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Overview

Part | — metabolic profiling of Lemnaceae

Part Il = DLEMMA for metabolite identification

Part Ill — flux analysis using Spirodela polyrhiza
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The plant metabolic network

-
- glycolysis
- aa blosynthesis
- MEP pathway
- monoterpene biosynthesis
- diterpene blosynthesls
- carotenold biosynthesis
- shikimate pathway
- glycolipid desaturation
- photosynthesis
- FA blosynthesis (C16,C18)
- starch synthesis
- alkaloid biosynthesis (C. r)
- glucosinolate blosynthesis
- thiamine blosynthesis

(- glycolysis

- FPP synthesis

- aa biesynthesis

- f-alanine blosynthesis

- FA o/f-oxidation

- MVA pathway

- farnesene biosynthesis

- cutin blosyntheslis

- sesquiterpene biosynthesis
- long chain FA biosynthesis
- flavonold pathway

- akalold blosynthesis (C. r)
- glucosinolate blosynthesis
- thiamine blosynthesis

Heinig et al., Current Opinion in Biotechnology, 2013

- pathways for flux studies (lll)

B in multiple compartments
B compartment specific

B partof pathway in
compartment

-
- aa biosynthesis

- FPP synthesis
-TCAcycle

- aerobic respimation

- thiamine biosynthesis

- ubiquinone-8-biosynthesis
- lipaic acid biosynthesis

7
- FA o/[-oxidation
- FPP synthesis
- f-alanine biosynthesis
- sterol biosynthesis

- MVA pathway

-thiamine biosynthesis

-brassinosteroid biosynthesis
-epicuticullar wax biosynthesis

- phospholipid biosynthesis
- flavonoid biosynthesis

- alkaloid biosyrthesis (C. r) J

Current Opinion in Biotachnology
—> Identification of metabolites (I) -> annotation of reactions/metabolic network (II)
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Analysis and identification of natural products — techniques

sensitivity

|dentification + +++

level

Standards ++ + l
Spectral -
libraries E/
Costs/speed 44+ +

»Mass spectrometry (coupled to chromatography) in

combination with computational tools method of choice
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Lemna - what are Lemnacea?

—> free floating water plant of the duckweed family
- reproduces mainly vegetatively

(two daughter fronds from one adult plant)

{& -y

High protein & starch content /low lignin A _
Spirodela polyrhiza

High vitamin levels (B-carotene)

N
a1
o

Vegetative reproduction

N
o
o

¢ growth_LG_13C

[En
[8)]
o

mgrowth_LG_12C

Metabolic model reconstruction

number of fonds
5
o

al
o
1

Metabolic flux analysis of “whole plants”

N
N
N
- Metabolite profiling
N
N
N

0 2 4 6 8 10 12 14

Metabolic engineering time [days]
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Lemna — profiling - overview

Dynamic
-

[Lemna sample)

>[ Pyrolysis )

Derivatization
+ GC/MS

l GC/MS l GC/MSl
volatiles Extraction volatiles
"oil" components
fatty acids
-
Bligh & Protein Hydrolysis, 80% MeOH Carotenoid CHCI,
Dyer extraction CHCI; acidic extraction dipping
HPLC,
LC/MS LC/MS\ UPC2MS
[polar phas@ @HCI3 phas% [hydrolysis) Derivatization t' id
+GC/MS carotenoids
LCIMS Derivatization
Y Proteome + GC/MS
polar metabolites lipids
sugars o semipolar secondary
soluble amino acids Derivatization Y metabolites
+ GC/MS .
steroids
total fatty acids Y
Y alkanes non-polar
proteogenic surface
amino acids components

(wax, cutin)
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Lemna — profiling — results — 4 species

Lipid analysis

Chloroform extracts were subjected to LC-TQ-MS analysis — Example:

/\/\/=\/=\/\/\/\)l\o/y\o/u,u\q_/\: <
/¥—/\=/\=/\/\/\/ﬁﬁ’

3

Phosphatidylethanolamine (36:5)

—

SRM-transition
m/z 738.51 —> 597.49

PG,17 P9
QDG 14 ‘

Others, 4__

DAG, 12
PC, 27

\MGDG, 28

sterols, 15 ;
\DGDG, 28

TAG, 45

‘ Lg-young %"

Lg-rhizome

1282

L Y )

g 57 VR o 1 Chamo 54
7c PE 364

- Identification of 291 different lipid species, relative quantification, comparison

between species & different tissues (Lemna gibba: mature & young plant + rhizome)

Isoprenoid analysis

Chloroform extracts were subjected HPLC- UV/Fluorescence analysis ; compounds were

identified by comparison to authentic standards or absorption characteristics:

P

a, 1.5 - Tocopherol

Peak area
ii

Tocopherols
T sp wg

§ ol
0 Aipha
0 Gamma

N oehs

= Identification of 3 tocopherols, 19 carotenoids, chlorophyll a & b and 6

unknown compounds

Semipolar secondary metabolites (WISmass)

& id agly &g
fatty acids
Kaempferol 3-glucuronoside  Quercetin 3-O-glucuronide
(NP-000836") "
N ( ) (NP-000835")
- - oM e e

i Luteolin
NP-003150* ™ (NP-000380)
on
o f Catechin coumaric acid
(NP-000282*) derivatives
"

5 NP-007682"
" " L m coumarins
N "
" Colladonin

phenolic amides

Moupinamide
(NP-001984%) (NP-010155*)
Rutamarine T
(NP-002898%)
Ve i
L Il
E o ‘
glycolipids
Gingerglycolipid A NP-000891* NP-006950*
(NP-000216°) A B "
"IL . | L\—xfr,v\‘:[ -
el nam) :
p P =
stilbanes
NP-000218* 7r\> iy
AL 3',5-Di--D- D

glucopyranosylphloretin
(NP-002970°)

NP-005512* b 2]
m phenolic
i glycosides
Pyracanthoside Rutin

2 §"(NP-000181%) (NP-000211)  Rnoifolin
(NP-008317")
» 3 a
391
Isovitexin

(NP-000287) N L

Coladonin B %
(NP-004586")

ces

lignans
NP-001415"

_ NP-004821°

8-C-Galactosylluteolin
(NP-001271%)

W o9

Isovitexin 2"-O-arabinoside
(NP-013098")

Isoorientin

(NP-000286)

L \:O Apigenin 6,8-digalactoside flavonoid
WY (NP-0000027) " glycosides

"

Quercetin 3,4'-diglucoside
(NP-016699°)

Apigetrin & [
(NP-007187)
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The AA-Lemna collection

»33 duckweed species
rom RDSCE:,

»all 5 genera of Lemnaceae
family (Spirodela (6),
Lemna (14), Landoltia (2),
Wolffia (8) & Wolffiella (3))

»‘“covering the family”

»including sequenced strains
of Spirodela polyrhiza,

Lemna gibba & Lemna minor
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The AA-Lemna collection — diversity

el Wolffia arrihza 8872
Wolffia cylindracea 9080
> Wolffia microscopica 2000
»| —— Wolffia australiana 8730
Wolffia angusta 7476
o % _|: Wolffia neglecta 9149
Wolffia globosa 9317
Wolffia brasiliensis 7150
P Wolffiella oblonga 7164
® L Wolffiella oblonga 9136
Wolffiella oblonga 9140
= Spirodela polyrhiza 7498 te & R B
Spirodela polyrhiza 8790 : L
a7 = Spirodela polyrhiza 9203 - e o
— 1 Sp intermedia 7450
% L Spirodela intermedia 9167
Spirodela intermedia 8410
— Landoltia punctata 9278
wl— | andoltia punctata 8721

@
a

Wolffiella sp.

Landoltia sp.

