Tools of “Omics”
Metabolomics

Dr. Rob J. Vreeken
Netherlands Metabolomics Centre
University of Leiden, the Netherlands

ESHRE conference on

System biology tools and preclinical models for translational research

in endometriosis and adhesion formation B

Sept 4&5, Liege, Belgium oC® Netherlands

Metabolomics Centre




Outline

e Metabolomics
- Why, what, how
e Netherlands Metabolomics Centre
— Aim & objectives
e Profiling of Lipids
— Application to study twins
e Profiling of amines
— Application to CSF and Plasma
e Identification of unknown metabolites
— MS trees for structure elucidation
e Applications
— Biomarker discovery of disease models
— Network analysis of drug intervention
e Conclusions & Acknowledgements

| NS
Metabolomics Ce



Why Metabolomics?

Genome

Transcripts

Proteins

Metabolites

Phenotype*

* the observable characteristics of an organism

Metabolome close to outward
appearance (phenotype) in health &
disease

Metabolites essentially the same in
humans & animals with often same
biological functions

In various chronic, multifactorial
diseases metabolic disorders are
involved (e.g. cardiovascular,
diabetes, CNS diseases)

Metabolite profiles of body fluids to
discriminate disease & health

Metabolomics essential part of
Systems Biology

Metabolomics



BIOMARKERS for health & disease
From normality, to dysfunction, to disease

Late biomarkers
of disease/effect

Early biomarkers
of disease/effect

Onset of
disease/effect
_______________ﬂ_/_/./_/_ _______________ N _\_\_ -
Predisposition ; Irognostic
markgrg . | mgrker's
______ ol Ll XY

S~ ==

Changes in pathway dynamics
to maintain homeostasis
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Van der Greef et al, in ‘Metabolic Profiling: Its Role in Biomarker Discovery and Gene Function Analysis’. Kluwer Academic Publishers; 2003:170-198



Metabolomics workflow
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Analytical Techniques used

in metabolomics
GC-MS

» Highly reproducible retention times & High separation efficiency
* Electron Impact (EI) mass spectra
Sensitivity, fingerprint & large databases available for identification

* Derivatization to include polar analytes & non-volatiles

Robust procedure necessary = quality standards to control sample preparation
and system performance as well as correct for variation of detector response

» Chemical Ionisation (CI) for increased coverage
Spectra less informative (MS/MS; no databases)

LC-MS

» Wide variety of techniques covering a large range of polarities
Untargetted/screening/or targetted

» Easy of use and easy sample clean-up

* Requires MS~n for identification

* FIA-MS

- ESI, APCI, APPI, Maldi, DESI ?

*+ Q,QQqQ, IT, FT, ToF, QToF ?

NMR

*High concentration metabolites
*Screening A i T A

+Semi-quantitative ' i - oo
9 Metabolomics Cen
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Robust method is key!
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e e | Derivatization by oximation & silylation

Human plasma
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phospho-organic acids

sugars, sugar acids, sugaramine
sugar phosphates

steroids

up to about 40 C-atoms

Koek et al, Anal. Gheml, (A0R6) 781272 .



Derivatization efficiency (standards)

Compound RSD Efficiency Compound RSD Efficiency
(%) (%) (%) (%)

Alanine 5 110 Fructose 2 95|
Asparagine 7 30 Glucose 4 85
Aspartic acid 10 70 Ribose 3 95
Glutamic acid 9 50 Xylitol 5 115
Glutamine 11 40 Fructose-6-phosphate 6 45
Glycine 3 100 Glucose-6-phosphate 5-10 50-6%
Leucine 2 85 Fumaric acid 2 60
Lysine 7 55 Lactic acid 1 90
Methionine 11 65 Malic acid 3 60
Phenylalanine 5 80 Oxaloacetaat 2 80
Serine 7 80 Pyruvic acid 2 70
Threonine 3 70 5-Fluorocytosin 6 25
Valine 4 105 Glycerol-3-phosphate 4 30

» Hydroxyl and carboxyl functional groups: performance very satisfactory

« Amine and phosphoric functional groups: performance satisfactory

« Amide, thiol or sulfonic functional groups: critical compounds, oLP Netherlands

erformance satisfactory when analvytical system in good shape Metabolomics Centre




Metabolite profiling with LC-MS:

choice of detection mode

sample |. . . mass mass
. . __|lonization r
introduction analyser | | analyser .
L |
L
c Quadrupole Quadrupole
CE ESI lon-trap lon-trap
electrospary ionization Time-of-flight
direct APCI Time-of-flight ICR-FTMS
atmospheric pressure chemical ionization
infustion APPI Orbitrap
atmospheric pressure photo ionization .

