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Mass spectrometry

Analytical technique that allows obtaining information on:

 molecular weight
 chemical structure
 amounts of examined compounds

Analytical technique that allows to separate and identify ions
according to their mass-to-charge ratio (m/z)



Stages of the analytical procedure based on mass spectrometry

sample ionization [in the ions source]

↓ 

separation of obtained ions [in the analyzer]

↓

ions identification [in the detector]

↓

mass spectra interpretation

Mass spectrometry



Mass spectrometer

Main components → Detector
Mass analyzerIonization  

source

High vacuum system
Turbo pumps
Rough pumps
Rotary pumps

Mass spectrometry



MS workflow

1. Ionization of the analyte

2. Separation of the ionized molecules according to their m/z

3. Detection of the ions

4. Analysis and interpretation of the mass spectrum
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Ionization methods

 electron impact ionization [EI]

 electrospray ionization [ESI]

 matrix-assisted laser desorption ionization [MALDI]

 atmospheric-pressure chemical ionisation [APCI]

soft ionization – the main product - molecular ion

 ESI
 MALDI
 APCI

hard ionization – products:  molecular ion +   fragmented element  

 EI

Mass spectrometry



Electron ionization (EI)
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Electron ionization mechanism and subsequent fragmentation

ionization techniques
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 Typical analytes:
• relatively small, 
• non-polar, 
• volatile,
• thermostable

 Mass range:

• <1 kDa

 Sample introduction:

• GC or liquid/solid

 Advantages:

• non-polar analytes,
• no ion suppression,
• easily coupled with GC,
• spectrum libraries

 Disadvantages:

 analysis
 volatile compounds,
 thermally stable compounds, 
 low molecular weight compounds,

 hard jonization,

Electron ionization (EI) ionization techniques

Mass spectrometry
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The mechanism of electrospray ionization

Electrospray ionization (ESI)

1- production of ions ,      
2- formation of charged droplets spray ,      
3- desolvation, 
4- „Coulomb fission”,      
5- gas phase ions genertion

ionization techniques
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 Typical analytes:
• polar compounds

e.g. peptides, proteins, sugars, nucleotides

 Mass range:
• <200 kDa

 Sample introduction:

• LC or solution

 Advantages:

• thermolabile compounds
• high MW compounds
• multi-charged ions
• sensitivity
• easy to interface with LC
• soft ionization method

 Disadvantages:

• ionizable analytes
• sensitive to salts
• ion suppression

Electrospray ionization (ESI)
ionization techniques

Mass spectrometry
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The mechanism of matrix-assisted laser desorption ionization

Matrix-assisted laser desorption ionization
(MALDI)

ionization techniques
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 Typical analytes:
• polar compounds

e.g. peptides, proteins, sugars, nucleotides

 Mass range:
• <500 kDa

 Sample introduction:
• sample mixed with a solid matrix

 Advantages:

• thermolabile compounds,
• high MW compounds,
• sensitivity,
• less sensitive to salts,
• soft ionization method

 Disadvantages:

• a wide range of matrices,
• difficulties in quantitative 

analysis,
• ion suppression

Matrix-assisted laser desorption ionization
(MALDI)

ionization techniques

Mass spectrometry



Atmospheric-pressure chemical ionization
(APCI)

 Typical analytes:
• polar compounds

e.g. peptides, proteins, sugars, nucleotides
 Mass range:

• <1 kDa

 Sample introduction:
• LC or solution

 Advantages:

• thermostabile compounds,
• sensitivity,
• allows for large flow rates,
• easy to interface with LC,
• soft ionization technique

 Disadvantages:

• needs solubility in polar solvents,
• sensitive to salts,
• ion suppression

ionization techniques

Mass spectrometry



Mass analyzers

Separate ions according to their mass-to-charge (m/z) ratio

 operate under high vacuum

 key specifications are:
• resolution

• mass accuracy

• sensitivity

• dynamic range

mass analyzers

Mass spectrometry



Resolution 

the ability to differentiate between closely related signals

R = Dm/m

where resolving power is defined as:

m1/(m2-m1)

m1 is the lighter ion and (m2-m1) is the difference between two consecutive ions

Mass accuracy 

the proximity of the experimental mass (accurate mass) 
to the true value (exact mass)

(monoisotopic exact mass – measured accurate mass) 
monoisotopic exact mass x 106

• determined in [ppm]

mass analyzers

Mass spectrometry
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mass analyzers
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Sensitivity

Dynamic range

the detector response that is related to the concentration of an analyte
which reaches the detector

• determines the limit of detection (LOD)

the range over which the ion signal is directly proportional to the analyte
concentration