Lemna sp.
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The AA-Lemna collection — growth & LC-MS analysis

Transfer to 6-well
plates, SP-medium

Cultivation for 12 d i\ .
Constant light, 3% CO, /7 ./

»harvest (3 replicates) through filtration & wash with cold water
»homogenization with mortar & pestle (frozen)

»extraction in 80% MeOH + 0.1% formic acid (w/v 1:3)

»after filtration (0.22um) injection on UPLC-QTOF-MS (40 min)

»data analysis: compound identification & validation
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Collection screening — LC-MS (40 min gradient)

Snapshot of detected secondary metabolite diversity (6-24 min):

7.91
100 591.10 Wolffia globosa
| 60015 018 O3, 1223 15.46 19.04 20.36
: e 563.14 163. 449.20 431.19 835.34 213.06
600 800 1000 1200 1400 1600 1800  20.00 2200 2400
909 10.76 Spirodela oligo
100 593.15 96314
6.59 7.79 ) 11.26 1245 14 81 — 0370 2446
¥ 609.15 593.15 847.19 637.14 - 2 aq 1279.60
. ; : 709.18 e 1153.61
600 800 1000 1200 1400 1600 1800 2000 2200 2400
11.58 Spirodela polyrhiza
e 692 755 s | 7 TAT 7 2503
R 385.11 45, 563.14 461.07 1528 78519967 39 20.35 22. 23.05 25.37
600 800 1000 1200 = 1400 1600 1800 2000 2200 2400
7.83 Lemna gibba
591.10
100 10.63
7.69 9.43 12.19 12.75 17,53 24.80
3 I 44709 563.14 \ 14.78 >3 1813 1943 23.20 23.86 :
4 875.19 4731147311 0 665.17577.14 476 39 819.34 320.24 598.28
0 — T T T T T T | IMme
6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00

»>data analysis strategy? --> introduction of two tools
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Weizmass/MatchWeiz — Analyticon library (3500 compounds)

a Putative hit ——

(Based on ‘metaboMatch’ annotation
score higher than a set threshold)

Validation e

(Based on RT coelution,peak increase
in spiked sample and MS® peak matching)

Identification

(Using the WEIZMASS
chemical structure data)

LC 13.23 MsE - ) sToFusES
100 Spike 623.1597 100 | Standard 623.1609 e
o oo
0 Time & 3150512 "Ifr:
100 | Standard 1324 L
623.1643 0
o 240 300 400 500 600 700m/z
SUUTUURT 0 100 | Tisue aas 10 2O
: : 1) RT correction
Raw =P | o Mz & RT M 100 e i
: LC-MS : rocessin tchi ' S 2516 ) -
S p ing matching I(E) Mass accuracy szje
: 0 Time .
essssssanns - 240 300 400 500 600 700 m/z
|[3] Isotope decomposition | &
| (4) Fragment matching | _
Annotation Reference
» objects ;
(5) Main/principal ions Ilbrary Lemna gibba (Lg)
1D ionMode rtcluster nPeaks coverage parentlonirincipallor adducts isoConfirmed xrank xref name
| {6] Adducts | NP-005512 neg 1 9 0.82 0.85 0 0.93 0 0
NP-000216 neg 2 7 027 074 092 091 0 028 0 Gingerglycolipid A
NP-000218 neg 1 2 079 092 039 178 0 092 0
| (7) Cross reference | ...................
: M rt.win plate.id well.id XCMS row.idx mz.db rt.db genus peak.tag formula
(@ RATpenaly | scoring | =P | Amnotation | ——> T R T T m———e T
. : 514314183 16 AD11178406  G11 555 813 5133063149 2937 Cannabis M C27H4509
model ! scores
. . lowE highE  pcgroup peak.table massTol intData foundrt found.mz main.mass max.samp glmScore rfScore
— Taaan [38856 6744 9 I 06031259a: 200E04@@@  8.8669.0232113.02 4151605633 IL 310314 3501 030689212 known |

14504 699 13 IL_060312.29%  4.00E-04 @@@
8233 6900 5§ IL130512102  9.00E-04 @@
10536 1837 6 IL_130512.412  G.O00E-04 @@@

8.87 149.0446,415.1€ 4151605633 IL_310314_3501 0.33022808 known
28.04 415.1452,675 3¢ 721.3650771 IL_310314_3501 0.21796683 known
29.48 116 9294, 253 0% 559 3113598 IL_310314_4201 072829149 known

Figure 2 | The MatchWeiz software annotation workflow. Raw LC-MS

Shahaf et al.; Nature Communications 2016
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Classyfire — module

>»software tool trained with 77 Million chemical structures for

automated chemical class assignment

Kingdom ' Organic compounds

Superciass | Organic acids and derivatives

Class | Carbaxylic ackis and denvatives

Subclass | Amino acids, peptides, and analogues

1) Entity Creation and
Preprocessing

l

2) Feature Extraction

|

L | Clas ' r‘ 3) Category Assignment &

£ ! oy Reduction

: R 3 4) Selection of the Direct
Parent

Level 5 |Peptdes

Levei 6 Dipaptides

Fig.4 Workflow of the chemical classification

Djoumbou Y, Eisner R, Knox C, Chepelev L, Hastings J, Owen G, Fahy E, Steinbeck C, Subramanian S, Bolton E,
Greiner R, and Wishart DS. ClassyFire: Automated Chemical Classification With A Comprehensive, Computable
Taxonomy. Journal of Cheminformatics, 2016, 8:61.
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Classyfire —web server

& c l@ classyfire.wishartlab.com i | :

ClassyFire entities v | QSearch

” Query type

® Chemical (Use this option when providing valid SMILES or InChls as input)

(0 Protein/DNA/RNA (Use this option when providing valid FASTA sequences as input)
) IUPAC Name (Use this option when providing valid IUPAC names as input)

Chemical Input Draw Structure Upload A SDF/TSV File

Example - STRUCTURE

Input

Provide one entry per line containing a SMILES or an InChl string, optionally preceded by an identifier. If added, the
identifier MUST precede the structure representation. The line must be tab-separated.

Label
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Classyfire —web server

* Query type

® Chemical (Use this option when providing valid SMILES or InChls as input)
Protein/DNA/RNA {Use this option when providing valid FASTA sequences as input)
IUPAC Name (Use this option when providing valid IUPAC names as input)

Chemical Input Draw Structure Upload A SDF/TSV File

o NP-000004

NP-000004

Thput

Provide one entry per line containing a SMILES or an InChl string. optionally preceded by an identifier. If added, the
identifier MUST precede the structure representation. The line must be tab-separated.

Label

Provide a name for the data sample (optional). You can provide multiple tags separated by '|'.
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Classyfire —web server

Browse ~ Search entities v | QSearch

Query 580689 has been successfully saved.

100% Complete
Displaying 1 entity query
Classification Results
Export to:
Identifier Input Classified? Classified on
NP-000004 OCC10C(C(0)C(0)C10)C1=C(0)C2=C(OC(=  Yes 2016-12-28 18:19:48 UTC Show
CC2=0)C2=CC=C(0)C=C2)C(C20CC(0)C(0)
C20)=C10

This project is supported by The Metabolomics Innovation Centre (TMIC), a nationally-funded research and core facility that supports a wide range of cutting- .
edge metabolomic studies. TMIC is funded by Genome Alberta, Genome British Columbia, and Genome Canada, a not-for-profit organization that is leading ..TM Ic The Metabolomics
Canada's national genomics strategy with $900 million in funding from the federal government. Innovation Centre

aQ

s Is
& 8

»possibility of watching your results or exporting to sdf
»batch processing
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Classyfire —web server

SMILES
OCC10C(C(O)C(Q)C10)C1=C{0)C2=C(0C(=CC2=0)C2=CC=C{0)C=C2)C(C2OCC{0)C({0)C20)=C10
InChiKey

INChiKey=MMDUKUSNQNWVET-UHFFFAOYSA-N

Formula

C26H28014

Mass

Ho NP-000004

NP-000004
—

564 4596

Taxonomy Tree

| Kingdom |Organi|: compounds

—| Superclass |Phenw|pr0panoid5 and polyketides

—| Class |Flavonoids

—| Subclass |Fla~mnoid glycosides

—| Level 5 |Flamnuid C-glycosides

—| Level 6 |Flamnoid 8-C-glycosides




WEIZMANN Eiies
Uwe Heinig, 13.07.2017 INSTITUTE &
OF SCIENCE F |

Classyfire —web server

Kingdom

> Different levels of chemical classification

Organic compounds

Superciass »>Up to 8 levels

Phenylpropanoids and polyketides

»Number of levels depends on structure/class itself

Class

Flavonoids (from no classification to all levels)

