Managing complexity:

“How many platforms do we need for metabolomics?'

Professor 1, March 10_2010
“...a more complete picture as to the changes in these pathways., i.e. dNTP pools ,
AMP levels, cAMP. etc. We’d like get a handle on all of those if possible.

Professor 2, March 04_2010
“...1e. the levels of MEP pathway metabolites, specifically 2C-methyl-D-erythritol
2,4-cylodiphosphater.

Professor 3, March 01_2010
“...in inflammation, where we believe the binding of this specific oxylipid to the receptor
largely regulates the activation of the signaling cascade. Can you determine its structure?

— enome

fiehnlab.ucdavis.edu — center



What is metabolomics?

1. Target analysis
few metabolites

2. Metabolite profiling
some selected metabolites

05

. (@)

3. Metabolomics 3
all metabolites @

accuracy

Metabolic fingerprinting
classifying samples

Comp.Funct. Genom. 2 (155-168) 2001 Plant Mol. Biol. 48 (155-171) 2002



How can we separate, identify, quantify, store &

compare thousands of metabolites?




200,000+ known metabolites
How many platforms do we need?

pyGC-MS nanoESI-MS/MS polar & neutral lipids
monomers UPLC-MS /MS

lignin, hemicellulose
complex lipids

phosphatidylcholines, -serines,
ines, -inositols, ceramides,
hingomyelins, plasmalogens, triglycerides

Twister-GC-

volatiles

terpenes, alkanes,
FFA, benzenes

GCxGC-TOF

primary small meta
UPLC-UV-MS/MS secondary metabolites
sugars, HO-acids, FFA, amino acids, / Iy

sterols, phosphates, aromatics L. . . .
» PROSP ’ oxylipids, anthocyanins, flavonoids, pigments

acylcarnitines, folates, glucuronidated & glycosylated aglycones

® <+»Two or more independent parameters



NanoESI-MS for membrane lipids

LTQ MS: : e
L 090324_Sample511_Pos
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758 64

Low resolution
- ipidg Phospholipids Triglycerides
Cardiolipins

NanoESI infusion
Nanomate chip robot
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LTQ-FT-ICR-MS
High resolution

MS/MS fragmentation:

= head group

=> snl, sn2 acyl chains

- novel Fiehnlab LipidBLAST
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Lipidomics
by nanoESI-ion trap MS

blood plasma = up to 150 ID Iipids

Mostly abundant glycerophosphocholines.
Data processing by Genedata Refiner MS




Fiehnlab LipidBlast uses NIST MS in batch queries

(Tobias Kind)
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Metabolomics for volatiles (kirsten skogerson)

(‘aroma, fragrances, biofuels, lung diseases....”)

Capillary Time-of-Flight
!_Mq ss Spectrometer

Trap volatiles

|

Desorb volatiles onto
GC column

Intensity

l Retention Time

Fiehnlab BinBase DB

\._

Statistics Mapping
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Volatile BinBase

1,200 volatile Twister-CIS-GCTOF profiles
for in-field monitoring of grape maturity, Napa Valley

1. B-pinene, 2. sabinene, 3. a-pinene / a-myrecene,
4. 3-hexen-1-ol-acetate, 5. limonene, 6. linanlool / nonanal,
7. citronellal, 8. nerol, 9. geraniol, 10. neral, 11. geranial
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Metabolomics for primary metabolism

20 mg tissue with 1 : :
R Capillary Time-of-Flight
homogemzatlon R . ! Mass Spectrometer

10 pl plasma, urine

|

Cold extraction

(iPrtOH, ACN, water)

|

Dry down, derivatize

Intensity

to 1ncrease volatility

Retention Time

!

