond, acyl-CoAs are
prone to hydrolysis, posing great challenges to recovery and
signal intensity.”® Thus, the derivatization reaction must be
conducted under mild conditions. Different derivatization
times were tested at ambient temperature. The data (Figure 2)
show that the response of acyl-CoAs reached its maximum
between 20 and 30 min. Therefore, 30 min at room
temperature was chosen as the optimum condition.

>
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Figure 2. Optimization of derivatization time on peak areas of formed

acyl-CoAs (n = 3).

MS Detection of Acyl-CoAs after Methylation. The MS
behavior of acyl-CoAs in ESI was well reported previously.*®
To gain better sensitivity, ESI-MS detection of acyl-CoAs was
commonly performed in positive-ion mode in spite of a
negatively charged free phosphate group since there is only a
single abundant precursor ion [M + HJ*, while the signal is
split into two less abundant precursor ions, viz., [M — H] ™ and
[M — 2H]*, in the negative mode.

As shown in Figure S1A for nonmethylated C17:0-CoA as
an example, the fatty acyl pantetheine ion (m/z 513.7) was the
most abundant fragment ion in ESI+ resulting from a neutral
loss of 507 Da (3’-phospho-ADP), accompanied by a
protonated 3’-phosphate-AMP product ion (m/z 428). The
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whole family of acyl-CoAs share these fragmentation patterns.
Therefore, most published MS/MS methods constructed SRM
transitions based on these two ions. As shown in Figure S1B,
resulting from a neutral loss of 563 Da (tetra-methylated 3'-
phospho-ADP), methylated C17:0-CoA generated only one
main fragment in the MS2 level, the same fatty acyl
pantetheine ion (m/z 513.7). The accurate masses of precursor
and fragment ions were confirmed with high-resolution MS. As
shown in Figure 3, methylated C3:0-CoA, C17:0-CoA, and
C25:0-CoA have similar fragmentation rules in MS (Triple-
TOF method specified in the SI), which could be beneficial for
SRM construction and untargeted screening with neutral loss.
Later, 10 acyl-CoAs with different chain lengths were tested for
their product ion spectra under different collision energies.
Utilizing information-dependent acquisition (IDA)-enhanced
product ion (EPI) scan mode with QTRAP instrument
(method specified in the SI), product ion spectra of high
quality were obtained (Figures S2—S11). The results indicate
that acyl-CoAs share a similar fragmentation pattern across the
whole family after methylation. The charged fatty acyl
pantetheine represents the most abundant fragment, while
another fragment (m/z 150) came up as a second fragment as
CE increased. Under our derivatization conditions, acyl-CoAs-
containing carboxylic group (i.e, Malonyl-CoA) and thiol
group (i.e., free CoA-SH) are methylated as well.

Chromatographic Improvement after Derivatization.
According to different chain lengths, acyl-CoAs exhibit
different polarities, which makes simultaneous analysis difficult.
Additionally, poor peak shapes of acyl-CoAs (especially for
long-chain CoAs) are usually observed even under basic
elution conditions. To improve the coverage and peak shape,
ion pairing reagents and concentrated buffers are commonly
used. However, instrument contamination and signal suppres-
sion make them less attractive choices for routine lipidomics
analysis. During our preliminary experiments, C2:0-CoA,
C17:0-CoA, and C25:0-CoA were tested with typical RP
conditions. As shown in Figure 3A,B, the peak shapes of free
acyl-CoAs were extremely poor, both with methanol and
acetonitrile as organic modifiers. Short-chain CoA (C2:0-CoA)
eluted within the dead volume, indicating that acidic
conditions should be taken to improve its retention. On the
other hand, long-chain CoAs (e.g, C25:0-CoA) could not be
eluted efficiently with the screening gradients of Figure 4A,B.
Therefore, basic conditions should be employed to weaken its
retention. These results showed that acyl-CoAs with different
chain lengths favor completely different conditions to gain
appropriate retention, which was in accordance with previous
reports.

Moreover, during the equilibration phase when the gradient
switched back to initial conditions, signals of the analytes were
observed, which indicated that acyl-CoAs were stuck some-
where in the instrument or column (memory effect). Being
negatively charged, acyl-CoAs are prone to stick to surfaces of
glassware and stainless steel. Performance deterioration often
occurred after multiple injections. Acidic eluents composed of
acetonitrile, water, and formic acid or low quantities of
phosphoric acid were used to flush the system. Optionally,
neutral washing (i.e., 50% acetonitrile) could be performed to
equilibrate the LC system before next injection.

After methylation, acyl-CoAs were converted into corre-
sponding neutral molecules. When tested under a typical RP-
LC condition (Figure 4C), methylated acyl-CoAs were
separated within a single analytical run. Good peak shapes
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Figure 3. High-resolution product ion spectra of methylated acyl-CoAs with (A) short, (B) long, and (C) very long acyl chains.
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Figure 4. Chromatograms of C2:0-, C17:0-, and C25:0-CoA under the conditions of (A) 10 mM ammonium acetate in water and methanol and
(B) 10 mM ammonium acetate in water and acetonitrile. (C) Chromatogram of derivatized (methylated) C3:0-, C17:0-, and C25:0-CoA under the

conditions specified in the Methods section.

were obtained. Furthermore, there was no memory effect
observed anymore, ie., no analytes eluted during the
reequilibration phase, indicating that carryover and instrument
contamination were eliminated. Therefore, an extra washing
step after multiple injections was no longer required.
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Methylated acyl-CoAs exhibit typically a second minor peak,
which elutes adjacent to the main peak (see Figure 3C). This
isomeric peak is most probably due to a phosphoryl group
migration from the 3 position to the 2’-hydroxy of the ribosyl
moiety.
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Figure S. Methylated (A) C3:0-, (B) C16(d4):0-, (C) C17:0-, and (D) C25:0-CoA EICs obtained by the respective reconstitution test with
methanol and water. Methylated acyl-CoA reconstitution with (E) 10% (v/v), (F) 20% (v/v), and (G) S0% (v/v) DMSO/water in different
reconstitution orders: (A) two steps (DMSO and water); (B) two steps (water and DMSO); (C) one step (DMSO/water mixture).

Sample Preparation. Sample preparation is a critical step
for the success of bioanalysis and needs careful attention. It
usually starts with homogenization of the samples and ends
with reconstitution of the extracted (purified) dried sample
extract. Acyl-CoAs are distributed in various subcellular
organelles (mitochondria, peroxisomes) besides the cytoplasm;
therefore, it is important to disrupt cells thoroughly to release
the analytes. This was investigated by a microscopic test using
trypan blue as the dye for visualization of nonviable but intact
cells. Disrupted cells do not show up under the microscope. As
shown in Figure S12, cells with and without membrane could
be easily distinguished under the microscope. In negative
control (PBS buffer), after staining with trypan blue, complete
blue circles were observed, indicating that they have an intact
membrane. Radioimmunoprecipitation assay buffer (RIPA
buffer) is often used for cell lysis followed by protein
extraction and further analysis. Due to incompatibility to MS
analysis, RIPA buffer was only used as a positive control here.
After lysis with RIPA buffer, HeLa cells could not be observed
under a microscope. Different mechanical approaches were
tested, including sonication, pellet pestles, and cell disruptor.
The results showed that the cell disruptor was the most
efficient approach to break the cells, while the pellet pestle
could only break the cells partially and required further
optimization. Sonication with a sonication bath was not
efficient enough for cell disruption. Therefore, homogenization
with cell disruptor was taken for further study.

Extraction of acyl-CoAs has been challenging due to their
instability and low abundance. The wide polarity range makes
comprehensive extraction even more difficult. During our
preliminary experiments, a biphasic solvent system composed
of chloroform—methanol—water (1:1:0.4, v/v/v) and mono-
phasic solvent systems composed of methanol and methanol/
water (1:1, v/v), respectively, were tested (data not shown).
Extracts from the aforementioned solvent systems were dried
and reconstituted for derivatization. However, weak signals of
acyl-CoAs were observed due to interference and matrix effects
of coextracted compounds.
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According to many reported methods, liquid extraction
coupled with SPE has become a commonly accepted solution
for acyl-CoA extraction. Quantitative and comprehensive
extraction was only achieved with the introduction of weak
anion exchange (WAX) 2-(2-pyridyl) ethyl silica.”” Acyl-CoAs
are effectively retained in such SPE cartridge after protonation
of the pyridyl-nitrogen by acetic acid-containing buffer. After
washing, a neutral buffer was used to elute the analytes. Our
derivatization reagent is reactive to carboxylic acids. Even
though eluates collected from SPE were dried prior to
methylation, residual acetic acid could react with and inactivate
TMS-DM. Therefore, we introduced an extra neutral washing
step. To fully get rid of acetic acid introduced by SPE, Oasis
WAX mixed-mode (WAX and RP) SPE cartridge was used.
The cartridge is hydrophilic—lipophilic balanced, which can be
dried during extraction. After optimization of all steps
(application/washing/elution), an extraction method, which
can be directly coupled with the following derivatization
process, was obtained (see experimental methods for
optimized extraction procedure).

A proper reconstitution solvent for the evaporated SPE
product is of utmost importance for redissolution and
guaranteeing adequate peak shape in RPLC. During the
reconstitution process, at least 80% (v/v) methanol was
reported essential to recover long-chain acyl-CoAs in the dry
extract.”® Water and methanol were used to reconstitute
methylated acyl-CoA dry extract aliquots. Interestingly, after
methylation, acyl-CoAs still differ greatly in polarity. Results
(Figure SA—D) showed that short-chain and long-chain acyl-
CoAs favor polar and apolar solvents, respectively, for
reconstitution. We then introduced the polar solvent dimethyl
sulfoxide (DMSO) to improve recovery for the whole acyl-
CoA family. To avoid strong elution strength in the
reconstitution solvent, DMSO/water mixtures at ratios of
less than 50% were tested in different orders. Results (Figure
SE—G) showed that even with 50% (v/v) DMSO in water, a
poor recovery was observed for acyl-CoAs with a long acyl
chain when the solvents for reconstitution were added in two
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Table 2. Calibration Curves, LOQs, and LODs of the Four Surrogate Standards

acyl-CoA C3:0 C16(d4):0 C17:0 C25:0
linear range, nM 22-2248 19—-1885 19—-1867 8—845
equation” y = 0.00584x — 0.172 y = 0.0267x — 0.925 y = 0.0563x — 0.505 y =0.619x + 0.272
linearity (r) 0.9995 0.9995 0.9970 0.9970
standard error of slope 0.0000959 0.000429 0.00218 0.0279
standard error of y intercept 0.101 0.380 191 122
LOQ, nM 16.9 94 9.3 4.2
LOD, nM 46 3.1 26 12

“y (response) is peak area of analyte/peak area of internal standard (U13C-labeled). U13C-labeled C2:0-CoA was taken as internal standard for
acyl-CoAs from CoA to C8:0-CoA. Other U13C-labeled acyl-CoA in Table 1 was internal standard for analytes, which has closest Rt.
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Figure 6. Representative chromatograms (EICs) of acyl-CoAs determined in human platelet sample from a patient with coronary artery disease.
Determined concentrations in sample solutions were as follows: (A) C8:0-CoA, 83.1 nM; (B) C12:0-CoA, 37.5 nM; (C) C16:0-CoA, 51.9 nM;
(D) C18:0-CoA, 23.0 nM; (E) C18:1-CoA, 18.4 nM; (F) C20:0-CoA, 8.1 nM; and (G) C22:0-CoA, 5.2 nM.

steps starting with water. A two-step reconstitution starting
with DMSO followed by dilution with water was found to be a
good compromise for acyl-CoAs with different acyl chains.
50% (v/v) DMSO was taken for this method. After
optimization, the samples were first dissolved with DMSO,
followed by addition of water in a specified volume. Vortexing
and sonication were adopted to facilitate the reconstitution
process.

Acyl-CoA Profiling in Biological Samples. Internal
standards (IS) are essential for LC-MS-based methods due
to the need to compensate for sample preparation variations,
matrix effects, and variances in ionization efficiencies. Stable
isotope-labeled (SIL) analogues are the ideal IS as they have
similar analytical properties, can be distinguished by MS, and
do not exist in matrix. Unfortunately, SIL ISs are not
commercially available for acyl-CoAs. Uniformly *C-labeled
(UC) metabolite extracts were recently introduced as
potential IS for metabolic analysis.'"**~** As acyl-CoAs from
this extract are fully '*C-labeled, there is a low risk of
interference at both MS and MS/MS levels. U*C metabolite
extract was added into samples before sample preparation, and
representative chromatograms of U'*C-labeled acyl-CoAs are
shown in Figure S13. Odd-chain (C3:0-, C17:0-, C25:0-CoA)
and deuterated acyl-CoAs (C16(d4):0-CoA) were taken as
surrogate calibrants (note: C3:0-CoA was selected herein
because it was not found as endogenous CoA in HeLa and
human platelets from CAD patients; however, it may appear as
an endogenous metabolite in active or inflamed cells, e.g., due
to a-oxidation and should be ideally substituted). Extraction
recovery and matrix effect were assessed as reported.”’ Data
(Table S1) showed that C16(d4):0-CoA and C17:0-CoA
suffered from significant matrix effects. This problem remained
even with the optimized SPE procedure. Therefore, ISs are
mandatory to compensate for matrix effects. After normal-
ization with the aforementioned U'3C-labeled ISs, satisfying
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results (Table S2) were obtained (typically 90—115% for the
peak area ratio between postextraction spike and standard
solution indicating adequate correction of matrix effects).
Results (Table S3) showed that the sample preparation has a
good recovery (typically 45—70%). Autosampler stability
results (Figure S14) showed that methylated acyl-CoAs were
stable at least 48 h at 4 °C. Method validation in HeLa cells
was carried out according to regulatory guidelines.””*’ As
shown in Table S4, this method was accurate and reliable. As
summarized in Table 2, the four-calibration series showed
adequate linearity within the specified concentration range. To
illustrate its applicability, the method was used to profile acyl-
CoAs in HeLa cells and human platelets from coronary artery
disease patients. C18:1-CoA was found to be the most
abundant acyl-CoA determined by this method in HeLa cells.
Results show that HeLa cells and human platelet samples have
a significantly different acyl-CoA profile (representative
chromatograms of platelet samples are shown in Figure 6
and of HeLa cells in Figure S16) (Figure 7). In a pilot study, a
comparison between acyl-CoA profiles of healthy donors
(Figure 7B) and coronary artery diseases (CAD) patients
(Figure 7C) revealed significant alterations. While the
concentrations of the long-chain acyl-CoAs (C16:0, C18:0,
C18:1) are comparable in healthy donors and CAD patients,
platelets of CAD patients show high levels of medium-chain
acyl-CoAs (in particular, C8:0 and C12:0) and in addition
detectable quantities of very-long-chain acyl-CoAs (C20:0 and
C22:0). They are metabolized in peroxisomes through
peroxisomal f-oxidation until they are chain-shortened to
C8:0 acyl-CoA." Its further fatty acid oxidation occurs under
normal physiological conditions in mitochondria. It seems that
a potential alteration in FAO disorder leads to elevated levels
of medium-chain acyl-CoAs in the platelets of patients either
attributed to age, oxidative status, and disease state.”* This
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Figure 7. Acyl-CoAs determined in (A) HeLa cells (n = 3 biological replicates). (B) Human platelet sample (n = 3; from three different healthy
donors). (C) Human platelet sample (n = 3; from three different patients with coronary artery disease).

aberrant metabolism has also some biochemical and clinical
consequences, which are being currently elucidated.

Bl CONCLUSIONS

Lipidomics analysis of acyl-CoAs in biological samples remains
challenging due to their diverse acyl chains. Different chain
lengths and unsaturation degrees make the development of
extraction and chromatographic methods more complicated.
The study presented here introduced a derivatization strategy
for acyl-CoAs to improve chromatographic performance.
Methylated acyl-CoAs were separated within a single RP-LC
run with good peak shapes. Meanwhile, there was no need to
include washing steps after multiple injections anymore
because memory effects could be completely precluded. A
mixed-mode SPE sample preparation protocol was developed
and optimized accordingly. Uniformly, *C acyl-CoAs from
yeast cells were taken as IS to compensate sample loss and
ionization variation. As a proof of concept, this method was
applied on cultured HeLa cells and human platelet samples.
Acyl-CoAs in biological samples were detected and quantified
effectively. Therefore, the developed method will be valuable
for routine lipidomic analysis of broad acyl-CoA profiles. In
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scenarios of clinical analysis, it can help to better understand
physiological and pathophysiological pathways involving acyl-
CoAs, especially those affected by mitochondrial and
peroxisomal dysfunction due to fatty acid oxidation disorders,
but are commonly investigated indirectly at the acyl-carnitine
level.”* A direct method for comprehensive acyl-CoAs analysis,
however, would be beneficial. In view of this concern, the
current method is adapted at present for untargeted acyl-CoA
profiling method in biological samples.
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Text T1. High-resolution MS (TripleTOF) method.

Separation was performed on a 1290 Infinity UHPLC system (Agilent Technologies, Waldbronn, Germany) with a
Kinetex C18 column (100 mm % 3.0 mm, 2.6 um, 100 A) and a KrudKatcher Ultra HPLC in-line filter (0.5 pm)
(Phenomenex, Torrance, CA, USA). Mobile phase A was 10 mM ammonium acetate in water. Mobile phase B was
methanol. Gradient elution (0.0 min, 10% B; 2 min, 10% B; 15 min, 100% B; 20 min, 100% B; 21 min, 10% B; 25 min,
10% B) was carried out at a flow rate of 0.8 mL/min and a constant column temperature of 40°C. Injection volume was 20
pL. Derivatization and fragmentation studies of methylated acyl-CoAs were conducted with the above chromatographic
system hyphenated to a TripleTOF 5600+ mass spectrometer with a DuoSpray source (Sciex, Concord, ON, Canada)
operated with the ESI probe. lon source parameters were as follows: curtain gas (N2) 25 psi, nebulizer gas (N2) 30 psi;
heater gas (N2) 25 psi, ion source voltage +5500 V (positive mode) and source temperature 500 °C. Information
dependent acquisition (IDA) product ion scan mode was adopted. Inclusion list was as follow:

Precursor ions, m/z  838.2 924.2 866.2 880.2 10624 1066.4 1076.4 10904 11745 1188.6

Rt, Min 689 698 699 7.61 1409 14.08 1432 1453 1545 15.56

Text T2. Information dependent acquisition (IDA) - Enhanced product ion scan (EPI) method.

The chromatography part was the same as specified in the method section. Enhanced product ion (EPI) acquisition was
performed on a QTRAP 4500 mass spectrometer with a Turbo V source (Sciex) operated with ESI probe. Data acquisition
was performed with the following parameters: collision gas (N2) 12, curtain gas (N2) 20 psi, nebulizer gas (zero grade air)
35 psi; heater gas (zero grade air) 35 psi, ion source voltage 3500 V (positive mode) and source temperature 500 °C;
scheduled selected reaction monitoring (SSRM) — IDA - EPI was used. The detection window was 30 s around RT. IDA
threshold: intensity, 1000; Exclusion time table, Never; Mass tolerance, 250 mDa; Dynamic background subtraction,
TRUE. sSRM list was as follows:

Acyl-CoAs Q1 (m/z) Q3 (m/z) Rt (min) DP (V) CE (V) CXP (V)
CoA-SH 838.2 275.1 6.89 80 45 20
Malonyl 924.2 361.1 6.98 80 45 20

C2:0 866.2 303.1 6.99 80 45 20
C3:.0 880.2 317.2 7.61 80 45 20
C16:0 1062.4 499.4 14.09 80 50 25
C16(d4):0 1066.5 503.5 14.08 80 50 25
C17:.0 1076.4 5134 14.32 80 50 25
C18:0 1090.4 527.4 14.53 80 50 25
C24:0 1174.5 611.5 15.45 80 55 30
C25:0 1188.6 625.5 15.56 80 55 35

S3



Table S1. Matrix effects of QCs without IS at three different concentration levels in HeLa cells (n=3) (investigated as
described in ref. 25 of the main document; comparison of post-extraction spike and standard solution).

Matrix effect, % C3:.0 C16(d4):0 C17:0 C25:.0
QC1 (-3 x LLOQ) 75.6+11.3 350.4 +10.2 485.3+12.3 154.7+9.4
QC2 (low) 72.4+9.1 317.7 +13.7 507.4+8.1 144.3 £13.2
QC3 (medium) 81.9+124 347.3+11.7 467.4 £10.6 137.7+7.3
QC4 (high, ULOQ) 79.7+£105 316.2+9.6 473.7 £ 13.6 153.7+11.7

Note: Concentrations of QC1, QC2, QC3 and QC4, for C3:0-CoA: 56 nM, 112 nM, 562 nM and 2248 nM; for C16(d4):0-CoA: 23 nM,

94nM, 471 nM and 1885nM; for C17:0-CoA: 23 nM, 93 nM, 467 nM and 1867 nM; for C25:0-CoA: 21 nM, 42 nM, 211 nM and 845
nM.

Table S2. Matrix effects of QCs with IS at three different concentration levels in HeLa cells (n=9) (investigated as described
in ref. 25 of the main document but based on peak area ratios of analytes and U13C-labelled IS).

Matrix effect, % C3:.0 C16(d4):0 C17:0 C25:0
QC1 (=3 x LLOQ) 92.6 +8.7 103.1+9.2 101.1+6.7 1104 +7.3
QC2 (low) 91.4+11.3 105.7+£115 102.2£11.3 103.3+7.6
QC3 (medium) 94.3+£11.9 97.8+79 93.4+12.6 98.7+£10.3
QC4 (high, ULOQ) 89.7+84 106.4 124 106.3+134 103.7£13.6

Table S3. Extraction recoveries of QCs at three different concentration levels in HeLa cells (n=9) (investigated as described
in ref. 25 of the main document; comparison of post-extraction spike and pre-extraction spike).

Extraction recovery, % C3:.0 C16(d4):0 C17:0 C25:0
QC1 (-3 x LLOQ) 68.3+13.5 64.3+115 55.3+6.7 451+11.8
QC2 (low) 74.1+115 69.1+12.4 56.7 +11.4 49.3+8.9
QC3 (medium) 76.1+10.3 71.3+10.6 63.4+13.7 434 +11.9
QC4 (high, ULOQ) 69.3+£9.7 66.8 £12.9 61.7+8.3 51.4+14.1

Table S4. Accuracy & precision QCs at three different concentration levels in HeLa cells (n=9).

Accuracy and C3:0 C16(d4):0 C17:0 C25:0
precision, % Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day
QC1 (=3 x LLOQ) 91.3+12.1 97.3+10.9 103.1+13.4 109.3 +14.3 103.4+£9.7 101.1+13.3 107.3 £10.3 102.1+9.3
QC2 (low) 97.3+137 98.3+13.2 98.3+10.6 1034 £13.2 1048 £10.1 1044 +£12.2 1034 +£116 97.1+83
QC3 (medium) 95.1+6.7 96.4+14.8 96.4+9.3 96.7 £ 10.7 96.1+115 89.4+143 921+12.3 96.3+10.1
QC4 (high, ULOQ) 94.3+10.3 91.7+10.7 98.6 +12.6 98.3+11.6 98.4+10.9 88.3+12.6 934+98 95.4+11.8
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Figure S1. Product ion spectrum (QTRAP) of (A) C17:0-CoA and (B) methylated C17:0-CoA. (C) High resolution (QTOF) product ion
spectrum of methylated C17:0-CoA.

Precursor: 838.2 Da, CE: 10.0 Precursor: 838.2 Da, CE: 35.0 Precursor: 838.2 Da, CE: 50.0

100% 100% 100%

838.19 275.11 275.11
838.10
80% 80% 80%
150.17%

= 60% —~ 60% . 60% [150.09
K] 3 3
< o) N
Lo 2 c
[} @ @
Z e =
2 2 2
£ £ £
R 40% ® 40% ® 40%

20% 20% 20%

wl Ll L, NLI.LML' T

200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
Mass/Charge, Da Mass/Charge, Da Mass/Charge, Da

Figure S2. Product ion spectrum (QTRAP) of methylated free CoA under different collision energies.
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Figure S3. Product ion spectrum (QTRAP) of methylated C2:0-CoA under different collision energies.
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Figure S4. Product ion spectrum (QTRAP) of methylated Malonyl-CoA under different collision energies.
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Figure SS. Product ion spectrum (QTRAP) of methylated C3:0-CoA under different collision energies.
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Figure S6. Product ion spectrum (QTRAP) of methylated C16(d4):0-CoA under different collision energies.
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Figure S7. Product ion spectrum (QTRAP) of methylated C16:0-CoA under different collision energies.
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Figure S8. Product ion spectrum (QTRAP) of methylated C17:0-CoA under different collision energies.
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Figure S9. Product ion spectrum (QTRAP) of methylated C18:0-CoA under different collision energies.
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Figure S10. Product ion spectrum (QTRAP) of methylated C24:0-CoA under different collision energies.
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Figure S11. Product ion spectrum (QTRAP) of methylated C25:0-CoA under different collision energies.

Figure S12. Microscopic test for cell lysis: (A) Negative control, PBS buffer incubation on ice for S min; (B) Positive control, RIPA buffer,
sonication 30 s with sonication bath; (C) S cycles of 1min vortex, 2 min sonication in sonication bath and 1 min vortex; (D) Freeze-thaw, 2
min freeze with liquid nitrogen and 2 min vortex at 4 °C(E) motor pellet pestle (Kimble®, DWK Life Sciences GmbH, Germany), 2 min
maximum strength; (F) cell disruptor (Branson Sonifier B1S, Branson Instruments Co., Stamford, USA), 1 min, 50% pulse mode at
strength S.
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Figure S13. Representative chromatograms (EICs) of U13C labeled acyl-CoAs from yeast extract.
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Figure S16. Representative chromatograms (EICs) of Acyl-CoAs determined in HeLa cells. Determined concentration were as follow. (A)
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ABSTRACT: Phosphoinositides (PIPx) play central roles in membrane dynamics and signal transduction of key functions like
cellular growth, proliferation, differentiation, migration, and adhesion. They are highly regulated through a network of distinct
phosphatidylinositol phosphates consisting of seven groups and three regioisomers in two groups (PIP and PIP2), which arise from
phosphorylation at 3, 4/, and S’ positions of the inositol ring. Numerous studies have revealed the importance of both fatty acyl
chains, degree of phosphorylation, and phosphorylation positions under physiological and pathological states. However, a
comprehensive analytical method that allows differentiation of all regioisomeric forms with different acyl side chains and degrees of
phosphorylation is still lacking. Here, we present an integrated comprehensive workflow of PIPx analysis utilizing a chiral
polysaccharide stationary phase coupled with electrospray ionization high-resolution mass spectrometry with a data independent
acquisition technique using the SWATH technology. Correspondingly, a targeted data mining strategy in the untargeted
comprehensively acquired MS and MS/MS data was developed. This powerful highly selective method gives a full picture of PIPx
profiles in biological samples. Herein, we present for the first time the full PIPx profiles of NIST SRM1950 plasma, Pichia pastoris
lipid extract, and HeLa cell extract, including profile changes upon treatment with potential PI3K inhibitor wortmannin. We also
illustrate using this inhibitor that measurements of the PIPx profile averaged over the distinct regioisomers by analytical procedures,
which cannot differentiate between the individual PIPx isomers, can easily lead to biased conclusions.

Lipidomics, a sub-discipline of metabolomics, uses phosphorylation/dephosphorylation at positions 3’, 4/, and
analytical techniques to identify and quantify lipids in 5" of the inositol ring of PI, PIPx comprise of seven groups
biological samples.' The ultimate goal of lipidomics is to (from the three lipid classes mono-, bis-, and trisphosphates),
explore underlying mechanisms of lipid metabolism and its including  phosphatidylinositol-3-phosphate (PI(3)P), phos-
(dys)regulation in pathologies and under physiological phatidylinositol-4-phosphate (PI(4)P), phosphatidylinositol-5-
conditions.” As our understanding of lipids as highly dynamic phosphate (PI(S)P), phosphatidylinositol-3,4-bisphosphate
structures with numerous signaling roles matures, the (PI(3,4)P2), phosphatidylinositol-3,5-bisphosphate (PI(3,5)-
phosphoinositide (PIPx) pathways stand out as a biologically P2), phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2), and
most intriguing, yet analytically extremely challenging meta-

bolic network.”™ PIPx are commonly found in eukaryotic cells Received: April 24, 2021
as low abundant phospholipids. The inter-relationship, Accepted: June 21, 2021
conversion pathways, and involved enzymes have been Published: June 30, 2021

reported previously.6 Chemically, the family of PIPx is
structurally closely related to phosphatidylinositol (PI) (Figure
1A). As shown in Figure 1B, derived from dynamic

© 2021 American Chemical Society https://doi.org/10.1021/acs.analchem.1c01751
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Figure 1. Phosphoinositide structure and metabolic network. (A) Chemical structure of phosphoinositide precursor PI (18:0/20:4 as an example
for fatty acyl chains). (B) With reversible phosphorylation at positions 3’, 4’, and 5’ on the inositol ring, a highly dynamic pathway network is

formed to regulate cellular processes.

phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3). The
PIPx network regulates a host of cellular activities, such as
membrane trafficking, secretion, adhesion, migration, cell
survival, and replication.3_5 Phosphoinositide 3-kinases
(PI3K), an enzyme that phosphorylates and activates P1(4,5)-
P2 to PI(3,4,5)P3, may become a promising drug target due to
its central role in tumor biology.” ” There are many ongoing
clinical trials of various PI3K inhibitors for several types of
cancer.'”"" Apart from regioisomers on the inositol ring, the
fatty acyl profile of PIPx was reported to have specific roles in
metabolism.">™"° Therefore, a lipidomics workflow, which is
capable of separating all regioisomers and covering different
fatty acyl species, is in great demand.

