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Laboratory for Plant Molecular Biology

• Molecular processes involved in abiotic plant stress response (high light intensity, UV-B radiation, 

drought and cold stress) by generating CRISPR-Cas knockout and/or knockdown as well as 

overexpressing Arabidopsis mutants;

• Sink-source interactions in variegated leaves in terms of carbon and nitrogen allocation and reactive 

oxygen species production related to photosynthetic activity;

• Mechanisms underlying the desiccation tolerance in the resurrection plant Ramonda serbica– the role 

of phenolic compounds, cell wall organization, and late embryogenesis abundant (LEA) proteins;

• Leaf transcriptome and metabolome in maize with the aim to find novel molecular markers involved in 

low temperature and water deficit stress tolerance;

• Cell-cell communications between plants and the plant growth-promoting bacteria;

• Genome integrity protection and recycling of oxidatively damaged biomolecules in Ustilago maydis;
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Šta je MALDI-TOF (/TOF) masena spektrometrija?

ToF:
relatively simple and inexpensive design and their 
excellent sensitivity and high-mass capability

Tanaka Hillenkamp and Karas in the mid ´80s - Nobel prize 
awarded 2002

Ionisation                    Sorting of ions            Detection of ions



Šta je MALDI-TOF (/TOF) masena spektrometrija?

Osnovni princip

https://www.creative-proteomics.com/technology/maldi-tof-mass-spectrometry.htm

MALDI TOF-MS relies on the short laser pulse (typically 1-5 ns, depending on the laser) to produce discrete ion 
packets in the ion source, which are then continuously extracted from the ion source by the application of a large 
static electric potential (25-30 kv). 



MALDI – uloga matrice u jonizaciji

• Analyte is embedded in a very large excess of a matrix compound 

deposited on a solid surface called a target, made of a conducting 

metal.

• After a very brief laser pulse, the irradiated spot is rapidly heated 

and becomes vibrationally excited. 

• The matrix molecules energetically ablated from the surface of the 

sample, absorb the laser energy and carry the analyte molecules 

into the gas phase. 

• During the ablation process, the analyte molecules are usually 

ionized by being protonated or deprotonated with the nearby matrix 

molecules. 

Soft ionisation

Ionisation and vaporisation

vacuum



MALDI – uloga matrice

Impossible to ionize and desorb into gas phase by 

other ionization techniques.

They are so large and can decompose, fragment or 

destroy when heated or electron-impacted.

Soft ionization- ionizes analyte molecules whole.

Biomolecules:

peptides

lipids

nucleotides

saccharides...



Kako MALDI radi?

The matrix/ analyte 
mixture is irradiated 
with a pulsed laser 
beam

No fragmentation

No degradation



MALDI matrice:

Conjugated π-system



MALDI matrice:



The matrix transfers the energy needed for ionization  from the laser light to the sample molecules. 

M   →   [M+H]+

Laser energy 

Formation of alternative adducts depends on the presence 
of respective cations (either being ubiquitary present or 
actively added – depending on type of sample): 
[M+Na]+; [M+K]+; [M+Cu]+; [M+Li]+; [M+Ag]+

MALDI- Pozitivan jonski mod



MALDI- Negativan jonski mod

The matrix transfers the energy needed for ionization  from the laser light to the sample molecules. 

M   →   [M-H]-

Laser energy 



MALDI- laseri

Modified Nd:YAG laser, wavelength 355nm 

N2: 337 nm
YAG 335 nm



MALDI- laseri

https://www.youtube.com/watch?v=HRRLIIsmpx0

https://youtu.be/HRRLIIsmpx0?si=hFkt0iC0kMd69p31

https://www.youtube.com/watch?v=HRRLIIsmpx0
https://youtu.be/HRRLIIsmpx0?si=hFkt0iC0kMd69p31


MALDI ToF – Principi rada

to a fixed Ek

Separation of ions by 

mass-to-charge ratio

High voltage electron field

Ions of different m/z are dispersed in time during 

their flight along a field-free drift path of known 

length. 

If all the ions start their journey at the same time 

the lighter ones will arrive earlier at the detector 

than the heavier ones.



MALDI ToF – Principi rada

27 km/s



MALDI ToF – Principi rada

27 km/s

1.5 m tube



MALDI ToF – Principi rada

27 km/s

difficult



MALDI ToF – Principi rada



MALDI ToF – Principi rada

i

Pojedini molekulski joni
formirani u MALDI izvoru nisu
stabilni i tokom prolaska kroz
field-free region fragmentišu –
metastable fragmentation



LID vs. CID 

LID: Laser-Induced Dissociation 

Most straightforward way to peptide backbone fragmentation (b,y-type ions). 