Metabolomics |



The coverage challenge: liquid-phase
separation
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cation Charge anion
Note: derivatization can be used to change polarity, &% Netherlands

charge and detectabilit Metabolomics Centre



Endogenous amino acids in 0.5 uL aliquot
of human urine

LOD (ng/ml): <1
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SCX-HILIC-MS: extracted ion chromatogram of
possible metabolite candidates in urine

Possible metabolites were
A searched with the mass
~

A/ creatinine

creatine

window of 1 millimass unit by
using calculated mass.

100
503 l/ pipecolic acid

sphingosine

Relative Abundance
3 8
el
,_,‘ﬁ_—_.

% Direct analysis of urine:
0 88 (+18) metabolites detected of 130 (+20) cationic

metabolites expected (+ isomers) according to HMDB

10 15 20 25 30
(\

Time (min)
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Outline

e Netherlands Metabolomics Centre
— Aim & objectives
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Netherlands Metabolomics Centre

Ambition

Creation of a world-class metabolomics knowledge
infrastructure to improve personal health and quality of life

Strategy
Generic technology development in the core programme

Technology translation together with associate partners
Funding
Governmental grant (53 MEuro’s) for 5 yrs.

"
Metabolomics



NMC networking partners
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Examples of Core Tech Dev. projects

DDDDDDDD

e Qp projects °o
— Biology driven improved coverage .. |
of the metabolome P °ﬁ
o)
o (o]
“"From cell systems to animal models o
to humans, and vice versa” ::

— A generic steroid platform (adipose tissue as a model system)
— Generic peptide-platform (incl. PTM’s)

— Metabolic biomarkers for oxidative stress

— Inflammation platform

— Nano/micro sampling for local metabolomics

- Comprehensive LC-MS metabolite profiling: quantitative and
sensitive detection of small differences c

Metabolomics Ce



Examples of Core Tech. Dev. projects
e MI projects

— Identification strategies using LC-SPE-NMR-MS" and HR-MSn
novel tools for data acquisition and spectral tree interpretation

- Development of algorithms or rule-based tools for identification of human
metabolites from HR MS”n data

- NMR/MS based prediction

- Top down identification of unknown metabolites
structure generation and candidate rejection

— De-novo identification of polar metabolites with GC-EI/CI-MS":
from measurement to structure

e BS projects
— Analyzing complex-structured metabolomics data
Data fusion & Global dynamic modelling
— Power analysis and experimental design

Power analysis & Experimental designs for time-resolved metabolomics
Incorporating a priori information
From metabolomics data to networks and back
Emerging time-resolved metabolomics data structures from in-silico networks
(.

Core projects linked to associate projects via deliverables

B e



Personal Health & Quality of Life

Academic
Associate Project

Industrial
Associate Project

Health, Pharma
& Diagnostics

\ / Nutrition & Health
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. Validation@wim,%lem& asnh Asparagin
focussed on signalling molecules

Demonstration & Competence Lab (1)
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Metabolomics Centre



Demonstration & Competence Lab (2)

e Platforms based on High throughput & Hic

resolution analysis

- “UPLC"” methods
— Q-ToF and high resolution trap instruments

%

e Methods based on Miniaturized systems
using micro/nano-fluidics for small sample
volumes R h Tyl

e p-LC and Nano-LC, chip LC ) /

40n! Trap
[Waste]

herlands
Laser Ablated Tip

wietabolomics Centre



Instrumentation & facilities |

e Demonstration & feasibility studies for
members/collaborators (NGI)

e Trainings/workshops

— Hands-on Metabolomics workshop Nov 24-27, 2008
— 2010 planning 2 workshops

e Meeting place for (inter)national
scientists having acces to “State of the
Art” instrumentation

P Netherlands

Metabolomics Centre




Instrumentation & Facilities

P Netherlands
Metabolomics Centre




Metabolomics workflow
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Outline

o Profiling of Lipids
— Application to study twins

oL® Netherlands
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Profiling of lipids: various lipid classes

nonpolar —— Lipid polarity polar
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Profiling of lipids: various (LC-)MS strategies

e Intact lipids
RP stationary phas

e Direct infusion

r APCI-MS

e Eventually pre-fractionation

o Separation & hydrolysis/derivatization

e Isomers often not separated
(e.g. position of double bond)

Metabolomics Centre



Development of RP-LC-MS of lipids

Various RP columns tested

e Fused core C8 column selected
Ascentis Express C8: 2.1 x 150 mm (2.7 um)

Column temperature: varied
Gradient:
e Binary/ternary
o \Water, acetonitrile, isopropanol
e Dichloromethane necessary?