Although regioisomers on the inositol ring could be
separated after chemical deacylation, structure information of
fatty acyl chains is missing.16 Mass spectrometry (MS) was
introduced to characterize and measure intact PIPx.'” Much
efforts have been devoted to method development, including
ion-pairing and normal phase conditions; satisfactory separa-
tion of regioisomers of intact PIP and PIP2 could, however,
not be obtained.'"™'” As they are rich in phosphate groups,
once extracted, the recovery of the PIPx is a significant
problem because they are prone to bind to glassware and
stainless steel.”’ Dettitt et al. attempted to alleviate these
problems by silanization of all glassware and replacement of
steel wherever possible. However, this cannot be complete and
undoubtedly affected robustness of the method.”" Clark et al.
showed that TMS-diazomethane could be used to methylate
the phosphate groups of PIPx, thus providing a first solution to
the issues of stability and sensitivity.”> " Based on this
derivatization strategy, the methylation pattern was explored
and applied to distinguish some regioisomers of PIP and PIP2
except for PI(4)P and PI(5)P.** In order to separate
regioisomers of PIPx, an ozonolysis procedure was applied to
unsaturated PIPx after TMSD derivatization.”® Although
separation of PIP and PIP2 regioisomers could be achieved,
sequential derivatization and separate LC methods are
required. Additionally, ozonolysis only works on PIPx with
double bonds. Most reported methods use specific select
reaction monitoring (SRM) and neutral loss scan (NLS) for
detection due to coelution of PIPx with the same acyl chain
composition, including distinct groups and regioisomers.””**
Compared with predefined precursor-fragment transitions and
low scan speed in SRM and NLS, data independent acquisition
(DIA), such as sequential window acquisition of all theoretical
mass spectra (SWATH), has advantages of broad compound
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coverage, fast acquisition speed, good dynamic range, relatively
little method development, and potential of postacquisition
data mining. Compared with wide application of SWATH in
quantitative proteomics, SWATH analysis of small molecules
like lipidomics was less reported.””

Here, we established a lipidomics workflow of PIPx.
Separation of PIP and PIP2 regioisomers, comprehensive
coverage of fatty acyl species, and isotope correction were
realized. The workflow was validated and applied to profile
PIPx in human plasma, Pichia pastoris, and cultured HeLa cells.
Furthermore, the selectivity of PI3K inhibitor wortmannin on
the PIPx profiles was investigated. We believe that the new
workflow has the potential to advance the state of the art for
PIPx measurements and could greatly facilitate the study of
PIPx under physiological and pathological conditions.

B METHODS

Materials. Acetonitrile, methanol (MeOH) of Ultra LC—
MS grade, and zirconia/glass beads were supplied by Carl Roth
(Karlsruhe, Germany). Ammonium formate, chloroform
(CHCI3), methyl tert-butyl ether (MTBE), hydrochloric acid
(HCI), and NIST SRM1950 plasma were supplied by Sigma—
Aldrich (Saint-Louis, MO, USA). Trimethylsilyl diazomethane
(TMSD) was obtained from Acros Chemicals (supplied by
VWR, Bruchsal, Germany). Water (H20) was purified with a
Purelab Ultra purification system (ELGA LabWater, Celle,
Germany). Pichia pastoris cells (strain CBS 7435) were
obtained from ISOtopic Solutions (Vienna, Austria).

Odd fatty acyl chain phosphoinositide standards, including
1-heptadecanoyl-2-(5Z,8Z,11Z,14Z-eicosatetraenoyl)-sn-glyc-
ero-3-phospho-(1’-myo-inositol) (ammonium salt) (PI 17:0/
20:4), 1-heptadecanoyl-2-(5Z,8Z,11Z,14Z-eicosatetraenoyl)-
sn-glycero-3-phospho-(1’-myo-inositol-3'-phosphate) (ammo-
nium salt) (PI(3)P 17:0/20:4), 1-heptadecanoyl-2-
(5Z,8Z,11Z,14Z-eicosatetraenoyl)-sn-glycero-3-phospho-(1’'-
myo-inositol-4'-phosphate) (ammonium salt) (PI(4)P 17:0/
20:4), 1-heptadecanoyl-2-(5Z,87Z,11Z,14Z-eicosatetraenoyl)-
sn-glycero-3-phospho-(1’-myo-inositol-5'-phosphate) (ammo-
nium salt) (PI(S)P 17:0/20:4), 1-heptadecanoyl-2-
(5Z,8Z,11Z,14Z-eicosatetraenoyl)-sn-glycero-3-phospho-(1'-
myo-inositol-3’,4’-bisphosphate) (ammonium salt) (PI(3,4)P2
17:0/20:4), 1-heptadecanoyl-2-(57,8Z,11Z,14Z-eicosatetrae-
noyl)-sn-glycero-3-phospho-(1’-myo-inositol-4’,5’-bisphos-
phate) (ammonium salt) (PI(4,5)P2 17:0/20:4), 1-heptade-
canoyl-2-(5Z,8Z,11Z,14Z-eicosatetraenoyl)-sn-glycero-3-phos-
pho-(1'-myo-inositol-3’,5’-bisphosphate) (ammonium salt)
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Figure 2. LC-ESI-MS analysis of methylated PIPx. (A) Product ion spectra of PI, PI(4)P, PI(4,5)P2, and PI(3,4,5)P3 with the same fatty acyl
chains 17:0/20:4. (B) Reaction scheme of PIPx fragmentation behavior in positive ionization mode. Along with two neutral losses (methylated
head group and sn2 fatty acyl), two characteristic fragments (A and B) were observed, providing information of the fatty acyl composition. (C)
Chromatograms of PIP 17:0/20:4 regioisomers (left), PIP2 17:0/20:4 regioisomers (middle), and overlay of PI 17:0/20:4 and PI(3,4,5)P3 17:0/
20:4 (right). (D) Characterization of stale isotope-labeled standards PI(3)P 16:0/16:0-d62, PI(4,5)P2 16:0/16:0-d62, and PI(3,4,5)P3 16:0/16:0-
d62. After comprehensive analysis, standards were found to be mixtures of claimed PIPx with different deuterium degrees in C16:0 fatty acyl chains
at the snl and sn2 positions (d1-d62), among which fully deuterated forms (d62) account for more than 74%.

(PI(3,5)P2 17:0/20:4), and 1-heptadecanoyl-2-
(5Z,8Z,11Z,14Z-eicosatetraenoyl)-sn-glycero-3-phospho-(1'-
myo-inositol-3',4",5’-trisphosphate) (ammonium salt) (PI-
(3,4,5)P3 17:0/20:4), were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). Deuterated fatty acyl chain phosphoi-
nositide standards, including 1,2-dipalmitoyl-sn-glycero-3-
phospho-(1’-myo-inositol-3'-phosphate)-d62 (ammonium
salt) (PI(3)P 16:0/16:0-d62), 1,2-dipalmitoyl-sn-glycero-3-
phospho-(1'-myo-inositol-4',5’-bisphosphate)-d62 (ammo-
nium salt) (PI(4,5)P2 16:0/16:0-d62), and 1,2-dipalmitoyl-
sn-glycero-3-phospho-(1’-myo-inositol-3’,4’,5'-trisphosphate)-
d62 (ammonium salt) (PI(3,4,5) P316:0/16:0-d62), were
purchased from Cayman Chemical (Ann Arbor, Michigan,
USA). Odd fatty acyl chain standards were taken as surrogate
calibration standards, while deuterated fatty acyl chain
phosphoinositide standards were used as internal standards
for the respective PIPx group. Surrogate calibration standards
and internal standards were dissolved in CHCI3/MeOH/H20
(25:25:1, v/v/v) to give stock solutions of 100 and 25 pg/mL,
respectively, except for PI 17:0/20:4 (which was supplied as 10
ug/mL methanol solution).

Preparation of HelLa Cells. The human cervical Hel.a
cells adapted to serum free conditions (AC free, ECACC
08011102) were grown in a humidified incubator at 37 °C
with 5% CO2. Cells were fed with EX-CELL HeLa serum free
media (Sigma Aldrich) with 2 mM v-glutamine (Sigma
Aldrich), 12 unit/mL penicillin, and 12 pg/mL streptomycin
until the cell density reached around 2 X 10° cells/mL. Cell
counting was performed in triplicate with a hemocytometer.
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Aliquots of 10° HeLa cells were transferred into 2 mL
homogenization tubes and spun down (100 g, S min at 4 °C).
After removing the supernatant, cell pellets were washed twice
with ice cold Dulbecco’s Phosphate Buffered Saline (Sigma
Aldrich) with repeated centrifugation. Cell samples were snap
frozen in liquid nitrogen and kept at —80 °C till use.

PIPx Extraction. The desired samples were filled into
homogenization tubes (e.g, 100 L of plasma, 10° HeLa cells,
or 50 mg of biomass of Pichia pastoris). Surrogate standards
and internal standards were added prior to sample preparation.
After adding 1.0 mL of prechilled CHCI3/MeOH (1:2, v/v)
and 0.15 g of zirconia/glass beads, the samples were
homogenized (6800 rpm, 1 min at 4 °C, 10 X 10 s, pause
30 s) with Precellys Evolution with Cryolys Evolution using
dry ice cooling (Bertin Technologies, France). The samples
were then spun down for S min (16,100 g at 4 °C). The
supernatant was carefully removed. The residues were
resuspended in 1365 puL of prechilled MTBE/MeOH/2 N
HCI (200:60:13, v/v/v). The samples were homogenized at 4
°C for another 1 min, and 250 uL of 0.1 N HCI was added.
The samples were vortexed at 4 °C for S min. After
centrifugation (16,100 g, S min at 4 °C), the upper layer
was transferred into fresh tubes and 500 L of 0.01 N HCI was
added. The upper layer was collected for phosphate
methylation after 30 s vortexing at 4 °C followed by
centrifugation (16,100 g, S min at 4 °C).

Phosphate Methylation. TMSD solution (50 uL; 2 M)
was added to the PIPx extract from above. The samples were
allowed to stand for 10 min at room temperature after brief
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vortexing and fume release. The derivatization was quenched
using S uL of glacial acetic acid. Methylated PIPx were washed
twice with S00 uL of MeOH/H20 (1/1, v/v), including
vortexing and centrifugation (16,100 g, S min at 4 °C). The
samples were dried under N2 in an evaporator (Genevac EZ-
2). After reconstitution with SO uL of MeOH, facilitated by
vortexing and sonication, the samples were submitted for LC—
MS analysis.

SWATH Acquisition with UHPLC-TripleTOF MS.
Chromatographic separation was performed using a 1290
Infinity UHPLC system (Agilent Technologies, Santa Clara,
CA, USA) with a Daicel Chiralpak IB-U column (100 mm X
3.0 mm, 1.6 um) and a KrudKatcher Ultra HPLC in-line filter
(0.5 ym) (Phenomenex, Torrance, CA, USA). Mobile phases
A and B were 10 mM ammonium formate in water and
methanol, respectively. The gradient elution (0.0 min, 50% B;
S min, 90% B; 10 min, 95% B; 10.1 min, 100% B; 12 min,
100% B; 12.1 min, 50% B; 15 min, 50% B) was carried out at a
flow rate of 0.5 mL/min and a constant column temperature of
40 °C. Injection volume was S puL. MS detection was
conducted with the above chromatographic system hyphenated
to a TripleTOF 5600+ mass spectrometer with a DuoSpray
source (Sciex, Framingham, MA, USA) operated with an ESI
probe. Ion source parameters were as follows: curtain gas (N,)
30 psi, nebulizer gas (zero grade air) 40 psi; heater gas (zero
grade air) SO psi, ion source voltage +3500 V (positive mode),
and source temperature 500 °C. Sequential window acquisition
of all theoretical fragment ion mass spectra (SWATH)
experiments was performed to obtain comprehensive MS/
MS data. Detailed information of SWATH windows can be
found in Table S1.

Data Processing. Analyst 1.7 was used in both analytical
systems for data acquisition and system control. Commercially
available software packages PeakView (MasterView included)
and MultiQuant (Sciex, Framingham, MA, USA) were
involved in data processing. PeakView 2.2 was used for
manual data evaluation and LC—MS performance check by
comparing periodically with QC samples. MasterView 1.1 was
used for identification. MultiQuant 3.0 was used for peak
integration, linear regression, and concentration calculation.
Statistical analysis and visualization were performed with R

language.

B RESULTS AND DISCUSSION

Development of a Comprehensive Workflow for PIPx
Profiling. The challenges of PIPx determination by LC—MS
mainly arise from the phosphate groups on the inositol ring.
In-source fragmentation resulting in loss of phosphate moieties
is usually inevitable in direct LC—MS measurements.'® Due to
a reactive phosphoester bond and rich negative charge, PIPx is
prone to hydrolysis and phosphate migration, respectively,
once isolated from cells or the biological matrix. This problem
can be solved by derivatization of the phosphate groups with
TMSD. Yet, this phosphate methylation does not alleviate the
isomer selectivity problem of RPLC. The goal of this study was
therefore to develop a method that also allows one to
distinguish PIPx regioisomers. Initially, we examined the
product ion spectra of PIPx with the same fatty acyl chains
(17:0/20:4) in different groups, including PI, PI(4)P,
P1(4,5)P2, and PI(3,4,5)P3. In positive mode (Figure 2A),
methylated PIPx of different groups exhibited a similar
fragmentation pattern. As illustrated in Figure 2B, after a
neutral loss of methylated inositol phosphate, DAG species
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(glycerol backbone with fatty acyl chains) is the most
abundant fragment (fragment A), which indicates the sum
composition of the fatty acyl chains. The second fragment
(fragment B) shows up when the collision energy is increased.
Corresponding to results published before, fragment B is a
charged §lycerol backbone with a fatty acyl chain in the snl
position.”” These two fragments, along with the corresponding
precursor ion, were then selected for identification, and both
the precursor and fragment A were considered for
quantification in MS1 and MS2 levels, respectively. Re-
gioisomers of PIP (PI(3)P and PI(S)P) and PIP2 (PI(3,4)P2
and PI(3,5)P2) were subjected to derivatization followed by
their MS2 spectral study. As illustrated in Figure S1, similar
fragmentation behaviors were observed without characteristic
fragments for the different isomers. A lower ionization
efficiency in negative mode was observed compared to that
in positive mode. As reported previously, fragments with one
and two fatty acyl chains obtained from PIPx by loss of
methylated inositol phosphates were found (Figure S2).*°
Therefore, positive ESI mode was adopted in the following
workflow development. As shown in Figures S3 and S4, a flow
injection method (TOF negative mode) was established to
measure the original PIPx. Single charged and double charged
ions were taken for further measurements of PIP and PIP2 and
PIP3, respectively (in-source fragmentation was observed, data
not shown). Methylation efficiency (Table S2) could be
obtained from comparison of PIPx response before and after
methylation. As summarized in Figure S5, methylation
efficiency decreases from PIP to PIP3, and PI(3,5)P2 stands
out among PIP2 regioisomers, while there is no significant
difference observed for PIP regioisomers. These observations
indicate that space resistance plays an important role in
methylation efficiency, which could even override the increase
of phosphate numbers.

Data acquisition was done by the SWATH technology.
SWATH is a DIA technique, which collects MS2 data without
bias for fragmentation of only the most abundant analytes (e.g,,
top S) and allows for quantifiable signals not only at MSI but
MS?2 as well, thus holding great potential for metabolomics and
lipidomics study.” Precursors isolated within the specified MS
range of the same SWATH window (typically intermediate
width of 20—30 m/z units) are cofragmented. Hence, the
direct relation of the fragment ions to their precursor ions is
lost and must be re-established by a deconvolution approach.
After deconvolution by grouping together matching chromato-
graphic profiles of MS1 data in TOF-MS and MS2 data in
SWATH windows (yielding peak groups), multidimensional
data including precursor m/z values, precursor isotopic
patterns, and fragments can be used for confident identi-
fication. Postacquisition data processing becomes possible
along with flexible choices of data for quantification, which is
favorable for comprehensive profiling the PIPx classes. At the
same time, SWATH windows should be well designed to avoid
two assay specificity problems. If quantification is conducted in
the MS2 level, precursors from the same SWATH window,
which generate the same fragment, cannot be distinguished by
MS. For this reason, PIPx species from different classes but
identical diacylglycerol residue are fragmented in distinct
SWATH windows, which is ensured if they are narrower than
108 Da. If fragment B was selected for quantification,
extremely narrow windows (e.g,, 1 Da) would be required to
distinguish the PIPx differing only in one double bond in the
sn2 position (e.g., PIPx 18:0/20:4 and PIPx 18:0/20:3).
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Figure 3. Feature plots of (A) PI(4)P, (B) PI(4,5)P2, and (C) PI(3,4,5)P3 in cultured HeLa cells.

Hence, in this work, quantitation was based on fragment A or
the precursor ion, whatever is more selective or more sensitive,
along with additional fatty acyl chain assignment from
fragment B for full lipid species annotation. Detailed
SWATH information is given in Table S1. Due to flexibility
of the SWATH technique, another SWATH design (Table S2)
is also recommended to have a wider coverage and better
selectivity. By distributing accumulation time for varied
SWATH windows, a wide mass range with narrower windows
for PIPx species is obtained. In this untargeted approach,
different SWATH methods with collision energy (CE) ranging
from 30 to 105 V were tested (Figure S6). When different
fragments are taken for quantification, the CE value should be
optimized accordingly to ensure the maximum sensitivity. As a
best compromise, a CE of 50 V was selected to gain more
sensitivity for polyphosphorylated PIPx.

Since precursor and fragment ions are not paired directly, if
quantitation on the MS2 level in SWATH is desired, another
specificity problem arising from in-source fragmentation
should be considered. Intact PIPx are prone to fragment
within the ion source.'® For evaluating the risk for in-source
fragmentation after methylation, single PIPx (different groups
and isomers) were methylated and measured. As illustrated in
Figure S7, when extracted ion chromatograms of PI were
generated, no peaks were found in PIP2 and PIP3 samples,
while peaks in PI(3)P, PI(4)P, and PI(5)P samples have the
same retention times (Rts) as the PI standard rather than Rts
of the corresponding PIPs (as expected for the corresponding
in-source fragments). No PIP peaks were observed in the PIP3
sample, while peaks found in PI(3,4)P2, PI(3,5)P2, and
P1(4,5)P2 samples have the same Rts as the PIP Regio isomers
rather than the PIP2 regioisomers. Also, PIP2 peaks found in
the PIP3 sample matched Rts of PIP2 regioisomers rather than
those of PIP3. These EIC peaks extracted are supposed to be
impurities in the standards rather than in-source fragments.
These results indicate there is low risk of in-source
fragmentation after methylation in this method.

Regioisomer Separation with a Chiral Column. With
the introduction of the TMSD derivatization strategy, much
progress has been made regarding PIPx analysis, including
stable isotope labeling derivatization,® methylation pattern
recognition,” and fatty acyl chain profiling."”'* However,
regioisomer separation has still been the bottleneck. Starting
from TMSD derivatization, a reversed-phase approach was
tested. As shown in Figure S8A, PIPx with the same fatty acyl
chain (17:0/20:4) but of different groups from PI to PIP3 all
coeluted. Additionally, regioisomers from the same group (PIP
and PIP2) also coeluted (shown in Figure S8B,C, respectively).
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These results indicate that there is little selectivity with the
typical RP mechanism.

A chiral column approach was then explored using
polysaccharide chiral stationary phases. As shown in Figure
S9, four chiral columns based on the chiral selector from two
groups were tested (cellulose carbamate-based Chiralpak IB-U,
IC-U and amylose carbamate-based Chiralpak IA-U, IG-U).
From the obtained chromatograms with a linear screening
gradient, it became evident that the cellulose-based columns
have a better selectivity for PIPx regioisomers than the
amylose-based ones. With an IC-U column, the PIP2
regioisomers could be nicely separated, but PI(4)P and
PI(5)P coeluted even after optimization (data not shown).
Interestingly, some single PIPx standards exhibited two peaks,
for example, PI(3,4)P2 and PIP3 on IC-U. They might result
from different stereoisomers of the inositol ring”’"** but needs
further elucidation. IB-U was selected for further method
development. LC conditions were optimized to realize
adequate separation of PIPx regioisomers within one run. As
shown in Figure 2C, PIPx with the same fatty acyl chains but
different degrees of phosphorylation exhibit an overlapping
elution pattern across the different groups. However, they can
be distinguished by MS owing to their distinct precursor ion
m/z and fragments in distinct SWATH windows. This
intergroup pattern is also found for other fatty acyl species
from real samples. Typically, PI, PI(3)P, PI(3,5)P2, and PIP3
overlap in retention time, while PI(S)P and PI(4)P overlap
with PI(3,4)P2 and PI(4,5)P2, respectively. Additionally, the
retention time of PIPx in the same group increases with the
carbon number and decreases with double bonds (Figure 3;
Figure S10). Based upon identification from standards along
with highly abundant PIPx in samples, the above-mentioned
intra- and inter-group retention patterns could be utilized to
construct a retention time network, which could be
conveniently used for confirmation of PIPx identification in
the complex sample matrix.

Acidified Extraction with Internal Standards (ISs).
Many solvent extraction systems have been reported for lipid
extraction. Among them, Folch,* Bligh and Dyer34 and
Matyash® methods were widely adopted in lipidomics study.
All methods involve water, methanol, and chloroform or
methyl tert-butyl ether (MTBE) to form two layers, from
which the organic phase is taken for lipid analysis. Compared
to chloroform-based methods (Folch and Bligh and Dyer), the
MTBE-based method has the advantage of low toxicity and
simplified phase collection (upper layer for collection and
protein residues at the bottom). Therefore, the MTBE method
was selected as the start for method development. Due to
multiple phosphate moieties, PIPx are prone to bind to
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Figure 4. PIPx profiles in different biological samples. (A) PIPx profile in NIST SRM1950 plasma. 18:0/20:4 was the most abundant fatty acyl
configuration and molecular lipid species. PI(4)P and PI(4,5)P2 were the most abundant regioisomers in PIP and PIP2 groups, respectively. (B)
PIPx profile in Pichia pastoris. 34:2 was the most abundant molecular lipid species. PI(3)P and PI(4,5)P2 were the most abundant regioisomers in
PIP and PIP2 groups, respectively. (C) PIPx profile in cultured HeLa cells. 18:0/20:3 is the most abundant fatty acyl configuration and molecular
lipid species. PI(4)P and PI(4,5)P2 were the most abundant regioisomers in PIP and PIP2 groups, respectively. (D) Overview of PIPx profiles in
different samples. Cultured HeLa cells, human plasma, and Pichia pastoris have distinct profiles.

proteins in samples. The addition of acid was reported to
suppress ionization of phosphates of PIPx in order to improve
extraction efficiency. Two extraction strategies were tested in
human plasma and cultured HeLa cells: (i) acidic extraction
and (ii) neutral extraction followed by acidic extraction. The
results (Figure S11) indicate that removal of neutral lipids
prior to acidic extraction of PIPx improves the extraction
efficiency and thus the signal intensity of PIPx. Superiority of
the two-step approach with inclusion of a neutral extraction
step becomes more significant for PIPx with more phosphor-
ylations. Meanwhile, extraction recovery of PI was around 20%
(data not shown) with neutral removal. There is significant PI
loss during neutral extraction. As the PI group is covered by
the general untargeted lipidomics method in our lab, the two-
step approach with acidified extraction after neutral extraction
was selected for further studies, and PIs were no longer
included in these measurements. During optimization,
homogenization of the residue after neutral extraction was
found to be critical for obtaining good extraction recoveries of
PIPx. A high-throughput homogenizer (Precellys) was
included at this step for sample preparation to make this
extraction method more robust and efficient. In order to
accurately quantitate analytes with LC—MS, appropriate ISs
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are required to compensate for sample losses during extraction,
matrix effects, and injection variations. Corresponding stable
isotope-labeled (SIL) compounds are ideal as ISs due to their
absence in the sample matrix and readily distinguishable mass
shift in MS. However, SIL standards are not always
commercially available and quality of synthetic lipid standards
is always a concern. Three SIL PIPx (PI(3)P 16:0/16:0-d62,
PI1(4,5)P2 16:0/16:0-d62, and PI(3,4,5)P3 16:0/16:0-d62)
were tested as IS candidates. These standards were claimed to
have deuteration purities more than 99%. However, the
distribution of PIPx from d1 to d62 was unknown and not
certified in these standards. Therefore, we applied our method
first to characterize these three SIL standards. As summarized
in Figure 2D and Table S4, PIPx-d62 were found to be more
than 70%. PIPx with d0-d58 were not detected. We spiked the
three SIL PIPx into the samples at a nominal concentration of
200 ng/mL as ISs across this study (chromatograms shown in
Figure S12). No interferences from standards with less
deuteration were observed.

Data Processing Workflow. After untargeted measure-
ments with the LC-SWATH method, a targeted data mining
strategy was performed. First, an in-house database of
methylated PIPx was created based on entries from available
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online databases, including SwissLipids,3'6 LIPID MAPS,* etc.
The product ions of the different PIPx were computed
according to the above-described fragmentation pattern. The
retention time network was added according to intra- and
inter-group retention patterns based on homology series.
Then, identification was performed with the MasterView
module in vendor software PeakView. The precursor, isotope
pattern, fragment, and retention time were taken together to
give confident identification. Identified PIPx were directly
exported into MultiQuant for quantitation. To improve
accuracy of quantitation, two types of isotope correction
were performed. As shown in Figure S13, within the same
group, M + 2 interferences from PIPx with one more double
bond were subtracted (type II isotope correction). Type one
correction was carried out to compensate for different ratios
between the monoisotopic signal and sum of all isotope signals
with different carbon numbers. Finally, PIPx profiles in samples
were obtained according to IS normalization and surrogate
calibrants (PIPx 17:0/20:4).

Before being applied for biological samples, this method was
assessed for its performance by validation. The sample
preparation part was evaluated according to the strategy
reported elsewhere.”® Two distinct sample matrices were
tested: human plasma and cultured HeLa cells. As shown in
Tables SS and S6 and Figures S14 and 15, limits of
quantitation (LOQs) of PIPx in both sample types were
established between 8.5 and 10.5 nM. Extraction recoveries of
PIPx in both sample types were above 50% (data listed in
Tables S7 and S11). Matrix effects could be effectively
compensated by ISs (Tables S8, S9, S12, and S13). Therefore,
satisfactory process efficiency was achieved (Tables S10 and
S14). The whole method was validated according to FDA
guidelines with some modifications. Four concentration levels
were tested for accuracy and precision. The data (Tables S15
and S16) showed that the method is accurate and precise for
PIPx profiling in biological samples. As an example,
representative chromatograms of surrogate standards at
LOQs in HeLa cell are shown in Figure S16. To further
explore the flexibility of postacquisition data processing of the
SWATH method, different SWATH window widths were
tested. As shown in Figures S16 and S17, less possible
interference was observed with narrower SWATH windows.
Both the precursor and fragment A could be utilized for
quantitation and utilized for intra-assay confirmation (similar
to qualifier/quantifier ion transitions in SRM). As shown in
Tables S17—20, when the precursor was taken, the sensitivity
was compromised for a better assay specificity with current
acquisition parameters.

PIPx Profile in NIST SRM1950 Plasma. To standardize
the reported data and to assess the method performance within
the community, reference materials such as human plasma
reference material (NIST SRM1950) have been utilized in
metabolomics and lipidomics studies. General metabolites and
the lipid profile in NIST SRM1950 have been reported as a
useful benchmark. However, the PIPx profile and regioisomer
distribution, respectively, have not been investigated before.
Hence, we determined the complete PIPx profile in NIST
SRM1950 plasma samples in three replicates (estimated
concentrations listed in Table S21). As shown in Figure 4A,
PI(4)P and PI(4,5)P2 were found to be the most abundant
isomers in PIP and PIP2 groups, respectively. Interestingly,
PI(3)P 38:4 was found to be 50% as abundant as PI1(4)P 38:4,
the PIP which was considered to be dominant among the
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isomers. With regard to fatty acyl chains, 38:4 was, in
accordance with previous reports, the most abundant species.
Owing to comprehensive MS2 spectra obtained in SWATH
(Figure S18), PI(4)P 18:0/20:4 and PI(4,5)P2 18:0/20:4
could be identified by their characteristic fragments.