Fiehnlab BinBase DB Statistics
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Mapping




Peak picking and mass spectral deconvolution
is critical for metabolomics

7y f7d 7o 182 1pq 1818 lack of good software for LC-MS
GC-MS has better software
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BinBase query of 846 GC-TOF samples in 10 studies

(G. Wohlgemuth)

E.coli extracellular

mowe urine

°® E.coli cell

PC vector 4

plasma, urine & ileal effluent
. - e.g. inositol, alanine, palmitate, uric acid,
C. rgphardtii dell

creatinine, glucose, glycerol-alpha-phosphate

blood plasma
e.g. kynurenine, cysteine-glycine,

glycerol-beta-phosphate, azelaic acid
A. thaliana shoot

11
&o{" plasma & ileal 1‘5 plasma & urine
p - 4Q}’ e.g. cholesterol, gamma-tocopherol, e.g. conduritol-b-expoxide, mannitol,
¢ Vecfor L. perenne ICMQ(/ 1-monopalmitin, glycerol, arachidonate 44 2-deoxyerythritol, 2-phenylpropanol
3 90
Multivariate PCA on median levels of 338
identified metabolites.

ileal effluent 27

urine
e.g. beta-sitosterol, vS e.g. 2-ketoadipate, citramalate,
cholic acid, spermidine,
nonadecanoic acid,

1-methyladenosine, phenylpyruvate,
N-hexanoylglycine
guanosine

ileal & urine

e.g. S-aminovalerate, glutarate, uracil,
ribose, glycerol-3-galactoside

BINBASE

Venn-diagram of qualitative overlap of identified metabolites
in the three mammalian biofluids.



Public query for BinBase metabolites by spectra or ID
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Open source, documented.
105 users, 45 laboratories
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PubChem
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0 200 300

m/z

imples species #199773  #226851 #225396  #2285¢
1701 Homo sapiens 28% 11% 28% 3
922 Rattus norvegicus 16% 21% 15% 1
922 C. reinhardtii 29% 0% 0% 1
917 Mus sp. 19% 6% 3% 1
88 Ovis aries 94% 99% 15% 9
144 Acyrthosiphon pisum 0% 97% 0%
434 Saccharophagus degradans 0% 9% 3%
109 Prunus persica 0% 1% 0% 5
88 E. coli 0% 0% 0% 3
2738 Arabidopsis thaliana 0% 0% 0%
1408 Solanum tuberosum 0% 0% 0%
800 Zea mays 0% 0% 0%
487 Glycine max 0% 0% 0%
483 Malus domestica 0% 0% 0%
387 Pinus taeda 0% 0% 0%
289 Citrus sinensis 0% 0% 0%
168 Beta vulgaris 0% 0% 0%
135 Pyrus communis 0% 0% 0%
129 Lolium perenne 0% 0% 0%




Metabolomics for polymers (pinesh k Barupal)

(lignins, cellulose, hemicellulose, complex lipids...)

Capillary Time-of-Flight
J_Ma ss Spectrometer

2 mg material

|

pyrolysis

Intensity

Retention Time

!

SpectConnect (MIT) Statistics Mapping
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pyGC-MS for total lipids in biofuel algae
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Visualization of complexity: pyGC-MS

MS substructure identifiers, retention times and abundances by Cytoscape

~ (CH2)6-C®

@ -

e g
: Sy Z
droca@® .
; e L Y
@ _o, (CH3)2>C=C
°® .. ... ®

(CHR)6-C
n -Cﬂ 9-0 (cm)ﬁ

C6H4:S02




What about UPLC-MS/MS?

pyGC-MS nanoESI-MS/MS polar & neutral lipids
monomers UPLC-MS /MS

lignin, hemicellulose
complex lipids

phosphatidylcholines, -serines,
ines, -inositols, ceramides,
hingomyelins, plasmalogens, triglycerides

Twister-GC-

volatiles

terpenes, alkanes,
FFA, benzenes

GCxGC-TOF

primary small meta
UPLC-UV-MS/MS secondary metabolites
sugars, HO-acids, FFA, amino acids, / Iy

sterols, phosphates, aromatics L. . . .
» PROSP ’ oxylipids, anthocyanins, flavonoids, pigments

acylcarnitines, folates, glucuronidated & glycosylated aglycones



Which LC-MS/MS method?