Subclass

Flavonoid glycosides

Intermediate Tree Nodes

Flavonoid C-glycosides

Direct Parent / HO
Flavonoid 8-C-glycosides

Alternative Parents

Ho NP-000004
4'-hydroxyflavonoids 5-hydroxyflavonoids 7-hydroxyflavonoids Flavones Phenolic glycosides C-glycosy ted benzenoids Pyranones and derivatives

NP-000004
—

IMonosaccharides Benzene and substituted derivatives Oxanes Heteroaromatic compounds Vinylogous acids Secondary alcohols Oxacyclic compounds Dialkyl ethers Polyols Organic oxides

Hydrocarbon derivatives Primary alcohols

»useful tool as part of metabolite identification workflow?
»Classification of WISmass library?
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Classyfire — Analyticon library (3500 compounds)

»Library was run in Classyfire in batches of 100 compounds (Hila)

»output as .sdf files

»manual validation of 200 compounds

H 1 1 K L

Meaningful levels are devided into levell: general compound class (Terpenoid, alkaloid, polyketide),

level 2: subcatagory of the previous (sesquiterpene, diterpene, triterpene, steroid) & level 3: specific col

»>first meaningful level (2/3)

alternative parents >?# Of |eve|S (average 4_5)

Uwe classy on fire delux >42 Wrong ClaSSiflcatlonS

(21%, lots of terpenes)

>»what information to use?

A B C D E F G
1 Classify validations
2 Description:
3
4
5 Levels: 1 Kingdom
6 2 Superclass
7 3 Class
8 4 Subclass
9 5 Intermediate Nodes
10 6 Direct parent
11 7
12 8 Molecular framework
13 508505
14 No 1D correct ingful level 1 ingful level 2 ingful level 3 No. of levels
15
16 1 NP-004636 Y 3 4 5,6 8
17
18 2 NP-015137 Y 2 3 / 3
19
20 3 NP-010695 Y 3 / 4 4
21
22 4 NP-002106 N 0 sesquiterpene, daucene
23
24 5 NP-015274 Y 2 3 34 4
25
26 6 NP-015117 Y 2 3 34 4
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Classyfire — “hybrid metabolites”

»“hybrid metabolites” are compounds that are a combination of two

chemical classes

Compound Identification

SMILES
CC1(C)C(0)CCC2(C)C(COC3I=CC4=C(C=CC(=0)04)C=C3)C(=C)CCC12
InChiKey

INChiKey=FCWYNTDTQPCVPG-UHFFFAOQYSA-N

Formula

C24H3004

Mass

382.5

Taxonomy Tree

| Kingdom |Organic compounds

l:{ Superclass |Pnenv|propan0ids and polyketides

Class |C0umarins and derivatives

Kingdom
Organic compounds
Superclass

Phenylpropancids and polyketides

Class

Coumarins and derivatives

Subclass

MNot available
Intermediate Tree Nodes
MNot available

Direct Parent

Coumarins and derivatives
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Collection screening — LC-MS (40 min gradient)

Snapshot of detected secondary metabolite diversity:

7.91
100 591.10 Wolffia globosa
ol alove 918 297 1223 15.46 1904 20.36
5 ¢ 563.14 [°° 449 .20 431.19 835.34 213.06
600 800 1000 1200 1400 1600 1800 2000 2200 2400
9.09 10.76 Spirodela oligo
6 593.15 563.14
=] 60015 59 15 sariogaris B 20.35 B0 e
0 : : g ABE 709.18 805.33 =351 L
600 800 1000 1200 1400 1600 1800  20.00 2200 2400
11.58 Spirodela polyrhiza
40D S e
6.92 10.65 : 17.17 17.73
®| 385 563.14 | 46107 1528 7g51095739  20.35 SRO% 2508 57529
; 299, 741.17 Y% 805.33 %25 X .
600 800 1000 1200 1400 1600 1800 2000 2200 2400
7.83 Lemna gibba
591.10
100 10.63
7.69 9.43 1219 12:75
S 7 563.14 ' 14.78 17.53 48 2320 2386 24.80
% 875.19 447.09 4731147311 205 665.17\517871134 41796452 819.34 329.24 598.28
. 2 N
Lo ! ——— Time

600 800 1000 1200 1400 1600 1800  20.00 2200 2400
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Weizmass/MatchWeiz — Analyticon library (3500 compounds)

a Putative hit —— Validation

(Based on ‘metaboMatch’ annotation
score higher than a set threshold)

—

Identification

(Based on RT coelution,peak increase

(Using the WEIZMASS
in spiked sample and MS® peak matching)

chemical structure data)

LC 13.23 MsE " ) S OFuSES
100 | spike 6231587 100 | Standard 623.1609 e
o L
0 Time & 315.0512 "Ifr:
100 | Standard 1324 L
623.1643 0
2 240 300 400 500 600 700m/z
o Ear e 0 Time 100 Tissue sea e an;i;%
: : 1) RT correction
 Raw =Pl Mz & RT M 100 e i
: LC-MS : rocessin tchi ' S 2516 ) -
' data :> p ing matching I(E) Mass accuracy szje
. : 0 Time !
e LR . 240 300 400 500 600 700 m/z
|[3] Isotope decomposition | &
4) Fragment matchi | _
| l: } 9 ng Annotation Reference
| (5) Main/principal ions | objects library Lomna gibba )
1D ionMode rtcluster nPeaks coverage parentlonirincipallor adducts isoConfirmed xrank xref name
| {6] Adducts | NP00S512  neg 1 9 0.62 0.85 [ 0.93 [ 0
NP-000216 neg 2 7 027 074 092 091 0 028 0 Gingerglycolipid A
NP-000218 neg 1 22 079 092 0389 178 0 092 0
|m0mssrafereme | ...................
v . M rt.win plate.id well.id XCMS row.idx mz.db rt.db genus peak.tag formula
(@ RATpenaly | scoing | =P ¢ Amnotation | —— TrE EIEE B D DT T
. 514.314183 16 AD11178406  G11 555 813 5133063149 2937 Cannabis M C27H4509
model ! scores
. lowE highE  pcgroup peak.table massTol intData foundrt found.mz main.mass max.samp glmScore rfScore

Figure 2 | The MatchWeiz software annotation workflow. Raw LC-MS

Shahaf , Rogachev, Heinig et al.; Nature Communications 2016

14804 699 13 IL_060312.29a 4.00E-04 @@@ 8.87 149.0446,415.1€ 4151605633 IL_310314_3501 0.33022808 known
8233 6900 5 IL_130512.10_2  9.00E-04 @@@ 28.04 415.1452,675 3¢ 721.3650771 IL_310314_3501 0.21796683 known
10536 1837 6 IL_130512_41_20  600E-04 @@@ 29.48 116 9294, 253 0% 559 3113598 IL_310314_4201 072829149 known
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Collection screening — Weizmass/MatchWeiz

» Due to diversity of the samples pre-processing was performed

per genus (LemnatLandoltia, Wolffiella, Spirodela, Wolffia)

» individual processing with Weizmass/MatchWeiz

» initial identification tables per genus

» comparison of common hits between groups and identification of

previously identified compounds (Shahaf et al. 2016)

pcgroup peak.table massTol intData

Lemna gibba (Lg)

ID ionMode rt.cluster
NP-005512 neg 1
NP-000216 neg 2
NP-000218 neg 1

M rt.win plate.id

416168247 6 AD111784-16
676.367007 15 AD111784-02
514.314183 16 AD111784-06
lowE highE
14804 699 13
8233 6900 5
10536 1837 6

nPeaks

9
7
22

well.id

E06
F03
GN

IL_060312 29
IL_130512_10_2:
IL_130512 41 2

coverage parentlonarincipallor adducts

0.82
0.27
0.79

XCMS

555
555
55

4.00E-04 @@@
9.00E-04 @@@
6.00E-04 @@@

0.85
0.74
0.92

0.92
0.89

row.idx mz.db

501 4151606433

938 675.3587524
813 513.3063149

found.rt

0.93
0.91
1.78

rt.db

8.77

2817

29.37
found.mz
8.87 149.0446 415 1€

28.04 4151452 675.3¢
29.48 116.9294,253.0¢

isoConfirmed xrank xref name
0 0 0
0 0.28 0 Gingerglycolipid A
0 0.92 0
genus peak.tag formula
rosa M C19H28010
Ginkgo M C33H56014
Cannabis M C27TH4609
main.mass max.samp glmScore fScore