PIPx Profile in Pichia pastoris. Lipidomics and
metabolomics studies in yeast cells have gained more and
more interest these days.’” Pichia pastoris belongs to
methylotrophic yeast. As a successful expression system, it
has been widely used in biochemical research and industrial
biotechnology. However, its PIPx profile has not been reported
yet. After determination of Pichia pastoris samples, a
comprehensive overview of the PIPx profile was obtained
(Figure 4B and Table S22). PIPx in Pichia pastoris were found
with shorter fatty acyl chains, among which 34:2 and 34:1 were
the most abundant species followed by 36:2 and 36:1.
Interestingly, as indicated in Figure S19, PI(4)P 34:2 was
identified to be PI(4)P 16:0/18:2 and PI(4)P 18:1/16:2, while
PI(4,5)P2 was identified as 16:0/18:2 and 18:2/16:0. This
inconformity of fatty acyl composition between PIP and PIP2
may indicate preference of different fatty acyl chains. The
dominant species 38:4 found in plasma and HeLa cells was of
much less abundance in Pichia pastoris. Additionally, PI(3)P
was the most abundant isomer in the PIP group rather than
PI(4)P in mammals. On the other hand, P1(4,5)P2 still stands
out in the PIP2 group as the dominant regioisomer like that in
mammal samples.

PIPx Profile in Cultured Hela Cells. As one of the most
important intracellular pathways, a phospsphatidylinositol-3-
kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) signaling pathway is found to be dysregulated in
most human cancers. Therefore, a lot of efforts have been
made to target PI3K/AKT/mTOR for cancer therapy. Our
method is supposed to offer a new straightforward insight into
the PIPx network. This method was applied to cultured HeLa
cells (estimated concentrations listed in Table $23). As shown
in Figure 4C, the HeLa cell has a wide distribution in fatty acyl
compositions (carbon number from 32 to 42, unsaturation
from 0 to 5). C38:4 and C38:3 were found to be the most
abundant followed by C36:2 and C36:1. At the same time,
regioisomers of PI(4)P and PI(4,5)P2 dominate in their
groups, respectively. As can be seen from Figure 4C and Figure
S20, PI(4)P 38:3 and PI(4,5)P2 38:3 stand out in the whole
PIPx profile, which could be further identified as 18:0/20:3 for
their acyl chains. Acyl chains of C18:0 and C20:4 were
reported to be enriched in mammal cells in snl and sn2
positions, respectively. This enrichment could be achieved via
de novo synthesis and acyl chain remodeling. As data indicated
(Figure S21), in cultured HeLa cells, PIPx 38:4 were further
identified as PIPx 18:1/20:3, revealing a significant, high
abundance of the acyl chain of 18:1. Our previous research of
fatty acyl coenzyme As (acyl CoA) showed that 18:1 CoA is
the dominant acyl composition in HeLa cells.*” There is a
correlation between the acyl CoA profile and PIPx profile,
which is expectable, as acyl CoAs are incorporated into
phospholipids by de novo synthesis and remodeling of PIPx.

To further explore the applicability, we utilized this method
to determine the PIPx profile of HeLa cells after treatment
with PI3K inhibitor wortmannin. Wortmannin is a fungal
metabolite, which was identified as a potential and selective
PI3K inhibitor. After being treated with three concentration
levels (A, B, and C), HeLa cells were harvested, quenched, and
processed for PIPx measurements, as described above. As
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Figure S. PIPx profile of cultured HeLa cells (n = 4 each) upon treatment with PI3K inhibitor wortmannin at three concentration levels A, B, and
C. (A) Heatmap for comparison of PIPx fold change (FC), which showed a significant change (adjusted p value <0.0S) after treatment of
wortmannin. (B) Boxplot of PIPx 18:0/20:3 after treatment of wortmannin. Significance levels are *p < 0.05 and **p < 0.01. PIP sum and PIP2
sum refer to the sum of respective regioisomers. Wortmannin concentrations in groups: control, 0 (DMSO with the same volume); A, 23.3 nM in

DMSO; B, 233 nM in DMSO; C, 2330 nM in DMSO.

illustrated in Figure 5, compared with the control group, HeLa
cells treated with wortmannin had a significantly lower
response for PI(3)P 18:0/20:3 even in the lowest tested
concentration group A. At this concentration, no statistically
significant downregulation of PI(5)P 18:0/20:3 and PI(4)P
18:0/20:3 was observed, which confirmed the selective
inhibition of PI3K over the other two kinases (PI4K and
PISK). With the increased concentration of wortmannin, PI(3)
P 18:0/20:3 exhibited a dose dependent decrease, while PI(S)
P 18:0/20:3 and PI(4)P 18:0/20:3 showed significant
downregulation in the highest concentration group C only.
Interestingly, among PIP2 18:0/20:3 isomers, only PI(3,5)P2
concentrations were significantly lowered upon treatment with
the inhibitor, which could be due to the much higher
abundance of PI(4)P than PI(3)P and PI(S)P. To better
show the importance of isomer separation and determination,
sums of PIP and PIP2 isomers were also compared between
groups. The effect of treatment with the inhibitor was
dominated by the most abundant isomers (PI(4)P and
PI(4,5)P2). Differences for the other isomers described
above were masked. Therefore, our isomer-selective method
could be used to monitor PIPx profile changes upon drug
treatment more representatively, which indicates its great
potential to be integrated as a part of the drug screening
method.
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B CONCLUSIONS

As rare but central membrane lipids, phosphoinositides (PIPx)
are interconverted by phosphorylation/dephosphorylation on
the inositol ring and consist of a highly regulated network
controlled by phosphoinositide-metabolizing enzymes. How-
ever, the in-depth study of biomolecular mechanisms of
phosphoinositides has been greatly limited by lack of sensitive
and isomer-selective analytical methods for their comprehen-
sive coverage. In this work, a comprehensive analytical
workflow for lipidomics analysis of PIPx was established for
the first time. In this method, isomer-selective separation was
coupled with DIA using the SWATH acquisition technique to
provide a full picture of PIPx. Starting from a two-step
extraction approach followed by phosphate methylation,
application of fully ESI-MS compatible liquid chromatography
with a polysaccharide-type chiral column enabled full
separation of regioisomers of intact PIPx. Characteristic
intra- and inter-group elution patterns were observed: (i)
Within the PIPx group, for steric reasons, the elution order of
regioisomers follows the retention preference 3’ < §' < 4’
phosphoinositol head group. It can be rationalized by steric
interactions. Steric hindrance for insertion into the cleft formed
by the adjacent 2-, 3-, and 6-(3,5-dimethylphenylcarbamate)
residues of each glucose unit of the cellulose polymer might be
the least for the 4'-phosphorylated PIPx and is less for the 5'-
phosphoinositol derivative than the 3’-phosphoinositol ana-
logue, which has the sterically unfavorable axial 2-hydroxy
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substituent next to it. Accordingly, we see an elution order of
regioisomers for PIP following PI(3)P<PI(S)P<PI(4)P. The
same effect seems to drive the intragroup elution orders for the
PIP2 phosphoinositides. The regioisomer with the two more
favorable positions elutes last, and the one with the two most
unfavorable positions elutes first; hence, PI(3,5)P2 < PI(3,4)-
P2 < PI(4,5)P2. (ii) There is little between group retention
shift for PIP and PIP2, while PIP3 seems sterically excluded
from interaction in the clefts of the pendant 3,5-dimethylphe-
nylcarbamate moieties. Assay specificity arises from their
different precursor ion m/z values and fragmentation in
different SWATH windows. (iii) Aforementioned intragroup
and intergroup elution patterns were conserved throughout the
distinct fatty acyl side chains, which themselves followed the
typical homology principle of RP-type separations. With each
additional methylene group, a regular retention increment was
added and each double bond brought about a constant shift to
earlier elution time as also observed in common RPLC. These
regular elution patterns were then utilized to improve
identification confidence. The DIA SWATH technique was
applied to acquire untargeted comprehensive MS and MS/MS
data from samples. Information about the fatty acyl chain
composition as well as their snl/sn2 position was provided at
the MS2 level in the SWATH windows. The targeted data
mining strategy was applied with an in-house generated library.

Quantitation in the biological sample matrix was achieved
with group specific ISs and surrogate calibrators. Application in
different biological samples not only revealed the practical
applicability of this method but also led to some interesting
findings. Overall, PIPx in mammal samples NIST SRM1950
plasma and cultured HeLa cells have a similar distribution in
the fatty acyl chain composition, while Pichia pastoris enriched
shorter fatty acyl chains. Although holding the same sum
composition (C38:4), PIPx 18:0/20:4 was found in NIST
SRM1950, while PIPx 18:1/20:3 was determined in cultured
HeLa cells. In principle, C18:0 and C20:4 acyl chains are
enriched at snl and sn2 positions, respectively, in mammal
cells. It was reported that this specific enrichment of C38:4 in
immortalized cell lines could be lost, but the mechanisms
behind are still unclear."

Determination of cellular acyl CoA and PIPx profiles could
give more insight into how acyl compositions correlate in cells
in the future. When it comes to regioisomers, PI(3)P 18:0/
20:4 was found to account for a decent portion in NIST
SRM1950 plasma. However, PI(4)P 18:0/20:4 takes absolute
predominance in terms of abundance within the PIP group. In
Pichia pastoris, PI(3)P was found to be the most abundant
instead of PI(4)P in the HeLa cell and NIST SRM1950
plasma. Our method is able to serve as a quality control
method for PIPx regioisomer standard production. Finally, this
method was used to monitor PIPx profile changes after
treatment with the potential PI3K inhibitor wortmannin. The
results showed that this method can determine PIPx profile
changes upon treatment with PI3K inhibitors and holds great
potential to be integrated as part of drug screening platforms.
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Table S1 | SWATH window parameters in this study (screening design with wider windows)

Exp Index Experiment type Start mass (Da) Stop mass (Da) CE (V) CES (V) Accumulation time (ms)

1 TOFMS 100 1500 10 0 200
2 SWATH 550 580 50 0 30
3 SWATH 579 610 50 0 30
4 SWATH 609 640 50 0 30
5 SWATH 639 670 50 0 30
6 SWATH 669 700 50 0 30
7 SWATH 699 730 50 0 30
8 SWATH 729 760 50 0 30
9 SWATH 759 790 50 0 30
10 SWATH 789 820 50 0 30
11 SWATH 819 850 50 0 30
12 SWATH 849 880 50 0 30
13 SWATH 879 910 50 0 30
14 SWATH 909 940 50 0 30
15 SWATH 939 970 50 0 30
16 SWATH 969 1000 50 0 30
17 SWATH 999 1030 50 0 30
18 SWATH 1029 1060 50 0 30
19 SWATH 1059 1090 50 0 30
20 SWATH 1089 1120 50 0 30
21 SWATH 1119 1150 50 0 30
22 SWATH 1149 1180 50 0 30
23 SWATH 1179 1210 50 0 30
24 SWATH 1209 1240 50 0 30
25 SWATH 1239 1250 50 0 30

The extracted peaks of PIPx have peak widths around 0.17 min. The cycle time is 970 ms, which ensures around

12 data points across the peaks.

Table S2 | Methylation efficiency data for PIPx 17:0/20:4

Methylation efficiency, %  PI(3)P PI(4)P PIS)P  PIG3.4)P2  PI(3,5P2 PI4,5P2 PI(3.4,5)P2

Replicate 1 99.5+0.1 993+£02 99.7+0.1 90.7+0.8 93.7+£0.6 894+0.7 86.7+1.2
Replicate 2 99.6+£0.1 994+03 994+04 91.0+£04 941+£02 89.8+0.6 862+1.5
Replicate 3 99.6+£0.1 99.6+0.1 993+03 902+1.0 941+03 89.6+0.5 858+1.9

Replicates prepared with single standards of PIPx 17:0/20:4, then measured in triplicates.

S3



Table S3 | Optimized SWATH parameters with refined, narrower window size

Exp Index Experiment type Start mass (Da) Stop mass (Da) CE (V) CES (V) Accumulation time (ms)

1 TOFMS 100 1500 10 0 200
2 SWATH 50 300 50 0 20
3 SWATH 299 549 50 0 20
4 SWATH 548 748 50 0 20
5 SWATH 747 849 50 0 20
6 SWATH 848 860 50 0 20
7 SWATH 859 871 50 0 20
8 SWATH 870 882 50 0 20
9 SWATH 881 893 50 0 20
10 SWATH 892 904 50 0 20
11 SWATH 903 915 50 0 20
12 SWATH 914 926 50 0 20
13 SWATH 925 937 50 0 20
14 SWATH 936 948 50 0 20
15 SWATH 947 959 50 0 20
16 SWATH 958 970 50 0 20
17 SWATH 969 981 50 0 20
18 SWATH 980 992 50 0 20
19 SWATH 991 1003 50 0 20
20 SWATH 1002 1014 50 0 20
21 SWATH 1013 1025 50 0 20
22 SWATH 1024 1036 50 0 20
23 SWATH 1035 1047 50 0 20
24 SWATH 1046 1058 50 0 20
25 SWATH 1057 1069 50 0 20
26 SWATH 1068 1080 50 0 20
27 SWATH 1079 1091 50 0 20
28 SWATH 1090 1102 50 0 20
29 SWATH 1101 1113 50 0 20
30 SWATH 1112 1124 50 0 20
31 SWATH 1123 1135 50 0 20
32 SWATH 1134 1146 50 0 20
33 SWATH 1145 1157 50 0 20
34 SWATH 1156 1168 50 0 20
35 SWATH 1167 1179 50 0 20
36 SWATH 1178 1190 50 0 20
37 SWATH 1189 1201 50 0 20
38 SWATH 1200 1212 50 0 20
39 SWATH 1211 1223 50 0 20
40 SWATH 1222 1234 50 0 20
41 SWATH 1233 1245 50 0 20
42 SWATH 1244 1250 50 0 20

The cycle time is 1020 ms, which ensures around 10 data points across the peaks.



Table S4 | Characterization of deuterated PIPx standards

PIPx 32:0 (d1-d62), % d0 - d58 ds9 d60 do6l d62
PI(3)P ND 1.7£04 6.1+15 17.7+£32 74.6+4.1
P1(4,5)P2 ND 1.1£03 29+0.7 162+46 79.8+53
PI(3.4,5)P3 ND 1.3£04 3.6+1.0 13.7+2.7 814+35

ND, not detected.

Table S5 | Linearity and sensitivity of PIPx 17:0/20:4 in human plasma

PIPx in Plasma Concentration range, nM Linear equation T LOQ, nM
PI(3)P 10.1 - 1013.0 y=0.0697x + 0.0581 0.9963 10.1
PI(5)P 10.1-1013.0 y=0.0603x +0.0663 0.9959 10.1
PI(4)P 10.1 -1013.0 y=0.0649x + 0.0792  0.9944 10.1
PI(3,5)P2 92-9224 y=0.2357x +0.1559 0.9941 9.2
PI(3,4)P2 92-9224 y=0.2351x - 0.0460  0.9980 9.2
PI(4,5)P2 92-9224 y=0.2515x +0.5885 0.9917 9.2
PI(3,4,5)P3 8.5 - 846.6 y=0.0030x - 0.0001  0.9964 8.5
Table S6 | Linearity and sensitivity of PIPx 17:0/20:4 in HeLa cells
PIPx in HeLa Concentration range, nM Linear equation T LOQ, nM
PI(3)P 10.1-1013.0 y=0.1122x - 0.0122  0.9963 10.1
PI(5)P 10.1-1013.0 y=0.1311x-0.0412  0.9959 10.1
PI(4)P 10.1-1013.0 y=0.1497x - 0.0044  0.9944 10.1
PI(3,5)P2 92-9224 y=0.1932x +0.1209  0.9941 9.2
PI(3,4)P2 92-9224 y=0.1542x - 0.1163  0.9980 9.2
PI(4,5)P2 92-9224 y=0.2116x+0.1676 0.9917 9.2
PI(3,4,5)P3 8.5-846.6 y =0.0025x - 0.0008  0.9964 8.5
Table S7 | Extraction recovery results of PIPx 17:0/20:4 in human plasma
ER, % PI(3)P PI(4)P PI(5)P PI(3,4)P2  PI(3,5P2  PI(4,5P2 PI(3,4,5P3
QCl 551+11.8 528+6.6 53.0+94 562+105 66.5+11.1 657+£10.8 67.3+11.1
QC2  63.6+84 520+72 524+102 523+52 620+9.1 61.8+48 658+9.1
QC3 56.1+7.7 58.1+£9.5 59.6+11.1 59.1+74 63.1+£62 664+75 647+75
QC4 53.0+56 64.1+103 507+9.7 601+10.7 689+57 626+91 66.6+53

Concentrations of surrogate standards for QC levels: QC1 (~3x LLOQ), QC2 (low), QC3 (medium), QC4 (high).
For PIP were 50.7 nM, 101.3 nM, 506.5 nM and 1013.0 nM respectively. For PIP2 were 46.1 nM, 92.2 nM, 461.2
nM and 922.4 nM respectively. For PIP3 were 42.3 nM, 84.7 nM, 423.3 nM and 866.6 nM respectively.

Table S8 | Matrix effect results of PIPx 17:0/20:4 without internal standards in human plasma (n=9)

ME, %  PI(3)P PI(4)P PI(5)P PI(3,4)P2  PI3,5P2  PI(4,5P2  PI(3.4,5P3
QCl  1488+13.8 100.9+20.8 1213+151 1304+67 1241485 756+62 261.4+168
QC2 12754296 77.1+30.6 1022+32.0 93.6+309 947+37.7 782+11.7 162.1+492
QC3  844+221 605+304 662+338 75.1+288 67.7+43.6 57.3+168 123.1+52.1
QC4 9424203 6394193 763+258 53.6+252 73.8+40.6 755+17.5 109.8+8.3

Concentrations of surrogate standards for QC levels were the same as table S4.



Table S9 | Matrix effect results of PIPx 17:0/20:4 with internal standards in human plasma (n=9)

ME, %  PI3)P PI(4)P PI5)P  PI(3.4)P2  PI(3,5P2  PI(4,5P2 PI(3,4,5P3

QCl  1039+57 957+74 992+£52 934+96 91.5+99 103.4+58 934+538
QC2 98.6+93 962+34 903+7.8 932+7.1 1052+11.3 100.6+84 90.6+8.4
QC3 102.8+58 938+89 97.6+105 952+84 942+8.1 101.8+9.6 91.0+9.6
QC4 101.8+6.1 93.6+7.8 91.7+81 979+12.1 968+88 1009+9.9 90.9+99

Concentrations of surrogate standards for QC levels were the same as table S4.

Table S10 | Process efficiency of PIPx 17:0/20:4 in human plasma (n=9)

PE, % PI(3)P PI(4)P PI(5)P PI(3,4)P2  PI(3,5P2  PI(4,5P2 PI(3,4,5P3
QCl 56.8+109 50.5+84 526+93 525+11.6 60.8+10.6 67.7+134 629+84
QC2 62.7+8.1 50.0+94 473+104 48.7+108 651+57 61.8+11.6 59.6+69
QC3 572+98 5454105 582+64 563+84 594+6.8 67.1+6.7 589+74
QC4 535+115 60.0+£6.7 465+54 588+£6.7 667119 62.6+84 60.5+10.8

Concentrations of surrogate standards for QC levels were the same as table S4.

Table S11 | Extraction recovery results of PIPx17:0/20:4in HeLa cells (n=9)

ER,%  PI(3)P PI(4)P PI(5)P PI(3,4)P2  PI(3,5P2  PI(4,5P2 PI(3,4,5P3
QCl 509+44 546+33 5224+46 692+119 68.0+98 674+103 69.2+1.2
QC2 494+20 60.0+128 564+11.3 633+142 705+£11.0 70.0+109 64.7+10.0
QC3 506+34 62.6+132 540+122 627+135 673+84 688+92 604+11.8
QC4 529+29 679+12.6 558+11.7 67.8+11.0 665+88 68.0+104 63.4+98

Concentrations of surrogate standards for QC levels were the same as table S4.

Table S12 | Matrix effect results of PIPx 17:0/20:4 without internal standards in HeLa cells (n=9)

ME, %  PI(3)P PI(4)P PI(5)P PI(3,4)P2  PI(3,5P2  PI4,5P2  PI(3,4,5)P3

QCl1 111.84£9.6 153.1+26.6 1458+34 147.1+£35 151.7+29.8 1362+32.1 1273+6.5
QC2  1149+13.7 120.7+279 1384+97 1179+21.1 1181+257 109.6+184 111.6+9.8
QC3 88.1+£139 89.8+27.1 96.6+6.8 1255+203 1028+22.7 1167179 1147+69
QC4 93.7+19.6 851+11.7 90.8+12.1 1009+55 94.6+435 114.1+24.6 108.7+52

Concentrations of surrogate standards for QC levels were the same as table S4.

Table S13 | Matrix effect results of PIPx 17:0/20:4 with internal standards in HeLa cells (n=9)

ME, %  PI3)P PI(4)P PI5)P  PI3,4)P2  PI3,5)P2 PI(4,5P2  PI(3,4,5P3
QCl  955+4.8 957+22 999+67 92.1+11.9 894+83 963+102 87.7+54
QC2  963+12 925+25 97.9+21 97.7+33 93.6+25 98.1+22 934+64
QC3 957+08 939+05 938+04 92.6+24 939+14 91.6+1.9 91.1+78

QC4 91.7+42 89.4+48 89.6+50 88.1+103 879+63 90.1+£53 89.5+2.7
Concentrations of surrogate standards for QC levels were the same as table S4.
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Table S14 | Process efficiency of PIPx in HeLa cells (n=9)

PE,%  PI(3)P PI(4)P PI(5)P PI(3,4)P2  PI(3,5P2 PI(4,5P2 PI(3,4,5)P3
QCl 48.6+7.1 523+£52 521+52 63.7+105 60.8+87 649+10.6 60.7+3.1
QC2 47.6+6.2 555+104 552+104 61.8+86 66056 68.7+83 60.4+104
QC3 484+84 588+119 50.7+124 58.1+68 632+67 63.0+6.8 550+10.6
QC4 485+95 60.7+83 500+10.1 59.7+10.8 585+59 613+97 567+94

Concentrations of surrogate standards for QC levels were the same as table S4.

Table S15 | Intra-batch accuracy and precision of PIPx 17:0/20:4 in plasma (n=9)

Accuracy and

Precision. % PI(3)P PI(4)P PI(5)P PI3.4)P2  PI3,5P2  PI@45)P2  PI(34,5P3
QCl1 87.6+134 889+139 867+134 869+6.1 87.9+49 865+42 88.6+108
QC2 90.8 +4.4  108.1+12.2 864+52 1053463 1104+72 109.9+7.7 92.0+11.1
QC3 1134+11.8 1054459 10694148 113.8+108 974+9.1 1055+11.1 113.9+6.0
QC4 98.6+6.5  103.5+6.1 99968  99.8+7.9 1013+82 1002+7.6 108.2+87

Concentrations of surrogate standards for QC levels were the same as table S4.

Table S16 | Intra-batch accuracy and precision of PIPx 17:0/20:4 in HeLa cells (n=9)

Accuracy and

Procision, % PI(3)P PI(4)P PI(5)P PI34)P2  PI35P2  PI@45)P2  PI(34,5P3
QCl 100.0£11.6 859+13.8 958=147 899+11.8 9454137 91.5+83 92.8+10.3
QC2 1138483 875466 109.1+112 1062+44 1059+27 1045+41 91.1£9.5
QC3 98.5+£102 96.1+25 98.0+82 108.8+7.5 1133117 914+125 110.6+13.1
QC4 1024+6.1 935+72 1025+5.1 952+78 1003+59 984+52 103.5+6.7

Concentrations of surrogate standards for QC levels were the same as table S4.

Table S17 | Linearity and sensitivity of PIPx 17:0/20:4 in HeLa cells based on precursor

PIPx in HeLa Concentration range, nM Linear equation r LOQ, nM
PI(3)P 50.5-1013.0 y=0.01150x + 0.17202  0.9883 50.5
PI(5)P 50.5-1013.0 y=0.01273x + 0.14406  0.9878 50.5
PI(4)P 50.5-1013.0 y =0.00548x + 0.07722  0.9761 50.5

PI(3,5)P2 46.0-922.4 y=0.01562x + 0.02666 0.9936 46.0
PI(3,4)P2 46.0-922.4 y=0.01075x - 0.02273  0.9932 46.0
PI(4,5)P2 46.0-922.4 y=0.01041x - 0.03517  0.9929 46.0
PI1(3,4,5)P3 42.5-846.6 y =0.00078x - 0.00324 0.9714 42.5

Table S18 | Intra-batch accuracy and precision of PIPx 17:0/20:4 in HeLa cells based on precursor
(n=9)

Accuracy and

Precision. % PI(3)P PI(4)P PI(5)P PI(3,4)P2 PI(3,5)P2 PI(4,5)P2 PI(3,4,5)P3
, /0
QC1 91.6+18.2 899+10.5 905+184 962+9.0 94.0+9.0 98.8+17.1 97.0+7.7
QC2 102.7+9.7 101+146 1024+6.5 1053+74 108.0+10.0 102.6=+2.8 101.1£9.7
QC3 1148+12.6 1052+12.0 111.8+£64 979+11.0 982+13.6 99.5+10.1 96.9 +12.2
QC4 1003+119 97.8+9.3 97.8+74 101.0+11.4 103.1+54 103.8+113 1052=+11.4

Concentrations of surrogate standards for QC levels were the same as table S4.
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Table S19 | Linearity and sensitivity of PIPx 17:0/20:4 in plasma based on precursor

PIPx in HeLa Concentration range, nM Linear equation r LOQ, nM
PI(3)P 50.5-1013.0 y=0.00377x + 0.16107  0.9937 50.5
PI(5)P 50.5-1013.0 y =0.00303x + 0.04981 0.9950 50.5
PI(4)P 50.5-1013.0 y=0.00109x + 0.09848 0.9865 50.5

PI(3,5)P2 46.0 - 922.4 y=0.01383x - 0.03344  0.9948 46.0
PI(3,4)P2 46.0 - 922.4 y=0.01229x - 0.06463  0.9938 46.0
PI(4,5)P2 46.0 - 922.4 y=0.01180x + 0.06554 0.9993 46.0
PI(3,4,5)P3 42.5 - 846.6 y=0.00109x + 0.00281 0.9742 42.5

Table S20 | Intra-batch accuracy and precision of PIPx 17:0/20:4 in plasma based on precursor (n=9)

Accuracy and

Precision. % PI(3)P PI(4)P PI(5)P PI(3,4)P2 PI(3,5)P2 PI(4,5)P2 PI(3,4,5)P3
, /0
QC1 102.7+6.5 90.8+18.1 89.5+8.6 96.5+10.0 103.3+39 1003+175 111.6+12.2
QC2 103.8+82 1125+93 1043+144 992+10.7 100.9+10.4 99.5+4.1 88.0+12.1
QC3 113.0+£7.1 1158+88 103.5+11.7 106.8+104 1043+2.1 102.6 £5.8 108.8 £23.5
QC4 97.6+13.1 99.1+£7.7 98.8 +14.7 102.5+6.6 101.0+122 103.2+89 96.5+15.1

Concentrations of surrogate standards for QC levels were the same as table S4.
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Table S21 | Estimated concentration of PIPx in NIST SRM 1950 plasma (n= 3, technical replicates)