(John Meissen)
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Which LC-MS/MS method?
V. Tolstikov, UC Davis Metabolomics Core

E rice leaf extract

E iPr/ACN/H,

= 1 1 1 ] 1 1T T [ T 1T T [ 11Vt ¢ T T T 1 [ T T T [ T T T T [ T T T T [ T T T 1] \/ 1T
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é urine

é By s e et B s By B B \j\\\ S T ﬁA\ B B s E B BBy B B B
0 1 2 3 4 ) 6 7 8 9 10  min

C18 1.7um particles column 2.1x100 mm at 40°C , 0.5 ml/min NH,OAc 13 mM pH 5.5 to 100% ACN. NegESI 100-1500 Da
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Even If there was good peak picking, MS deconvolution, accurate masses:
Can we get correct elemental compositions?
7 Golden Rules (robias kina)

+ 7 rules wfo database query
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* 7 rules + Target Library query
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UPLC C8 DataDependent Ricel309mock 3/6/2007 11:11:56 PM
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HOOC

O= (Gluc) 0-11 HO :El' O'(HeX)O-ll
)/(NH OH S__?J
2
HO HO

HO
OH OH

NH,
,,In reality, the majority of detected components are
unidentified compounds with
unknown functions that are part of

e O)_/_/—/ undetermined biochemical pathways.“
2

OH

OH
HO

Q HOOC

Vladimir Tolstikov

H
OH

oH
NH

H&»O OH o)
Y . Y @ OH

E:]Eij) . 5?:
HO COOH
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HO NH NH; ESE?P

HO OH 0 =Y
™ Anal.Biochem. 2002
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There a unique way to name compounds.

CAS numbers are non-public, not unique identifiers
Unambiguous 1s the chemical structure
Second best is database identifiers (PubChem CID)

The ITUPAC International Chemical Identifier
(InChI™)

Open source INnChl code and hash keys

InChI=1S/C27H460/c1-18(2)7-6-8-19(3)23-11-12-24-22-10-9-20-17-
21(28)13-15-26(20,4)25(22)14-16-27(23,24)5/h9,18-19,21-25,28H,6-8,10-
17H2,1-5H3/t19-,21+ 22+ 23- 24+ 25+ 26+,27-/m1/s1

InChIKey: HVYWMOMLDIMFJA-DPAQBDIFSA-N

O PubChem

Compound




SetupXx SETUPX

STUDY DESIGN DATABASE FOR METABOLOMIC PROJECTS

add additional fields:
51 Attributes

-S| Attributes-

ID class label | —

>22,200 samples (Feb 2010)

S97ORY Saress o 351227 Organ specification

~/OUr COmment-

Cell type
=97971 59?QBEISXSB1EEB yuurcum& subcellular location
animal (2675) iment- BioSource armount
h ST Tnent- Growth support
human (2440 e | Groath ID::atlcun_
microorganism (1521) uman =554 — | Growth plot design
- ' iment- Hurnidity at day

Temperature at night
' the main form | ¥ateting regime
Mutritional regime
Datels) of plant: transplanting
Harvest date, time
Flant growth stage
bdetabolism quenching methoda
Harvest methad
sample storage

plant (11070)

Public Data

A subset of 1980 cut of the 18024 samples
lated to 261 i ts i blicly
Open source, documented related to 261 experiments i publicly
> available - including the whole experimentsl
design and the annctated GC-TOF result data. =
Use the link below to query the whole sytem for

http://fiehnlab.ucdavis.edu:8080/m1 /login.jsp he semples that you are (mterestted i

Maintained by core services s



Conclusion: Metabolomics 1s mature for research!

Five technology platforms:

(1) primary metabolism
(2) secondary metabolism
(3) membrane lipids

(4) volatiles

(5) monomers

Tools (@ fiehnlab.ucdavis.edu

(a) Chem Translator: InChl, PubChem CIDs

(b) FiehnLib libraries for LipidBlast, GCquad, GCTOF
(c) SetupX for metadata

(d) BinBase for MS processing

(e) Mapping by combining biochem & chem. DB queries



Thanks to fiehnlab.ucdavis.edu !

Gert Wohlgemuth
Pradeep Hildaya
Tobias Kind
Sevini Shahbaz
Mine Palazoglu
Dinesh Kumar Barupal
Kristie Cloos
Kirsten Skogerson
John Meissen
Pierre Ayotte

N — ; o
Sangeeta Kumari L ]k ) V. / C

| Universi California, Davis

Sponsors:  NIEHS R01 ES13932, NIGMS, NSF 2010, EU FP7
Agilent, Leco, Waters, DuPont, Monsanto, CA citrus growers, Napa winery, BMS

Thanks to collaborators : Vladimir Tolstikov (Metabolomics Core)
Weiss, Hartman, Dandekar, Pinkerton, Warden (all UC Davis)
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