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‘~I HE PLANT METABOLOME

* Code: 20073152
* Credits: 1.0 (including a mini review)

* Wednesday 14:00-16:00, Katzir Hall,
Ulmann Building

e 15 classes



+What will we hear and talk about?

The PLANT Metabolme:

- CORE PATHWAYS (BOTH PRIMARY AND
SECONDARY)

- PATHWAY REGULATION

- ANALYSIS / MEASURMNET

- EVOLUTION

- APPLICATIONS

- ENGINEERING



Textbooks and Readings
jL 0

— Biochemistry & Molecular Biology of Plants,
ASPB
http://www.aspb.org/publications/biotext/bioch
emorderinfo.cfm

— Plant Biochemistry and Molecular Biology by
Hans-Walter Heldt

— Biochemistry of Plant Secondary Metabolism:
Edited by Michael Wink

— Readings from original literature
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JrThe Metabolome:

Is a comprehensive profile of all the
low molecular weight compounds
of an organism, a tissue, or a cell

Oliver et al., (1998)
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etwork of Metabolic Pathways 1n a Single Cell




4@1 etwork of Metabolic Pathways 1n a Single Cell

- All reactions occur in a cell that 1s less than 0.1 mm in
diameter

- Nearly every reaction requires a different enzyme

- The same compound can be part of many different
pathways

- Pyruvate, a substrate for more than six enzymes, each
one modify it in a different way



Network of Metabolic Pathways 1n a Single Cell

» [n multicellular organisms most complex regulation:

- Different cell types require different sets of
enzymes

- Different tissues/organs make distinct
contributions to the chemistry of the organism as a
whole

- Levels of metabolites required differ between tissues

- Cell types & tissue organs cooperate by exchange of
metabolites 1n normal and stress states



4~Ihe Cor1 Cycle: Liver-Muscle Interaction

Glucose Glucose

\ 2 ATP -
-6 ATP

2 Pyruvate 2 Pyruvate

2 Lactate 2 Lactate

Muscle




Life’s Complexity Pyramid

Oltavai & Barabasi,

‘ A '-;I: Science, 2002
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The cell is a complex network in which the components are connected by
functional links



4~£LANT METABOLISM

For an organism to be alive
1t must:

A. Respond to stimulus
B. Reproduce

C. Grow

D. METABOLIZE




AFPLANT METABOLISM

The complex of physical and chemical events of
photosynthesis, respiration, and the synthesis and
degradation of organic compounds



%ELANT METABOLISM
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J%Estimated Size of the Metabolome
- In yeast 550 compounds 1n a cell

- In plants 4,000 to 20,000 compounds in a
cell

To date, a total of 200,000 structures
identified from plants



Kypto Encyclopedia of
Genes and Genomes

KEGG: 13,803 compounds, 6579 reactions
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jLEnzyme Classification

1. Oxidoreductase
2. Transferase

3. Hydrolase

4. Lyase

5. Isomerase

6. Ligase

Transfer of electrons
Transfer of functional groups
Bond cleavage using water
Bond cleavage by elimination

Intramolec. rearrangement

Bond formation (ATP dep.)




JrThe Metabolome

1. The Metabolome 1s organism,
tissue and cell specific
2. Influenced by the environment



The Metabolome
4

1. The metabolome 1s tissue and
cell specific
2. Influenced by the environment



JrPrimary Metabolites

- Produced by all organisms

- Needed for cell viability and proliferation
and organism growth and developemnt

- Example- amino acids, phytosterols, acyl
lipids, and nucleotides



JrSecondary Metabolites

- Also termed specialized metabolites (in certain
plant taxonomic groups) or natural plant products

- Plants will survive without most of them but will
be damaged

- Play an important role 1n the interaction between
plants and the environment (biotic and abiotic
stresses)

- Important since plants are sessile



JrSecondary Metabolites

- Approx. 50,000 structures known

- Belong to ditinct classes that are often linked to
each other

- Often complicated chemistry

- Utilty as dyes, polymers, fibers, glues, oils,
waxes, flavouring agents, perfumes, and drugs



Main Groups of Secondary Metabolites
4~_in Plants

29,000 terpenes
12,000 alkaloids

8,000 phenolics

Croteau et al., 2000



Secondary Metabolites are Derived from
Primary Metabolites
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Plant, and animal
biochemistry sometimes differ
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The Metabolome of Human, E.coli & Arabidopsis

According to HumanCyc
(http://HumanCyc.org/):

35 metabolic pathways are
common to all three organisms




ﬁegulation of Metabolism- Characteristics

— Stoichiometric requirements (quantative
relationship between reactants and products
1n a reaction)

— Avoid waste (energy that is needed when it
1s needed)

— Directionality of metabolism

m Most reactions are reversible

m The cytoplasm as a soup (how does anything get
done?)