Nr. PIPx Formula  Methylated Formula F"t‘g;“g;‘: A Rt, min omolit gg:f"p aerma
1 PI(3)P 34:1 C43H82016P2 C46H88016P2 577.51904 6.84 2.2+0.2
2 PI(3)P 34:2 C43H80016P2 C46H86016P2 575.50339 6.69 1.7+0.3
3 PI(3)P 36:1 C45H86016P2 C48H92016P2 605.55034 7.18 25207
4 PI(3)P 36:2 C45H84016P2 C48H90016P2 603.53469 7.03 49+04
5 PI(3)P 36:3 C45H82016P2 C48H88016P2 601.51904 6.83 1.4+0.1
6 PI(3)P 36:4 C45H80016P2 C48H86016P2 599.50339 6.70 1.9+0.2
7 PI(3)P 38:3 C47H86016P2 C50H92016P2 629.55034 717 46+1.1
8 PI(3)P 38:4 C47H84016P2 C50H90016P2 627.53469 7.02 20.8+2.1
9 PI(3)P 38:5 C47H82016P2 C50H88016P2 625.51904 6.88 3.3+£0.3
10 PI(3)P 40:5 C49H86016P2 C52H92016P2 653.55034 7.28 0.9+0.1
11 PI(5)P 34:1 C43H82016P2 C46H88016P2 577.51904 6.96 1.1+0.2
12 PI(5)P 34:2 C43H80016P2 C46H86016P2 575.50339 6.79 1.0+0.2
13 PI(5)P 36:1 C45H86016P2 C48H92016P2 605.55034 7.31 2409
14 PI(5)P 36:2 C45H84016P2 C48H90016P2 603.53469 7.13 3.5%+0.3
15 PI(5)P 36:3 C45H82016P2 C48H88016P2 601.51904 6.91 1+0.2
16 PI(5)P 36:4 C45H80016P2 C48H86016P2 599.50339 6.77 1.5+0.3
17 PI(5)P 38:2 C47H88016P2 C50H94016P2 631.56599 7.56 57%+5.5
18 PI(5)P 38:3 C47H86016P2 C50H92016P2 629.55034 7.35 47125
19 PI(5)P 38:4 C47H84016P2 C50H90016P2 627.53469 7.20 148+22
20 PI(5)P 38:5 C47H82016P2 C50H88016P2 625.51904 6.97 1.8+0.3
21 PI(5)P 40:3 C49H90016P2 C52H96016P2 657.58164 7.73 21+15
22 PI(5)P 40:5 C49H86016P2 C52H92016P2 653.55034 7.42 16104
23 P1(4)P 34:1 C43H82016P2 C46H88016P2 577.51904 7.13 53+1.8
24 PI(4)P 34:2 C43H80016P2 C46H86016P2 575.50339 6.96 43+0.9
25 P1(4)P 36:1 C45H86016P2 C48H92016P2 605.55034 7.52 12.1+6.4
26 P1(4)P 36:2 C45H84016P2 C48H90016P2 603.53469 7.31 13+5.1
27 P1(4)P 36:3 C45H82016P2 C48H88016P2 601.51904 7.1 35+09
28 P1(4)P 36:4 C45H80016P2 C48H86016P2 599.50339 6.96 32204
29 PI(4)P 38:2 C47H88016P2 C50H94016P2 631.56599 7.70 18.8+14
30 PI(4)P 38:3 C47H86016P2 C50H92016P2 629.55034 7.50 18.3 £ 9.1
31 PI(4)P 38:4 C47H84016P2 C50H90016P2 627.53469 7.33 43.6 £ 3.6
32 PI(4)P 38:5 C47H82016P2 C50H88016P2 625.51904 7.13 48+04
33 PI(4)P 39:3 C48H88016P2 C51H94016P2 643.56599 7.68 1.4+1.2
34 P1(4)P 40:2 C49H92016P2 C52H98016P2 659.59729 8.11 1.1+0.8
35 P1(4)P 40:3 C49H90016P2 C52H96016P2 657.58164 7.89 8.7+6.4
36 P1(4)P 40:4 C49H88016P2 C52H94016P2 655.56599 7.70 84+34
37 P1(4)P 40:5 C49H86016P2 C52H92016P2 653.55034 7.54 3.3+£0.3
38 PI(3,5)P2 34:1 C43H83019P3 C48H93019P3 577.51904 6.75 0.8+0.2
39 PI(3,5)P2 34:2 C43H81019P3 C48H91019P3 575.50339 6.59 1.0+0.2
40 PI(3,5)P2 36:1 C45H87019P3 C50H97019P3 605.55034 7.07 09+04
41 PI(3,5)P2 36:2 C45H85019P3 C50H95019P3 603.53469 6.90 15205
42 PI(3,5)P2 36:3 C45H83019P3 C50H93019P3 601.51904 6.74 0.5+01
43 PI(3,5)P2 36:4 C45H81019P3 C50H91019P3 599.50339 6.60 0.6+0.1
44 PI(3,5)P2 38:4 C47H85019P3 C52H95019P3 627.53469 6.92 16104
45 PI(3,5)P2 38:5 C47H83019P3 C52H93019P3 625.51904 6.87 1.2+0.3
46 PI(3,4)P2 34:1 C43H83019P3 C48H93019P3 577.51904 6.94 1.5+0.2
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47 PI1(3,4)P2 34:2 C43H81019P3 C48H91019P3 575.50339 6.81 1.1+£05
48 PI1(3,4)P2 36:1 C45H87019P3 C50H97019P3 605.55034 7.28 16+0.6
49 PI1(3,4)P2 36:2 C45H85019P3 C50H95019P3 603.53469 7.10 1.9+0.6
50 PI1(3,4)P2 36:3 C45H83019P3 C50H93019P3 601.51904 6.96 12+04
51 PI1(3,4)P2 36:4 C45H81019P3 C50H91019P3 599.50339 6.74 1.1+£0.1
52 PI1(3,4)P2 38:2 C47H89019P3 C52H99019P3 631.56599 7.49 40+25
53 PI1(3,4)P2 38:4 C47H85019P3 C52H95019P3 627.53469 7.10 28+03
54 PI1(3,4)P2 38:5 C47H83019P3 C52H93019P3 625.51904 6.93 1.7+£0.3
55 PI1(3,4)P2 40:2 C49H93019P3 C54H103019P3 659.59729 7.88 44 +3.1
56 P1(4,5)P2 34:1 C43H83019P3 C48H93019P3 577.51904 713 42+22
57 P1(4,5)P2 34:2 C43H81019P3 C48H91019P3 575.50339 6.95 22+09
58 P1(4,5)P2 36:1 C45H87019P3 C50H97019P3 605.55034 7.50 8.0+£5.0
59 P1(4,5)P2 36:2 C45H85019P3 C50H95019P3 603.53469 7.28 6.3+3.8
60 P1(4,5)P2 36:3 C45H83019P3 C50H93019P3 601.51904 7.10 1.8+0.6
61 P1(4,5)P2 36:4 C45H81019P3 C50H91019P3 599.50339 6.96 1.0+£0.1
62 P1(4,5)P2 38:2 C47H89019P3 C52H99019P3 631.56599 7.68 16.0 £ 10.2
63 P1(4,5)P2 38:3 C47H87019P3 C52H97019P3 629.55034 7.49 94+53
64 P1(4,5)P2 38:4 C47H85019P3 C52H95019P3 627.53469 7.32 7.7+038
65 P1(4,5)P2 38:5 C47H83019P3 C52H93019P3 625.51904 713 1.4+0.1
66 P1(4,5)P2 39:3 C48H89019P3 C53H99019P3 643.56599 7.68 1.1+£0.6
67 P1(4,5)P2 40:2 C49H93019P3 C54H103019P3 659.59729 8.07 1.3+£0.7
68 P1(4,5)P2 40:3 C49H91019P3 C54H101019P3 657.58164 7.88 6.0+4.2
69 P1(4,5)P2 40:4 C49H89019P3 C54H99019P3 655.56599 7.69 32+16
70 P1(4,5)P2 40:5 C49H87019P3 C54H97019P3 653.55034 7.53 0.8+0.1
71 PI1(3,4,5)P3 34:1 C43H84022P4 C50H98022P4 577.51904 6.71 0.8+0.6
72 PI(3,4,5)P3 34:2 C43H82022P4 C50H96022P4 575.50339 6.58 1.3+0.8
73 PI(3,4,5)P3 36:2 C45H86022P4 C52H100022P4 603.53469 6.90 1.0+£0.7
74 PI(3,4,5)P3 36:3 C45H84022P4 C52H98022P4 601.51904 6.73 05+04
75 PI(3,4,5)P3 36:4 C45H82022P4 C52H96022P4 599.50339 6.57 05+04
76 PI(3,4,5)P3 38:4 C47H86022P4 C54H100022P4 627.53469 7.04 06+04
77 PI(3,4,5)P3 38:5 C47H84022P4 C54H98022P4 625.51904 6.90 0.8+05

MS tolerance was set 10 ppm. Retention time window was set 0.4 min.
Table S22 | Estimated concentration of PIPx in pichia pastoris (n= 3, biological replicates)

Nr. PIPX Formula  Methylated Formula F’?g;‘gi’: A Rt, min omol /5§$3°5’iomass
1 PI(3)P 32:0 C41H80016P2 C44H86016P2 551.50339 6.79 1.5+0.3
2 PI(3)P 32:1 C41H78016P2 C44H84016P2 549.48774 6.57 10.1 £ 20
3 PI(3)P 32:2 C41H76016P2 C44H82016P2 547.47209 6.44 46+0.7
4 PI(3)P 33:1 C42H80016P2 C45H86016P2 563.50339 6.70 16.4 £ 4.1
5 PI(3)P 33:2 C42H78016P2 C45H84016P2 561.48774 6.58 6.3+1.5
6 PI(3)P 34:1 C43H82016P2 C46H88016P2 577.51904 6.84 323.9+27.2
7 PI(3)P 34:2 C43H80016P2 C46H86016P2 575.50339 6.71 336 +12.5
8 PI(3)P 34:3 C43H78016P2 C46H84016P2 573.48774 6.61 55.4 +13.5
9 PI(3)P 34:4 C43H76016P2 C46H82016P2 571.47209 6.46 20+0.6
10 PI(3)P 35:1 C44H84016P2 C47H90016P2 591.53469 7.00 33.6+9.7
11 PI(3)P 35:2 C44H82016P2 C47H88016P2 589.51904 6.86 66.0 + 18.1
12 PI(3)P 35:3 C44H80016P2 C47H86016P2 587.50339 6.70 92+18
13 PI(3)P 36:2 C45H84016P2 C48H90016P2 603.53469 7.00 157.8 +47.4
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14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

PI(3)P 36:3
PI(3)P 36:4
PI(4)P 32:0
PI(4)P 32:1
PI(4)P 32:2
PI(4)P 33:1
PI(4)P 33:2
PI(4)P 34:1
PI(4)P 34:2
PI(4)P 34:3
PI(4)P 34:4
PI(4)P 35:1
PI(4)P 35:2
PI(4)P 35:3
PI(4)P 36:2
PI(4)P 36:3
PI(4)P 36:4
PI(4)P 38:2
PI(5)P 36:0
PI(3,5)P2 32:1
PI(3,5)P2 33:1
PI(3,5)P2 33:2
PI(3,5)P2 34:1
PI(3,5)P2 34:2
PI(3,5)P2 35:1
PI(3,5)P2 35:2
PI(3,5)P2 36:1
PI(3,5)P2 36:2
PI(3,5)P2 36:3
PI(3,4)P2 32:0
PI(3,4)P2 32:1
PI(3,4)P2 33:1
PI(3,4)P2 33:2
PI(3,4)P2 34:1
PI(3,4)P2 34:2
PI(3,4)P2 35:1
PI(3,4)P2 35:2
PI(3,4)P2 36:0
PI(3,4)P2 36:1
PI(3,4)P2 36:2
PI(3,4)P2 36:3
PI(3,4)P2 38:2
PI(4,5)P2 32:0
PI(4,5)P2 32:1
PI(4,5)P2 32:2
PI(4,5)P2 33:1
PI(4,5)P2 33:2
PI(4,5)P2 34:1
PI(4,5)P2 34:2
PI(4,5)P2 34:3

C45H82016P2
C45H80016P2
C41H80016P2
C41H78016P2
C41H76016P2
C42H80016P2
C42H78016P2
C43H82016P2
C43H80016P2
C43H78016P2
C43H76016P2
C44H84016P2
C44H82016P2
C44H80016P2
C45H84016P2
C45H82016P2
C45H80016P2
C47H88016P2
C45H88016P2
C41H79019P3
C42H81019P3
C42H79019P3
C43H83019P3
C43H81019P3
C44H85019P3
C44H83019P3
C45H87019P3
C45H85019P3
C45H83019P3
C41H81019P3
C41H79019P3
C42H81019P3
C42H79019P3
C43H83019P3
C43H81019P3
C44H85019P3
C44H83019P3
C45H89019P3
C45H87019P3
C45H85019P3
C45H83019P3
C47H89019P3
C41H81019P3
C41H79019P3
C41H77019P3
C42H81019P3
C42H79019P3
C43H83019P3
C43H81019P3
C43H79019P3

C48H88016P2
C48H86016P2
C44H86016P2
C44H84016P2
C44H82016P2
C45H86016P2
C45H84016P2
C46H88016P2
C46H86016P2
C46H84016P2
C46H82016P2
C47H90016P2
C47H88016P2
C47H86016P2
C48H90016P2
C48H88016P2
C48H86016P2
C50H94016P2
C48H94016P2
C46H89019P3
C47H91019P3
C47H89019P3
C48H93019P3
C48H91019P3
C49H95019P3
C49H93019P3
C50H97019P3
C50H95019P3
C50H93019P3
C46H91019P3
C46H89019P3
C47H91019P3
C47H89019P3
C48H93019P3
C48H91019P3
C49H95019P3
C49H93019P3
C50H99019P3
C50H97019P3
C50H95019P3
C50H93019P3
C52H99019P3
C46H91019P3
C46H89019P3
C46H87019P3
C47H91019P3
C47H89019P3
C48H93019P3
C48H91019P3
C48H89019P3

601.51904
599.50339
551.50339
549.48774
547.47209
563.50339
561.48774
577.51904
575.50339
573.48774
571.47209
591.53469
589.51904
587.50339
603.53469
601.51904
599.50339
631.56599
607.56599
549.48774
563.50339
561.48774
577.51904
575.50339
591.53469
589.51904
605.55034
603.53469
601.51904
551.50339
549.48774
563.50339
561.48774
577.51904
575.50339
591.53469
589.51904
607.56599
605.55034
603.53469
601.51904
631.56599
551.50339
549.48774
547.47209
563.50339
561.48774
577.51904
575.50339
573.48774

6.82
6.71
7.05
6.81
6.68
6.97
6.83
7.12
6.96
6.85
6.69
7.34
7.16
6.93
7.31
7.09
6.93
7.70
7.52
6.51
6.65
6.53
6.79
6.66
6.90
6.80
7.07
6.92
6.77
6.82
6.68
6.82
6.66
6.98
6.82
7.17
6.92
7.53
7.32
7.1
6.94
7.50
7.01
6.82
6.68
6.97
6.83
7.14
6.98
6.87

126.4 + 38.6
447 £9.2
0.3+0.1
121 +£3.2
44+09
28+0.2
1.9+0.3

225.0 +22.1

300.6 + 34.3
60.1 £ 14.1
1.9+04
46+0.2
6.3+0.5
3.9+09
65.8 £13.7
40.3+8.8

138.7 +33.2
1.0+0.2
40+10
0.3+0.1
04+0.0
02+0.0
155+4.2
149+35
1.5+04
20+£05
27+06
59+12
28+05
09+03
20+£04
26+1.0
0.6 0.1
944 +22.4
55.7+22.8
5123
2704
144 +47
143+5.5
92+24
5411
1.1+£0.0
06+0.2
6.4+20
22+05
48+15
3.1+08
62.5+25
65.3+3.5
28.3+8.1
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64 Pl(4,5)P2 34:4 C43H77019P3 C48H87019P3 571.47209 6.70 1.1+£0.2

65 P1(4,5)P2 35:1 C44H85019P3 C49H95019P3 591.53469 7.32 104 £ 41

66 Pl(4,5)P2 35:2 C44H83019P3 C49H93019P3 589.51904 7.16 11.2+4A1

67 Pl(4,5)P2 35:3 C44H81019P3 C49H91019P3 587.50339 6.96 21+04

68 P1(4,5)P2 36:1 C45H87019P3 C50H97019P3 605.55034 7.52 449 + 11

69 Pl(4,5)P2 36:2 C45H85019P3 C50H95019P3 603.53469 7.34 40+ 104

70 Pl(4,5)P2 36:3 C45H83019P3 C50H93019P3 601.51904 712 17.2+46

71 Pl(4,5)P2 36:4 C45H81019P3 C50H91019P3 599.50339 6.96 9.9+27

72 P1(4,5)P2 36:5 C45H79019P3 C50H89019P3 597.48774 6.85 55+1.6

73 P1(4,5)P2 36:6 C45H77019P3 C50H87019P3 595.47209 6.75 1.2+0.2

74 P1(4,5)P2 37:1 C46H89019P3 C51H99019P3 619.56599 7.72 04+0.0

75 Pl(4,5)P2 38:2 C47H89019P3 C52H99019P3 631.56599 7.69 22+0.5

76 PI1(3,4,5)P3 34:1 C43H84022P4 C50H98022P4 577.51904 6.86 3.7+14

77 PI(3,4,5)P3 34:2 C43H82022P4 C50H96022P4 575.50339 6.73 52+18

78 P1(3,4,5)P3 34:3 C43H80022P4 C50H94022P4 573.48774 6.53 05+0.2

79 P1(3,4,5)P3 35:2 C44H84022P4 C51H98022P4 589.51904 6.84 0.3+0.1

80 P1(3,4,5)P3 35:3 C44H82022P4 C51H96022P4 587.50339 6.65 0.1+£0.1

81 P1(3,4,5)P3 36:3 C45H84022P4 C52H98022P4 601.51904 6.81 3.0£09

82 PI(3,4,5)P3 36:4 C45H82022P4 C52H96022P4 599.50339 6.74 71124

83 P1(3,4,5)P3 36:5 C45H80022P4 C52H94022P4 597.48774 6.64 59120

MS tolerance was set 10 ppm. Retention time window was set 0.4 min.
Table S23 | Estimated concentration of PIPx in cultured HeLa cells (n= 3, biological replicates)

Nr. PIPx Formula Methylated Formula Fre[lgrgln: A Rt, min pmol?lc.)(;‘ecé’cells
1 PI(3)P 32:1 C41H78016P2 C44H84016P2 549.48774 6.58 1.5+£0.2
2 PI(3)P 34:0 C43H84016P2 C46H90016P2 579.53469 7.00 1.6+0.2
3 PI(3)P 34:1 C43H82016P2 C46H88016P2 577.51904 6.88 11.2+0.6
4 PI(3)P 34:2 C43H80016P2 C46H86016P2 575.50339 6.69 56+0.7
5 PI(3)P 34:3 C43H78016P2 C46H84016P2 573.48774 6.55 0.7+01
6 PI(3)P 36:1 C45H86016P2 C48H92016P2 605.55034 7.25 52.6+6.2
7 PI(3)P 36:2 C45H84016P2 C48H90016P2 603.53469 7.00 32.8+3.3
8 PI(3)P 36:3 C45H82016P2 C48H88016P2 601.51904 6.85 58+0.2
9 PI(3)P 37:2 C46H86016P2 C49H92016P2 617.55034 7.19 0.7+0.2
10 PI(3)P 38:1 C47H90016P2 C50H96016P2 633.58164 7.65 33.2+8.6
11 PI(3)P 38:2 C47H88016P2 C50H94016P2 631.56599 7.36 42.3+3.2
12 PI(3)P 38:3 C47H86016P2 C50H92016P2 629.55034 7.21 59.5+5.8
13 PI(3)P 38:4 C47H84016P2 C50H90016P2 627.53469 6.99 142+1.3
14 PI(3)P 38:5 C47H82016P2 C50H88016P2 625.51904 6.88 3.2+0.7
15 PI(3)P 40:2 C49H92016P2 C52H98016P2 659.59729 7.74 50+04
16 PI(3)P 40:4 C49H88016P2 C52H94016P2 655.56599 7.33 6.5+0.6
17 PI(3)P 40:5 C49H86016P2 C52H92016P2 653.55034 7.15 1.5+£0.2
18 PI(5)P 32:0 C41H80016P2 C44H86016P2 551.50339 6.85 1.1+£0.1
19 PI(5)P 34:0 C43H84016P2 C46H90016P2 579.53469 717 3.6+0.6
20 PI(5)P 34:1 C43H82016P2 C46H88016P2 577.51904 6.99 9.7+0.8
21 PI(5)P 34:2 C43H80016P2 C46H86016P2 575.50339 6.82 8.2+09
22 PI(5)P 34:3 C43H78016P2 C46H84016P2 573.48774 6.65 09+0.2
23 PI(5)P 36:0 C45H88016P2 C48H94016P2 607.56599 7.56 64+29
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P 40:4
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PI(4
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,5
PI(3,4

~
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C45H86016P2
C45H84016P2
C45H82016P2
C45H80016P2
C46H86016P2
C47H90016P2
C47H86016P2
C47H84016P2
C48H88016P2
C49H92016P2
C49H88016P2
C49H86016P2
C41H80016P2
C41H78016P2
C43H84016P2
C43H82016P2
C43H80016P2
C43H78016P2
C45H88016P2
C45H86016P2
C45H84016P2
C45H82016P2
C45H80016P2
C46H86016P2
C47H90016P2
C47H88016P2
C47H86016P2
C47H84016P2
C47H82016P2
C48H88016P2
C48H86016P2
C49H92016P2
C49H88016P2
C49H86016P2
C51H90016P2
C41H81019P3
C41H79019P3
C43H85019P3
C43H83019P3
C43H81019P3
C43H79019P3
C45H87019P3
C45H85019P3
C45H83019P3
C47H89019P3
C47H87019P3
C47H85019P3
C47H83019P3
C49H89019P3
C41H81019P3

C48H92016P2
C48H90016P2
C48H88016P2
C48H86016P2
C49H92016P2
C50H96016P2
C50H92016P2
C50H90016P2
C51H94016P2
C52H98016P2
C52H94016P2
C52H92016P2
C44H86016P2
C44H84016P2
C46H90016P2
C46H88016P2
C46H86016P2
C46H84016P2
C48H94016P2
C48H92016P2
C48H90016P2
C48H88016P2
C48H86016P2
C49H92016P2
C50H96016P2
C50H94016P2
C50H92016P2
C50H90016P2
C50H88016P2
C51H94016P2
C51H92016P2
C52H98016P2
C52H94016P2
C52H92016P2
C54H96016P2
C46H91019P3
C46H89019P3
C48H95019P3
C48H93019P3
C48H91019P3
C48H89019P3
C50H97019P3
C50H95019P3
C50H93019P3
C52H99019P3
C52H97019P3
C52H95019P3
C52H93019P3
C54H99019P3
C46H91019P3

605.55034
603.53469
601.51904
599.50339
617.55034
633.58164
629.55034
627.53469
643.56599
659.59729
655.56599
653.55034
551.50339
549.48774
579.53469
577.51904
575.50339
573.48774
607.56599
605.55034
603.53469
601.51904
599.50339
617.55034
633.58164
631.56599
629.55034
627.53469
625.51904
643.56599
641.55034
659.59729
655.56599
653.55034
681.58164
551.50339
549.48774
579.53469
577.51904
575.50339
573.48774
605.55034
603.53469
601.51904
631.56599
629.55034
627.53469
625.51904
655.56599
551.50339

7.34
7.14
6.97
6.77
7.34
7.74
7.35
7.1
7.57
7.95
7.50
7.31
7.04
6.84
7.42
717
6.96
6.81
7.84
7.55
7.31
7.13
6.98
7.52
8.02
7.74
7.53
7.31
7.14
7.74
7.48
8.14
7.72
7.49
7.85
6.65
6.53
6.97
6.79
6.63
6.52
7.09
6.90
6.78
7.24
7.09
6.91
6.76
7.22
6.84

53.4 +9.2
39.0+22
7.3+0.8
3.6 +0.6
0.7+0.1
71.2+43.6
95.0+18.4
146 £1.1
1.5+0.2
259+16
9.0+1.1
2104
2301
11.0£1.0
8.8+0.7
86.8 +2.5
52.2+1.8
3.3+0.3
18.1£3.2
327.8 £22.4
3224 +17.6
449+3.8
3.5%0.1
23+0.0
39.5+6.6
408.3 +55.3
420.6 £ 30.9
118.4 +10.7
74+07
7.5+0.6
1.7+04
23511
72.0+31
10.6 £ 0.6
1.9+0.2
0.3+0.1
0.7+0.2
05+0.2
45+07
27+02
0.3+0.1
10.5+1.1
13.2+1.0
28+0.2
13.6+1.0
236+%19
6.2+12
0.4+0.1
27+01
1.9+£0.2
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17
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120
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PI(3,4)P2 34:1
PI(3,4)P2 34:3
PI(3,4)P2 36:0
PI(3,4)P2 36:1
PI(3,4)P2 36:2
PI(3,4)P2 36:3
PI(3,4)P2 38:1
PI(3,4)P2 38:2
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PI(4,5)P2 32:1
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PI(4,5)P2 37:2
PI(4,5)P2 38:1
PI(4,5)P2 38:2
PI(4,5)P2 38:3
PI(4,5)P2 38:4
PI(4,5)P2 38:5
PI(4,5)P2 39:3
PI(4,5)P2 39:4
PI(4,5)P2 40:1
PI(4,5)P2 40:2
PI(4,5)P2 40:3
PI(4,5)P2 40:4
PI(4,5)P2 40:5
PI(4,5)P2 42:5
PI(3,4,5)P3 32:1
PI(3,4,5)P3 34:1
PI(3,4,5)P3 34:2
PI(3,4,5)P3 36:3
PI(3,4,5)P3 36:4
PI(3,4,5)P3 38:2
PI(3,4,5)P3 38:3
PI(3,4,5)P3 38:5

— — — ~— — ~—

C41H79019P3
C43H85019P3
C43H83019P3
C43H79019P3
C45H89019P3
C45H87019P3
C45H85019P3
C45H83019P3
C47H91019P3
C47H89019P3
C47H87019P3
C47H85019P3
C47H83019P3
C49H95019P3
C49H93019P3
C41H81019P3
C41H79019P3
C43H85019P3
C43H83019P3
C43H81019P3
C43H79019P3
C45H89019P3
C45H87019P3
C45H85019P3
C45H83019P3
C45H81019P3
C46H87019P3
C47H91019P3
C47H89019P3
C47H87019P3
C47H85019P3
C47H83019P3
C48H89019P3
C48H87019P3
C49H95019P3
C49H93019P3
C49H91019P3
C49H89019P3
C49H87019P3
C51H91019P3
C41H80022P4
C43H84022P4
C43H82022P4
C45H84022P4
C45H82022P4
C47H90022P4
C47H88022P4
C47H84022P4

C46H89019P3
C48H95019P3
C48H93019P3
C48H89019P3
C50H99019P3
C50H97019P3
C50H95019P3
C50H93019P3
C52H101019P3
C52H99019P3
C52H97019P3
C52H95019P3
C52H93019P3
C54H105019P3
C54H103019P3
C46H91019P3
C46H89019P3
C48H95019P3
C48H93019P3
C48H91019P3
C48H89019P3
C50H99019P3
C50H97019P3
C50H95019P3
C50H93019P3
C50H91019P3
C51H97019P3
C52H101019P3
C52H99019P3
C52H97019P3
C52H95019P3
C52H93019P3
C53H99019P3
C53H97019P3
C54H105019P3
C54H103019P3
C54H101019P3
C54H99019P3
C54H97019P3
C56H101019P3
C48H94022P4
C50H98022P4
C50H96022P4
C52H98022P4
C52H96022P4
C54H104022P4
C54H102022P4
C54H98022P4

549.48774
579.53469
577.51904
573.48774
607.56599
605.55034
603.53469
601.51904
633.58164
631.56599
629.55034
627.53469
625.51904
661.61294
659.59729
551.50339
549.48774
579.53469
577.51904
575.50339
573.48774
607.56599
605.55034
603.53469
601.51904
599.50339
617.55034
633.58164
631.56599
629.55034
627.53469
625.51904
643.56599
641.55034
661.61294
659.59729
657.58164
655.56599
653.55034
681.58164
549.48774
577.51904
575.50339
601.51904
599.50339
631.56599
629.55034
625.51904

6.67
717
6.96
6.65
7.55
7.31
7.13
6.93
7.72
7.53
7.29
7.14
6.88
8.12
7.92
7.02
6.84
7.37
7.16
6.96
6.82
7.67
7.54
7.31
7.13
6.99
7.52
7.93
7.72
7.53
7.31
7.15
7.73
7.50
8.40
8.11
7.92
7.72
7.50
7.87
6.62
6.91
6.73
6.87
6.76
7.27
7.16
6.88

0.8+0.1
74+0.9
53+0.7
0.8+0.1
204 +3.7
39.2+127
13.1£4.7
1.8+0.2
759+89
121.9+53
33.9+10.6
6.7+2.1
1.3+0.3
3.9+0.2
226+3
0.8+0.1
40+0.2
1.2+01
31.9+3
204 +£21
1.2+01
24+08
73.6 9.7
77.1+9.38
171+17
1.3+£0.0
0.8+0.1
59+05
83.0+10.8
85.7+11.4
352+22
23+03
1.9+01
0.6 +0.0
0.6+0.0
94+04
57.9+8.0
17.3+1.3
3.1+03
0.7+0.0
0.2+0.1
1.1+£03
1.2+05
0.4+0.1
0.6+0.3
0.2+0.1
0.5+0.2
0.2+0.1

MS tolerance was set 10 ppm. Retention time window was set 0.4 min.
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Figure S1 | Product ion spectra of regioisomers of methylated 17:0/20:4 PIP and PIP2 (positive ESI
mode). (A) PI(3)P. (B) PI(5)P. (C) PI(3,5)P2. (D) PI(3,4)P2. No extra characteristic fragments besides
fragment A and B (described in main document) were found for the different regioisomers.
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Figure S2 | MS fragmentation in negative ESI mode. (A) Fragmentation reactions of methylated PIPx
in negative mode. (B-C) Product ion spectra of 17:0/20:4 PI and PIP. (D-E) Overlap of chromatogram
in positive and negative mode. Although fragments arising from fatty acyl chains were observed in
negative mode, ionization efficiency was significantly lower compared to that in positive mode.
Signals of PIP2 and PIP3 are not shown due to low signal intensity.
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Figure S3 | Flow injection analysis (FIA) results of original PIP 17:0/20:4 regioisomers. Single charge

ions were taken for measurement. Mobile phase: 10mM ammonium formate in 50% methanol in

water. Flow 0.5 mL/min. MS parameters: TOFMS scan 50 — 1250, negative mode, CUR 30, Gas1 40,

Gas2 50, Voltage -3500V, temperature 500 °C, DP -70V, CE -10V, accumulation time 500 ms.
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Figure S4 | Flow injection analysis (FIA) results of original PIP2 17:0/20:4 regioisomers and PIP3.
Double charged ions were taken for measurement. Mobile phase: 10mM ammonium formate in 50%
methanol in water. Flow 0.5 mL/min. MS parameters: TOFMS scan 50 — 1250, negative mode, CUR
30, Gasl 40, Gas2 50, Voltage -3500V, temperature 500 °C, DP -70V, CE -10V, accumulation time
500 ms.
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Figure S5 | Methylation efficiency of PIPx 17:0/20:4. Data was acquired using single standards of
PIPx. (A) comparison between PIPx with different degrees of phosphorylation (t test, p value adjusted

by Bonferroni-Holm method, ns: adjusted p value > 0.05,

*%%%: adjusted p value < le-4). Mean value

of methylation efficiency was labeled for each group. (B) comparison between PIPx with different
regioisomers (t test, p value adjusted by Bonferroni-Holm method, ns: adjusted p value > 0.05, ****:
adjusted p value < 1e-4). Mean value of methylation efficiency was labeled for each group.
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Figure S7 | Evaluation of in source fragmentation risk using 17:0/20:4 PIPx standards with three different declustering potential values. (A-D) Chromatograms of PI, PI(3)P,
PI(5)P, PI(4)P, PI(3,5)P2, PI1(3,4)P2, P1(4,5)P2 and PI(3,4,5)P3. (E-G) PI extracted from single standard sample of PIP isomers. (H-J) PIP extracted from single standard
sample of PIP2 isomers. (K-M) PI extracted from single standard sample of PIP2 isomers. (n-p) PI, PIP and PIP2 extracted from single standard sample of PI(3,4,5)P3. Under
varied DP values, there was no significant trend found in intensity of extracted signals. These extracted in source fragmentation signals exhibited the same retention times as
PIPx with less phosphates but not of the corresponding samples from which they would originate in case of in-source fragmentation, which indicates these signals stem from
impurities rather than in source fragmentation. For example, the PI peak in (E), (F) and (G) elute at 6.46, 6.47, 6.46 min which is the retention time of PI shown in (A), but do
not correspond to the retention times of PI(3)P (6.43 min), PI(5)P (6.53 min) and PI(4)P (6.66 min) at which the PI peak would be detected in case of its formation by in-
source fragmentation. Likewise, the retention times of PIP measured in PI(3,4)P2 (H) correspond to those of the three PIP constitutional isomers (B) and hence do not
originate from in-source fragmentation. The PIP peak in (I) also elutes later than its expected retention at 6.38 min for the in-source fragment from PI(3,5)P2. Since IP(4)P
and PI(4,5)P2 both elute at 6.66 and 6.65 min, respectively, it is inadequate for a proof, however, in analogy to (H) and (I) no in-source-fragmentation is expected. No peaks

are observed in (K) to (M) and (O) to (P) which means no insource fragmentations for the analytes injected in those examples. The PIP2 peaks in (N) correspond to the PIP2
regioisomers, but not the PIP3 retention time.