Extraction:

e 2:1 DCM-MeOH, subsequent addition of water, centrifugation,
aliquot of organic phase (modified from Bligh & Dyer)

e 5 internal non-endogenous lipid standards added prior to extraction

o (‘ Netherlande
Metabolomics Centre
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Contribution of genotype & environment

to phenotype

Known:
differences in genotype
(+ environment)
!
differences in phenotype
(metabolome)

This study:
similarities in genotype
(+ environment)
!
similarities in phenotype
(metabolome)?
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Lipid profiles by RPLC-MS

Differentiate between genes and environmental factors

¥

by studying twins with same genotype




Study population

e 23 twin pairs (21 monozygotic, 2 dizygotic); age 18.0 £ 0.2y
o 8 siblings (brothers/sisters); 17.4+4.3yr

e Nearly all living at home; all healthy

e Blood drawn after overnight fasting

e Questionnaires, e.g. recent subjective health

e Monozygotic twins share 100% of genes
- within-pair similarities in metabolite profiles?

e Dizygotic twins & Non-twin siblings
- within-family similarities in metabolite profiles? Netherla

Metabolomlcs
Draisma et al., OMICS (2008) 12: 17-31



Results: Euclidian distances

Euclidean distance

- A - A A
O =~ N WP OO NWOWOO-~DNWP~OOM

p<0.01
p>0.05 p<0.05

|
|
|
|
- |

|

R | ————
| |
|
I T
|
: / \ .
I |
| |
|
P R
+
|
S
] | ]
MZ twin pairs MZ twins / non—twin siblings  Non—familial participants
o “6 N _-’":j-E‘.:‘.“i'."l‘:Ei'

Metabolomics Centre



Hierarchical clustering of pairs of subjects

Similarity
determined by
correlation of
lipid profiles

Hierarchical
clustering
according to
calculated
similarities

3
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Similarity monozygotic twins
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sib-twin
a—=x: family ID O: female twin [1: male twin O: female dizygotic twin
1,2,3:unique ID  @:female sib l: male sib [1: male dizygotic twin

Mietabolomics L.e




Intermediate conclusions

e Males cluster with males, females with
females

e 13 of 21 monozygotic twin pairs cluster
closely

e Most of them are male

e Dissimilarities are larger (not all shown)
— between dizygotic twins,
— among non-twin brothers/sisters,
— and among nonfamilial individuals

Why are other monozygotic pairs dissimilar?\

plasma lipid profile -

Metabolomics Ce
Draisma et al., OMICS (2008) 12: 17-31



Inflammatory marker: C-reactive protein

Twin pair | |
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Outline

o Profiling of amines
— Application to CSF and Plasma

oL® Netherlands
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Amine profiling in CSF and Plasma
by targeted derivatization

Derivatization reaction
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o
+ + Oz
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B-Aminoguinaline M-Hydroxy Succinimide

Optimal conditions:

*pH>7

* AA-Reagent Ratio >1:5

» Temp. 55°C

*MRM analysis -> Tag*ion (171) . YR :

adapted from Waters Accg-Tag Method Metabolomics Centre




Amino Acids in CSF
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Amine profiling of Human Plasma and CSF

999999

Plasma

Quan: ca. 40 compounds
Qual: ca. 150 compounds

77777

CSF
Quan: ca. 40 compounds
Qual: ca. 120 compounds

j 13.‘00 ) Time
o' “6 \\‘i}

lerlandas
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Outline

e Identification of unknown metabolites
— MS trees for structure elucidation

oL® Netherlands
Metabolomics Centre
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identification: assignment

MS compare
ﬁ ﬁ

s ~
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L0 Netherlands
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identification: assignment with
multistage MS

compare

- D R
o
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Mass spectral trees

/\

Tot. Comp. MS1

‘7.1‘]1.!‘ H.l

File MS2 219.00

File MS3
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.
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FileMS4117.00 N [File MS4 146.00
~ —I
1 1