415.1605633 IL_310314_3501 0.33022808 known
721.3650771 IL_310314_3501 0.21796683 known
559.3113598 IL_310314_4201 0.72829149 known
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Collection screening — MatchWeiz compound validation

»Spiking of compound in sample with highest intensity of compound

»only in one extract (genus)

Know in
Lemna,
not spiked

»injection of spike, sample and pure standard -> identification

Lemna
*NP-001271
*NP-000286
*NP-000002
*NP-000287
NP-013345
NP-001730
NP-005587

NP-000588

Spirodella
*MNP-000835
NP-016821
*NP-004586
*NP-007187
NP-001730
NP-004573

Wolffia
*NP-000002
*NP-001271
*NP-000286
**NP-000212
**NP-000437
MP-003191

**NP-000437 *MP-007187

NESGG3STNNNEG03EIN »-001730

NP-005155

**NP-000212 NP-000502
**NP-000212 NP-001393

NP-000895
NP-015692
*NP-001984

*NP-000836
*NP-013098

*NP-000835
*NP-000287

NP-000588
NP-000062

Woolffiela
NFP-004596
**NP-000061
MP-015651
NFP-002437
MNP-001362
MP-0169706
NP-017063
NP-004540
*NP-004536
NP-002465
*NP-002970
MP-005332
NFP-008402

Comimon
**NP-000212
NP-004540
NP-0050604
*NP-004586
NP-016976
NP-001009
**NP-000887
NP-000427
*NP-010155
NP-015231
NP-015334
NP-017147
**NP-005379

Common in
all, known
from other
species,
spiked in
Wolffiella
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Collection screening — MatchWeiz compound validation
» Possible results of spiking experiment:

* positive identification (RT, MS, MS fragmentation identical)
 related = false positive (wrong RT or mass)
 wrong identification (no criterium matches)

« identification of isomers through impurities in the standard

(same mass, MS fragmentation, different RT)
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Collection screening — MatchWeiz compound validation

» positive identification ESI- (88 compounds)

IL_290117_102 1: TOF MS ES-
100 . 12.24 447.092 0.1000Da
Sp|ke 5.44e3
Eu‘?" . h
1234 enrichnment
-t
11.25 11.50 11.75 12.00 12.25 12.50 12.75 13.00 13.25 13.50
IL_290117_101 1: TOF MS ES-
100+ 12.24 447.092 0.1000Da
sample 5.31e3
5‘9"
e S ey s e e e B L LB S B e B S s B
11.25 11.50 11.75 12.00 12.25 12.50 12.75 13.00 13.25 13.50
IL_290117_100 1: TOF MS ES-
12.24 447.092 0.1000Da
100+
standard — NP-000437 2 50e3
m
° 12.38
- t———_— — Time
11.25 11.50 11.75 12.00 12.25 12.50 12.75 13.00 13.25 13.50
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Collection screening — MatchWeiz compound validation

» positive identification (88 compounds)

MS

MSramp

IL_2900117_102 616 (12.222) 1: TOF MS ES- IL_290117_101 616 (12.231) 2: TOF MS ES-
. 447.0028 6.53¢3
100, Sp | ke 447.0011 1.78e4 440- sam p I e
32
1448.0930
895.1934 o
; 284.0321
o 1116.9205 2850417 449.1120 623.1638 884.3199| 897.1985 1145 1871 1343.2098 14081958
" 200 400 600 800 1000 1200 1400 1448.0095
IL_200117_101 617 (12.241) 1: TOF MS ES- 265.0203
447.0015 1.37e4 5
100, Sa”]ple 227.0349 286.0442 440.1017
0 116.9299 151 0041 | 287.0473  397.9753 _501.0145 5650128  678.9410
50 = 100 150 200 250 300 350 400 450 500 550 600 650 700
& IL_290117_100 617 (12.251) 2: TOF MS ES-
1448.0074 100- 247.0940 2 6463
standard
oL 1210319 2850410 4491068 593 0273720.6016 | 8971998 1145.1945 1343.3049.1402.8152
200 | 400 600 800 1000 1200 1400
IL_200117_100 617 (12.242) 1: TOF MS ES-
447.0938 6.17e3 284.0333
100-
standard - )
1448.0971
] 255.0294
1448.0079
227.0362 286.0445 449.0987
. 895.1904 116.9305 287.0477 501.0122  623.1666
. 921112 595 0421 4491024 623.1675 19040 0061 11726412 134,303 i 02510026 | | 2870477 3979750 _Sonot22 | 623.1686646.980
7 Y0 000 1200 1400 ™2z  "s0 ' 100 150 200 250 300 350 400 450 500 550 600 650
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Collection screening — MatchWeiz compound validation

» related compound = false positive (Most common case, RT

difference sometimes very small, 0.02 min)

IL_290117_119 1: TOF MS ES-
. 12.22 579.171 0.1000Da
100, spike 1.49e3
-aﬂ_
12.76
0-———————— e T T T T e T e e e
11.80 12.00 12.20 12.40 12.60 12.80 13.00
IL_290117_118 . 1: TOF MS ES-
100, sample Matched metabolite 12.76 679171010000
s 2 12.13
12.64
11.68 _’/,Xfﬁ\\\yhﬁf___hfh 12.96
- e T R e e e T T e T T
11.80 12.00 12.20 12.40 12.60 12.80 13.00
IL_290117_117 1: TOF MS ES-
12.22 579.171 0.1000Da
100+
- 1.71e3
standard — NP-014284 e
aﬂ_
0 = Time

" 1180 = 1200 = 1220 1240 1260 1280 1300
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Collection screening — MatchWeiz compound validation

» compounds that are “too similar”

Lemna gibba (Lg)
ID ionMode rt.cluster nPeaks coverage parentlonarincipallor adducts isoConfirmed xrank xref name
MP-005512 neg 1 | 2 0.3_2 D.§5 0 0.93 | 0 0 0
MP-000216 neg 2 T 0.27 0.74 0.92 0.91 0 0.28 0 Gingerglycolipid A
MNP-000218 neg 1 22 0.79 0.92 0.89 1.78 0 0.92 0
M rt.win plate.id well.id XCMS row.idx mz.db rt.db genus peaktag formula
416.168247 B AD111784-16 E06 BB 501 4151606433 8.77 rosa M C19H28010
B76.367007 15 AD111784-02 F03 BB 938 675.3587524 2817 Ginkgo M C33H56014
514 314183 16 AD111784-06 (R k! BB 813 513.3063149 2937 Cannabis M C27H4609
lowE highE pcgroup peak.table massTol intData found.t found.mz main.mass max.samp glmScore rfScore

IL_060312_2%a_: 4.00E-04 @@@ 3.87 149.0446.415 1€ 4151605633 IL 310314 3501 0.33022808 krjo

8233 6900 ] IL_130512_10_2¢  9.00E-04 @@@ 28.04 4151452 675 3¢ 721.3650771 IL_310314_3501 0.21796683 known
10536 1837 3] IL_130512_41_ 2¢  6.00E-04 @@@ 29.48 116.9294.253.0¢ 559.3113598 IL_310314_4201 0.72829149 known

» one compound is true one false, only by spiking !
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Collection screening — MatchWeiz compound validation

»library compound corresponds to isotope of sample compound

IL_290117_19 1: TOF MS ES-
) 12.94 579.175 0.1000Da
100+ :
Splke Coelution 1.45e3
Enrichement
52_
12.81
0-——— T L I R B R R R I L N B L B R L B L B
12.60 12.80 13.90 13.20 13.40 13.60
IL_290117_16 1: TOF MS ES-
100+ 12.81 579.175 0.1000Da
sample 175
[ IS
. 12.66 N L 1333 13.37
1260 1280 | 130 1320 1340 1360
IL_290117_18 1: TOF MS ES-
1001 standard 12.94 579.175 0.1000Da
1standar _ 1.96e3
___ NP-008721
52_
0 LA DL L B R R I T T T T T T T T T Time
12.60 12.80 13,90 13.20 13.40 13.60
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Collection screening — MatchWeiz compound validation