S19



PI(4,5)P2 17:0/20:4 / 6.31
(A) =80
e
x
Z 40| Pl@P17:0120:416.20
74 PI(3,4,5)P3 17:0/20:4 / 6.30
8 PI17:0/20:4/ 6.29
[=
= 0.0 - A = .
6.20 6.30 6.40 6.50
Time (min)
(B) PIP 17:0/20:4 mixture / 6.29
S 404 PIG)P 17:0/20:4/ 6.27
z PI(4)P 17:0/20:4/ 6.29
2
% 2.0
< PI(5)P 17:0/20:4/ 6.29
b=
= 0.0 . ' r v
6.20 6.30 6.40 6.50
Time (min)
12 PIP2 17:0/20:4 mixture / 6.30
< o5 PI(4,5)P2 17:0/20:4 / 6.31
> 1PI3,4)P217:0/20:4/ 6.28
(2]
s 04 )/ PI(3,5)P2 17:0/20:4 / 6.29
[=
0.0

6.20

6.30 6.40 6.50
Time (min)

Figure S8 | Selectivity of RPLC. (A) PIPx 17:0/20:4 with different phosphorylation degrees, (B) PIP

17:0/20:4 regioisomer standards and mixture and (C) PIP 17:0/20:4 regioisomer standards and

mixture were analyzed. Analysis was conducted on CSH C18 column (1.7 pm, 2.1x100mm) with 10
mM ammonium formate in water and methanol as eluent A and B, respectively. Column temperature

and flow rate were 50 °C and 0.5 mL/min. Eluent B was increased from 50% to 100% in 5 min

followed by a hold for 7 min. Afterwards, the gradient went back to initial conditions in 1 min and the

column equilibrated for 2 min.
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Figure S9 | Column screening with immobilized polysaccharide chiral columns: (A) Chirpak IB-U, (B) Chirpak IC-U, (C) Chirpak IA-U and (D) Chiralpak
IG-U. Screening experiments were performed with single PIPx standards and linear gradient. Eluents were 10 mM ammonium formate in water and methanol,
respectively, with a flow rate at 0.4 mL/min. Column temperature was consistently at 30 °C. Eluent B started from 20% to 100% in 5 min followed by a hold
at 100% B for 7 min. The gradient went back to initial conditions in 1 min and then the column was equilibrated for 2 min.
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Figure S11 | Extraction protocol comparison in (A) human plasma and (B) cultured HeLa cells. Fo
acidic extraction, the sample was homogenized and extracted with MTBE/MeOH/2N HCI (200:60
v/v/v). For the two-step extraction approach, the sample was homogenized and extracted first with
CH;Cl3/MeOH (1:2, v/v). After removal of the supernatant, the residue was extracted again with
MTBE/MeOH/2N HCI (200:60:13, v/v/v). All samples were submitted for methylation and
measurement in the same manner. Combined extraction was found to be favorable for PIPx,
especially for PIPx with more phosphates.
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Figure S12 | Chromatograms of stable isotope labeled standards: (A) PI(3)P 16:0/16:0-d62, (B)
PI(4,5)P2 16:0/16:0-d62 and (C) PI(3,4,5)P3 16:0/16:0-d62.
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Figure S13 | Isotope corrections. (A) Type I isotope correction caused by coelution and difference only in one unsaturation. (B) Type II isotope correction

resulting from ion ratio between monoisotopic peak intensity versus total ion intensity. (C) Representative MS2 spectra of PIP2 in HelLa cells.
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Figure S14 | Calibration curves of PIPx in cultured HeLa cells. Weighting 1/x was used.
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Figure S15 | Calibration curves of PIPx in human plasma. Weighting 1/x was used.
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Figure S16 | Representative chromatograms of PIPx 17:0/20:4. (A) Standards spiked at LOQs based

on fragment A before extraction in HeLa cell sample. (B) Unspiked sample (blue) with spiked

standards (pink) at LOQs based on fragment A, measured with narrowed SWATH window (5Da). (C)

Neat standard solution at LOQs based on fragment A measured with narrowed SWATH window
(5Da). (D) Standards spiked at LOQs based on fragment A before extraction in HeLa cell sample,
measured with recommended SWATH design (as listed in table S3, window width 12Da). (E)

Precursor chromatograms spiked at LOQs based on precursor before extraction in HeLa cell sample.
LOQs based on fragment A are listed in Table S4. LOQs based on the precursor are listed in Table

S15.
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Figure S17 | Comparison of different SWATH widths: (A) 5 Da, (B) 25 Da and (C) 12 Da. PIPx
17:0/20:4 standards were spiked at the same concentration level in the HeLa cells and measured
separately with different SWATH width, keeping the cycle time constant at 1s. Due to the
comprehensive acquisition by SWATH, we could extract different chromatograms (XIC, blue:
precursor, pink: fragment A and red: fragment B). Comparing the retention profiles of different XIC
chromatograms, the most suitable signal (tradeoff between specificity and sensitivity) can be taken for
further quantitation, e.g. in B) precursor ion (blue) for PIP and PIP2, and fragment ion A (pink) for
PIP3. SWATH design in table S3 is recommended for profiling due to the combination of coverage

and selectivity.
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Figure S18 | Representative PIPx in NIST SRM1950. (A) 38:4 PI(4)P was identified as 18:0/20:4
PI(4)P. (B) 38:4 PI(4,5)P2 was identified as 18:0/20:4 PI(4,5)P2. Chromatogram with MS2 spectra
were exported from MasterView. The retention time window was 0.4 min. MS2 chromatograms were
matched with MS1 chromatograms according to retention time profiles. Background subtraction was
performed automatically for corresponding MS2 spectra. Due to incomplete resolution between the
regioisomer peaks peak height was used for quantitative analysis which was less effected from partial
overlap. Peak cut in peak valley between neighboring peaks.
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Figure S19 | Representative PIPx in Pichia pastoris. (A) 34:2 PI(4)P was identified as 16:0/18:2
PI(4)P and 18:1/16:1 PI(4)P. (B) 34:2 PI(4,5)P2 was identified as 16:0/18:2 PI(4,5)P2 and 18:2/16:0
PI(4,5)P2. Chromatogram with MS2 spectra were exported from MasterView. The retention time

window was 0.4 min. MS2 chromatograms were matched with MS1 chromatograms according to

retention time profiles. Background subtraction was performed automatically for corresponding MS2
spectra. Due to incomplete resolution between the regioisomer peaks peak height was used for
quantitative analysis which was less effected from partial overlap. Peak cut in peak valley between

neighboring peaks.
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Figure S20 | Representative PIPx in cultured HeLa cells. (A) 38:3 PI(4)P was identified as 18:0/20:3
PI(4)P. (B) 18:3 PI(4,5)P2 was identified as 18:0/20:3 PI(4,5)P2. Chromatogram with MS2 spectra
were exported from MasterView. The retention time window was 0.4 min. MS2 chromatograms were
matched with MS1 chromatograms according to retention time profiles. Background subtraction was
performed automatically for corresponding MS2 spectra. Due to incomplete resolution between the
regioisomer peaks peak height was used for quantitative analysis which was less effected from partial
overlap. Peak cut in peak valley between neighboring peaks.
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Figure S21 | Representative PIPx in cultured HeLa cells. (A) PI(4)P 38:4 was identified as PI(4)P
18:1/20:3. (B) PI(4,5)P2 38:4 was identified as 18:1/20:4 PI(4,5)P2. Chromatogram with MS2 spectra
were exported from MasterView. The retention time window was 0.4 min. MS2 chromatograms were
matched with MS1 chromatograms according to retention time profiles. Background subtraction was
performed automatically for corresponding MS2 spectra. Due to incomplete resolution between the
regioisomer peaks peak height was used for quantitative analysis which was less effected from partial
overlap. Peak cut in peak valley between neighboring peaks.
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ABSTRACT

Inositol phosphates belong to a family of structurally diverse signaling molecules playing crucial role in
Ca®* release from intracellular storage vesicles. There are many possibilities of phosphorylation,
including their degree and position. Inositol (1,4,5) trisphosphate has been well recognized as the most
important second messenger among this family. It remains a challenge to analyse the entire inositol
phosphate metabolite family due to its structural complexity, high polarity, and high phosphate density.
In this study, we have established an improved UHPLC-ESI-MS/MS method based on a differential isotope
labelling methylation strategy. An SPE extraction kit composed of TiO2 and PTFE filter was employed for
sample preparation which provided good extraction performance. Samples were methylated (light label)
to neutralize the phosphate groups and give better performance in liquid chromatography. Regioisomers
and inositol phosphates differing in their number of phosphate residues were successfully separated
after optimization on a core-shell cholesterylether-bonded RP-type column (Cosmocore 2.6Cholester)
using methanol as organic modifier. Triple quadrupole MS detection was based on selected reaction
monitoring (SRM) acquisition with characteristic fragments. Stable isotope labeling methylation was
performed to generate internal standards (heavy label). Limits of quantification from 0.32 to 0.89 pmol
on column was achieved. This method was validated to be suitable for inositol phosphate profiling in
biological samples. After application in cultured HeLa cells, NIST SRM1950 plasma, and human platelets,
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distinct inositol profiles were obtained. This newly established method exhibited improved analytical
performance, holding the potential to advance the understanding of inositol phosphate signaling.

© 2021 Elsevier B.V. All rights reserved.

Abbreviations CE capillary electrophoresis
SIL, stable isotope labeled
IPx inositol phosphate(s) IS internal standard
IP1 inositol monophosphate TMSD (trimethylsilyl)diazomethane
P2 inositol bisphosphate PA perchloric acid
IP3 inositol trisphosphate PIP3 phosphoinositol trisphosphate
P4 inositol tetrakisphosphate IDA-EPI  information dependent acquisition with enhanced
IP5 inositol pentakisphosphate product ion scan
IP6 inositol hexakisphosphate DoE design of experiment
IP7 diphosphoinositol pentakisphosphate EIC extracted ion chromatogram
P8 bisdiphosphoinositol tetrakisphosphate AA acetic acid
DAG sn-1,2-diacylglycerol TCA trichloroacetic acid
PP-IPx inositol pyrophosphate MOAC metal oxide-based affinity chromatography
SAX-LC  strong anion-exchange liquid chromatography PTFE polytetrafluoroethylene
HILIC hydrophilic interaction liquid chromatography
1. Introduction pentakis-, and hexakis-phosphate are named according to their

Myo-inositol (hereafter I) is the predominant and most inten-
sively studied stereoisomer of inositol, a cyclohexane-1,2,3,4,5,6-
hexol (structure shown in Fig. 1) [1]. Arising from phosphoryla-
tion at hydroxy groups, myo-inositol phosphates (IPx) are formed.
The IPx family is diverse due to different positions and number (or
both) of phosphorylation. Inositol mono-, bis-, tris-, tetrakis-,

Pl(4)P

b oac

P
‘|(4p - ‘ (14)

IPx in Pl signaling system

phosphorylation degree, abbreviated as IP1, IP2, IP3, IP4, IP5, and
IP6. Apart from IP6, IPx (with X < 6) has many possibilities of
regioisomers. Among these, 1(1,4,5)P3 is found ubiquitously in eu-
karyotes. 1(1,4,5)P3 is generated together with sn-1,2-diacylglycerol
(DAG) via phospholipase C - mediated hydrolysis of phosphoino-
sitol-4,5-bisphosphate (PI(4,5)P2). 1(1,4,5)P3 is reported to induce
calcium release from intracellular stores, which could be
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Fig. 1. Inositol and inositol phosphates in phosphoinositol signaling system (inspired by Refs. [4—6]).
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terminated by two alternatives: hydrolysis of 1(1,4,5)P3 to I(1,4)P2
and phosphorylation of 1(1,4,5)P3 to 1(1,3,4,5)P4 [2,3]. As shown in
Fig. 1, starting from 1(1,4,5)P3, a highly complex and regulated
metabolic network can be constructed [4—6]. Inositol pyrophos-
phates (PP-IPx) are formed by further phosphorylation of phos-
phates of IPx [5,7]. Recently, we have developed a workflow to
analyse the phosphoinositide (PIPx) network [8]. For a full under-
standing of the phosphoinositide pathway, a method to analyse
1(1,4,5)P3 as well as the IPx family is required, so as to have a more
comprehensive metabolic information.

The analysis of the IPx family in biological samples has been
challenging due to its structural complexity, high charge density,
instability, and low abundance. Historically, IPx were commonly
analyzed by metabolic labelling, followed by strong anion-ex-
change chromatography (SAX-LC) [9—11]. This approach is sensitive
while requires labour- and time-consuming radio labelling as well
as specifically equipped laboratory. With the development of mass
spectrometry (MS) based metabolomics, LC-MS/MS has been more
and more widely adopted due to its sensitivity and selectivity [12].
Highly concentrated and non-volatile buffers that are required for
efficient elution from anion-exchangers make it difficult to hy-
phenate SAX-LC to MS. Further efforts have been directed towards
ion pairing reagents and were reported to have improved peak
shape and enhanced retention in reversed-phase (RP) LC [13,14].
However, ion suppression is inevitable with ion pairing approach in
ESI-MS detection. Moreover, hydrophilic interaction liquid chro-
matography (HILIC) has increasingly gained interest for polar ana-
lytes for metabolomics studies [15,16]. A HILIC approach was
established for IP6 and IP7 analysis [17]. Concentrated buffer
(300 mM ammonium carbonate, pH 10.5) was involved to obtain
minimal peak tailing. IP6 and IP7 were detected in MS with their
singly and doubly deprotonated forms. Recently, capillary electro-
phoresis (CE) MS was reported to separate inositol pyrophosphates
with significantly improved separation of regioisomers of PP-IPx, as
well as peak shape and sensitivity [ 18]. In-house synthesized stable
isotope labeled (SIL) (3Cg) IPx and PP-IPx were used as internal
standards. However, 1(1,4,5)P3 was not included in the both
abovementioned methods. To measure IPx with LC-MS/MS, in-
source fragmentation (ISF, i.e. cleavage of phosphate from higher
inositol phosphates) is the common problem. For this reason, there
is a higher requirement for the separation prior to ESI-MS detec-
tion. To compensate matrix effects in real samples, SIL compounds
are usually taken as internal standards (IS). The availability of
standards as well as internal standards has become the bottleneck
for IPx analysis. So far, an isomer-selective and instrument-friendly
method for IPx analysis is still missing.

Chemical derivatization is a powerful tool to address chal-
lenging analytes (reviewed in Refs. [19—21]). The derivatization
approach modifies the chemical structure of the analytes to
improve the analytical performance, including sensitivity, separa-
tion, stability, and the production of SIL compounds for IS becomes
possible. Ideally, derivatization methods should meet the following
requirements: (1) high and reproducible yield; (2) minimum gen-
eration of by-products; (3) negligible interference from derivati-
zation reagents and by products. Many problems in the analysis of
phosphorylated compounds (such as carry over, ISF, problems with
too weak (RP) or too strong retention (SAX-LC), etc.) arise from
phosphate groups. Therefore, a derivatization strategy targeting
phosphate groups is desired. Amidation and diazo reagents were
reported for phosphate derivatization. Derivatization with diazo-
methane and (trimethylsilyl)diazomethane (TMSD) stand out due
to their fast reaction speed, mild condition, ease of removal of re-
agents and by products. Compared with other derivatization re-
agents, methylation is more appealing as there is less space
resistance for complete conversion of multiple phosphates in close
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proximity such as in IPx [22,23].

Here, we introduce an advanced strategy using differential
isotope labelling by phosphate methylation combined with LC-MS/
MS for IPx analysis. A corresponding sample preparation method
was developed that allows sensitive and selective analysis in bio-
logical sample matrix. With differential isotope label methylation,
stable isotope labeled IPx were obtained as internal standards.
Methylated IPx were analyzed by reversed-phase liquid chroma-
tography with improved analytical performance. The regioisomer
of major interest, viz. (1,4,5)P3, was separated for the first time.
With this method, we were able to profile IPx (IP1 — IP6) in
different biological samples, including human plasma, cultured
Hela cells, and human platelets. This method also enables ana-
lysing the IPx profile upon specific compound treatment in cultured
HeLa cells in accordance to a targeted pharmacometabolomics
approach.

2. Materials and methods
2.1. Materials

Acetonitrile, methanol (MeOH) of Ultra LC-MS grade and zir-
conia/glass beads were supplied by Carl Roth (Karlsruhe, Germany).
Methanol-d4, ammonium hydroxide solution (NH40H, ~30% NH3
basis), ammonium formate (NH4FA), hydrochloric acid (HCI, ACS
reagent, 37%), hydrogen chloride solution (HCl, 3 M in methanol),
deuterium chloride solution (DCl, 35% in D20) and perchloric acid
(PA) were supplied by Sigma—Aldrich (Saint-Louis, MO, USA). Tri-
methylsilyl diazomethane (TMSD, 2 M in hexane) was obtained
from Acros Chemicals (supplied by VWR, Bruchsal, Germany).
Water (H20) was purified by a Purelab Ultra purification system
(ELGA LabWater, Celle, Germany).

2.2. IPx standards

D-myo-Inositol-1-phosphate sodium salt (I(1)P), D-myo-
Inositol-1,3-bisphosphate sodium salt (I(1,3)P2), D-myo-Inositol-
1,4-bisphosphate sodium salt (I(1,4)P2), D-myo-Inositol-1,5-
bisphosphate sodium salt (I(1,5)P2), D-myo-Inositol-1,3,5-
trisphosphate sodium salt (I(1,3,5)P3), D-myo-Inositol-1,3,4,5,6-
pentaphosphate ammonium salt (1(1,3,4,5,6)P5), D-myo-Inositol-
1,2,3,4,5,6-hexaphosphate sodium salt (myo-IP6), D-chiro-Inositol-
1,2,3,4,5,6-hexaphosphate sodium salt (chiro-IP6) and scyllo-
Inositol-1,2,3,4,5,6-hexaphosphate sodium salt (scyllo-IP6) were
purchased from Cayman Chemical (Ann Arbor, MI, USA). D-myo-
Inositol-1,3,4-trisphosphate ammonium salt (I(1,3,4)P3), D-myo-
Inositol-1,4,5-trisphosphate ammonium salt (1(1,4,5)P3) and D-
myo-Inositol-1,3,4,5-tetraphosphate ammonium salt (1(1,3,4,5)P4)
were obtained from Avanti Polar Lipids (Alabaster, AL, USA).

2.3. Sample preparation

2.3.1. Preparation of cultured HeLa cells

The human cervical HelLa cells adapted to serum free conditions
(AC free, ECACC 08011102) were grown in a humidified incubator at
37 °C with 5% CO2. Cells were fed with EX-CELL Hela serum free
media (Sigma Aldrich) with 2 mM r-glutamine (Sigma Aldrich), 12
units/mL penicillin and 12 pg/mL streptomycin until the cell density
reached around 2 x 108 cells/mL. Cell counting was performed in
triplicate with a hemocytometer. Aliquots of 107 HeLa cells were
transferred into 2 mL homogenization tubes and spun down for
5 min (100 g at 4 °C). After removing the supernatant, cell pellets
were washed twice with ice-cold Dulbecco's Phosphate Buffered
Saline (Sigma Aldrich) with repeated centrifugation. Cell samples
were snap frozen in liquid nitrogen and kept at —80 °C till use.
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2.3.2. Human platelet isolation

Human platelet samples were isolated from acid-citrate-
dextrose (ACD) anticoagulated (12.5 g sodium citrate, 6.82 g of
citric acid, 10 g glucose, 500 mL distilled water, adjusted to pH 4.69
with NaOH) (1:4) blood of healthy volunteers free of cardiovascular
risk factors and medications. Washed platelets were isolated as
previously described [24—26] and kept under resting condition
without subjecting them to further activation. This was done to
concentrate on the basal IPx profile of platelets from healthy do-
nors. Briefly blood was centrifuged at 190 g for 20 min without
break or acceleration. Platelet-rich plasma (PRP) was collected from
the upper 2/3 layer. PRP was diluted with Tyrodes-HEPES buffer
(2.5 mM HEPES, 150 mM Nacl, 1 mM KCl, 2.5 mM NaHCOs3, 0.36 mM
NaH,POy4, 5.5 mM glucose, 1 mg/mL BSA, pH 6.5) and centrifuged at
800 g for 10 min without break or acceleration. The platelet pellet
thus obtained was suspended in PBS (pH 7.4) supplemented with
CaCly. Platelet count was estimated with Sysmex®. Isolated platelet
suspension was snap frozen in liquid nitrogen and kept at —80 °C
till use. The study was carried out at the Dept. of Cardiology and
Angiology, University Hospital Tiibingen, in accordance to ethical
guidelines and approved by regional authorities (number 237/
2018B02).

2.3.3. IPx extraction

The extraction was performed as reported before with slight
modification [27,28]. Briefly, around 5 mg TiO2 was transferred into
centrifuge filter units after consecutive washing with H20 and
1 M PA solution. Samples were filled into homogenization tubes
(e.g., 107 HelLa cells or 2 x 108 human platelets). After adding 450 pL
pre-chilled 1 M PA solution and 0.15 g zirconia/glass beads, samples
were homogenized at 4 °C for 10 cycles (10 s per cycle, 6800 rpm,
pause 30 s) with Precellys Evolution with Cryolys Evolution using
dry ice cooling (Bertin Technologies, France). The samples were
then centrifuged for 5 min (16,100 g at 4 °C). The supernatant was
transferred into the centrifuge filter units with washed TiO2. After
shaking for 15 min (1000 rpm at 4 °C) followed by a centrifugation
step (3500 g at 4 °C for 1 min), the filtrate was discarded. Then,
300 puL of 100 mM HCl water solution was added for washing. After
shaking (1000 rpm at 4 °C for 1 min) and centrifugation (3500 g at
4 °C for 1 min), the filtrate was discarded. The washing step was
repeated once. Two-hundred-microliter 10% (v/v) NH40OH solution
was added for elution. After shaking (1000 rpm at 4 °C for 5 min)
and centrifugation (3500 g at 4 °C for 1 min), the filtrates were
combined and lyophilized prior to methylation.

2.3.4. Differential isotope labeling methylation

Samples and lyophilized IPx standards were reconstituted with
1 mM HCl in MeOH (light label) and 1 mM DCl in MeOH-d4 (heavy
label), respectively. Hundred-microliter of 2 M TMSD solution were
added. The samples were allowed to stand for 10 min at R.T. after
brief vortexing and fume releasing. The derivatization was
quenched by addition of 5 pL glacial acetic acid. Samples were dried
under N2 in an evaporator (Genevac EZ-2, around 2 h). Internal
standard solution was prepared by resuspending heavy labeled
standards at 250 ng/mL with MeOH/H20 (1:9, v/v). After recon-
stitution with 50 pL internal standard solution, facilitated by vor-
texing and sonication, samples were ready for LC-MS analysis.

2.4. UHPLC-ESI-QqQ-MS/MS analysis with SRM acquisition

Chromatographic separation was performed on a 1290 Infinity
UHPLC system (Agilent Technologies, Santa Clara, CA, USA) with a
core-shell COSMOCORE 2.6Cholester packed column (2.6 pm,
2.1 mm x 150 mm) (Nascalai Tesque, Kyoto, Japan) equipped with a
KrudKatcher Ultra HPLC in-line filter (0.5 pm) (Phenomenex,
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Table 1
SRM transitions with MS parameters (dt, dwell time; DP, declustering potential; EP,
entrance potential; CE, collision energy; CXP, collision cell exit potential).

IPx Q1 Q3 Dt DP,V EP, V CE, V CXP, V
IP-1 289.1 127 40 55 10 20 10
IP-2 289.1 109 40 55 10 50 10
IP2-1 397.1 127 40 60 10 25 10
1P2-2 397.1 109 40 60 10 55 10
IP3-1 505.1 127 40 80 10 45 15
IP3-2 505.1 109 40 80 10 80 15
IP4-1 613.1 127 40 90 10 70 15
1P4-2 613.1 109 40 90 10 95 15
IP5-1 721.1 127 40 110 10 80 15
IP5-2 721.1 109 40 110 10 100 15
IP6-1 829.1 127 40 120 10 105 15
IP6-2 829.1 109 40 120 10 130 15
IS IP1 293.1 131 40 55 10 20 10
IS IP2 405.1 131 40 60 10 25 10
IS IP3 517.1 131 40 80 10 45 15
IS IP4 629.1 131 40 90 10 70 15
IS IP5 741.1 113 40 110 10 100 15
IS IP6 853.2 113 40 120 10 130 15

Torrance, CA, USA). Mobile phase A and B were 10 mM ammonium
formate in water and methanol, respectively. The gradient elution
(0.0 min, 5% B; 3 min, 5% B; 9 min, 40% B; 10 min, 40% B; 10.1 min,
5% B; 15 min, 5% B) was carried out at a flow rate of 0.4 mL/min and
a constant column temperature of 60 °C. Injection volume was 5 pL.
MS detection was conducted with the above chromatographic
system hyphenated to a QTRAP4500 mass spectrometer with a
Turbo V source (Sciex, Framingham, MA, USA) operated with the
ESI probe. Ion source parameters were as follows: curtain gas (N2)
30 psi, nebulizer gas (zero grade air) 30 psi; heater gas (zero grade
air) 30 psi, ion source voltage +4500 V (positive mode) and source
temperature 500 °C. SRM transitions and compound-dependent
parameters for analytes and internal standards are summarized in
Table 1. The total cycle time was 810 ms.