File MS5 118.00

Methyl-tryptophan

Idea: Parent ion results in same

spectral sub-tree

=> Create database of sub-trees of

substructures

oL® Netherlands
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identification: structure elucida o~
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Adding extra dimensions

Ion-Mobility (Q-)ToF

Ry Nethe l
Metabolomlcs
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Figure 1. Schematic of an ambient-pressure IMS(tof)MS. Various components include (1) an electrospray ionization (ESI) source,
(2) an ESl interface to the ion mobility spectrometer, (3) a desolvation chamber where the electrospray solvent is evaporated, (4) an
ion gate which pulses packets of ions into the drift region, (5) the drift region where ions are separated according to their mobility,
(6) a pinhole interface to vacuum, (7) transfer and focusing ion lenses to move the ions from high pressure to low pressure (8) a
reflectron time-of-flight mass spectrometer. (Compliments of TofWerk, AG Thun, Switzerland).
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High Efficiency Travelling Wave IMS/MS" 11

Waters TriWave is the enabling technology
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A .
="y (= QUADRUPOLE v i
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High Definition Mass Spectrometry ™




Structural Elucidation of

Metabolites
... Trap fragmentation (MS/MS)

ION MOBILITY
SEPARATION

Single TRANSFER

ion

m/z ‘ m/z ‘

. Drift time Drift time
Precursor ion Product ions Transferred to -
fragmented separated by IMS oa-Tof oC¥ Netherlands
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Structural Elucidation of
Metabolites

... Time Aligned Parallel (TAP) Fragmentation

ION MOBILITY

Single e SEPARATION TRANSFER
m/Z ™ TH TN W W WY
 ——

ARRHAR—

m/z ‘ m/z ®
®
®
®
®

Precursor ion
fragmented

Drift time Drift time

Product ions Precursor and products
separated by IMS share same drift time

8
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Low and high energy fragmentation spectra for TG 16:0/18:1/18:2

TG 16:0/18:1/18:2 > §74.7879

248 7748 '3,75 7858
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P Netherlands
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J. Castro-Perez, et al. , submitted



3D Data Orientation (LC + IMS + MS)

...presentation of multi dimensional data

® Retention Time -

_ Mobility

Metabolomics Centre




DriftScope™ Informatics

...Visualize & Manipulate multidimensional datasets

Driftscope - C:\group_share\GSK_13_04_7.raw:1
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DriftScope™ Informatics

...Remove Background, Reduce Complexity

Driftscope - GSK_13_04_7_raw:1
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Christine Eckers et al., Rapid Commun Mass Spectrom. 21(7) (2007)




UPLC/IMS/TOF Lipid analysis
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Drift Time (milli secs)

An extra dimension with IMS

PC 34:2 (many possible combinations)
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Possible lipids with this mass see below -
there are 16 possible entries all with the
same elemental composition

/= Tools : Nature Lipidomics Gateway - Internet Explorer provided by Dell

=
@ - (1] http:/fwww.lipidmaps.org/tools/ms/glycerophospholipids.php E .’l lipidmaps fay o