ﬂethods of Metabolic Regulation

1. Properties of enzymes
2. Compartmentation

3. Transcriptional and post-transcriptional



%froperties of Enzymes

¢ Affinity for substrate, inherent catalytic capacity
** Feed-back regulation / feed-forward / loop-gain

¢ Allosteric effects, competitive versus non-
competitive inhibition

¢ Redox control of enzymes

“* pH and Mg regulation (especially chloroplast
enzymes)



+Pr0miscuous Activity

Promiscuous activity in a protein 1s also
termed:

substrate ambiguity
Cross reactivity
moonlighting activity



Too few genes, too many metabolites?

- In plants more than 200,000 structures have been
identified

- Every plant estimated to contain- 4k-20k

- Diversity in modification of the same backbone
structure

- Example: 300 different glycosides of the
flavonol quercitin

- In Arabidopsis according to AraCyc:

1900 genes encoding enzymes with defined
function



‘Too few genes, too many metabolites?
How to explain METABOLOME size/diversity?

a.  DNA level: Alternative reading frames and gene
fusion

b. mRNA level: Alternative splicing

c.  Protein: Post translational modification and
Hetrodimer formation

And...... Enzyme Specificity!



4~7Plant Secondary Metabolism: An Excellent Example

Alcohol acyl-CoA transferases

One enzyme.....Multiple substrates.....Multiple products
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Volatile Esters Contribute to the Aroma of Most Fruit

+

92 esters

/ >100 esters
[l '- l"-.‘-.

* Some are responsible for a particular fruit aroma (e.g. banana)



Metabolic Route for the Formation of Esters 1in Fruit

\ Fatty acids
* I;recu SOrs
N z

Amino acids

y v

r = \

v

v

Acids (e.g acetic acid)

Alcohols

COAK /
Alcohols Acyltransferase

.

Adapted and modified from Olias Et al. In : R.

L. Rouseff and M. M. Leahy (eds.) Fruit ESTE RS
Flavours. Biogenesis, charachterization and
authentication (1995).




#ster Formation by Alcohol Acyltransferase (AAT)

O AAT
R1

O
CoA + HOR2 —» R2
J\s/ Rl)LO/

acetate

AAT
Acetyl-CoA +

acetate
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ster Formation by SAAT Expressed in E.coli Cells
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ﬁroad Substrate Specificity (acyl CoAs)

Acyl CoAs (Carbon no.) Alcohol Ester formed Ester properties

n-propionyl CoA (C3:0) 1-butanol 1-butyl propancate  ethereal, banana

n-butyryl CoA (C4:0) l-propanol  1-propyl butyrate sharp, pungent, rancid, sweaty,
sickening

n-butyryl CoA (C4:0) 1-butanol 1-butyl butyrate fruity, pineapple

1sobutyryl CoA (C4:0) 1-butanol 1-butyl isobutyrate ~ fiuity, apple, banana and
pineapple

n-crotonoyl CoA (C4:1) 1-butanol 1-butyl crotoate not described

n-hexanoyl CoA (C6:0) l-propanol ~ 1-propyl hexanoate ~ wine-like, cheese

n-decanoyl CoA (C10:0) 1-butanol 1-butyl decanoate Brandy (Whisky-Cognac)-like
odor

benzoyl CoA (C7:0) 1-butanol 1-butyl benzoate mild floral-balsamic odor




SAAT is a member of a small gene family in strawberry responsible for

generating more than 100 different type of esters in the ripe fruit
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4~7Plant Secondary Metabolism: An Excellent Example

Terpene Cyclases

One enzyme.....One substrate.....Multiple products



4~7Plant Secondary Metabolism: An Excellent Example

Trees such as Grand Fir (MwK):

-Produce oleoresin in response to stem wounding
and 1nsect attack

-The turpentine fraction of the oleoresin contains
terpenes, mainly mono, sesqui and diterpenes

- In Grand Fir, 38 sesquiterpenes (12.5% of
turpentine) and the remaining monoterpenes

- Two terpene synthases expressed in E.coli could
synthesize three major products but in total 35 and