2.5. Data processing

Analyst 1.7 was used for data acquisition and system control.
Commercially available software packages PeakView (Master View
included) and MultiQuant (Sciex, Framingham, MA, USA) were
involved in data processing. PeakView 2.2 was used for manual data
evaluation. MultiQuant 3.0 was used for peak integration, linear
regression and concentration calculation. Optimization data were
processed with MODDE 12.1 (Umetrics AB, Sweden). Statistical
analysis and visualization were performed with R language.

3. Results and discussion
3.1. MS behavior of IPx after phosphate methylation

The phosphatidylinositol signaling system is of central impor-
tance in many fundamental metabolic processes such as the PI3K-
Akt signaling pathway or the calcium signaling pathway down-
stream of phospholipase C activity. We recently proposed a work-
flow for the regioisomer-selective comprehensive PIPx analysis in
biological samples. Unfortunately, this method does not cover the
IPx family, which is however needed for a full understanding of
metabolic processes via the phosphatidylinositol signaling path-
ways, especially knowledge regarding alterations of 1(1,4,5)P3
concentrations is fundamental for biological interpretations of
processes like platelet activation. Like the PIPx analysis, due to high
density of phosphates the analysis of IPx also remains to be simi-
larly challenging. To overcome this problem, we herein developed a
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phosphate methylation method to improve its analytical perfor-
mance for the IPx family.

SRM coupled with mass spectrometry has become the golden
standard for targeted metabolomics, which integrates robustness,
wide dynamic range, sensitivity, and selectivity [29]. Previously, IPx
was usually measured by MS in negative ESI mode. Singly and
doubly deprotonated ion forms were reported as precursors while
m/z 97 (H2PO4") and m/z 79 (PO3") were observed as common
fragments of the IPx family [17,18,30]. TMSD was first applied for
the derivatization of phosphatidylinositol trisphosphate (PIP3)
with improved stability and electrospray ionization efficiency [23].
Following this strategy, various methods targeting lipophilic com-
pounds containing phosphate groups were established [31,32].
Unlike phospholipids, methylation of IPx with TMSD is challenging.
TMSD is insoluble in water and available in hexane or diethyl ether,
while IPx is hydrophilic due to its rich hydroxy and phosphate
groups. Therefore, we started our method development by
screening for suitable solvent (mixture). Upper layer of tert-butyl
methyl ether/methanol/water (10:3:2.5, v/v/v), lower layer of
chloroform/methanol/water (8:4:3, v/v/v), and methanol were
tested for a set of IPx standards including I(1)P, I(1,4)P2, I(1,4,5)P3,
and I(1,3,4,5)P4. To increase selectivity, pseudo SRM transitions (Q1
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equals to Q3), followed by information-dependent acquisition with
enhanced product ion scan (IDA-EPI) was used for measurement
(detailed method information can be found in the Supplementary
Text S1). Among low response of IPx with the tested solvents
(mixtures), methanol stood out with relatively higher response
(data not shown). Trimethylsilylation could occur as a competing
reaction to methylation. As reported, the presence of strong acid
could improve selectivity of methylation over trimethylsilylation
[33]. Hydrochloric acid (HCl) was tested as it is volatile to be
evaporated after reaction. As shown in Fig. 2, four tested IPx stan-
dards exhibited significant signals as compared to derivatization
blanks (tests performed in duplicates). In the tested RP-LC condi-
tion, retention increased with phosphorylation degree of IPx, which
could later be utilized for identification. To address the problem of
two peaks arising from I(1)P, further LC optimization was carried
out as discussed in the next section. Two common fragments were
observed in product ion spectra of methylated IPx standards, which
are proposed to arise from methylated phosphates (Fig. 2A, right).
Therefore, acidic methanol was chosen as the derivatization solvent
for further study.

To optimize derivatization conditions, a design of experiment
(DoE) strategy was applied with MODDE software. The experiments
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Fig. 2. Chromatograms and corresponding product ion spectra of IPx in LC-IDA-EPI method. (A) I(1)P; (B) 1(1,4)P2; (C) 1(1,4,5)P3; (D) 1(1,3,4,5)P4. LC parameters were: column,
ACQUITY CSH C18 (1.7 um, 2.1 x 100 mm); Mobile phase: 0.1% formic acid in water and acetonitrile respectively; Gradient, linear gradient of acetonitrile from 5% to 100% over 5 min

after holding for 3 min at the beginning; Sample solvent: 20% methanol in water.
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were carried out at room temperature. Different HCl concentra-
tions, different amount of TMSD, and reaction times were tested.
The results are shown by response contour plots under three TMSD
amounts (Figs. S1—S3). The optimum reaction duration is from 0 to
30 min for IP1-IP4 standards, which indicates that the derivatiza-
tion proceeded quite fast under tested conditions. The concentra-
tion of HCl should be minimum. HCl could not only catalyze the
formation of diazomethane from TMSD but also completely reacted
with diazomethane to generate methyl chloride. There was an
improvement from 50 uL. TMSD to 100—200 pL. Furthermore, TMSD
more than 100 uL ensured the reaction mixture to be slightly yel-
low, which indicates excess of TMSD. Therefore, 100 pL was chosen,
together with 1 mM HCI in methanol (prepared with methanolic
HCl), 10 min at room temperature, as the optimum derivatization
condition. The reaction was quenched by addition of acetic acid.
The mixture became transparent after significant nitrogen release.
Byproducts and reagents were all volatile. Evaporation and recon-
stitution were adopted before LC-MS/MS measurement. With this
optimized condition, regioisomers of IP2 and IP3 were subjected to
high-resolution (HR) MS analysis to look for differential fragments.
Detailed method information of HR-MS is available in
Supplementary Text S2. Results (Fig. S4) showed that ions with m/z
127.0160 and m/z 109.0055 were confirmed to be the main frag-
ments of IPx after methylation. Although some fragments were
observed to have differential intensity, it was still challenging to
distinguish regioisomers based on these fragments. More standards
are required to explore the underlying fragmentation rules for IPx
regioisomers. Also, limited by the acquisition speed with the triple
quadrupole instrument and the requirement for collecting suffi-
cient data points across the peaks, it is undesirable to use multiple
SRM transitions when there are many analytes with ISs. For this
reason, more attention was paid to optimize the chromatographic
separation to provide adequate selectivity for IPx regioisomers.
According to the mechanism of TMSD methylation (illustrated in
Fig. S5), heavy label (mass shift of 2 Da per methylation) could be
introduced by replacing HCl and methanol with deuterated forms
(similar approach as reported in Refs. [31,32]). IP1 — IP4 standards
were heavily labeled and measured with HR-MS (results in Fig. S6).
Proposed mass shifts were obtained for both fragments (m/z 131
versus mfz 127 and m/z 113 versus m/z 109 for heavy and light
versions, respectively). Thus, a differential methylation strategy
was established for IPx, in which samples were lightly labeled while
internal standards were heavily labeled. To extend the coverage of
this method, more standards, including IP1-IP6, IP2 regioisomers,
IP3 regioisomers, were methylated as aforementioned. Direct
infusion of methylated single standards of IPx was performed to
optimize compound-dependent parameters. Optimized MS pa-
rameters are listed in Table 1. As mentioned before, interferences
from ISF of higher IPx represent a major problem for IPx in MS
detection, which may lead to misidentifications if not adequately
separated. Respective IPx standards with different phosphorylation
degrees were measured. As shown in Fig. S7, after methylation
there was no signal of lower IPx found at the same retention time
(Rt) as higher IPx in the corresponding extracted ion chromato-
grams (EIC). It indicates the risk of ISF in MS detection is negligible
after methylation.

3.2. LC analysis of methylated IPx

During preliminary experiments, IPx showed improved peak
shape and reasonable retention after methylation. The develop-
ment of the liquid chromatography method started with a column
screening aiming at solving the problem with double peaks of IP1
(owing to peak splitting due to insufficient retention and no refo-
cusing). Furthermore, another goal was to separate the
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regioisomers of IP2 and IP3, especially focusing on avoidance of
interferences with 1(1,4,5)P3. To confirm the phenomenon of peak
splitting of IP1, methylated IPx was reconstituted with 10% MeOH
and analyzed with ACQUITY CSH C18. Ten (10) mM ammonium
formate (NH4FA) in water and methanol or 90% acetonitrile were
used as mobile phases with the same linear gradient starting from
5% organic eluent. As shown in Fig. S8, I(1)P was confirmed to have
split peaks on this column when AcN was used as the organic
modifier. On the other hand, regioisomers of IP2 and IP3 were
adequately separated under these conditions. With methanol as
organic modifier, peak splitting was better but the selectivity be-
tween the regioisomers of IP3 (I(1,3,4)P3 and 1(1,3,5)P3) was lost. A
more hydrophobic C30 stationary phase was tested for stronger
retention of IPx. Taking the same screening conditions as before, IPx
reconstituted in 100% water, 5% methanol, and 10% methanol were
measured. Results showed that there is no selectivity for the
regioisomers of IP3. It was noted that peak shape of IP1 became
worse as the methanol content in the sample diluent increased
from 0% to 10%, while there was no similar effect observed for IP2 to
IP4. Therefore, it was concluded that the two peaks of the early
eluted IP1 were arising from elution strength mismatch between
sample solvent and initial mobile phase composition. To address
this problem, columns compatible with 100% aqueous mobile
phases were tested. Waters HSS T3 column (Fig. S10) and YMC
Triart C18 column (Fig. S11) showed significantly improved peak
shape for IP1 when 100% aqueous solvent was taken as sample
solvent and mobile phase at the same time. Unfortunately, there
was no selectivity observed between the regioisomers 1(1,3,5)P3
and I(1,4,5)P3 under all tested conditions on both columns. More LC
columns were therefore tested for achieving better peak shape of
IP1 and simultaneously maintaining selectivity between reg
ioisomers, including chiral columns (data not shown). Among all
the LC columns tested, 2.6Cholester column (larger dimension,
4.6 x 250 mm) showed symmetrical peaks for all IPx analytes
including IP1 with both methanol and acetonitrile (Fig. S12).
Selectivity for regioisomers was obtained with methanol as organic
modifier. In order to be utilized for LC-MS/MS approach, a smaller
column (2.1 x 150 mm) with the same stationary phase was pur-
chased and used for further optimization.

To improve the robustness of this method, a further test for
reconstitution solvent was carried out (Fig. S13). When IPx dis-
solved in 5%, 10%, and 20% methanol as sample diluent were
analyzed, the peak shape got significantly deteriorated at 20%
methanol. To leave some space for further extending the method
coverage to more lipophilic analytes (due to higher phosphate and
methylation degrees) in the future, 10% methanol was chosen as the
reconstitution solvent. Finally, as shown in Fig. 3A-F, IPx from IP1 to
IP6 were reasonably well eluted and sufficiently separated in this
method. Due to faster exchange kinetics in RP-LC than that in ion
exchange chromatography, the IPx analytes exhibit improved peak
shapes along with shorter measurement time in this method. After
methylation, negative charges were neutralized so that the in-
strument carry over was eliminated. In addition to selectivity of
regioisomers, selectivity of three stereoisomers (myo-, scyllo-, and
chiro-IP6) was also obtained (Fig. 3G). SIL ISs were produced using
the derivatization strategy discussed in the last section. Represen-
tative chromatograms are shown in Fig. 3H. Corresponding SIL IS of
IPx (with deuterium) has slightly shorter Rt than IPx does, which
could be expected in RP-LC. However, the shift is minimal and this
strategy can be regarded as best practice currently. The (partial)
hydrolysis product of IP6 is a good mixture to show separation
performance of the method [30,34—37]. Similarly, a hydrolysis
product of IP6 (water, 5 h at 110 °C) was measured. As illustrated in
Fig. 4, the whole series of IPx could be generated from IP6 during
hydrolysis, together with multiple regioisomers, which could be
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Fig. 3. Chromatograms of targeted analytes and internal standards of IPx in this study (EICs of two SRM transitions for A—G: blue trace, precursor to m/z 127; pink trace, precursor to
mj/z 109. Most abundant SRM transition of isotope labeled IPx for H. All transitions with MS parameters listed in Table 1). (A) I(1)P; (B) Regioisomers of IP2: 1(1,3)P2, I(1,4)P2, and
1(1,5)P2; (C) Regioisomers of IP3: 1(1,3,4)P3, 1(1,3,5)P3, and 1(1,4,5)P3; (D) 1(1,3,4,5)P4; (E) 1(1,3,4,5,6)P5; (F) Myo-1(1,2,3,4,5,6)P6; (G) Myo-, scyllo-, and chiro-1(1,2,3,4,5,6)P6. (H) SIL-
ISs of IPx obtained with derivatization. The chromatograms were obtained with: Cosmocore 2.6Cholester column (2.6 um, 2.1 x 150 mm), mobile phase: 10 mM NH4FA in water and
methanol (details documented in materials and methods section). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

confirmed with two overlapped SRM transitions. In conclusion, the
regioisomers were separated for the first time by LC-MS/MS. At the
same time, SIL ISs were generated for accurate quantitative analysis
in complex sample matrix.

3.3. Extraction protocol with TiO2

IPx is prone to bind to proteins in real samples due to their
phosphate-rich, highly negatively charged structural moiety. Acid-
assisted approaches were reported for extraction of IPx, including
acetic acid (AA) [38], hydrochloric acid (HCl) [39—41], trichloro-
acetic acid (TCA) [42,43], and perchloric acid (PA) [9,44,45]. Herein,
cultured HeLa cells were taken for preliminary tests and optimi-
zation of sample preparation. HCl- and AA-based liquid extraction
methods were carried out. Methylation was performed after
evaporation of the extract to dryness (to remove acid introduced for
extraction). Low signal intensities and low extraction recoveries
were observed for higher IPx. Stronger acidic conditions should be
involved to improve extraction yields, which is however harmful
for the downstream methylation. Alternatively, a more efficient and
easy-to-automate extraction approach should be developed. Metal

oxide-based affinity chromatography (MOAC) has been reported for
purification of phosphate containing compounds such as phos-
phopeptides and phosphoproteins [46,47]. Under acidic conditions
(pH 2—3), increased selectivity is gained in MOAC as non-specific
interactions are minimized [48,49]. Following this principle, a
novel extraction protocol based on titanium dioxide (TiO2) was
established for IPx and PP-IPx [18,27,28]. A TiO2 protocol, as sug-
gested previously [27,28], was tested without modification. Briefly,
IPx standard solutions without sample matrix were treated with PA
solution and were loaded to TiO2 for binding. After washing with
PA solution twice, analytes were eluted with diluted ammonia. As
listed in Table S1, improved extraction recoveries (more than 50%)
were obtained with significant matrix effect (20—45%, assessment
according to Ref. [50] with modification). Unlike general matrix
effect, ion suppression or ion enhancement arising from sample
matrix, low signal here was recognized as pseudo matrix effect as it
comes from residual acid interference. The residue of PA (intro-
duced in the sample loading and washing steps) in the eluates was
found to be responsible for this pseudo matrix effect. HCI at three
different concentrations were tested as last washing step. As shown
in Table S1, the pseudo matrix effect was observed to improve as the
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Fig. 4. Hydrolysis products of IP6. Two EICs are shown: blue trace, precursor to m/z 127 and pink trace, precursor to m/z 109. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

HCI concentration increased from 1 mM to 100 mM. Thus, 100 mM
HCI was finally taken for the last washing step. After measurement
of more samples, a random retention time shift was observed. This
problem was corresponding to the pressure increase during anal-
ysis, which indicated that small particles of TiO2 were injected into
the system. A more sophisticated extraction cartridge was pro-
posed to improve the robustness of this method. As shown in
Fig. S14, the advanced cartridge is the combination of centrifuge
filter and TiO2 pellets. Hydrophilic polytetrafluoroethylene (PTFE)
was chosen as membrane material, because it is durable for strong
acid like PA. The sample preparation protocol is shown in Fig. S14,
which is efficient and easy-to-automate. Samples were treated with
1 M PA solution for protein precipitation and IPx release from
proteins. The supernatant was loaded into the extraction cartridge.
Washing was performed with diluted HCl as discussed above. The
eluates from these loading and washing steps, obtained after
centrifugation with these spin vials, were discarded. The IPx were
finally eluted from the TiO2 beads using a pH change induced by
diluted ammonia (10%, v/v). The samples were measured after
lyophilization followed by methylation. Furthermore, it is worth
noting that the extraction cartridge is reusable in principle [28].

3.4. Method validation

Method validation was performed in cultured HeLa cells ac-
cording to FDA guidelines (with slight modifications), including

Table 2
Calibration curve of IPx.

linearity, limit of quantification (LOQ), precision and accuracy [51].
As shown in Table 2 and Fig. S15, external calibration curves of IPx
(peak height ratio to SIL-IS) were constructed with standard solu-
tions at six concentration levels. Satisfying regression coefficients
were obtained across the determined concentration range with
weighing factor 1/x. Representative EICs of IPx at LOQs were shown
in Fig. S16 (estimated signal-to-noise ratios obtained in PeakView).
IPx standards were spiked into cultured HelLa cells to get standard
addition samples. Standard addition samples at 4 concentration
levels were analyzed for intra- and inter-batch accuracy and pre-
cision. As listed in Tables S2—S3, this method is accurate (accuracy
between 87 and 115%) and precise (within +15% RSD from replicate
measurements in triplicate, n = 3) for IPx analysis. The IS solution
was injected repeatedly to test for autosampler stability. Results
(Fig. S17) showed that the analytes were stable in the autosampler
(4 °C) for more than 72 h. Due to the unavailability of analyte-free
sample matrix, calibration was performed with standard solution
with SIL-ISs. Evaluation of matrix effect and extraction recovery
was carried out using a strategy reported previously, with endog-
enous amount of IPx subtracted from the blank samples (only ISs
spiked) [50]. Matrix effect was obtained via comparison between
SIL IS signals in calibration solutions and standard addition sample
solutions (Table S4). As it was already shown in preliminary ex-
periments, it is necessary to include ISs due to significant matrix
effect.

Currently, there is no consensus of IS amount in LC-MS based

IPx range, ng/mL linear equation r LOQ on column, pmol
I(1)P 50—-5000 y = 0.0025291x - 0.011586 0.9985 0.89
1(1,3)P2 50—-5000 y = 0.003222x - 0.094437 0.9975 0.65
1(1,4)P2 50—-5000 y = 0.0026848x - 0.062403 0.9979 0.65
1(1,5)P2 50—-5000 y = 0.0027389x - 0.064495 0.9975 0.65
1(1,3,4)P3 50—-5000 y = 0.0036367x - 0.10641 0.9977 0.53
1(1,3,5)P3 50—5000 y = 0.0032788x - 0.092061 0.9949 0.53
1(1,4,5)P3 50—5000 y = 0.0033722x - 0.13519 0.9977 0.53
1(1,3,4,5)P4 50—5000 y = 0.0062857x - 0.2452 0.9955 0.44
1(1,3,4,5,6)P5 50—5000 y = 0.0054363x - 0.18834 0.9971 0.33
1(1,2,3,4,5,6)P6 50—5000 y = 0.004332x - 0.22253 0.9969 0.32




P. Li, M. Gawaz, M. Chatterjee et al.

Analytica Chimica Acta xxx (XXXx) Xxx

Table 3

IPx profile of different biological samples (n = 3).
Px quantified 1I(1)P 1(1,3)P2 1(1,4)P2  1(1,5)P2 1(1,3,4)P3  1(1,35)P3 1(1,45)P3 1(1,345P4 1(1,3,4,56)P5 myo-IP6
HelLa cell (pmol/107 cells) 4325+ 1215 762 +205 250+57 1148 +26 167+21 66+12 162+32 99+0.6 158.6 + 19.8 1070.3 + 153.3
Platelet (pmol/3 x 108 cells) 4.9 +2.9 ND 03«1 0.1+03 05+01 ND 05+03 ND 0.6 + 0.1 1.3+0.1
SRM1950 (pmol/200 puL) 73+13 ND ND ND ND ND ND ND ND ND

bioanalysis. A low IS concentration at one-third of upper limit of
quantification (ULOQ) is preferred by some authors [52], while a
high IS concentration corresponding to 50% ULOQ or even higher
than ULOQ is preferred by some other [53,54]. Therefore, the IS
concentration should be chosen with consideration of different
factors, including cross-signal contribution between IS and analyte,
method sensitivity, ion suppression and ion enhancement arising
from IS, and linearity of IS [55]. Cross-signal contribution may arise
from chemical impurities and isotope interference and have to be
avoided. SIL ISs in this study were generated from differential
isotope methylation. As shown in Fig. S18, no signal of IPx was
observed from SIL IS only sample, which indicate negligible cross
contribution here. The optimal IS concentration was determined by
other factors. The minimum concentration should be higher than 3
x LLOQ to ensure good accuracy and precision of IS signals. The
maximum concentration must not be higher than ULOQ or actually
should be a lower concentration. Such high concentrations in the
upper concentration range, however, may cause significant ion
suppression and ion enhancement, respectively. When it comes to
unknown samples, a pilot experiment could be conducted with
updated IS concentration estimated by the protein amount in the
sample as reported previously. [56]. Another factor to consider is
the cost of IS. An appropriate low IS concentration will be preferred
when a large cohort of clinical samples has to be investigated. In
this study, we picked a lower IS concentration of around 5 x LLOQ.
With the compensation of SIL ISs, matrix effects of 90—110% for IPx
analytes were obtained being well in the acceptable range for
external calibration (Table S5). As shown in Table S6 and Table S7,

extraction recovery of 41—-62% and process efficiency of 38—61%
were obtained in this method for IPx from IP1 to IP6. The SPE
extraction method with TiO2 based on the proposed extraction
cartridge showed wide extraction recovery for the entire IPx family
investigated herein. To sum up, this method turned out to be
suitable to profile IPx in biological samples.

3.5. IPx profile in biological samples

This method was applied to profile IPx in different biological
samples, including cultured HeLa cells, resting human platelets,
and NIST SRM1950 plasma. Identification of IPx was based on two
characteristic SRM transitions with the same Rt. Regioisomers of
IPx (with x < 6) and stereoisomers of IP6 were annotated using
purchased standards (listed in IPx standards section). Only myo-IP6
was detected in three tested samples. As shown in Table 3, and
Fig. S19, distinct IPx profiles were observed in different samples.
Cultured HeLa cells have a widely distributed IPx profile across the
whole family, as well as regioisomers including 1(1,4,5)P3. There-
fore, HelLa cells could serve as the model cellular system in method
development for IPx. I(1,4,5)P3 is well recognized as a second
messenger generated after PLC-mediated hydrolysis, which plays
an important role in platelet functions. 1(1,4,5)P3 in human plate-
lets from healthy donors was successfully separated and deter-
mined. This method could be utilized to study platelet activation
involving more experimental conditions in the future (e.g. ex vivo
pharmacometabolomics). The standard reference material (SRM)
was often adopted to compare method performance in the

A) ses 1(1,2,34,5,6)P6
(A) se. 6000 wases 343
2 £ 2 1(1,4,5)P3 2> 8.0e4
£ 5 ] £
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Fig. 5. IPx results in cultured HeLa cells: (A) representative EICs of IPx; (B) IPx profile upon PLC inhibitor treatment. Significance levels are, ns not significant, * p < 0.05.
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metabolomics community. Interestingly, only I(1)P was detected in
NIST SRM 1950 plasma in this method. This is corresponding to the
absence of IP6 in human blood as reported before. After incubation
for 30 min at 37 °C, no IP6 could be detected even when it was
spiked intentionally [27]. Multiple inositol polyphosphate phos-
phatases are reported to be responsible for the conversion of IP6
into lower IPx [57]. This could be considered as a good indication
that phosphatase inhibitors should be considered during sample
collection when human blood is involved for IPx study. As the
model sample, representative EICs in Hela cells are shown in
Fig. 5A. To further reveal the method performance and applicability
for targeted pharmacometabolomics, PLC inhibitor treated HeLa
cells were measured. U73122 was reported to inhibit PLC-
dependent calcium release [58]. Hela cells were treated by
U73122 at three concentration levels (A, 107.6 nM; B, 1.076 pM; and
C, 10.76 uM). After incubation for 10 min at 37 °C, the overall IPx
profile was affected by the treatment as shown in Fig. 5B, including
[(1,4,5)P3. The down-regulated IPx showed a concentration-
dependent effect. These results demonstrate that this established
method is suitable for IPx monitoring in biological samples of
diverse cellular systems.

4. Conclusions

In this study, an improved method for IPx analysis was estab-
lished, validated and applied to biological samples, including
cultured Hela cells, NIST SRM1950 plasma and human platelets.
With the differential isotope labeling methylation strategy, lightly
labeled IPx gave characteristic fragments and improved peak shape.
The methylation conditions were systematically optimized by DoE
strategy. Regioisomers of IPx, including the most important 1(1,4,5)
P3, were separated by RP-LC approach for the first time using a
core-shell cholesterylether-bonded RP-type column. The hydrolysis
products of 1(1,2,3,4,5,6)P6 was used to reveal the performance of
this method in terms of assay specificity. At the same time, heavily
labeled IPx with adequate mass shift (more than 4 Da) was
generated as internal standards for quantitative analysis in real
samples. Accordingly, a methylation-compatible extraction method
was developed. With the extraction cartridge containing TiO2 and
PTEE filter, the sample preparation approach was robust, efficient,
as well as easy-to-automate. Distinct IPx profiles, including phos-
phorylation degree and regioisomers, were observed in different
biological samples. Changes of IPx profile in HeLa cells induced by a
phospholipase C inhibitor was obtained. These results indicate that
this established method has improved analytical performance. We
believe it could facilitate the study of inositol phosphate meta-
bolism, as well as the PI signaling system.
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Text S1. IDA-EPI method information.

The IDA-EPI was performed on a QTRAP4500 mass spectrometer with a Turbo V
source (Sciex, Framingham, MA, USA) operated with the ESI probe, the same instrument as
mentioned in the main manuscript. lon source parameters were as follows: curtain gas (N2)
30 psi, nebulizer gas (zero grade air) 30 psi; heater gas (zero grade air) 30 psi, ion source
voltage +4500 V (positive mode) and source temperature 500 °C. Pseudo-SRM transitions
were constructed as the survey scan for 4 methylated IPx standards (Q1 = Q3). MS
parameters were DP 100, CE 5, CXP 15. Each transition had a dwell time of 20 ms. IDA
criteria were selection of one intense peak, intensity 10000 cps, and never exclude target ions.
EPI experiment had the same parameters as the SRM except for CE 30 and collision energy

at high level. Detection mass range was 50 — 650 Da. The total cycle time was 0.59 ms.

Text S2. HR-MS method information

The HR-MS detection was performed on a TripleTOF 5600+ mass spectrometer with
a DuoSpray source (Sciex, Framingham, MA, USA) operated with the ESI probe. lon source
parameters were: curtain gas (N2) 30 psi, nebulizer gas (zero grade air) 30 psi; heater gas
(zero grade air) 30 psi, ion source voltage +4500 V (positive mode) and source temperature
500 °C. Sequential window acquisition of all theoretical fragment ion mass spectra (SWATH)
experiments were performed to obtain comprehensive MS/MS data. In the TOF scan, MS
parameters were: DP 100, CE 10, mass range 50 — 1500, accumulation time 150 ms. SWATH
experiments were conducted from 250 — 850 Da. The SWATH window width was 40 Da with
accumulation time 20 ms. Other MS parameters were DP 100, CE 30, CES 5. The total cycle
time was 500 ms. The instrument was automatically calibrated every 5 samples via calibration
delivery system (CDS) using commercial calibration solution. The EIC of precursor was
extracted in MasterView software according to chemical formula. Corresponding product ion

spectra was obtained after deconvolution in the software according to Rt in chromatography.
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Table S1. Extraction recovery and pseudo matrix effect results in preliminary experiments.

Extraction recovery and pseudo-matrix effect, %  |p1 P2 IP3 P4
100 mM Hcl ER 228 191 17.8 256

P-ME 55.4 112.0 108.7 69.8

10 mM Hcl ER 72.7 873 80.2 770

P-ME 10.8 16.3 8.6 7.6

1 mM Hcl ER 63.2 451 618 656

P-ME 7.6 8.0 1.7 1.9

Table S2. Intra-batch accuracy and precision results (in HeLa cell matrix corrected for endogenous levels).