Used for protein identification by means of peptide sequencing. 

CID: Collision-Induced Dissociation (high energy) 

Additional side chain cleavages in peptides. Higher relative intensity of internal fragments. Overall shift of 

average fragment size towards lower mass. 

Used as an option in special applications, e.g.: 

- de novo sequencing of peptides (enhanced immonium ions) 

- differentiation of isobaric amino acids L and I in peptides by respective side chain cleavages 

- detailed glycan analysis (cross ring cleavages occurring in heCID allow for linkage analysis) 



MALDI ToF – Principi rada

https://www.youtube.com/watch?v=8R1Oyqx5KfE
https://www.youtube.com/watch?v=3arO41_edeg&t=131s

https://www.youtube.com/watch?v=8R1Oyqx5KfE
https://www.youtube.com/watch?v=3arO41_edeg&t=131s


Principi ToF/ToF analize

https://www.youtube.com/watch?v=3arO41_edeg&t=131s

https://www.youtube.com/watch?v=3arO41_edeg&t=131s


Principi ToF/ToF analize



Principi ToF/ToF analize



Principi ToF/ToF analize

target

izvor

ToF tube 1
ToF tube 2

molekulska pumpa

napajanje
Azotlaserpomoćni 

laser



Rezolucija u MALDI-ToF analizi



[M+H]+

Rezolucija u MALDI-ToF analizi

m/z: 
1046 Da
1047 Da
1048 Da
1049 Da



Rezolucija u MALDI-ToF analizi

Rezolucija je ograničena prostornim i energetskim  širenjem



Rezolucija u MALDI-ToF analizi

Homogenost kristala matrice



Rezolucija u MALDI-ToF analizi

Pulsed ion Extraction for efficient ion focusing in the MALDI ion source

Veći napon / potencijalna E se 
primenjuje na sporiji jon kako bi se 
na IS2 –kapija 2 približili i na kraju 
oba jona sa istim m/z stižu zajedno 
do detektora.
PIE i IS2 se optimizuju za svaki jon



Rezolucija u MALDI-ToF analizi



Rezolucija u MALDI-ToF analizi



Linearni vs. reflektor mod

cyt c



MALDI-ToF: Izotopni pikovi



Linearni vs. reflektorski mod

Ako reflektorski mod daje mnogo bolju rezoluciju, zašto koristiti linearni uopšte

• Pojedini molekulski joni formirani u MALDI izvoru nisu stabilni i tokom prolaska kroz field-free
region fragmentišu. To se posebno odnosi na velike molekule, npr proteine koji prolaze kroz
prirodan gubitak H2O, NH3, CO2 čime postaju slabije pokretni što utiče na senzitivnost i
rezoluciju ako se analizira u refraktor modu.

• Linearne metode imaju manju masenu rezoluciju(nisu razdvojeni izotopski pikovi, ali mogu da
omoguće m/Δm 500 ili manje, zavismo od m/z vrste), ali veću osetljivost i pogodni su za jone
većih masa (>200 000 Da).

• Metode u reflektor modu omogućavaju najbolje masene rezolucije (razdvojeni su i izotopski
pikovi) ali se preporučuju za m/z < 6000.

• Reflektor mod nije preporučljiv za analite koji ne mogu dugo da prežive u električnom polju.



MALDI-ToF: Kalibracija



MALDI-ToF: Kalibracija



Ion Mobility



Ion Mobility – Commercial and Custom Instrumentation



Ion Mobility – Gas Phase Separation of Ions



Ion Mobility – Collisional Cross Section



Ion Mobility – Collisional Cross Section



Ion Mobility – Mass Isomers



Ion Mobility – Basic Principles



Ion Mobility



Trapped Ion Mobility Spectrometry, TIMS - Principles



TIMS - Principles

Ions are eluted in the terms of 
their ion mobility



Trapped Ion Mobility Spectrometry - TIMS



Spatial resolution in MALDI MSI

High resolution ion mobility
High mass accuracy (low ppm)
Accurate CCS values (<0.5% RSD)
Clean MS/MS fragmentation spectra



TIMS process

100 μs

mobilogram

Arrival time distribution of 
the ions



Parallel Accumulation - Serial Fragmentation

Fast selection of ions (m/z) for fragmentation, 
one after the other

Precursors, IM-based



Ion Mobility – Round-up



MALDI - TIMS

timsTOF fleX

• Omics studies lipidomics, proteomics and 
metabolomics.