• crucial for accurate measurements (quantification analysis)

mass analyzers

Mass spectrometry



Mass spectrometry

Most frequently used mass analyzers

Mass analyzers
mass analyzers

Quadrupole (Q) Ion-trap (IT)

Time-of –flight (TOF) Orbitrap



Quadrupole (Q):

• consists of four parallel rods
• uses combination of RF and DC voltages to operate as mass filter
• has variable ion transmission modes: 

 ion scanning (SCAN), 
 single ion monitoring (SIM)

• low resolution
• highest sensitivity (quantitative analysis)

Scheme of quadrupole mass analyzer

Mass analyzers mass analyzers

Mass spectrometry



Characterization Quadrupole

Acquisition speed (Hz) 2-10

Mass accuracy (ppm) low

Mass range
(m/z)

<3000

Resolution unit

Mass analyzers

Quadrupole (Q):

mass analyzers

Mass spectrometry



Ion-trap (IT):

• traps ions using quadrupolar fields
• two types: 

 2D ion-trap (linear ion-trap) 
 3D ion-trap (quadrupole ion trap)

• low resolution 
• high scanning rate

Scheme of 3D ion trap mass analyzer

Mass analyzers
mass analyzers

Mass spectrometry



Characterization Ion-trap

Acquisition speed (Hz) 2-10

Mass accuracy (ppm) low

Mass range
(m/z)

<6000

Resolution unit

Mass analyzers
mass analyzers

Mass spectrometry

Ion-trap (IT)



Time-of-flight (TOF):

• ions are formed in pulses
• measures the time for ions to reach the detector
• small ions reach the detector before large ones
• high resolution
• high mass accuracy
• high sensitivity

The mechanism of ions separation in TOF mass analyzer

Mass analyzers
mass analyzers

Mass spectrometry



Characterization TOF

Acquisition speed (Hz) 10-100

Mass accuracy (ppm) 1-10 ppm

Mass range
(m/z)

<100,000
unlimited

Resolution <50,000

Mass analyzers

Time-of-flight (TOF)

mass analyzers

Mass spectrometry



Orbitrap:

• consists of barrel-like electrode

• the m/z values are calculated by fast Fourier transform from the 
oscillation frequencies of the trapped ions

• high resolution

• high mass accuracy

• high sensitivity

Mass analyzers
mass analyzers

Mass spectrometry



Characterization Orbitrap

Acquisition speed (Hz) 1-18

Mass accuracy (ppm) 1-5 ppm

Mass range
(m/z)

<6000

Resolution <500,000

Mass analyzers

mass analyzers

Mass spectrometry

Orbitrap



Comparison of different MS analyzers

Analyzer Q IT TOF Orbitrap

Advantages

easily interfaced to 
various ionization 

techniques,

higher dynamic range,

low lost

easily interfaced 
to various 
ionization 

techniques, MSn
,

low cost

fast scanning,

high mass 
range,

high mass 
accuracy 

high mass accuracy,

fast polarity switch

Disadvantages

low resolution,

low mass accuracy,

low mass range,

low scanning speed,

MS/MS requires 
multiple analyzers

low resolution,

low mass 
accuracy, 

low mass range, 

low scanning 
speed

lower 
dynamic 

range than Q, 

high cost

lower scanning rate 
than QTOF,

lower dynamic 
range than Q,

high cost

mass analyzers

Mass spectrometry



Tandem mass spectrometry (MS/MS)

Tandem mass spectrometers

Triple quadrupole [QqQ]

Quadrupole time-of-flight [QqTOF]

Ion trap [IT]

Quadrupole orbitrap [QqOrbitrap]

mass analyzers

Mass spectrometry



Tandem mass spectrometry

Q1 Q2
(CID)

ionization
source

Q3

The tandem mass spectrometry based on triple quadrupole [QqQ] operation

MS/MS analysis:

• selected/multiply reaction monitoring (SRM/MRM)
• product ion scan
• precursor ion scan
• neutral loss scan 

mass analyzers

Mass spectrometry



30

Separation techniques coupled with mass  spectrometry

Mass spectrometry is most commonly combined with

 liquid chromatography [LC]

 gas chromatography [GC]

 capillary electrophresis [CE]



Introduction to LC-MS

LC allows separation of many
compounds according their 

retention time (tR)

LC-MS allows differentiating many 
compounds with similar tR, 
but with different m/z or 

fragmentation pattern

Combination of the physical separation capabilities of liquid chromatography (LC)
with the mass analysis capabilities of mass spectrometry (MS)

liquid
chromatograph mass spectrometer

Sample

LC-MS



Introduction to liquid chromatography [LC]

Due to different interaction between stationary/mobile phase and polarity of 
compounds in the sample, their molecules move at different rate and elute from the 

column in different time. 