Accuracy and Precision, % I(1)P 1(1,3)P2 1(1,4)P2 I(1,5)P2 1(1,3,4)P3 1(1,3,5)P3 1(1,4,5)P3 1(1,3,45P4  1(1,3,4,5,6)P5 IP6
QC1(LLOQ) 95.4+21.1 113.6+7.8 1146+39 113.9+1.6 1173+17  107.4+18 107.5+4.4  112.3%4.2 1111428  113.7%3.2
QC2(Low) 928+9.7  913+51  88.0+1.0  91.7+48  89.1+44 87.6+1.7 96.1+14.4 91.2+3.4 88.4+2.2 90.2 +2.4
QC3(Medium) 949+75  856+18  953%3.1  91.1+52 94267 98.3+5.4 87.0+15 88.1+3.6 87.5+1.8 92.2+3.5
QC4(High) 99.3+21  1066+6.5 102.5+25  108+42 103971 101.1+142 107.1+116 103.4+149  1023+13.7  102.9+12
Table S3. Inter-batch accuracy and precision results (in HeLa cell matrix corrected for endogenous levels).
Accuracy and Precision, % I(1)P 1(1,3)P2 1(1,4)P2 1(1,5)P2 I(1,3,4)P3  1(1,3,5P3  1(1,4,5P3  1(1,3,4,5P4 1(1,3,4,5,6)P5 IP6
QC1(LLOQ) 99.4+14.4 113.0+4.5 113151 1143+3.7 1126+4.7 1106+4.6 107.5+44 110.1+4.1 1103+49 1103+4.9
QC2(Low) 93.1+9.8 92.0%32 87.7+13 90.6+3.4 893+35 892+3.0 91.7+83  90.0+3.2 89.8+4.2 89.1+2.5
QC3(Medium) 91.4+57 87.8%26 93.6+42 893+33 922440 93.846.2 886%21  90.6+4.8 87.9+2.0 91.8+3.1
QC4(High) 100.2+5.8 106.7+5.9 101.4+86 105.7+7.8 105.6+56 101.6+9.3 106.4+7.3 1045+112 102.0+11.0 102.0+10.2
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Table S4. Matrix effect without internal standards.

Matrix effect, % SIL-I(1)P  SIL-I(1,3)P2  SIL-I(1,4)P2  SIL-I(1,5)P2  SIL-I(1,3,4)P3  SIL-I(1,3,5)P3 SIL-I(1,4,5)P3 1(1,3,4,5)P4 SIL-I(1,3,4,5,6)P5  SIL-IP6
QC1(Low) 83.1+18.9 159.7+31.7 105.1+29.9 141.3+375 163.6+29.6 1164+17.9 164.1+37.6 60.5+15.2 65+12.8 41+9.8
QC2(Medium) 47+7.5 94.1+4.3 713+1.8 90.2+4 78.9+12.1 73.7+4.7 83+5.2 45 +10.7 43.7+11.1 29.6+5
QC3(High) 428+9.4 954%251 62311 82.5+9 80+7.4 64.7+4.9 97.6+0.3 36.1+4.3 46.4+5.2 35.7+75
Table S5. Matrix effect with internal standards.
Matrix effect, % I(1)P 1(1,3)P2 1(1,4)P2 (1,5)P2 1(1,3,4)P3 1(1,3,5)P3 1(1,4,5P3  1(1,3,45)P4  1(1,3,4,56)P5 IP6
QC1(Low) 91.7+49 895+47 922+17  92.8+06 905 95.4+2.8 94.2+3 105+2.1 105.1+1.9 104.5+4.4
QC2(Medium) 92.9+1.8 944+22 90.8+19 98.1+103 91.1+42 1065+2.6 93.9t54 92.3+6.5 1045+ 4.4 104.6+3.8
QC3(High) 926+7.1 99.9+7.1 93.1%5 90.9+4.9 96+3.7 92.1+34  986+1.9  105.4+4.9 101.2+6.3 108.5+2.8
Table S6. Extraction recovery results.
Extraction recovery, % I(1)P 1(1,3)P2 1(1,4)P2 I(1,5)P2 1(1,3,4)P3  1(1,3,5P3  1(1,4,5P3  1(1,3,45P4  1(1,3,4,56)P5 IP6
QC1(Low) 61.8+26  54+3.1 50.1+6.5 50.6+2.2 556%22 5777 55.2+1.7 57.2+1.1 55+3.1 54+2.8
QC2(Medium) 552+33 6031 56.9+11 482+37 541+84 452+17  56.8t4.2 416+4.9 55.4+3.2 51.2+45
QC3(High) 61.7+46 49.7+3.8 584+93 548+61 49.4+36 428+84 502+102 47.7+54 49.5+5.2 55.9+3.3
Table S7. Process efficiency results.
Process efficiency, % I(1)P 1(1,3)P2 1(1,4)P2 1(1,5)P2 1(1,3,4)P3  1(1,3,5P3  1(1,4,5P3  1(1,3,4,5P4  1(1,3,4,56)P5 IP6
QC1(Low) 56.6+0.8 48309 463:6.6 47.0%22 499+13 551+7.8  52.1+3.2 60.1+2.0 57.8+2.5 56.6 5.3
QC2(Medium) 51.3+3.7 56.9+0.5 51.6+9.1 47.1+33 492+73 481+24 535t6.0 38.6+7.0 57.8+3.5 53.6 £5.7
QC3(High) 57.1+6  49.8+73 545+113 49.9%6.6 474+47 396+93 49.6+11.1 50359 49.9+3 60.7 +2.7




65  Figure S1. Methylation optimization results with 50 uL TMSD.
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67  Figure S2. Methylation optimization results with 100 uL TMSD.
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70  Figure S3. Methylation optimization results with 200 uL TMSD.
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72  Figure S4. Product ion spectra in high-resolution mass spectrometry.
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Figure S5. Reaction mechanism of differential isotope labelling methylation of IPx.
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Figure S6. Representative EICs with product ion spectra of heavily labeled IPx standards.
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88  Figure S7. Evaluation of in source fragmentation of IPx after methylation (note, in E the peak
89  for IP5 at tR 7.97 min in the IP6 sample is due to a chemical impurity in IP6 standard).
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91  Figure S8. Column screening results on Waters CSH C18 column. Mobile phases used: (A)
92 10 mM NH4FA in water and methanol; (B) 10 mM NH4FA in water and acetonitrile.
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97

Figure S9. Column screening results on ProntoSIL C30 column. Mobile phases used: (A) 10

mM NH4FA in water and methanol; (B) 10 mM NH4FA in water and acetonitrile.
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Figure S10. Column screen results on Waters HSS T3 column. Mobile phases used: (A) 10

mM NH4FA in water and methanol; (B) 10 mM NH4FA in water and acetonitrile.
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Figure S11. Column screen results on YMC Triart C18 column. Mobile phases used: (A) 10

mM NH4FA in water and methanol; (B) 10 mM NH4FA in water and acetonitrile.
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Figure S12. Column screen results on 2.6Cholester column. Mobile phases used: (A) 10 mM

NH4FA in water and methanol; (B) 10 mM NH4FA in water and acetonitrile.
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Figure S13. Results of reconstitution solvent optimization. Three levels of methanol content in

reconstitution solvent were tested: 5% (blue), 10% (pink), and 20% (red).
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Figure S14. Sample preparation method with extraction Kkit.
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127  Figure S16. Representative EICs of IPx at LOQs. Estimate signal-to-noise ratio (S/N) obtained

128 in PeakView.
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131  Figure S17. Autosampler stability results.
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133  Figure S18. Cross-signal contribution of SIL IS in this study: XICs of analyte and
134  corresponding SIL IS in sample solution of (A) SIL IP1, (B) SIL IP2, (C) SIL IP3, (D) SIL IP4,

135  (E) SIL IP5, and (F) SIL IP6.
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Figure S19. IPx profiles in different biological samples.
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Abstract

The glycolysis pathway breaks glucose into pyruvates and plays important roles in
central carbon metabolism. It represents the basic anaerobic energy supply chain of cells.
From analytical viewpoint, monitoring the glycolysis pathway remains a challenge as most
metabolites involved are sugar phosphates. Structural similarity, instability, high polarity, and
rich negative charges of sugar phosphates make LC-MS based analysis challenging. Here,
we developed an improved workflow integrating uniformly 13C-labeled yeast metabolite
extract, TiO2-based enrichment, differential stable isotope labeling phosphate methylation,
porous graphic carbon column, and selected reaction monitoring acquisition. Uniformly 13C
labeled yeast metabolite extract was used as internal standards while differential stable
isotope labeled sugar phosphates worked as calibrants. The established method was
validated for human plasma. The limits of quantification ranged between 0.25 and 0.54 pmol
on column. The method was adapted and applied for more biological samples including
cultured HelLa cells and human platelets. Compared to the group of resting platelets, most
sugar phosphates from the glycolysis pathway were significantly upregulated in the group of
platelets treated with collagen-related peptide (CRP) driving platelet activation. It indicates that
platelets trigger glycolysis to meet energetic demands. The results document that this newly
established method can be successfully used to monitor glycolysis in different biological
samples. This method is able to deepen our understanding of the roles of the glycolysis

pathway under different metabolic conditions.

Keywords
Sugar phosphate; porous graphitic carbon column; solid-phase extraction; derivatization;

isotope labeling; targeted metabolomics
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Abbreviations

SPx, sugar phosphates

PPP, pentose phosphate pathway
TCA, tricarboxylic acid cycle

CE, capillary electrophoresis

HILIC, hydrophilic interaction chromatography
IP, ion pairing

AEX, anion exchange chromatography
IC, ion chromatography

IEX, ion exchange chromatography
EDC, N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
DCI, deuterium chloride

AA, acetic acid

PA, perchloric acid

TMSD, trimethylsilyl diazomethane
G1P, glucose 1-phosphate

G6P, glucose 6-phosphate

F6P, fructose 6-phosphate

M6P, mannose 6-phosphate

M1P, mannose 1-phosphate

GallP, galactose 1-phosphate

Gal6P, galactose 6-phosphate

S1P, sorbose-1-phosphate

F16P2, fructose 1,6-bisphosphate
GAS3P, glyceraldehyde-3-phosphate
23BPG, 2,3-bisphospho-D-glycerate

3PG, 3-phosphoglyceric acid
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2PG, 2-phosphoglyceric acid
PEP, phospho(enol)pyruvic acid
Pyr, pyruvate

Lac, lactate

DHAP, glycerone phosphate
AG6P, allose 6-phosphate

PRP, platelet-rich plasma

SIL, stable isotope labeled
U13C, uniformly 13C labeled
SWATH, Sequential Windowed Acquisition of All Theoretical Fragment lon Mass Spectra
PGC, porous graphitic carbon
ER, extraction recovery

ME, matrix effect

1 Introduction

Sugar phosphates (SPx) are phosphorylated monosaccharides, which play important roles
in various metabolic pathways. As central educts of most biosynthetic processes, sugars are
converted into various metabolic precursors in the central carbon metabolism, including
glycolysis pathway, pentose phosphate pathway (PPP), and tricarboxylic acid cycle (TCA). In
the glycolysis pathway (shown in Figure 1, inspired by KEGG [1]), which is a universal cellular
pathway for anaerobic energy production, glucose is converted into pyruvate with several SPx
generated as intermediates. The flux through the glycolysis pathway is enhanced under
hypoxia such as in various disease states [2,3]. Most cancer cells have increased glycolysis
rates to cope with the higher energy demand, which is known as The Warburg Effect [4].
Similarly, stimulated platelets were reported to switch their energy metabolism to anaerobic
glycolysis to meet their enhanced energy demand during activation [5,6]. This in turn

upregulates the PPP to support platelet activation [6]. Platelets exhibit commendable
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metabolic plasticity in switching between glycolysis and mitochondrial oxidative
phosphorylation [7]. However, glycolysis is triggered upon stimulation with thrombin utilizing
internal glucose reserves of that from extracellular source [8]. Currently we have focused on
collagen (collagen related peptide-CRP) induced changes in metabolic status, since platelets
encounter collagen upon vascular disintegration. To monitor this metabolic pathway of central
physiologic importance, a comprehensive and robust method is required to quantify SPx in
various bio-samples.

As phosphorylated metabolites, the analysis of SPx remains challenging due to their
chemical instability, low abundance in many biological samples, high polarity, and rich
negative charge. Thus, many efforts have been made to achieve efficient, sensitive, and
accurate analysis. Traditionally, SPx were separated by capillary electrophoresis (CE) [9,10],
gas chromatography (GC) [11], and liquid chromatography (LC) [12] followed by mass
spectrometry (MS) detection. Among these hyphenated technigues, LC with tandem-MS
establishes itself as the preferred approach due to its ease-of-use, robustness, sensitivity, and
resolution [13]. The most widely used reversed phase (RP) LC-MS is not appropriate for SPx,
as these metabolites are too polar to be retained on RP columns [14]. Hence, different
approaches of LC-MS have been reported for SPx, including hydrophilic interaction
chromatography (HILIC [15]), ion pairing (IP [16]), anion exchange chromatography (AEX
[17,18]), and mixed-mode chromatography [19,20]. HILIC is suitable for highly polar
compounds like SPx as it retains analytes by their hydrophilicity [21,22]. To ensure the best
performance of HILIC, analytes are usually prepared in high-organic solutions, which
compromises the solubility of SPx. It should be noted that for multiple phosphorylated SPx,
e.g. Fructose-1,6-bisphosphate (F16P2), HILIC still cannot provide satisfying peak shape. In
IP-based methods, ion pairing reagents were added to form ion pairs with analytes for better
retention and peak shape. Recently, a method that combines IP and HILIC was reported to
analyse SPx [23]. Although, retention and peak shape could be improved, contamination and
ion suppression raised from ion pairing reagents are inevitable. lon chromatography (IC) or
ion exchange chromatography (IEX) employs ionic interaction for retention, which is suitable

5
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for charged and polar analytes [24]. AEX was adopted for SPx for better peak shape [25].
When coupled to MS, IEX instrumental configuration is more complex as it requires membrane
device (e.g. online suppressor) to remove concentrated buffer required in the eluent for
efficient elution of analytes. To assist desolvation during the ESI process, post column addition
of organic solvent should be considered as well.

Without chemical modification of phosphate groups, SPx is prone to strong adhesion to
glassware and stainless steel. This property poses great challenges both for sample
preparation and instrumental analysis with low recovery and carry-over effect. To overcome
these issues, chemical derivatization was introduced for SPx analysis to gain better
chromatographic and MS performance. Precolumn derivation by formation of
phosphoramid(at)es with aniline, 3-aminomethyl pyridine and 3-amino-9-ethylcarbazole (AEC)
were evaluated to modify SPx [26—28]. Derivatization of phosphate groups to phosphoramides
usually involves activation with N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC) and requires relatively long reaction time, especially with aromatic amines, or high
temperature [29]. O-Alkylation of phosphates with diazo compounds were also introduced for
phosphate derivatization [30-32]. Diazo based methods have many advantages including fast
reaction speed, ease to remove by-product (e.g., nhitrogen), among others. For example, it was
reported that 8-(diazomethyl) quinoline can efficiently label trehalose-6-phosphate and related
sugar phosphates in plant tissues and the resultant derivatives exhibited improved
chromatographic  performance [33]. Recently, 2-(diazo-methyl)-N-methyl-N-phenyl-
benzamide (2-DMBA) was reported to derivatize sugar phosphates. Better resolution of
isomers with improved sensitivity was achieved in this method but multiple phosphorylated
analytes were not included [34]. These derivatization schemes, however, face the problem of
incomplete labelling which they have in common due to space resistance arising from sterically
demanding labelling reagent. On the contrary, smaller alkyl labelling reagents, diazomethane
and trimethylsilyldiazomethane, showed complete derivatization in the literature. However,
due to their poor solubility in aqueous solutions, application for polar metabolites has not been

explored yet.
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In this study, we propose a method based upon phosphate methylation and LC-MS/MS
for SPx analysis. As primary focus, SPx from the glycolysis pathway were studied herein for
method development. To realize robust and accurate quantification, uniformly 13C-labeled
metabolite extract and deuterated stable isotope methylated SPx were taken as internal
standards and calibrants, respectively. As a result, the established method was applied for
glycolysis SPx in different biological samples, including NIST SRM1950 plasma, cultured

Hela cells, and human platelets.

2 Materials and methods
2.1 Materials

Acetonitrile, methanol (MeOH) of Ultra LC-MS grade and zirconia / glass beads were
purchased from Carl Roth (Karlsruhe, Germany). Methanol-d4, ammonium hydroxide solution
(NH40H, ~30% NH3), ammonium formate (NH4FA), hydrochloric acid (HCI, ACS reagent,
37%), hydrogen chloride solution (HCI, 3 M in methanol), deuterium chloride solution (DCI, 35
% in D20), acetic acid (AA), perchloric acid (PA), and NIST SRM1950 plasma were supplied
by Sigma—Aldrich (Taufkirchen, Germany). Trimethylsilyl diazomethane (TMSD, 2M in
hexane) was obtained from Alfa Aesar (supplied by Thermo Fisher Co., Ltd, Kandel,
Germany). Water (H20) was purified by a Purelab Ultra purification system (ELGA LabWater,
Celle, Germany).
2.2 SPx standards

a-D-glucose 1-phosphate disodium salt hydrate (G1P), D-glucose 6-phosphate sodium
salt (G6P), D-fructose 6-phosphate disodium salt hydrate (F6P), D-mannose 6-phosphate
disodium salt hydrate (M6P), a-D(+)-mannose 1-phosphate sodium salt hydrate (M1P), a-D-
galactose 1l-phosphate dipotassium salt pentahydrate (GallP), D-Galactose 6-phosphate
lithium salt (Gal6P), L-sorbose-1-phosphate lithium salt (S1P), D-fructose 1,6-bisphosphate
trisodium salt hydrate (F16P2), L-glyceraldehyde-3-phosphate solution (GA3P, 8-12 mg/ml in
H20), 2,3-bisphospho-D-glycerate (23BPG), D-(-)-3-phosphoglyceric acid disodium salt

(3PG), D(+)-2-phosphoglyceric acid sodium salt hydrate (2PG), phospho(enol)pyruvic acid
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monopotassium salt (PEP), sodium pyruvate (Pyr), and sodium L-lactate (Lac) were supplied
by Sigma-Aldrich (Taufkirchen, Germany). Glycerone phosphate dilithium salt
(dihydroxyacetone phosphate, DHAP) and allose 6-phosphate (A6P) were obtained from
BioZol (Eching, Germany). SPx standards were dissolved and diluted with acetonitrile-water
(50:50; v/v) to the desired concentrations. Uniformly 13C-labeled metabolite extract of around
2 x 10° Pichia pastoris cells (~ 15 mg, strain CBS 7435) was obtained from ISOtopic Solutions
(Vienna, Austria). A stock solution of internal standards was prepared by resuspending this
metabolite extract with 2.0 mL H20O. All standards and internal standard solutions were kept
at -20 °C till use.
2.3 Preparation of cultured HeLa cells

The human cervical HelLa cells adapted to serum free conditions (AC free, ECACC
08011102) were grown in a humidified incubator at 37 °C with 5% CO2. Cells were cultured
with EX-CELL HeLa serum free media (Sigma Aldrich) with 2 mM L-glutamine (Sigma Aldrich),
12 U/mL penicillin and 12 ug/mL streptomycin until a cell density of around 2 x 108 cells/mL
was reached. Cell counting was performed in triplicate with a hemocytometer. Aliquots of 108
HelLa cells were transferred into 2 mL homogenization tubes and centrifuged for 5 min (100 g
at 4°C). After removing the supernatant, cell pellets were washed twice with ice-cold
Dulbecco’s Phosphate Buffered Saline (Sigma Aldrich) with repeated centrifugation. Cell
samples were snap frozen in liquid nitrogen and kept at -80°C till use.
2.4 Isolation and treatment of human platelets

Human platelet samples were isolated from acid-citrate-dextrose (ACD) anticoagulated
(12.5 g sodium citrate, 6.82 g of citric acid, 10 g glucose, 500 mL distilled water, adjusted to
pH 4.69 with NaOH) (1:4) blood of healthy volunteers free of cardiovascular risk factors and
medications. Washed platelets were isolated as previously described [34—36] and aliquoted
for treatments. Briefly blood was centrifuged at 190 g for 20 min without break or acceleration.
Platelet-rich plasma (PRP) was collected from the upper 2/3 layer. PRP was diluted with

Tyrodes-HEPES buffer (2.5 mM HEPES, 150 mM NaCl,1 mM KCI, 2.5 mM NaHCO3, 0.36 mM
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NaH2PO4, 5.5 mM glucose, 1 mg/mL BSA, pH 6.5) and centrifuged at 800 g for 10 min without
break or acceleration. The platelet pellet thus obtained was suspended in PBS (pH 7.4)
supplemented with CaCl2. Platelet count was estimated with Sysmex. Isolated platelets were
either kept under resting condition or treated with CRP (5ug/mL; CambCol laboratories,
Cambridge, UK) for 5 minutes at room temperature to activate them. Thereafter samples were
shap frozen in liquid nitrogen and kept at -80 °C till further analysis. Blood collection and
platelet isolation were carried out at the Dept. of Cardiology and Angiology, University Hospital
TUbingen, in accordance to ethical guidelines and approved by regional authorities (number
237/ 2018B0O2).
2.5 SPx extraction

The SPx extraction was performed as we reported previously for inositol phosphates with
slight modifications [38]. Briefly, around 5 mg TiO2 was transferred into centrifuge filter units
after consecutive washing with 300 yL cold H20 and cold 1 M PA solution. Samples were
prepared in homogenization tubes (e.g., 10® HeLa cells or 50 yL human plasma). After adding
50 uL internal standard stock solution, 300 pL pre-chilled 1 M PA solution and 0.15 g zirconia
/ glass beads, samples were homogenized at 4°C for 10 cycles (10 s per cycle, 6800 rpm,
pause 30s) with Precellys Evolution using Cryolys Evolution cooling unit with dry ice cooling
(Bertin Technologies, France). The samples were spun down for 5 min (16000 g at 4°C). The
supernatant was transferred into the centrifuge filter units with washed TiO2. After shaking for
15 min (1400 rpm at 4°C) followed by a centrifugation step (3500 g at 4°C for 1 min), the filtrate
was discarded. The homogenization and loading steps were repeated once. For the washing
step of the loaded TiO2 beads, 300 uL of cold 100 mM aqueous HCI solution was added. After
shaking (1400 rpm at 4°C for 1 min) and centrifugation (3500 g at 4°C for 1 min), the filtrate
was discarded. The washing step was repeated once. Two-hundred-microliter 10% (v/v)
NH40H solution was added for elution. After shaking (1400 rpm at 4°C for 5 min) and
centrifugation (3500 g at 4°C for 1 min), the filtrate containing SPx was transferred into fresh
tubes. After repeating the elution step once, the filtrates were combined. Samples and SPx
standards at different concentrations were lyophilized respectively for methylation.
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2.6 Differential isotope labeling methylation
Lyophilized samples and SPx standards were reconstituted with 1 mM HCI in MeOH

(light label) and 1 mM DCI in MeOH-d4 (heavy label), respectively. Hundred-microliter of 2 M
TMSD solution were added. The samples were allowed to stand for 10 min at R.T. after brief
vortexing and fume releasing. The derivatization was quenched by addition of 5 yL glacial
acetic acid. Samples were dried under N2 in an evaporator (Genevac EZ-2, for around 2
hours). After reconstitution with 50 yL MeOH/H20 (1:9, v/v), facilitated by vortexing and
sonication, samples were ready for LC-MS analysis. For calibrant samples, the SPx standards
and sample matrix were combined during sample reconstitution step.
2.7 UHPLC-ESI-QqQ-MS/MS analysis with SRM acquisition

Chromatographic separation was performed on a 1290 Infinity UHPLC system (Agilent
Technologies, Santa Clara, CA, USA) with a Hypercarb porous graphitic carbon column (2.6
pum, 1.0 x 100 mm, Thermo Fisher Scientific) equipped with a KrudKatcher Ultra HPLC in-line
fiter (0.5 uym) (Phenomenex, Torrance, CA, USA). Mobile phase A and B were 10 mM
ammonium formate in water and methanol, respectively. The gradient elution (0.0 min, 0% B;
1.0 min, 0% B; 10 min, 100% B; 13 min, 100% B; 13.1 min, 95% B; 18 min, 95% B; 18.1 min,
5% B; 24 min, 5% B) was carried out at a flow rate of 0.1 mL/min and a constant column
temperature of 60°C. Injection volume was 5 pL. MS detection was conducted with the above
chromatographic system hyphenated to a QTRAP4500 mass spectrometer with a Turbo V
source (Sciex, Framingham, MA, USA) operated with the ESI probe in positive mode. lon
source parameters were as follows: curtain gas (N2) 30 psi, nebulizer gas (zero grade air) 30
psi; heater gas (zero grade air) 30 psi, ion source voltage +4500 V, and source temperature
500 °C. SRM transitions and compound dependent parameters for analytes, surrogate
calibrants, and internal standards are summarized in Table 1. The peak widths were 0.2 — 0.3

min. The total cycle time was 800 ms, which ensures around 15 data points for all analytes.
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2.8 Data processing

Analyst 1.7 with Analyst Device Driver was utilized for data acquisition and system control.
PeakView 2.2 was used for manual data evaluation. MultiQuant 3.0 was employed for peak
integration, linear regression, and concentration calculation. Statistical analysis and

visualization were performed with R language.

3 Results and discussion
3.1 Methylation strategy for SPx

Comprehensive coverage and accurate quantification are ultimate goals in metabolomics,
yet both difficult to achieve. Structural diversity, high polarity, multiple charges and existence
of many isomeric metabolites are just some factors making corresponding method
development in complex biological matrices challenging in analytical perspectives. HILIC
coupled to tandem MS emerged as the standard method for general polar metabolome
analysis. Unfortunately, many metabolites carry multiple ionizable groups such as phosphate
and carboxyl groups, which may cause poor peak shape, low recovery, and instrumental
carryover. While recent column technology with polymer deactivated surface technology
(MaxPeak High Performance Surfaces, HPS) partly mitigated some of those problems [39,40],
it still persists for multiply phosphorylated metabolites [20]. Moreover, such technology may
not be available for all hardware used throughout an entire analytical workflow, including
sample preparation. Chemical derivatization is an alternative approach to alleviate several of
the problems (peak shape, in-source fragmentation, recovery) of metabolites with multiple
negative charges such as SPx. Previously, we established several methods for such critical
metabolites based on phosphate methylation [38,41,42]. Analytical performance was
improved after methylation. To further extend the coverage, we propose herein that this
promising strategy can be used for more polar phosphorylated metabolites such as SPx as
well.

Conventionally, underivatized SPx are detected with ESI-MS in negative mode. In

preliminary experiments, we tested the fragmentation of various glycolytic metabolites without
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derivatization, including G6P, 23BPG, lactate, and pyruvate, without derivatization. As shown
in Figure S1, two characteristic fragments (m/z 79 and 97) are found for hexose phosphates.
Metabolites with carboxylic groups (pyruvate and lactate) generated small fragments after the
neutral loss of the carboxylic acid moiety (as CO2). Carrying two phosphates and one
carboxylic group, one fragment (m/z 167) was observed for 23BPG with neutral loss of
phosphoric acid. Afterwards, the glycolytic SPx metabolites were subjected to MS2 analysis
after methylation. As indicated in Figure S2, after methylation, two characteristic fragments
were observed for all SPx (m/z 109 and m/z 127). Therefore, a targeted method could be
conveniently constructed with these SRM transitions. However, several SPx including G1P,
GA3P, DHAP, pyruvate, and lactate could not be detected after methylation. It was proposed
that some small methylated (C3) SPx (except G1P) become volatile after methylation and are
lost during evaporation step. G1P was further checked further as G6P and F6P could be
detected in the MS analysis. Afterwards, the MS parameters were optimized by direct infusion
of derivatized standards. We tested different methylation times to get optimal derivatization
conditions. Optimization results (Figure S3) showed that the methylation occurs fast (within 5
min) and signal intensity started to decrease afterwards. Therefore, methylation for 10 min
was chosen for further study.

After optimization of derivatization and the successful selection of SRM transitions for
MS2 analysis, a differential stable isotope labeling (SIL) strategy was developed for matrix-
matched surrogate calibration. Surrogate calibration was required due to lack of analyte-free
matrix and to enable favorable matrix-matched calibration. To this end, another standard set
which does not exist in real samples was generated. As illustrated in Figure 3, in this SIL set,
methylation was conducted with MeOH-d4, DCI, and D20 in replacement of MeOH, HCI, and
H20 respectively. To confirm the fragmentation of methylated SPx, 23BPG in these three sets
were analyzed for MS2 spectra. As shown in Figure 2, apart from the two common fragments
(m/z 109 and m/z 127) arising from methylated phosphate, 23BPG generates another most
abundant fragment 211 after methylation. This fragmentation resulted from neutral loss of
methylated phosphate group, which follows the similar fragmentation pattern prior methylation.