% Google | lipidmaps |Z| 2 Search '{' & - e | B - 99 Bookmarksw | %% Check ~ | AutoFill =~ 4 [@ lipidmaps € - (SignIn - | x & Snagit B &
57 Favorites 9% (@ Suggested Sites ¥ & | Get More Add-ons ~
I@Tools:Nature Lipidemics Gateway . ]5-} B = [;g:; * Page~ Safety v Tools - u@uv &
C=Mumber of Carbons; DB=MNumber of double bonds; sn1(1),5n2...=MS/MS Product lons (neutral loss)
Mass C DB Abbreviation M-sn1[M+H]+ M-sn1-H20[M+H]+ M-sn2[M+H]+ M-sn2-H20[M+H]+ HG Formula lon
758.5695 34 2 PC(12:0022:2(137 167)) &76.4024 558.3918 4402772 422 2666 PC CuHaMNOP [M+H}+
7585695 34 2 PC(14:0/20:2(117147)) 5483711 530.3605 468.3085 450.2979 PC CgHsMOF [M+HP
758.5695 34 2 PCOTN9ZWMT.1(9Z)) 508.3308 490.3292 508.3398 490.3292 PC CuHzMNOP [M+H+
7585605 34 2 PC(16:0/18:2(97127)) 520.3398 502.3292 406.3398 478.3292 PC CuHxMNOP [M+H}+
758.5695 34 2 PC(16:1(9Z2)18:1(9Z)) 522 3655 504.2449 4943242 476.3136 PC CuHzMNOP [M+H+
7585695 34 2 PCUT0M7:2(97127)) 506.3242 488.3136 510.3555 4923449 PC CuHxMNOP [M+H}+
7585695 34 2 PC(17:2(97 127)17:0) 510.3555 4923449 506.3242 428.3126 PC CugHaMO P [M+H]}+
758.5695 34 2  PC{18:1(9Z¥16:1(97)) 494.3242 476.3136 522 3555 504.3449 PC CuHxpMNOP [M+H]+
7585695 34 2 PC{18:2(97.127)16:0)  496.3398 478.3292 520.3398 502.3292 PC CgHsMOF [M+Hl+ =
7585695 34 2 PC{20:2(117.147)14:0) 468.3085 450.2979 548.3711 530.3605 PC CuHxpMNOP [M+H]+
7585695 34 2 PC(22:2(137.167)/12:0) 4402772 422 2666 576.4024 558.3918 PC CgHzMOF [M+H}+
758.5695 34 2 PC{20:1(11Zy14:1(97)) 466.2929 4482823 550.3868 532.3762 PC CuHxMOP [M+H}+
7585695 34 2 PC(4:A(9ZW20:1(117)) 550.3868 532.3762 466.2929 4482823 PC CgHsMOF [M+Hl+
7585605 34 2 PCHT7:1(9ZW17:1(97) 508.3398 490.3292 508.3398 490.3292 PC CuHxMNOP [M+H]+
7586058 35 2 PC(0-18:0M7:2(97.127)) - - 510.3918 492.3812 PC CyuHauNGP [M+H}+ I
758.6058 35 2  PCi{P-18:01M7:1(97)) - - 508.3761 490.3655 PC CyuHaMNOP  [M+H]+

@ @ Internet | Protected Mode: Off 3 ~ ®100% ~




Imaging Mass Spectrometry

PNAS cover nov 2008
Protein images of rat brain sections

Bunch, University of
Birmingham.

Lipid distribution in a rat brain
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Outline

e Applications
— Biomarker discovery of disease models
- Network analysis of drug intervention

oL® Netherlands
Metabolomics Centre



Early Biomarkers of Disease

ApoE3 Leiden Transgenic Mouse Model

Over-expressed human mutant apolipoprotein gene
 Clearance of plasma lipoproteins impaired

* Mice are phenotypically normal at 9 weeks...

Atherosclef&tn(dimbasrlan(ls
In Matlré Mice (25wks) cniire

Clish et al., Omics 8(1), 2004, 3-13



Metabolomic Analysis
- Plasma Lipid Analysis
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* Mouse Plasma . . .
 Metabolite (lipid) Clustering Reveals Discrete Differences

- LC-MS (at 9 week age; pre-atherosclerotic) o
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Clish et al., Omics 8(1), 2004, 3-13



Metabolomic Analysis
- Plasma Lipid Analysis
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Early Biomarkers of Disease: Atherosclerosis

Correlation Network based on ApoE3
Leiden mouse liver results

Fatty Acid Binding Transcript
Apolipoprotein A1 d

urinoglobulin 2

~_ DKK1
Fatty Acid Binding Protein Diacylglycerol
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— - (transcription splicing)
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Clish et al., Omics 8(1), 2004, 3-13
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Correlation Network in for Animal Model of T2DM

Compartment: fat tissue
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Van der Greef et al. J Proteome Res. 2007 6(4):1540-1559



Correlation Network in for Animal Model of T2DM

Compartment: fat tissue
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Correlation Network in for Animal Model of T2DM

Compartment: fat tissue

| DM Fi

biochemical

Coteanen S Fcene v

side effect .= unmet biochemical need " ® rctherlands
Metabolomics Centre

Van der Greef et al. J Proteome Res. 2007 6(4):1540-1559



Conclusions

* Tools like GC-MS, LC-MS , NMR will all deliver reliable and usefull
results

« Undesirable need to improve coverage, enhance detection and
identification possibilities with current techniques

Integration of tools is essential in System biology research

 Essential to Systems Biology approach is
the right DoE
a robust/standardized analytical method
*being able to ‘statistically sound’ correlate data

» Metabolomics is an integral part of Systems Biology
 understand the underlying biochemical questions
» describe the pathological phenomena

e efc.
g N
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