»library compound corresponds to isotope of sample compound

IL_290117_19 651 (12.919) 1: TOF MS ES-
) 579.1725 3.44e3
100
spike
~2 ]
° 580.1768
e
581.1801 625.1765
] 549.1958 576p243 ||/ 5931593 151478 | _627.1821 8421645 664.1880
"'540 550 560 510 580 90 600 610 620 630 640 650 660
IL_290117_16 653 (12.956) 1: TOF MS ES-
100- 577.1562 273
sample
Second isotope peak identified
2]
" e 578.15
533.1664 579.1
2 563.2219
il 550.1693 | ||| 580.5049 | 594.1422 620.4826 0401134 6454714 6621633
"'540 550 560 5f0 580 90 600 610 620 630 640 650 660
IL_290117_18 652 (12.938) 1: TOF MS ES-
579.1728 5.00e3
100
standard
~9 |
° 580.1477
e
581.1B07 625.1782
o_540.0093 568.0266 273433 | 615'147'1" 6320794 9421708 664.1902
AT AT T TP T Tt e e e Ao o g prs ittt [11(Z
"'540 550 560 5J0 580 90 600 610 620 630 640 650 660
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Collection screening — MatchWeiz compound validation

» identification of isomers (many times present in standard, more than 15)

IL_280514_4 1: TOF MS ES-
100. 2798 _ 721.37 0.0200Da
sample
# 26.30
721.3608
2814 28 48
7213639 562.3147
C T T T T T T T T T T T T T T T T T T T T T T T
27.20 27.40 27.60 27.80 28.00 28.20 28.40 28.60 28.80 20.00 29.20 29.40
IL_280514_5 1: TOF MS ES-
100+ . 2797 _ 721.37 0.0200Da
S p I ke 721.3606 1.20e4
28.31
NP-000216
=] Isomers
U T T T T T T T T T T T T T T T T T T T T T T T
2720 27.40 2760 27.80 28.00 2820 28.40 2860 2880 2000 2020 29.40
IL_280514_3 1: TOF MS ES-
721.37 0.0200Da
“|standard
28.30
721.3619 000216
| B
2797
721.3638
0

T T T T T T T T T T T T T T T T T T T T T T T Time
27.20 27.40 2760 27.80 28.00 28.20 28.40 2860 28.80 29.00 2920 29.40
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hWeiz compound validation

»identification of isomers (many times present in standard, more than 15)

IL_280514_4 1436 (26.310) Cm (1435:1437) 2 TOF MS ES-
1.05e4
| NP-000216 - MSramp
=
397.1343
§75.3567
2772191 415.1468 576.3631
78.2240 4161498 721.3643 7603710
. 161 0465 /90978 235.0836 F 3050893 argqans| | 4742513 5032441660.2335 SUIIMS g5y | 6773645 ; 7333008 ’
- 0466 ; : X L e
125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825
IL_280514_5 1442 (28.319) Cm (1440:1443) 2: TOF MS ES-
397.1351 675.3593 1.05e4
100+ k
= 415.1455
27777 - 676.3604
75.2236 116 1605 721.3642
235.0837 593271 760.3727
161.0461 >
I . TN Y i 619.3033 ) ||| [ T3 2us gisassy
125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825
IL_280514_3 1442 (28.314) Cm (1440:1443) 2: TOF MS ES-
100+ d d 1.05e4
397.1346 675.3581
g,
2772176 4151454 676.3616
782222 416.1516 721.3641
179.0563 2350836 M 451 0583 - T60.3770
1I2“5-:0250 1|51-‘U48[\J‘/ T T \I T \I/aos-\oags T 37%-1244 1] 'L T |/ : T T 55|3-0075\\‘559-24|82 6?9-2724| Sdg'?wns T ll I|| . T :7937‘2?55 T mfz
125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825
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Collection screening — MatchWeiz compound validation

» identification of isomers (many times present in standard, more than 15)

IL_280514_d4 1428 (28.151) Cm (1427-1420-(143141425)) 2 TOF MS ES-
100 * . 3971371 602
Isomer 28.15min
277 2195
675.3589
—
® 415.1463
782230 676.3615
416.1533 502.2945 593.2768
137.0104 235.0830 594 2751 6773667
. mz
100 125 150 175 200 225 250 275 B00 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750
IL_280514_4 1419 (27.972) Cm (1418:1420) 2 TOF MS ES-
1007 = . 675.3638 1.23e4
397.1353
Isomer 27.97min
# 1676.3585
977 9474 4151468
721.3644
76.2247 4161526  474.2644
59.0249 1610467 235.0838 e -677.3715 760.3771
ol -, 179.0571 | 305-0907 3791267 [ 4510563 P‘?S-%GG 575.2432 593 7736 649.3076 Ll
‘ . : ‘ ; Ly miz
100 125 150 175 200 225 250 275 B00 325 350 375 400 425 450 475 500 525 550 675 600 625 650 675 700 725 750
IL_280614_3 1442 (28.314) Cm (1441-1442) 2 TOF MS ES-
675.3589 574e3
"I NP-000216
2]
277.2173 4161458 preIe
161.0483 235 0828 78.2230 416.1516 721.3640 760 3750
. 1010254 151045 479 056 . 3050895 srormon | ast05s 499062 S1INGET oo ggooris Gdsoet  [S794009 || N ’
. mz
100 125 150 175 200 225 250 275 B00 325 350 375 400 425 450 475 500 525 550 675 600 625 650 675 700 725 750
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Collection screening — MatchWeiz compound validation

»88 positive identifications (+15 isomers)

o 2 .
- T All scores - —T High scores R
| - S R | |
w i i H =l ! - _—
=i | | | ! : |
. . i —_ o .
: ! s
© ; |
(=T ; | —
=
< © | | !
o (e ] 1 :
a - a = 0 - . — -
o~ S i S
&
29% 3% 54% 14% ; b 36% 4% 49% 11%
T T T T T T T T
True Wrong Related Unclear True Wrong Related Unclear

» around 30% positive identifications (+isomers)

» unclear compounds need MS-MS analysis

» cut off by score is problematic and leads to loss of identifications
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Collection screening — analysis of Lemna metabolites

Wolffia Wolffiela

Spirodella

»Spirodela has most unique metabolites (although only two species)

»Although Wolffia and Wolffiella are related they share only one compound
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Collection screening — analysis of Lemna metabolites

»Classification of Lemnaceae compounds (88)

5 classes
general

ID positive hit; classyfire 1st

NP-000004
NP-000286
MNP-000060
NP-015333

NP-000211
MNP-005203
NP-000216
NP-000212
MNP-011335
MNP-000437
NP-016699
NP-005064
MNP-015589
MNP-003150
NP-005791
NP-007121
MNP-012952
NP-017063
NP-001730
NP-000181
MNP-005512
NP-010155

Phenylpropanoids
Phenylpropanoids
Phenylpropanoids
Terpene
Phenylpropanoids
Phenylpropanoids
Phenylpropanoids
Lipids
Phenylpropanoids
Carbohydrate conjugates
Phenylpropanoids
Phenylpropanoids
Phenylpropanoids
Phenylpropanoids
Lipids
Phenylpropanoids
Phenylpropanoids
Carbohydrate conjugate
Phenylpropanoids
Phenylpropanoids
Phenylpropanoids
Carbohydrate conjugates
Terpene
Phenylpropanoids

classyfire 2nd
Flavonoid glucoside
Flavonoid glucoside
Organic acid derivativ
Sesquiterpene
Coumarins

Flavonoid glucoside
Flavonoid glucoside
Glycerolipids
Flavonoid glucoside
Benzyl-saccharide
Flavonoid glucoside
Flavonoid glucoside
Flavonoid glucoside
Organic acid derivativ
Fatty acyls

Flavonoid glucoside

rFidvunuias
Flavonoid glucoside
Flavonoid glucoside
Benzyl-saccharide
Sesquiterpene
Coumarins

classyfire 3rd

Flavonoid C-glucoside

i Coumaroylguinic acid
Coumarin-Sesquiterpene conjugate
Coumarin derivatives
Flavonoid O-glucoside
Flavonoid O-glucoside
Glucosylacylglycerols
Flavonoid O-glucoside
Benzyl-disaccaride
Flavonoid O-glucoside
Flavonoid O-glucoside
Flavonoid O-glucoside
Ferulic acid O-glycoside
Hydroxy fatty acid
Flavonoid C-glucoside
Flavonoid O-glucoside
Catechol