53 total sesquiterpenes.
Steele et al., 1998
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Tran: MNerolidyl
diphosphate

a Guaia-6,9-diene
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Properties of Enzymes

End Product Inhibition or
4\17 eed-back Regulation




Properties of Enzymes

Ageed—forward Regulation

Fositive feedfonsard on
pyruvate kinase

- ‘ __ Pyrwvate

Allosteric activation




Properties of Enzymes

‘Post—translational Regulation

“* Phosphorylation

m Protein kinases and phosphatases

m Turns enzymes on or off, can affect sensitivity to effectors
¢ Fatty acids

m Palmitic acid in a regulatory way, myristic acid 1s non-regulatory
¢ Prenylation

m Fanesylation (3 isoprenoids, 15 C) CaaX C-terminus

m Geranylgeranylation (20 carbons) CaalL C-terminus

¢ Fatty acids and prenylation anchors proteins to membranes
or to other proteins



Anchoring Proteins to Membranes
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Methods of Regulation
1. Properties of enzymes
2. Compartmentation

3. Transcriptional and post-transcriptional



_Ngellular compartmentation

— Hallmark of eukaryotic cells

— Oxygen reactions mostly in mitochondria and
chloroplasts

— Chloroplasts — more generally plastids — are
what make plants unique

m Cell walls, vacuoles also distinctive but not
unique

m Plastids are biochemical powerhouses



jLBiochemistry Inside Plastids

“* Photosynthesis — reduction of C, N, and S

“* Amino acids, essential amino acid synthesis restricted to
plastids

= Phenylpropanoid amino acids and secondary compounds
start in the plastids (shikimic acid pathway)

= Site of action of several herbicides, including glyphosate
= Branched-chain amino acids
= Sulfur amino acids

¢ Fatty acids — all fatty acids in plants made in plastids



_Nﬁiochemistry Inside Plastids

» Carotenoids — source of vitamin A
» Thiamin and pyridoxal, B vitamins
» Ascorbic acid — vitamin C

» Tocopherol — vitamin E

» Phylloquinone (an electron accepttor in PS I —
vitamin K)



jMethods of Metabolic Regulation

1. Properties of enzymes
2. Compartmentation

3. Transcriptional and post-transcriptional



‘ Transcriptional and Post-transcriptional Regulation

— Normally slow relative to metabolic control

— Allows metabolism to be changed in response to
environmental factors

— Transcriptional control most common

Sometimes variation in transcription rate not reflected in
enzyme amount

— Translational control also found

No change in mRNA levels but changes in protein
amounts



Time Out- 15 min.




ﬁNALYSING the METABOLOME

- More complicated compared to
protein and nucleic acids:

* Unknown pathways

» Often difficult to purify

» Can be 1mpossible to synthesize
* No amplification



ﬁNALYSING the METABOLOME

Different metabolites, different characteristics:
e volatile
 non volatile: polar, semi1 polar and apolar



Analysing the METABOLOME

F‘Tetabolites :

Elemental composition

Order of the atoms

Type of bonds

Stereochemical orientation

PA PR '

O

(+)-Carvone (-)-Carvone



@ALYSING the METABOLOME, WHY?

- Assessing gene function and relationship to phenotypes
- Understanding metabolism and predicting novel pathways

- To increase metabolite fluxes into valuable biochemical
pathways using metabolic engineering

- To compare genetically modified organisms to non-
modified

- To measure flux of carbon under varying conditions

- To asses the effect of environmental changes



Analysing the METABOLOME

+

* Metabolite target analysis: just a few specific compounds

» Metabolic profiling: classes of compounds

» Metabolic fingerprinting: with pattern recognition

*
» Metabolomics: as comprehensive as possible

Fiehn, Comp. Func. Genomics 2,155-168 (2001)



Metabolite Target Analysis
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+Metabolic profiling

HPLC chromatograms (recorded at 520 nm) of anthocyanins of red ripe
strawberries ACHENES: 1 = cyanidin-3-glucoside; 2 = pelargonidin-3-
glucoside; 3 = pelargonidin-3-rutinoside; 4 = cyanidin-3-glucoside-malonate;
5 = pelargonidin-3-glucoside-malonate .