• The combination of TIMS and MALDI-2 is uniquely 
powerful as richer ion yields from the post-
ionization process produce mass spectra with 
higher information content. 

• TIMS provides fast orthogonal separation that 
efficiently unravels these complex spectra where 
each m/z can contain many overlapping features. 
The result is not only the ability to extract 
information from single isobars, but also exact 
masses that have different ion mobilities.

• Collisional Cross Section (CCS) values are recorded 
for each one of the spectral components for 
comparison to databases or LC-MS results.



MALDI- Prednosti u odnosu na druge jonske izvore

1. Ionisation of nonvolatile molecules

large, polar, nonvolatile synthetic or biopolymers

2. Softer ionisation

complete molecular ions remain intact when ionized

3. Mixed samples 

separation based on m/z ratio, no fragments

4. Sensitive molecules

no high T

5. Stored for later analysis

after a few weeks
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Primena MALDI ToF/ToF

MALDI Fragmentation of 

peptides:

MALDI-TOF Mass Spectrometry
•Intact Mass determination

•Peptide mass fingerprinting (PMF)

•Post source decay (PSD) MALDI-TOF 

analysis



Primena MALDI ToF/ToF

y- charge retained at C terminus
b- charge retained at N-terminus, 

C-term is neutral loss

N- -C



MALDI Analysis of 

posttranslational 

modifications: 

Phosphorylation

Primena MALDI ToF/ToF



MALDI Analysis of 

posttranslational 

modifications: 

Phosphorylation

Primena MALDI ToF/ToF



MALDI Analysis of 

posttranslational 

modifications: 

Phosphorylation

Primena MALDI ToF/ToF



Data dependent 
approach

DDA

TIMS DDA vs. DIA

Selection of precursors, 
size of the windows

Data 
independent 

approach
DIA



Ion Mobility – Orthogonal Separation



• Limited proteolysis MALDI-MS

Primena MALDI ToF/ToF

The limited proteolysis is restricted digestion of the 
protein with a low concentration of proteases. 
Controlled proteolysis at putative cleavage sites, based 
on the backbone plasticity and/or local unfolding of the 
protein region.



Clinical Proteome Application



MALDI-ToF: Primena

•Oligonucleotides analysis



• Protein/RNA interactions

• RNA, posttranscriptional 

modifications

• DNA

Primena MALDI ToF/ToF

JOURNAL OF PROTEOMICS 75 (2012) 3478 – 3494



Primena MALDI ToF/ToF



Šta je MALDI MS  oslikavanje?



MALDI MSI -workflow

Nature Reviews Cancer 10, 639-646 (September 

2010) doi:10.1038/nrc2917

Seeley and Caprioli. Trends Biotechnol. 2011 March ; 29(3): 136–143. 

doi:10.1016/j.tibtech.2010.12.002

Tandem MS Single MS

Sample preparation
MALDI data acquisition

Data analysis and 

interpretation



MALDI –priprema uzoraka – sveže zamrznuto tkivo



Wet matrix deposition method

Nanošenje matrice



Nanošenje matrice



Metode vlažno za nanošenje matrice 



MALDI



MALDI- Wet matrix deposition method



Metode za suvo nanošenje matrice 



Prostorna rezolucija u  MALDI MSI



MALDI- Data analysis and interpretation



Spatial resolution in MALDI MSI

5 μm – fine tissue structure



Spatial resolution in MALDI MSI

timsTOF fleX

Post-ionization leads to a significant boost in ion yields and a reduction 
of ion suppression effects, resulting in increasingly complex spectra. 
de-convolution 
a larger number of features, 
confident identification

Laser hits the sample surface and 

desorbs material. Some ions and 
neutral molecules are generated. 

A second laser intercepts the evolving 

plume and postionizes neutral molecules, 
which enhances the ion yield. 



Spatial resolution in MALDI TIMS Imaging

timsTOF fleX

SpatialOMx® is the combination of using MALDI Imaging and ESI 
enhance on CCS- enabled 4D-Omics and unlock a 5th dimension and 
show the distribution of target compounds. 
After completing a typical MALDI Imaging experiment and data analysis, 
further depth of information can be gained by selecting a population of 
cells of interest for full LC-MS analysis in the omics



MALDI-MSI Obrada podataka



Tissue-specific accumulation of phenolics in crops and variegated plants 
as a part of adaptation processes to changing climate conditions



Fenolna jedinjenja

Physiological roles (solar irradiance):

1. UV/light screening - epidermal phenolics (flavonoids-Flav and hydroxycinnamic acids-HCAs). 

2. Antioxidants- flavonoids with ortho-dihydroxylated B-ring in the mesophyll cells → against 
oxidative damage induced by high light, UV-A and UV-B radiation, and cold stress.