Flavans

Flavonoid O-glucoside

Flavonoid O-glucoside
Benzyl-disaccharide
Coumarin-Sesquiterpene conjugate
Coumarin derivatives

correct

-

<« Z R ZZ <2< <2222 << <22

» Manual refinement of 2"d level to 9 meaningful classes

Uwe

Diverse,
already

specific

< 2 < € 2 2 2 2 2 < < < < < =2 <22 << <22

» Example: Fatty acids and Glycerolipids (monoacyl, mainly FA)

compound
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Flavonod ghicosides
Orgaric acid dervatives
Terpenes

Fatty acid dermvatives
Sacchande denivatives
Flavonoids

Diphenyls

Tanning

Phenolic ghycosides

Organic acid glycoside

GO
Ho,gj:m
on

Phenyl saccharides

oH
\mﬁ i
o ]

OF SCIENCE F |
#i( Diaryl glycosides 8 .
f 7 /

z 5 7
o . & 2 29 g4 d g & £ §F a LI
T2 N 74 & & & . Flavonoid O-glycosides
T B = a4 &
% ‘.‘.;: ) - g -_\.:\ 1}\

T

NP-D0DOTE
P-004586

&€ LoO-dM
F ._H_I_Igll‘:j

LTy —

o
o

1O
?\a“°°o

Classy
vl /O

..;._nm?’:'!?:
:_:”f; Flavonoid C-glycosides
P-013663
P-t00sq7 '\,()'1 (),ii .
P-0031 55 P r metabOhtes

N o
253n
- o CHy

H
OH
\‘O:

Alcyl/prenyl saccharides
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Collection screening — analysis of Lemna metabolites

»Classy Chemtree presentation per species

= Flavoncid ghuicosides -
= Terpencs z Z .
— Sacchands dervatives % 5 g z &
w— Fatty acid denvalives % B8 2 2 & 5 &
=== Dhenyis %, kS £ =z £ 8 £
== Orgaric acid derivatives % 9, $ & &
Tanrins % B { g &
s Flayongids B, = q@ é?io
&
by % gp* .
. %, &
L S
%, o &
44,307 \v"sp
i, p.
N,
i, o
- Wolff
olffia .
?
NP{HE
Q0026
NP-00297
NP-000004
———NP.01358,
. Ropog,,
2
W -
. “Oogy,
e ®
e o,
2 W,
S
W . %,
iz
e/&? Y
«f P %
LY
éqd? ' %,
qf %
- s G
& - 2
& T %
%

Wolffia specific quinic acids

& Vo,
an e g,
o & & %‘& N

\gg\ & R
o ) w

: & e . %

& >

r 1. 4
e o

e Flavonoid glucosides -
s Orgaric acid derivatives z % b -3 a
=== Tepenea T 8 B é 5 &
e Sacchanide derivatives % 2 8 3 & % &
— Flavoncids Z, B % = 2 2 £ § 2
e 4 B 2 g s
anning % g @ 4
— Fatty acid dervatives 1, % T F &
Phenoic giycosides %, &
;
T &
" $
o
Y, s
o, N @
T P
b, oo
, 31
S, PP
. s
Spirodela
Ne-ogyg, pomn 2
NP-0003g; P-D002E
NP-D023% P-000286
" P-011566
oyt
o MR 80194,
o
oot M%%
e

=3

%
—:‘-‘g - ‘4,_230%3
i1 llavy

In both I

o
o " o, 0= CH,
o o on
on
Y o 0 H o HO K o
©u, o, oH
© o o o
HO e o o HO
o o
o
HO Ho o HO
w0

Spirodela specific quinic acids
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Collection screening — analysis of Lemna metabolites

»Clustering analysis per genus combined with Classification

Wolffia
]
B @straln 3 Strain
i P-014466
° - 9 % 3'889%83 ) War_8872
T .. — — T T = 800002 Wan_7476
. ” po0%0es | Wau_8730
- i p-00008s * Wb_7150
I - pois28s | ¢ W Wg_9317
- i ° o P000287 Wmic_2000
- L P-001271 -2 Wn_9149
u | oo
" o” NN . P-002898 -3
- e s T
- e P-000568 Diphenyls
o . I D-o00ess Fatty acid derivatives
P-013663 ) )
QUII’]IC aC|dS 3_011953 Flavonoid glucosides
— :Zgéégéz Flavonoids
P.010155 Organic acid derivatives
P- . .
000180 Phenolic glycosides
P-000358 * - o
P-005379 Saccharide derivatives
P-002970 )
P-012952 * Tannins
b 000ag T
=-ﬂ145_0§ erpenes
P-000835
P-001136
P-000212
000181
001332
P-000437
P-001393
P-016699
= —~ = = = P-000978 *
Acetylgl | FI id EFESIIIEASESEAERRRREREC
Ceygucosy avonolas @ N N w8 8 & T v wo www ol gyl e e @
e N N R B 7~ R G 7 B 7 B < S < T = T == - = = I = B = |
n DN @ o0 o0
2283838853863 dgdgzgdfNSSS
Mw s 88 8 2 w oo 22 2 0T N =
oW o= T B =

»ldentification of high producers of Wolffia specialized metabolites
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Collection screening — analysis of Lemna metabolites

» Clustering analysis per genus combined with Classification

Spirodela

T

Strain 3 Strain
o |1 spi_7450

31578 Spi_8410
e 1 Spi 9167
00929 * -

00160, 0 Spp_7498
01964 Spp_9203
e 4 Spp_8790

Quinic acids

il

oo o Class
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»Spirodela polyrhiza 7498 (sequenced strain) is a producer of Quinic acids

» These acids are exclusively produced by Spirodela within the Lemnaceae
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Lemna collection screening summary & perspectives

» High confidence identification of 88 (+15) secondary metabolites in Lemna
» Deep analysis of MatchWeiz validation
» Integration of semi-automated compound classification into
chemtree and clustering visualisation tool for metabolomics
» |ldentification of Wolffia & Spirodela specific metabolites as

Acyl quinic acids

» Improvement of MatchWeiz module (RT, output filtration, derivative search)
» Reduction of necessary validation spiking experiments
> Integration of results in Metabolic network of Lemna (SpirodelaCyc)

» Pathway elucidation, production of valuable metabolites
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Overview

Part Il = DLEMMA for metabolite identification
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Combining Dual Isotope Labeling of Metabolites for Metabolome Analysis
(DLEMMA) with MALDI-MSI

 Difficulties of metabolite identification in MSI and metabolomics

« DLEMMA helps in structure elucidation according to their labeling
patterns

« DLEMMA enables tracking a particular metabolic pathway by

enriching in this pathway with precursor feeding
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1. Experimental Design
un-labelled tyrosine labelled | labelled Il
H I
H\| ‘/‘\ CO2H H A H_ O2H
HO/\l/“‘H NH2 “H NH2 HO gy NH2
H H

A: control B: un-labelled C: labelled |

D: labelled Il E: labelled | + Il
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1. Experimental Design

1. Why feed Lemna separately? Can we

feed all the 3 tyrosines in one Lemna

group?

Suppose:

* Analyte X in Group. B, m/z 142.0817, RT=5.52
min

* Analyte Y in Group. D, m/z 151.1119
(=142.0871+9 C%3), RT=5.52 min

Is analyte Y the 9 13C labelled X?

* No. Unless Y is only detected in Group. D and E.