Metabolic Fingerprinting

Investigation of the Mode of Action of the Phytotoxin (5S,8R,13S,16R)-(-)-

Pyrenophorol Using (1)H Nuclear Magnetic Resonance Fingerprinting

(Konstantinos A. Aliferis and Maria Chrysayi-Tokousbalides, JAFC, 2006)
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‘Nl\/letabolic FOOTprinting or Exometabolome

“A Strategy for analyzing the properties of cells or tissues by
looking in a high-throughput manner at the metabolites that they
excrete or fail to take up from their surroundings (Kell et al,
2005).”

» Similar to fingerprinting, based on pattern recognition

* In Fingerprinting intracellular metabolites analyzed while
in Footprinting the culture media (as in the case of yeast).

« Stimulating metabolic changes by adding various carbon
compounds or inhibitors



Mﬁtabolomics and Other OMICS Approaches

Transcriptomics: Monitor the expression levels of
tens of thousands of genes

Proteomics: Monitor abundance patterns of
thousands of proteins

Metabolomics: Monitor thousands of low molecular
weilght metabolites simultaneously

Bio-informatics: Processing data and extracting
biological meaning



METABOLOMICS

- The comprehensive, quantitative and
qualitative analysis of all metabolites within
a cell, tissue or an organism 1s far from
reality 1n any system

-Multiple technologies are required

-The field 1s developing rapidly



l\illgtabo-l—omics and Metabo-n-omics

Nicholson et al. 1999

* Metabonomics: “the quantitative measurement of the time —
related multi-parametric response of living systems to
pathophysioloical stimuli or genetic modification™

Fiehn,

* Metabolomics: “the comprehensive and quantitative analysis of
all metabolites”

Approaches are the same, Nomics more metabolic response to
drugs and diseases (animal systems and with NMR) while
Lomics more bacterial/plants (with MS (GC, LC)



Metabolomics:
jeetecting Multiple Metabolites
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GC-MS



Analysing the METABOLOME

—iTMetabolite Extraction

2. Metabolite (separation not always)
detection

3. Data analysis:

- From raw data to information which 1s
ready for mining

- Extraction of biological relevance

- Data visualization (maps, tables, charts
etc..)



+ Analysing the METABOLOME

1. Metabolite Extraction

2. Metabolite detection (with or without
separation)

3. Data analysis



+EXT RACTION

Each group of metabolites will have an
optimal extraction method

(no single solution)

Stopping the enzymatic activity!!



General Metabolite Extraction
Methods
+

m  Liquid phase extraction
Grind sample, extract with solvent
m Liquid : Liquid extraction

Take liquid extract, extract with another
solvent

m  Solid : Liquid Extraction

Take liquid extract, extract with solid
phase material



Xolatile Metabolite Extraction

m  Steam distillation
m Headspace
m Headspace & solid phase extraction

(Trapping)
m  Solid phase micro-extraction (SPME)



Volatiles (Essential oils) Steam Distillation




Headspace & solid phase extraction (Trapping)

I\heasuring Headspace Volatiles Emitted by Arabidopsis

e

Inlet Outlet
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Figure 1 - Solid Phase Microextraction - Extraction/
Desorption Process

Extraction 2. Expose Fiber/

Procedure

SOlld Phase 1. Pierce Sample
1CIO

Extraction

(SPME)

2. Expose Fiber/
Desorb

Desorption
Procedure

1. Pierce GC
infet Septum

To GC-MS
Injection port




4~_Analysing the METABOLOME

1. Metabolite Extraction

2. Metabolite detection:
with or without prior separation

3. Data analysis



Metabolome Analyses Technologies

. infrared spectroscopy (IR)

* Nuclear magnetic resonance (NMR)

* Mass spectrometry (MS)

* Thin layer chromatography (TLC)

* High performance liquid chromatography (HPLC) equipped with different
kinds of detectors: UV or photodiode array (PDA), fluorescent,
electrochemical, etc.

» Capillary electrophoresis (CE) coupled to different detectors: UV, laser
induced fluorescent (LIF), mass spectrometer (MS or MSMS), etc.