12



316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

By comparing MS2 spectra of 23BPG in the three sets, precursors were observed at m/z value
of 337, 340, and 347, which indicates that U13C-23BPG and SIL-23BPG have reasonable
mass shifts of 3 Da and 10 Da. SIL-23BPG showed that there are two deuterium introduced
with each SIL methylation. Comparison of fragments lead to the conclusion that fragments of
m/z 127 and 109 only shifted by the SIL methylation while fragment of m/z 211 keeps the
backbone of glycerate. Therefore, additionally, another two sets of unigue SRM transitions
could be obtained also from U13C labeled yeast extract and SIL methylation, which makes
the choice more flexible. Ideally, IS should be spiked before the sample preparation to
compensate for sample loss and matrix effect. SIL-SPx could only be spiked before injection.
Therefore, U13C metabolic extract was taken as IS while SIL-SPx was taken as surrogate
calibrant.
3.2 LC analysis of methylated SPx

Underivatized phosphorylated metabolites such as SPx give usually bad peak shape in
liquid chromatography due to strong adsorption of column hardware and surfaces of the flow
path driven by the multiple negative charges of the compounds. Instrumental carryover is
significant as well for this reason. Methylation of phosphate groups were reported to have
favorable effects on peak shapes reducing tailing and increasing retention in RP-LC. Inspired
by our previous method for inositol phosphates [38], preliminary experiments on LC method
development started with a cholesterol-bonded column (Cosmocore 2.6Cholester, 2.6 um
core shell particle column). ACN and MeOH were tested as organic modifiers in this RP-type
separation, during which MeOH exhibited better separation for the constitutional isomers 2PG
and 3PG. According to the number of phosphate and carboxylate groups, retention times of
SPx increased from sugar monophosphate, 2PG/3PG, F16P2, 23BPG, to PEP. This was
expected as both phosphate and carboxylate groups of SPx can be methylated and lead to
hydrophobicity increase. The methylated SPx showed improved peak shapes and enhanced
sensitivity compared to conventional methods without derivatization (not shown). However,
several issues emerged during this preliminary experiment of RPLC-MS analysis, which were
addressed in the further method development.
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There was little selectivity for hexose monophosphates such as F6P and G6P. As shown
in Figure S4, G6P and F6P had both retention time close to dead time (t0), which indicates
insufficient retention on the Cholester phase. Sugar monophosphates remain too polar to be
sufficiently retained on RP column even after phosphate methylation. Additionally, G1P could
not be detected by LC-MS after methylation. Then we organized several more SPx with
phosphate group at 1’ position. Results indicate that only SPx with phosphate at position 6
could be detected by this method. So, we supposed that when the 1’ position is blocked by a
phosphate group, the methylation reaction becomes more difficult, which leads to much lower
sensitivity compared to SPx with 6’ position. This difference makes our method more selective
to SPx with 6’ phosphate while it is below LODs for SPx with 1’ phosphates. Furthermore,
more chromatographic resolution between 23BPG and PEP is desirable due to interference
arising from in-source fragmentation of 23BPG. By measurements of single standards of
23BPG and PEP (Figure S5), it was observed that the in-source fragment of 23BPG (m/z 337
— 211) overlaps with PEP (m/z 211 — 109). The last problematic issue of the Cholester-RP
method was inter-conversion between 2PG and 3PG during methylation. When 2PG and 3PG
were analyzed by LC-MS, they showed close but distinct retention times. However, the signal
representing 3PG was also observed in the single standard of 2PG, which could have resulted
from standard impurity or conversion during methylation.

Next, the derivatized standard mixture of SPx were analyzed with untargeted sequential
windowed acquisition of all theoretical fragment ion mass spectra (SWATH) method (Suppl.
Table S1) to get comprehensive data. In the SWATH data, we checked 2/3 PG with different
numbers of methylation (phosphate, carboxylate, and hydroxyl groups). Results in Figure S6
showed that both full-methylation (methylated phosphate and carboxylate groups) and per-
methylation (methylated phosphate, carboxylate, and hydroxyl group) were observed. It was
a matter of course that per—methylated 2/3-PG has better retention than full-methylated 2/3-
PG and thereby better separation in the RPLC-MS method. But interestingly, elution order of
2/3-PG switched for the per—methylated forms as compared to the full-methylated forms. The
signal of the other 2/3-PG constitutional isomer was negligible in the chromatogram of the
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respective other form after per—methylation, which indicates that the signal of 3PG in the 2PG
standard comes from inter—conversion during methylation rather than an impurity in the
standard. Once the hydroxyl of 2/3-PG is methylated, phosphate group transfer cannot occur
anymore. Therefore, the derivatization was optimized for per-methylation of 2/3-PG and per—
methylated 2/3 PG were chosen for the further study.

The LC method development was therefore continued with column screening
experiments for achieving better retention of sugar monophosphates and better resolution
between 23BPG and PEP. Different columns were tested for methylated SPx, including C30,
chiral polysaccharide, and porous graphitic carbon (PGC) columns. The C30 RP column was
tested for its perceived better retention of methylated sugar monophosphates owing to the
increased hydrophobicity of this stationary phase. MeOH and ACN were tested as organic
modifiers with the same gradient starting with low organic condition (5% B). As shown in Figure
S7, there was little selectivity between G6P and F6P. Moreover, as reported for sugars SPx
with free semiacetalic hydroxyl in position 1 show double peaks in C30 RP-LC due to the
presence of anomers with distinct retention. In contrast, if this C1-hydroxyl is phosphorylated
anomerization cannot occur anymore, and a single peak is observed. In our experiment, G6P
showed double peaks, which is detrimental in this method. Chiral polysaccharide columns
were tested due to their multiple interaction sites and favorable selectivity for isomeric species.
Unfortunately, the tests with the chiral columns were not successful as summarized in Figure
S8 — S9. Although some analytes had decent retention and showed symmetric peaks, most
targeted SPx showed unsatisfactory peak shapes on the polysaccharide columns.
Furthermore, retention of sugar monophosphates was not improved significantly. Meanwhile,
23BPG was not separated from PEP.

Finally, a PGC column was evaluated. It was reported to have better retention for polar
compounds even under highly aqueous conditions [14]. In our screening experiments, PGC
showed improved retention of methylated SPx and was chosen for further method
development. To further check specificity of this method, more isobaric sugar
monophosphates were organized and tested. Results are summarized in Figure S10. There
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was no signal obtained in derivatization blanks at retention times of SPx. As mentioned
previously, sugar 1’ phosphates were not detected in our method (tested with concentrations
at 2 x upper limit of quantifications, 2 ug/mL), which contributes to assay selectivity to some
extent. Sugar 6’ phosphates eluted close to each other. G6P, M6P, and F6P were separated
in part by the employed screening gradient. Gal6P showed double peaks and eluted later than
the above three SPx. A6P showed extremely bad peak shape and wide retention time range
overlapping all SPx tested. Since allose is a rare monosaccharide in the leaves of the African
shrub Protea rubropilosa, the risk of interference of A6P is low; it should not be present in the
human samples of interest in our research. However, potential interference from diet should
be considered when sugar monophosphates in real samples are analyzed with this method.
The three critical sugar monophosphates (F6P, M6P, and G6P) as well as other SPx were
taken for further optimization by column head focusing approach. One hundred % aqueous
was held for 1 min, 2 min, and 3 min followed by identical gradient as before. Results of sugar
monophosphates are shown in Figure S11. With increased holding time, the retention and
selectivity between G6P and F6P were improved. However, M6P shifted to double peaks and
gradually coeluted with G6P. Most importantly, there was little isomer selectivity when tested
with a mixture. Additionally, better response and peak shape were observed from holding time
of 1 min (shown in Figure S12). Eventually, the signal was taken to represent the sum of F6P,
M6P, and G6P in this method which has therefore left some room for further improvements.
The gradient started with 1 min holding at 100% aqueous to make analytes focused at the
column head when the method starts. After optimization of LC conditions, the final method
was established with PGC column. Representative chromatograms are shown in Figure 4.
Symmetric peak shapes were achieved in typical RP-LC conditions. Adequate separation of
critical peak pairs including 3PG / 2PG, and 23BPG / PEP was achieved. Interestingly, as
shown in Figure 4F, similar to reports for SIL analogs in RP-LC, deuterated species elute
earlier than 13C labeled— and original species. It is appropriate to have U13C - SPx as internal

standards, as matrix effect in LC-MS analysis is retention time specific.
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3.3 Method evaluation and validation

For a successful application to biological samples, another critical step of the entire
workflow of SPx analysis is their efficient extraction, which is problematic as well. Due to their
phosphate moiety and possible carboxyl groups, SPx are prone to bind to proteins in biological
samples, which makes their extraction challenging. Strong acid-based liquid extraction
methods, based on strong acids like HCI and PA, were reported to show decent extraction
recovery (ER) for phosphorylated metabolites. As reported above, when extracted with HCI
containing solvent mixture, there is a risk of hydrolysis and phosphate migration. Therefore, a
weaker acid like acetic acid was proposed to improve extraction performance. Due to selective
affinity of the phosphate group, metal oxide-based affinity chromatography (MOAC) has been
successfully utilized to extract phosphopeptides, phosphoproteins and phosphorylated
metabolites [43]. Recently, we developed an extraction kit consisting of centrifuge filter and
TiO2 for analysis of inositol phosphates [38]. It combines PA based protein precipitation,
MOAC extraction, and particle removal. After introducing washing steps with diluted HCI
solution, this extraction kit was compatible with further phosphate methylation. Taking this
knowledge, this extraction protocol was tested for SPx in plasma in this study. As shown in
Table S2, ERs of SPx from 30% to 78% were achieved. The ER of SPx increases with the
number of phosphate and carboxylate groups, which arises from increased affinity with more
negatively charged groups. Internal standards are necessary in MS—based methods to
compensate not only for sample loss during sample preparation, but also for the matrix effect
(ME) during ionization. ME can result from coextracted and coeluted endogenous compounds.
Commonly chosen internal standards include structurally similar analogs and stable isotope
labeled (SIL) analogs. Ideally, SIL compounds should be used as they share closest chemical
and physical properties to analytes, thereby undergoing the same extraction efficiency,
chromatographic process and can compensate for MEs. When it comes to SIL internal analogs,
13C-labeled ones were reported to have closer retention time compared to deuterated ones,
which was confirmed on PGC column as well. ME was evaluated for the target analytes using
strategies reported before [44]. ME without internal standards were obtained by comparing
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the response of internal standards in plasma matrix (post-extraction spiked) and that in
solution. As shown in Table S3, ion suppression and ion enhancement were not significant
even without internal standards. With compensation by 13C-labelled internal standards (from
U13C-labelled cell extract), slightly improved ME was obtained (Table S4). In this study,
internal standards had mainly the effect to correct variations from the sample preparation
process. Method evaluation and validation, including accuracy, precision, linearity, and limit of
guantification (LOQ), was carried out according to the FDA guideline with some modifications.
As described before, SIL-SPx were taken as surrogate calibrants. Calibration series were
constructed with pre-spiked U13C-labeled yeast extract in plasma followed by combination of
different concentration levels of SIL-SPx before injection. As shown in Table 2 and Figure
S13, good linearity was obtained over the tested concentration ranges. LOQ (on column) from
0.25 pmol to 0.54 pmol was achieved. Calibrants were analyzed in three batches for intra-
batch and inter-batch accuracy and precision testing. As shown in Table S5 — S6, this method
was proven to be accurate and reliable for SPx quantification in biological samples, with
improved performance.
3.4 Application to biological samples

After method establishment and validation with human plasma, we applied this method
to profile SPx in different biological samples, including NIST SRM1950 plasma, cultured HelLa
cells, and human platelet samples. The quantification results in NIST plasma and cultured
Hela cells are summarized in Table S7. NIST plasma and HeLa exhibited distinct SPx profiles
(representative chromatograms in Figure S14 for NIST plasma and Figure S15 for HelLa).
These results indicate that this established method is suitable for quantitative analysis of SPx
from the glycolysis pathway in biological samples. To further explore the performance of this
method in a biological scenario, a pilot study on alteration of glycolytic pathway during platelet
activation was conducted. Platelets from healthy donors were collected and aliquoted for
treatment. CRP was used to activate the platelets and this experimental set was compared to
resting platelets. Results are shown in Figure 5. Compared to the resting group (control), most
SPx in glycolysis pathway got significantly upregulated in the CRP group, which indicates
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increased glycolysis activity during platelet activation. It is in line with the reports before that
platelets use the glycolysis pathway to generate adenosine 5'-triphosphate (ATP) to support
its activation [6]. These results confirm that this method can be used in research exploring

glycolysis and that it can provide reliable results on the SPx profile.

4 Conclusions

The accurate quantitative analysis of SPx with LC—MS remains challenging due to their
high polarity and rich negative charge. In this study, the strategy of phosphate methylation
was applied to improve the performance of the analysis of sugar phosphates from the
glycolysis pathway. A LC-MS/MS method was established on a PGC column with better
chromatographic performance than on other evaluated (C30, cholesteryl-bonded, chiral)
columns. U13C-labeled yeast extract from Pichia pastoris and deutero-SIL methylated SPx
were taken for internal standards and calibrants respectively. A TiO2—based extraction kit was
used for the efficient extraction from biological samples. The established workflow was
validated in human plasma. To further demonstrate the potential of this method, we used it to
profile SPx in cultured HelLa cells, as model for platelets with limited availability for method
development. In a pilot study, SPx of the glycolysis pathway were observed to be significantly
upregulated in CRP-activated human platelets. These results demonstrate that this method
can be used for monitoring glycolysis pathway. It holds the potential to facilitate our
understanding of the role and alterations of the glycolytic pathway under different

pathophysiological conditions.
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677 Tables with captions

678 Table 1. SRM transitions with MS parameters (dt, dwell time; DP, declustering potential; EP,

679 entrance potential; CE, collision energy; CXP, collision cell exit potential).

SPx Q1 Q3 dt DP, V EP, V CE,V CXP,V
F6P/M6P/G6P-1 289.1 127 30 80 10 20 10
F6P/M6P/G6P-2 289.1 109 30 80 10 25 10

F16P2-1 397.1 109 30 70 10 30 15
F16P2-2 397.1 127 30 70 10 20 15
23BPG-1 337.0 211 30 70 10 18 10
23BPG-2 337.0 127 30 70 10 40 10
3PG/2PG-1 243.1 109 30 60 10 38 10
3PG/2PG-2 243.1 127 30 60 10 15 10
PEP-1 211.0 109 30 60 10 30 10

PEP-2 211.0 127 30 60 10 25 10
U13C-F6P/M6P/G6P-1 295.1 127 30 80 10 20 10
U13C-F6P/M6P/G6P-2 295.1 109 30 80 10 25 10
U13C-F16P2 403.1 127 30 70 10 20 15
U13C-23BPG 340.0 214 30 70 10 18 10
U13C-3PG/2PG 246.1 127 30 60 10 15 10
U13C-PEP 214.0 109 30 60 10 30 10
SIL-F6P/M6P/G6P-1 293.1 131 30 80 10 25 10
SIL-F6P/M6P/G6P-2 293.1 113 30 80 10 20 10
SIL-F16P2 405.1 131 30 70 10 20 15
SIL-23BPG 347.1 217 30 70 10 18 10
SIL-3PG/2PG 2511 131 30 60 10 15 10
SIL-PEP 217.1 113 30 60 10 30 10

680

681  Table 2: Calibration curves of SPx in this method (plasma as matrix).

SPx range, ng/mL linear equation r LOQ on column, pmol
F6P/M6P/G6P 20 - 1000 y =0.00088673x + 0.011223 0.9987 0.33
F16P2 20 - 1000 y = 0.0016019x - 0.007057 0.9958 0.25
3PG 10 - 500 y =0.0022836x + 0.019088 0.9889 0.43
2PG 10 - 500 y =0.0050257x + 0.057711 0.9956 0.54
23BPG 10 - 500 y = 0.0144496x + 0.095651 0.9978 0.27
PEP 10 - 500 y =0.0015483x + 0.011082 0.9972 0.49

682
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Figures with captions
Figure 1: Sugar phosphates and related metabolites in glycolysis pathway (inspired by KEGG

683
684
685 [1]). As part of central carbon metabolism, glycolysis pathway provides precursors for most
686  biosynthesis processes.
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691  Figure 2: Product ion spectra of 23BPG in three sets: (A) methylated 23BPG; (B) methylated
692  uniformly 13C-labeled 23BPG; (C) Stable isotope labeled deutero-methylated 23BPG. MS2
693  spectra of analytes in three sets improved confidence of fragmentation elucidation, SRM

694 transition construction and identification in real samples.
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Figure 3: Summary of standard design including analytes, internal standards, and surrogate
calibrants. (A) The phosphate methylation of sugar phosphates by trimethylsilyl diazomethane
under acidic condition. Hydrogen was colored to show different contributors, which is the base
for differential stable isotope labeling methylation in (B). Pre-spiked internal standards
(uniformly 13C labeled sugar phosphates) and analytes were lightly methylated (colored in

gray) while standards were heavily methylated (colored in red) as surrogate calibrants.
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Figure 4: Representative chromatograms obtained with porous graphic carbon column of SPx
standard mixture after methylation: (A) F6P/M6P/G6P; (B) F16P2; (C) 23BPG; (D) 3PG and
2PG; (F) 23BPG, SIL-23BPG, and U13C-23BPG. The chromatograms were obtained with:
porous graphitic carbon column (2.6 ym, 1.0 x 100 mm), mobile phase: 10 mM NH4FA in

water and methanol (details described in materials and methods section).
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Figure 5: Alterations of SPx generated during glycolysis in experimental human platelet

samples. Human platelets from healthy donors (n = 10) were aliquoted and either kept under

resting condition or treated with collagen-related peptide (CRP) to activate them. (A) Relative

guantification of SPx achieved after normalization by internal standards. P-values were

obtained from paired sample Wilcoxon test. Significance levels are *p < 0.05, **p < 0.01, and

***n < 0.001. (B) gives the summary of upregulation of SPx in glycolysis pathway.
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Text S1 | High resolution mass spectrometry (HR - MS) method information.
The HR-MS detection was performed on a TripleTOF 5600+ mass spectrometer with a DuoSpray source (Sciex,

Framingham, MA, USA) operated with the ESI probe. lon source parameters were: curtain gas (N2) 30 psi, nebulizer
gas (zero grade air) 30 psi; heater gas (zero grade air) 30 psi, ion source voltage +4500 V (positive mode) and source
temperature 500 °C. Sequential window acquisition of all theoretical fragment ion mass spectra (SWATH) experiments
were performed to obtain comprehensive MS/MS data. The detailed SWATH information is listed in Table S1. Briefly,
in the TOF scan, MS parameters were: DP 100 V, CE 10 V, mass range m/z 50 — 2000, accumulation time 200 ms.
SWATH experiments were conducted from 50 — 1250 Da. The SWATH window width was 50 Da with accumulation
time 20 ms. Other MS parameters were DP 100 V, CE 50 V, and CES 15 V. The total cycle time was 729 ms. The
instrument was automatically calibrated every 5 samples via calibration delivery system (CDS) using commercial
calibration solution. The EIC of precursor ion was extracted in MasterView software according to chemical formula.

Corresponding product ion spectra were obtained after deconvolution according to Rt in chromatography.

S3



Table S1 | SWATH window parameters in this study.

Exp Index Experiment type

Start mass (Da) Stop mass (Da) CE (V) CES (V) Accumulation time (ms)

1 TOFMS 50 2000 10 0 200

2 SWATH 50 100 50 15 20

3 SWATH 99 150 50 15 20

4 SWATH 149 200 50 15 20

5 SWATH 199 250 50 15 20

6 SWATH 249 300 50 15 20

7 SWATH 299 350 50 15 20

8 SWATH 349 400 50 15 20

9 SWATH 399 450 50 15 20

10 SWATH 449 500 50 15 20

11 SWATH 499 550 50 15 20

12 SWATH 549 600 50 15 20

13 SWATH 599 650 50 15 20

14 SWATH 649 700 50 15 20

15 SWATH 699 750 50 15 20

16 SWATH 749 800 50 15 20

17 SWATH 799 850 50 15 20

18 SWATH 849 900 50 15 20

19 SWATH 899 950 50 15 20

20 SWATH 949 1000 50 15 20

21 SWATH 999 1050 50 15 20

22 SWATH 1049 1100 50 15 20

23 SWATH 1099 1150 50 15 20

24 SWATH 1149 1200 50 15 20

25 SWATH 1199 1250 50 15 20

The extracted peaks of SPx have peak widths of around 0.25 min. The cycle time is 729 ms.
Table S2 | Extraction recovery (ER) of SPx in this method (plasma as matrix, n = 3).
ER, % F6P G6P 3PG 2PG PEP

QC1 (low) 39.3+3.7 422 +£2.0 77.8+124 55.0 5.7 48.7+2.6 759148
QC2 (medium) 41.2+53 426 +3.2 706 5.7 47.8+9.8 51.2+6.5 63.8 6.5
QC3 (high) 30.2+28 30.2+28 71.2+4.1 67.5+6.9 35476 52.1+4.4

For F6P, G6P, and F16P2, the concentrations of QC1, QC2, and QC3 were 100 ng/mL (~ 5 x LOQ), 500 ng/mL, and 1000 ng/mL
respectively. For 23BPG, 3PG, 2PG, and PEP, the concentrations of QC1, QC2, and QC3 were 50 ng/mL (~ 5 x LOQ), 250 ng/mL,
and 500 ng/mL respectively.

Table S3 | Matrix effect (ME) of SPx without internal standards (plasma as matrix, n = 3).

ME wo IS, % F6P G6P 3PG 2PG PEP
QC1 (low) 96.4+1.8 88.7+6.2 92.1+3.8 1234+ 9.6 138.9+1.1 709142
QC2 (medium) 99.2+11.8 843126 86.9+ 3.0 118.1+46 121.6+11.0 89.3+8.9
QC3 (high) 90.5+3.9 834129 81.8+3.9 11776 125.0+£ 6.7 79.0+6.5
The concentrations were the same as in Table S1 above.
Table S4 | Matrix effect (ME) of SPx with internal standards (plasma as matrix, n = 3).
ME w/ IS % F6P G6P 3PG 2PG PEP
QC1 (low) 106.1 £ 2.6 1054 +1.6 106.7 £ 3.9 1035+ 6.5 106.7 £ 3.6 102.0+£9.8
QC2 (medium)  107.2+15 107.3+1.4 91472 1005+11.1 91.3+8.2 107.7+£35
QC3 (high) 106.7 £ 4.9 106.6 £5.5 97.9+9.6 101.7+£3 1044+96 1028+11.6

The concentrations were the same as in Table S1 above.
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Table S5 | Intra — batch accuracy (as determined by % recovery) and precision (as % RSD) (plasma as matrix, n = 3).

Accuracy and precision

: F6P G6P F16P2 23BPG 3PG 2PG PEP

(intra-batch)

QC1 (low) 69.6+11.6 751+52 80.1+132 1052+26 1056+24 1053+81 88.9+%52
QC2 (medium) 87.8+29 933+104 86.1+34 90.7+47 1041+12 952+16.1 99.4+3.9

QC3 (high) 103.2+16 1087+75 108.9+6.2 101.8+27 90.6+3.1 99.3+43 96.1+20

The concentrations were the same as in Table S1 above.

Table S6 | Inter — batch accuracy (as determined by % recovery) and precision (as % RSD) (plasma as matrix, n = 3).

Accuracy and precision

. F6P G6P F16P2 23BPG 3PG 2PG PEP
(inter-batch)
QC1 (low) 742+13 758+05 819+46 1083+3.2 108.0+0.9 1092+31 854+29
QC2 (medium) 88.6+84 894+79 851+20 941+30 1046+40 916+53 100822
QC3 (high) 101.5+6.0 108.7+7.2 108.1+35 999+27 889+11 984+51 96.2+27

The concentrations were the same as in Table S1 above.

Table S7 | SPx in glycolysis quantified in biological samples.

SPx F6P/M6P/G6P F16P2 23BPG 3PG 2PG PEP
NIST SRM1950 plasma (50 pL) 27%0.3 0.8+0.3 08+0.05 01+0.05 223+39 ND
HeLa cells (106 cells) 261.5+32.9 389.5+21.7 312+25 208+41 33.6+36 ND

ND, lower than LOQ in this method.
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Figure S1 | Product ion spectra of metabolites in the glycolysis pathway before methylation, including
(A) G6P, (B) 23BPG, (C) Lac, and (D) Pyr.
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Figure S2 | Product ion spectra of metabolites in the glycolysis pathway after methylation, including
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Figure S7 | Chromatograms of G6P and F6P on C30 column. The chromatograms were obtained with:
ProntoSIL C30 column (5 pum, 2 x 200 mm). Mobile phases: A 10 mM NH4FA in water. MeOH (A)
and AcN (B) was used as organic modifier respectively. Gradient: 0 min, 5% B; 6 min 5% B; 20 min,
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40 °C.
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Figure S8 | Chromatograms of SPx on chiral columns. The chromatograms were obtained with:
column: Daicel Chiralpak UPLC columns are with the same dimension (1.6 pum, 3.0 x 100 mm).
Mobile phases: A 10 mM NH4FA in water. MeOH was tested as organic modifier B. Gradient: 0 min,
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mL/min. Column temperature: 40 °C.
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Figure S10 | Results of specificity test. Two groups of isobaric sugar monophosphates were tested.

(A) sugar 1’ phosphate: G1P, GallP, M1P, and SorlP. (B) sugar 6’ phosphate: G6P, Gal6P, F6P,
A6P, and M6P. The chromatograms were obtained with: column: porous graphitic carbon column (2.6
pum, 1.0 x 100 mm). Mobile phases: A 10 mM NH4FA in water and B MeOH. Gradient: 0 min, 5% B;
9 min 100% B; 12 min, 100% B; 12.1 min, 95% B; 17 min, 95% B; 17.1 min, 5% B; 23 min, 5% B.
Flow: 0.1 mL/min. Column temperature: 60 °C.
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Figure S11 | Results of LC optimization for sugar monophosphates. The chromatograms were
obtained with: column: porous graphitic carbon column (2.6 um, 1.0 x 100 mm). Mobile phases: A 10
mM NH4FA in water and B MeOH. Flow: 0.1 mL/min. Column temperature: 60 °C. Different
gradients were tested: (A) gradient was the same as Figure S10; (B) gradient: 0 min, 0% B; 1 min, 0%
B; 10 min 100% B; 13 min, 100% B; 13.1 min, 95% B; 18 min, 95% B; 18.1 min, 0% B; 24 min, 0%
B. (C) gradient: 0 min, 0% B; 2 min, 0% B; 11 min 100% B; 14 min, 100% B; 14.1 min, 95% B; 19
min, 95% B; 19.1 min, 0% B; 25 min, 0% B. (D) gradient: 0 min, 0% B; 3 min, 0% B; 12 min 100%
B; 15 min, 100% B; 15.1 min, 95% B; 20 min, 95% B; 20.1 min, 0% B; 26 min, 0% B.
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Figure S12 | Results of LC optimization for other sugar phosphates in this study. The chromatograms
were obtained with: column: porous graphitic carbon column (2.6 pm, 1.0 x 100 mm). Mobile phases:
A 10 mM NH4FA in water and B MeOH. Flow: 0.1 mL/min. Column temperature: 60 °C. For SPx
analytes: (A) F16P2, (B) 23BPG, (C) 3PG and 2PG, and (D) PEP, different gradients were tested as
follows. The blue trace stands for gradient in Figure S10; The pink trace stands for gradient: 0 min,
0% B; 1 min, 0% B; 10 min 100% B; 13 min, 100% B; 13.1 min, 95% B; 18 min, 95% B; 18.1 min,
0% B; 24 min, 0% B. The red trace stands for gradient: 0 min, 0% B; 2 min, 0% B; 11 min 100% B;
14 min, 100% B; 14.1 min, 95% B; 19 min, 95% B; 19.1 min, 0% B; 25 min, 0% B. the green trace
stands for gradient: 0 min, 0% B; 3 min, 0% B; 12 min 100% B; 15 min, 100% B; 15.1 min, 95% B;
20 min, 95% B; 20.1 min, 0% B; 26 min, 0% B.
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Figure S14 | Representative chromatograms (SPx analyte in blue while U13C-SPx in pink) in NIST

SRM1950 plasma sample. The analytes with concentrations in solution were as follows: (A)

F6P/M6P/G6P, 17.2 ng/mL; (B) F16P2, 25.2 ng/mL; (C) 23BPG, 73.6 ng/mL; (D) 3PG, 11.1 ng/mL

and 2PG, 74.2 ng/mL; (E) PEP, 5.3 ng/mL.
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Figure S15 | Representative chromatograms (SPx analyte in blue while U13C-SPx in pink) in cultured
HeLa cell sample. The analytes with concentrations in solution were as follows: (A) F6P/M6P/G6P,
464.1 ng/mL; (B) F16P2, 2973.1 ng/mL; (C) 23BPG, 217.7 ng/mL; (D) 3PG, 88.6 ng/mL and 2PG,

125.9 ng/mL; (E) PEP, ND (lower than LOQ).
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