* The experiment design efficiently removes false

positives

|
H X\

H

D: labelled 11

CO2H

ASH NH2
H O/\l/

NH2

O2H
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1. Experimental Design

2. Why do we need the control group A?

* We are creating stress to plants by feeding
them

« Some metabolites are produced upon
stress

* Group. A helps to remove those stress-

induced-metabolites

A control
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1. Sample Extraction « Auto isotope labeling search according
| to the experiment design

2. LC-MS and LC-MS/MS
Exp. B EXP.C EXP.D

* positive and negative
m/z RT m/z RT | label m/z RT | label

|

3. Data preprocessing

105.0701 | 3.05 | 108.0865 | 3.08 3 113.1197 | 3.07 8

107.0495 | 2.16 | 111.0755 | 2.09 | 4 | 113.0879 | 2.06 6
* peak-picking with XCMS

- Isotope filtering (home-written 120.0805 | 4.88 | 124.1059 | 4.85 4 | 128.1309 | 4.88 8
R script)
4. Metabolite identification & * Reduce from 20,000 to ~ 100 analytes

network construction

« exact m/z, RT, and MS/MS
fragmentation

« labeling pattern and database
search
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3. Example of Analyte Identification

Exp. B EXP. C EXP. D
m/z RT m/z RT label m/z RT label
267.1345 | 2.75 | 271.1599 | 2.74 4 276.1579 | 2.74 9
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3. Example of Analyte Identification

Exp. B EXP. C EXP. D
m/z RT m/z RT label m/z RT label
267.1345 | 2.75 | 271.1599 | 2.74 4 276.1579 | 2.74 9

C13H18N2C)4
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3. Example of Analyte Identification

Exp. B EXP. C EXP. D
m/z RT m/z RT label m/z RT label
267.1345 | 2.75 | 271.1599 | 2.74 4 276.1579 | 2.74 9

C,3HsN,O, : with this formula > 14,000 compounds found in Scifinder
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3. Example of Analyte Identification

Exp. B EXP. C EXP. D
m/z RT m/z RT m/z RT label

205 [ 271.1599 276.1579 | 2.74 9

H
|
H_ CO2H ) . . .
(YY there must be one aromatic ring in this
wo’ N7 1 NH2 compound, and with 4 H on it, 313 compounds
H

EXP. C: labelled |
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3. Example of Analyte Identification

Exp. B EXP. C EXP. D
m/z RT m/z RT label m/z RT label

2.75 | 271.1599 | 2.74 4 276.157/9 | 2.74 9

C,3HsN,O, : with this formula > 14,000 compounds found in Scifinder

H
I
o) . .
" 2 there must be one aromatic ring, at least 8 C
< NH2 bone, on it, 403 compounds
HO
H

EXP.D: labelled II
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3. Example of Analyte Identification

Exp. B

EXP.C

EXP. D

m/z

RT

m/z

RT

m/z

RT

2.75

271.1599

276.1579

C,3HsN,O, : with this formula > 14,000 compounds found in Scifinder

313in C
\

403 in D
J

!

48 in Cand D
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3. Example of Analyte Identification

EXP.C

EXP. D

m/z

RT

m/z

RT

271.1599

276.1579

C,3HsN,O, : with this formula > 14,000 compounds found in Scifinder

313in C 403in D
\ J
Y

48 nCand D —

4 are biologically reported
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3. Example of Analyte Identification

EXP.C

EXP. D

m/z

RT

m/z

RT

271.1599

276.1579

C,3HsN,O, : with this formula > 14,000 compounds found in Scifinder

313in C 403in D
\ J
Y

48 nCand D —

4 are biologically reported

l

1 hit with our MS/MS data
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3. Example of Analyte Identification

Exp. B EXP. C EXP. D
m/z RT m/z RT label m/z RT label
267.1345 | 2.75 | 271.1599 | 2.74 4 276.1579 | 2.74 9

Glutamine side chain C,3H;sN,O,
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4. When MALDI Imaging Comes...

What can they do to each other?

DLEMMA to MALDI MSI:

» Help in metabolite identification

* Increase the analyte concentrations by precursor feeding,

favoring their detection by MALDI imaging

MALDI MSI to DLEMMA:
« Enhance metabolite identification capability (unlablled and
labelled analytes should have the same distribution

pattern)

* Provide information regarding metabolite distribution
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5. DLEMMA-MALDI MSI Experiment Design

LCMS MALDI Imaging
Feeding Feeding
A: unlabelled B: unlabelled  C: labelled I D: labelled I E: labelled 1+11 A: Control  E: unlabel + labelled I+11
l Sample Preparation
X 1. attach onto the glass slide
Sample Extraction 2. dehydration
control unlablled lablied I lablled IT lablled [+11 3. matrix application
‘ [
V & &
A B c 0 E
i . A: Control E: unlabel + labelled I+11
LC-MS and LC-MS/MS Analysis l

(positive and negtive ion mode)

MALDI imaging
(positive and negative ion mode)

Data Treatment
1. peak-picking and aligment (XCMS)
2. fed precusor-derived metabolite filtering
(home-written R script)

3. clustering m/z values according to RT 2. image construction (FlexImaging)

3. fed precusor-derived metabolite filtering (home-written R script)

l

Metabolite identification, localization and network construction
1. exact m/z (LC-MS and MALDI imaging)

2. ms/ms fragmentation (LC-MS and MALDI)

3. labelling pattern (LC-MS and MALDI imaging)

4. distribution pattern (MALDI imaging)

5. Public databases (SciFinder, DNP)

Data Treatment and Image construction
1. peak-picking and aligment (FlexImaging)

The workflow is similar as
conventional metabolomics analysis
In MALDI MSI, un-labelled
precursor and its two isotopes were
added to the same tissue because
we want to compare their
distribution

Lemna and tomato fruits were used
in this study

Tyrosine, phenylalanine and

tryptophan as three precursors
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Example 1. Un-labelled and Labelled analytes show the same distribution

A) Control (C) Identified metabolite

Optical image ”’-’(\T?‘I]llx(‘ Ferulicacid Glucose C1Hp009
M+

(B) Feeding

Optical image
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Example 2. Un-labelled and Labelled analytes show different distribution

A) Control (C) Identified metabolite
Optical image Lespezedic acid C15H1809

m/z 385.0839

[M+K+2H,]*
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Example 2. Five isomers are Found

(A) Control (C) Identified metabolite
Optical image Lespezedic acid C15H1809

100 5

» "'. 0/

(B) Feeding m/z 385.0839 & ]
Optical image [M+K+2H,]*

0-

4 5

3.59 4.16
|

|
1.31
3
2
1.00 3.00 5.00

Time
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Example 2. Only One of Them is Labelled

(A) Control (C) Identified metabolite
Optical image Lespezedic acid C15H1809

100+

ol ‘. 0/

B) Feeding m/z 385.0839 & ]
Optical image li\‘lJrl<(+2H4|Jr

0-

4 5

3.59 4.16
|

|
[.3]
3
2
1.00 3.00 5.00

Time
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Example 2. Only One of Them is Labelled

A) Control (C) Identified metabolite

Ginfioal e Lespezedic acid CISHIS09 « MSI is unable to distinguish
isomers

« Isomers might have different
metabolic pathways
N « DLEMMA helps to

B) Feeding m/; 3850839 | | i

Optical image IM+K+2H, differentiate them and

represents the true

distribution of our analytes of

interest
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Metabolic Network with Identified Metabolites
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Conclusion

DLEMMA-MALDI MSI:

« Helps in metabolite identification

« Allows metabolic network construction
 Provide spatial information

In particular:
« DLEMMA helps to eliminate the artifacts in

MALDI imaging
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Overview

Part Ill — flux analysis using Spirodela polyrhiza
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13C metabolic flux analysis

13C-MFA

OH
HO

HO.
OH

1-13C-glucose OH

using Spirodela

Flux map

influx

GA3P

\ > s AcetoacetylCoA
Spirodela polyrrhiza o EiceA 1
G3>
| i., cytosol toxp
Isotopomer pattern 1 <%
| T SFPPP o omesp
G5
l MVA-PP ]
‘rl,; triterpene biosynthesis ’
5 i * 4CDP2MEol
o .. bwaep
M
Acetyl-CoA
; A EX * 2McPP
=
Ox—Squalene
HMBPP
)\/\ )\A J\/\ « °'
OPH OPH OPF
non-labeled plastid pool ic pool
£
' Triterpenes, Mono-, di-,
1 L1 > Sterols tetra-terpene,
M M+l M+2 M+3  M+4 M5 m/z

(efflux) (efflux)
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Flux analysis — network construction

Question

L ——
‘ Network Spec.
=
e i
Input Substrate

Mixture

Measurement Spec. /

Biomass Equation
=
. Flux Directionality
\ Assumptions

)

Forward Simulation

-

Sensitivity Analysis

-

Statistical Analysis

Experimental Design

Parameter Fitting /
Statistical Evaluation

Result[ﬁnswer

->Stoichiometry of the network (DOF)
—>closed carbon balance
=2influx and efflux

->network structure (directionality, cycles,...)

u
net flux
H o B
forward B X=V+Z
» . _
- C:w=y+z
backward
\Y w

- free fluxes
->constraints
—>Example: E. coli CCM model:

59 metabolites, 68 reactions
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Flux analysis — experimental considerations

Question

Network Spec.
Input Substrate
Mixture

i
Measurement Spec. /

Biomass Equation
R p—

Flux Directionality
Assumptions

)

Forward Simulation

-

Sensitivity Analysis

-

Statistical Analysis
Experimental Design

]
- . .
Parameter Fitting /
Statistical Evaluation

Result[ﬁnswer

—labeled carbon source (1-13C-Glu, CO,)
—>analytical technique (MS, NMR)
-atom transitions (where does my label go?)