* @Gas chromatography (GC) coupled to different detectors: MS or MSMS, FID

* Liquid chromatography tandem mass spectrometry (LC/MS or LC/MS/MS)

* Fourier transform 1on cyclotron mass spectrometry (FTMS)

« HPLC coupled to NMR detection (LC/NMR)

« HPLC coupled to NMR and MS detectors (LC/NMR/MS)



Jéeparation Methods

1. Thin layer chromatography (TLC)

2. High Performance Liquid Chromatography
(HPLC)

3. Gas chromatography (GC)

4. Capillary electrophoresis (CE)



HPLC Separation

Polarity of mobile phase
HPL C S.V'Stem changes, the rate at

/ which polarity changes is

*1 Solvent the "gradient"

HPLC Column

] r'lj ector Stationary phase
| ‘AutoSampler

[

Detector  \aste =0




Stationary Phase 1n the HPLC Column

Pore size, shape and distribution

Macroporous spherical silica
particle. [K.K.Unger, Porous
silica, Elsevier, 1979]

Pore size defines an ability of the analyte molecules to penetrate
inside the particle and interact with its inner surface. This is
especially important because the ratio of the outer particle surface
to its inner one is about 1:1000. The surface molecular interaction
mainly occurs on the inner particle surface.

Analytical HPLC —
3, 5, 10 um particle size d



Stationary Phase and Mobile Phase in HPLC

Chromatographic Process
\/ | -
Mabile phase

B+A Enter the column

Distribution:
K=C.J/C,

Detector

* Chromatogram

As the analytes pass through the column they interact between the two phases--
mobile and stationary--at different rates.
The difference in rates is primarily due to different polarities for the analytes.






JEPLC- Normal & Reverse Phase

Reverse Phase Chromatography:
Stationary Phase- non-polar and Mobile phase-polar
Most polar analyte elutes first
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Jpetectors for HPLC

1. UV/VIS: Fixed wavelength; Photo Diode array
. Refractive index

. Conductivity

. Antioxidant

. Evaporative light scattering
. Electrochemical

. NMR
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Fixed Wavelength Absorbance (320nm)

+

SampleName: DNPH Vial: 1 Inj- 1 Ch: 360nm Type: Standard
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:@oto Diode Array (PDA) Detector




PDA Detector and Visualization
| with the MaxPlot Option

SampleMame: Purity Mixture Vial: 4 Inj: 1 Ch: Maxplot200_330 Type: Unknown
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Detectors
H

UV/V| S: Fixed wavelength; Variable wavelength; Diode array
. Refractive index

. Fluorescence

. Conductivity

. Antioxidant

. Evaporative light scattering

. Electrochemical

. NMR
. Mass Spectrometer

O 00 1N AW



JrFIuorescence vs. UV Detection

Fluorescence
(] Excitation at 250 nm
Emission at 395 nm

uv
‘ ? Absorbance 254nm
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Tomato, WT, peel, MaxPlot 240-400 nm
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Peaks assignment: Comparison of sample
chromatogram with the known standards

+

1. Comparison of Retention times (RT




2. Comparison of UV Spectra
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{_Analysing the METABOLOME

1. Metabolite Extraction

2. Metabolite detection (with or without
separation)

3. Data analysis (HPLC-PDA only)



Areas of mass chromatographic peaks corresponding to components (a,b,c...n)
are entered into a peak table for each sample chromatogram (1,2,3...z).



MaxPlot 240-400 nm
MaxPlot 240-400 nm
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Metabolite profiling of Tomato samples

HPLC
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Tomato, Ailsa Craig, WT, peel
Tomato, mutant LA 3189, peel

Data Analys



Data Analysis HPLC-UV

Peak table for WT and mutant samples, replicate injections
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+Gas Chromatography (GC)

Injectar
Flowy i
controller
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II" |-""|::Z: olum n} :I Detector
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Column oven

Carrier gas

 The sample 1s vaporized in the injection port

« Sample injected to the head of the chromatographic column

* The sample transported through the column (in a heated oven)
by the flow of inert, gaseous mobile phase

 Separation according to boiling points of compounds



‘FAX Typical Gas Chromatography (GC) Output Data
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GC Detectors (except MS)

Detector Selectivity

Thermal conductivity

(TCD) Universal

Electron capture

(ECD) Halides, nitrates, nitriles, peroxides, anhydrides, organometallics

Nitrogen-phosphorus Nitrogen, phosphorus

Flame photometric

(FPD) Sulphur, phosphorus, tin, boron, arsenic, germanium, selenium, chromium

Aliphatics, aromatics, ketones, esters, aldehydes, amines, heterocyclics, organosulphurs,

Photo-ionization (PID) some organometallics

Hall electrolytic

.. Halide, nitrogen, nitrosamine, sulphur
conductivity g P




4~N ext Week

First hour: Mass spectrometry 1n
metabolite analyses

Second hour: A visit to the lab (Asaph
& Chemical services WIS), HPLC-
PDA, HPLC-FLOURESCENT, UPLC-
PDA, LC-MS