3. Sink of reduced carbon (an energy escape valve).

Rice-Evans et al. 1996

The TEAC reflects the ability of hydrogen-donating antioxidants to scavenge the ABTS●+ radical cation

Trolox=Asc=1
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“Sector-specific” leaf phenolics in P. zonale



Spatial distribution 
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Distribution of Flav, and

HCA in Phyllirea latifolia

leaves

Ad

Ab

Agati et al. 2013 Plant Physiol Biochem 72:35-45

Agati et al. 2017 New Phytologist 174:77–89

in the vacuole 
in the chloroplast 

*Naturstoff reagent 

Flavonoids*/full sun exposure:

Vidović et al. 2016 J.Plant Physiol. 206:25–39

Hydrogen peroxide/HL stress



Tissue-specific distribution 
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Korte et al., 2015

Ginkgo leaf cross section

Li et al., 2018

Maize leaf cross section
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Longitudinal and cross sections of barley grains.

211, 527, 653 and 980.

m/z = 211: JA.

m/z = 527: raffinose

m/z = 653; 980: not identified

Peukert 2013, Dissertation

Tissue-specific distribution 



A unified method for mass spectrometry (MS) imaging of polyphenols 

in the leaf cross- sections 

[K] +

[Q] +

MALDI MSI 

871.09 313.15

633.53873.10

Arabidopsis                                                                                       barley

Marija Vidovic, 

Hans-Peter Mock



Experimental set-up-barley twist
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21°C/18°C

12 h photoperiod 

200 µmol m–2 s–1

PAR

10 days 

HL

LL

Hege                Ant_287             Morex                 Barke

Erected                                                                        Bent

5 days 



Experimental set-up
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20°C/18°C

12 h photoperiod 

300 µmol m–2 s–1 PAR

10 days 

LL                         HL

Growth conditions:

LL: 300-340           HL: 500-550 

µmol m–2 s–1 µmol m–2 s–1

5 days              

Plants were watered daily
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A. t.wist

21°C/18°C

12 h photoperiod 

200 µmol m–2 s–1

PAR

10 days 

2, 3, 4, 6 days 
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fls x ldox

wt

fls

ldox

dfr

A. thaliana: cold



What do we need:

Page 100
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What do we need:
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What do we need:



Workflow
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Complications:
- decoration pattern
- isobaric isomers
- matrix-influence
- interferes/chl
- ion suppression

Luteolin
Q-3-O-Rut
K-3-O-Rut
Isovitexin
Saponarin

Complications:
- physico-chem. prop.
- spectral complex.
- ionization prop.
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Embedding

GA Gel A Gelatine Type A 1% and 0.5% (w/v) in water/10%

GB Gel B Gelatine Type B 1% (w/v) in water/10%

GAH Gel AH GA warmed at 40 °C 1% (w/v) in water/10%

CMC CMC Carboxyl methyl cellulose 0.2% (w/v) in water/ 2% final

M1 1.25% CMC+ 5% GA Dissolved and mixed

M2 1.25% CMC+ 5% GA Mixed powders

M3 1.5% CMC

M4 3.5% CMC

M5 1% CMC+3% Gel A

M6 2%CMC+ 2% Gel A
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Ant_287
3.5% CMC
14 µm

1

3

2

6

5
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A. thaliana
2.5% CMC
14 µm

200 µm

3

2

5

1

4

7

8

6

6

P. zonale-white
1% CMC +3% GA
14 µm

P. zonale-green
2.5% CMC
14 µm

200 µm

200 µm

Cryosectioning

Leaf cross sections of barley (e.g. Ant_287 genotype), A. 
thaliana, and P. zonale, green and white leaf sectors. 

1. lower (abaxial) epidermis; 
2. mesophyll; 
3. upper (adaxial) epidermis; 
4. xylem and phloem; 
5. bundle sheath cells; 
6. vascular bundle; 
7. parenchyma cells; 
8. trichomes. 

Keyence digital microscope VHX-S550E 
Free-angle observation system



statistics, phenolic annotation, pathway interpretation, physiological hypothesis-(e.g. role..) 

Data analysis
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Data analysis

MS SOFTWARE
SCiLS™ Lab



Thank you for your attention!
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Dr Hans Peter Mock