GA3P + S7P > E4P + F6P
#AB5C + #abcdeg > #deg + #ab C

OH

o

OH
1-13C-glucose OH

->number of measurements
—what experiments?

—>compounds to measure

->experimental errors

—>statistical analysis

M M+l M+2 M+3 M+4 M+5’m/z




WEIZMANN giesea [ DE%
Uwe Heinig, 13.07.2017 INSTITUTE [ 7885
OF SCIENCE .‘ S %

Flux analysis —in whole plants, the major challenges

-Definition of “metabolic steady state”
—>compartmentation : parallel pathways in different compartments act differently

—phototrophic conditions : 1*CO, as a carbon source results in loss of flux

information at “isotopic steady state”

3PGA labeling

Co,
RUBP,, ° 3PGA 0,0,

DD m——— 5@ | OO

e 000
o0 }/ CRoiE (2 2 Young et al. 2011
PPE [ Yol TKT
il Time :>

$353
3338
:

PPI @S
PRK
e

P5P,
Flux-dependent
labeling pattern

- Is “steady-state” MFA possible for plants ???



WEIZMANN
Uwe Heinig, 13.07.2017 INSTITUTE B
OF SCIENCE [

Flux network (Nadine)

Y

Y No ok
acH oA D-glyceraldehydeh?&e vate C h I o ro p I ast

statins >
acetyl-CoA a‘mnsferuseC— 1-deoxy»-xylies Jpitte synthase
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1
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phosphom‘nate kinase
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1 1-hydroxy-2-methy|-2

diphosphate reductase_2

diphosphomeva‘ decarboxylase 1-hydroxy-2-mg }‘ . V. !
1 1-hydroxy:2m 1 1-2-(E)-butenyl 4-t%

phesphate reductase

isopentehosphale % isopenteny! dip
13 2
/8
)\/\ o 0 monaqterpenes
0-P-0-P-O" g
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Metabolic steady state — MEP+MVA pathway

»time-course experiment and relative quantification of relevant intermediates
»linear pathways without branching, in theory analysis of early and late

intermediates should be informative enough

1201 Growth Spp (Sp + 10mM glucose,
100 1 const. light, 3% CO2)

80 -

60 -

No. of fonds

40 -

20 - y = 0.43880-2781x

R?=0.992

0 2 4 6 8 10
time [days]

»analysis of MEP and MVA intermediates and terpene end products

»method development for pathway intermediates
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Metabolic steady state — MEP+MVA pathway

»LC-TQ MS method (Zic-pHILIC-TQ-MS (MRM) (gradient elution, A: 50mM NH,OAc
pH 10 in 3%ACN, B: ACN)

100-
(Li etal. 2013) - /\
compound transition CE [eV] RT [min] ﬁ__
] IPP/DMAPP I\/IVA PP
MVA 147.2 -->59 23 7.22

MVA-P 227.1-->97.1 14 11.35 0+ RRDPAR SRS BARS: iy DUT'”"E‘
100+
MVA-PP 307.1-->79 25 11.55 _ DXP Ho,
HMG-CoA 454.6 --> 686.3 17 11.06 | OH OH
DMAPP 2-C-methyl-D-erythritol-
J 4-phosphate
DXP 213.05 --> 97 13 10.88 2 IPP/DMAPP (MEP)
a OH
| MEP
MEP 215.2 --> 79 20 11.1 op
] OH
IPP/DMAPP  245.1-->79 20 9.9 ' e oate
1 (DXP)
D | | LN B B B N Tlme

LI B B N N B N B I N D N O N N N O N L B B Y L L B B |
9.00 10.00 11.00 12.00
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Metabolic steady state - MEP+MVA pathway

No. of fonds

120

100 -

0
=
1

Growth Spp (Sp + 10mM glucose,
const. light, 3% CO2)

R==0.992
0 I T T T T 1
0 2 4 8] 8 10
time [days]
70000
_ 60000 I IPP/IDMAPP
& 50000 I
= 40000 -
= 30000 -
$ 20000 |
10000 - [
0 - : : :
4 5 6 7 8 9
time [days]

700

600
& 500
= 400
300
200
100

peak area

250
200
150
100

peak area [DXP]

50

180
160
140
120
100
80
60
40
20

peak area [HMG-CoA]

MEP
7 4 5 | 6 | 7 | 8 9
time [days]
~ DXP ]
I I
4 5 6 7 8 9
time [days]
i HMG-CoA
|

ol

time [days]
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No. of fonds

Metabolic steady state - MEP+MVA pathway

80
70

y = 7.5611e0317x
60 - R?=0.9984
50 +
40

y = 7.1437¢0 3066«

30 R?=0.9993

20

10

O T T T 1

0 2 4 6 8

growth [days]

»metabolic steady state
»feeding experiments

»sampling for isoprenoid analysis

4 12C-glucose

B 13C-glucose

——Expon. (12C-glucose)

——Expon. (13C-glucose)

No. day date time No of samples
1 5 Tuesday 16:15 3
2 5.5 Wednesday 4:15 3
3 5.75 Wednesday 10:15 3
4 6 Wednesday 16:15 3
5 6.166 Wednesday 20:15 3
6 6.333 Thursday 0:15 3
7 6.5 Thursday 4:15 3
8 6.666 Thursday 8:15 3
9 6.833 Thursday 12:15 3
10 7 Thursday 16:15 3
11 7.25 Thursday 22:15 3
12 7.5 Friday 4:15 3
13 8 Friday 16:15 3

w
[{=}
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Metabolic steady state - MEP+MVA pathway
IPP/DMAPP MEP

45000 . p=0.3-0.85_ 012 - 0.98 _
S 40000 1 P=034-08> 700 < p=0.12 - 0. . Pp=042-0.83
'~ 35000 - 02 & 600
s 30000 - & 200 1
S = 400 -
¥ 25000 - o
& 20000 w 300
i = 200 -
E 15000 - g 100 -
S 10000 | S 9|
2 5000 - o

o
0 n
o) bbﬁ'.\% Qa(b,'\?:b,sb 6‘_3@@%@‘?)6 '\/\,.ffo ,\?.) > time [days]
Time [days]
HMG-CoA

400 _ 20

2 350 <to 200 _ p=0.17 - 0.99

5 300 Q < >

@ O

~ 250 = 150 T

& 200 =

2 150 $ 100

(5] [3+]

~« B0 o

g o 0

time [days]

o)

G © D o

D 0 o A
c:‘(o. QD'@'QJQ)%

o7 ©
time [days]

Pa®®
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Isotopic steady state — MEP+MVA pathway
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Isotopic steady state — MEP+MVA pathway

Isotopomer abundance IPP
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Flux analysis —ongoing experiments

Question

EEEE e

Network Spec. '
-
Input Substrate .

Mixture
ke

Measurement Spec. / |
Biomass Equation |
g
Flux Directionality
Assumptions
[ia]
e
Forward Simulation
e ———
Sensitivity Analysis
.

Statistical Analysis

Experimental Design

Parameter Fitting /
Statistical Evaluation

s

Result;’;hnswer

»abeling experiments with U-13C-glucose

»labeling experiments with 1-13C-glucose

»end product measurements

»treatments with inhibitors (Me jasmonate,

Statins)

»forward simulations
»measurement of precursors / constrain influx

>flux calculations
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Summary

 Weizmass & Matchweiz for identification of natural products
» Labelling technigues can assist identification
* spacial resolution as another dimension

 Lemna as a model system for 1°*C-MFA in “whole plants”
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