Sample
Column

strong
interaction

weak
interaction

MOBILE PHASE

STATIONARY PHASE

Separation mechanism

LC - chromatography in which the mobile phase is a liquid (“eluent”)         

LC-MS



Liquid chromatography (LC)

A typical chromatographic system contains major components: 

1 – mobile phase container, 
2 - pump, 
3 - injector, 
4 – chromatographic column, 
5 - detector, 
6 – computer

LC-MS



Technique selection

Sample

molecular mass

H2O

> 2000 < 2000

solubility

organic
solvents H2O

solubility

• Gel filtration
• Ion-exchange chromatography (IEC)
• Reversed-phase chromatography (RP)

Gel chromatography

• Ion-exchange chromatography (IEC)
• Reversed-phase chromatography (RP)
• Hydrophilic interaction chromatography (HILIC)

• Reversed-phase chromatography (RP)
• Normal phase chromatography (NP)

organic
solvents

LC-MS



LC pump

The major task of the pump is providing a stable flow, which varies depending on 
the interface being used in the LC-MS 

and 
the parameters of the chromatographic column. 

Pump delivers mobile phase to the chromatographic system in:

• isoctratic mode
(constant eluent composition)

• gradient mode
(varying eluent composition)

Long time of analysis

Poor separation 

Solvent 1 /Solvent 2 = 6 /4

Solvent 1 /Solvent 2 = 8 /2

LC-MS



LC  injector

Injector used almost exclusively in LC is known as the loop injector (or six-port valve injector). 

1. The sample is introduced, using
a micro-syringe, into a mobile
phase that fills a loop of a 
nominal volume. 

Injector should perform injections with 

 high reproducibility,
 accuracy, 
 avoiding the presence of air bubbles or pulses.

from syringe

to waste

from pump

to column

LOADING 
the sample loop

from syringe

to waste

from pump

to column

INJECTING
the sample

2. While the loop is filled, the
mobile phase is pumped through
the valve into the column to 
keep the column in equilibrium 
with the mobile phase.

LC-MS



The format of an LC column refers to:
 the column length, 
 column diameter
 particle size of the stationary phase.

LC column

Column lenght
[mm]

Column
diamter

[mm]

Particle
diameter

[um]

Optimum 
flow-rate
[ml/min]

Pressure
[bars]

Nanobore column 50-1000 0.05-0.1 1-3 0.3 <300

Capillary column 50-1000 0.3 1-5 5 <500

Microbore column 50-1000 0.5-1 1-5 10-50 <800

Narrow(small)-bore column 50-250 2.1 2-5 400 <1200

Normal-bore column 30-250 4.6 2-5 1000 <400

LC-MS



the interaction between the analyte and column

LC  column

LC column packing materials:

• C18 (ODS) type
• C8 (octyl) type
• C4 (butyl) type
• phenyl type 
• TMS type
• cyano type

C18 (ODS) type

Column

Sensitivity

Chemical stability

Selectivity

Retention

Sample throughput

Scalability

LC-MS



Mobile and stationary phases

LC mode Mobile phase Stationary phase
Type of separated 

compounds

NP
organics: 

dichloromethane, 
ethyl acetate

silica, amino, cyano, 
diol

organic compounds 
not soluble in water

RP
water/organic with or 

without additives
C18, C8, C4, cyano, 

amino
neutrals, weak acids, 

weak bases

HILIC
acetonitrile with water, 

ionic additives polar, pure silica polar compounds

IEC
buffered aqueous 

solutions
anion or cation, 
exchange resin ionic, inorganic ions

The nature of the analyte /the compounds to be separated/, 
determines the stationary phase and the mobile phase selection.

LC-MS



Normal phase chromatography (NP)

Chromatographic separation in NP results from interactions of separated 
compounds with polar stationary phase and non-polar mobile phase

Stationary phase used in NP:

• silica gel: -Si-OH
• cyano type: -Si-CH2CH2CH2 CN
• amino type: -Si-CH2CH2CH2 NH2
• diol type: -Si-CH2CH2CH2OCH(OH)-CH2 OH

column

strong
interaction

weak
interaction

Mobile phase
POLAR NONPOLAR

Mobile phase used in NP:

• hydrocarbons
• dichloromethane 
• ethyl acetate 
• other water-immiscible solvent

LC-MS



Reversed-phase chromatography (RP)

Chromatographic separation in RPresults from the interactions of separated compounds
with nonpolar stationary phase and polar mobile phase

NP-LC and RP-LC are used for different purposes in biological samples analysis:

• NP-LC is applied for separation of individual lipid classes based on the polar head groups, 
• RP-LC is used for separation of lipid species based on their different hydrophobicities (fatty acyl chains)
• RP gradient chromatography is also useful for metabolite profiling in metabolomics studies

Stationary phase used in RP:
(long-chain hydrocarbons covalently bonded to 
the silica surface)

• C18
• C8
• C4
• cyano
• amino

The mobile phase in RP:
water or buffer solution, and organic solvents, 
among which the most frequently used are:

• methanol
• acetonitrile

RP chromatography is the most common of all the methods used in HPLC

LC-MS



Ion-exchange chromatography (IEC)

Due to the ion suppression phenomenon, IEC, which utilizes high ion strength in the mobile phase, 
is relatively difficult to be directly coupled with a mass spectrometer.

anionic stationary 
phase 

cationic stationary 
phase

Mobile phase is highly polar, 
most frequently based on water, 

with some buffer or salts.

Increasing the ionic strength 
of the mobile phase is the main 

factor responsible for the elution 
of compounds from the IEC 

column.

IEC is useful both for large and small biomolecule separations, 
such as of amino acids, carboxylic acids or amines.

separation of cations or 
positively charged molecules

Chromatographic separation in ion-exchange-phase results from 
the interactions of ionic and ionizable compounds with 

ionic funcional groups of stationary phase, 
usually with opposite charges than that of the analytes

separation of anions or 
negatively charged molecules

LC-MS



Hydrophilic interaction chromatography (HILIC)

HILIC is easily adaptable to MS

The use of organic solvents increases MS sensitivity due to a decrease of ion suppression

Schematic of interactions between different types of 
polar analytes and a stationary phase in HILIC mode

HILIC for separation of polar compounds

HILIHC separation mechanism bases on a liquid/liquid extraction system 
with water layer formation on the surface of the polar stationary phase and organic mobile phase  

• hydrophilic
• HILIC columns typically contain silica polar 

surfaces or it can be derivatized to amino 
or amide bonded phases

stationary phases

• solvent system typical for RP, most 
frequently acetonitrile, with a small 
amount of water

• ammonium acetate or ammonium formate
are often added to the mobile phase to 
increase polarity and ion strength

mobile phase

LC-MS



Detectors

Mass spectrometers - ideal detectors for both qualitative and quantitative analysis

selectivity

• ability to determine an analyte of interest without interferences derived 
from the matrix, the solvents or other substances present in the system

detection 
limit

• the smallest concentration of an analyte that is sufficient for its detection 
with a set probability

sensitivity

• the detector response that is related to the concentration of an analyte
which reaches the detector.

D
ET

EC
TO

R
S 

PA
R

A
M

ET
ER

S

LC  detectors:
o UV, 
o fluorescence, 
o electrochemical, 
o conductivity, 
o refractive index, 
o MS detectors

LC-MS



Gas chromatography (GC) is a separation technique 
capable of separating highly complex mixtures based primarily upon differences of 

boiling point/ vapor pressure and of polarity.

In GC:
 the mobile phase is a gas (Ar, He, N2 or H2)

 the stationary phase is either:
• a solid (adsorbent)- Gas Solid Chromatography (GSC) or
• an immobilized polymeric liquid - Gas Liquid Chromatography (GLC)

Separation in GC depends on 

the transfer of a substance (as steam) using carrier gas (mobile phase) through a column.

The rate and degree of compounds partitioning in GC
depends upon :

 the chemical affinity of the analyte for the stationary
phase

and
 the analyte vapor pressure – which is governed by

the column temperature

Introduction to GC-MS
GC-MS



Strategies for the GC determination

Sample collection
gaseous

liquid
solid Pre-treatment

drying
filtration

homogenization
…

Sample
preparation

SPE
SPME

…

GC, GCxGC
analysis

FID
MS
…

Derivatization
silylation
alkylation

…

N

OSi(CH3)3

O

F

F

F

F

F

O

OH

4-HNE

PFBHA*HCl

BSTFA:TMCS

4-HNE-PFB-TMS

GC-MS



Sample collection

GC-MS

The sample to be analyzed by GC could be:
 a gas
 a liquid
 molecules adsorbed on a surface after solid-phase microextraction (SPME)

Stabilization of the composition and properties of the samples 
is often obtained by adding appropriate agents that:

- inhibit biological activity organisms present in the samples

- eliminating the occurence of adsorption of sample 
components on vascular walls

- eliminating volatilization, thermal decomposition, chemical 
reactions, etc.

Scheme of SPME



Sample pre-treatment

GC-MS

Solid

Sample

Solid+liquid
and/or gas Liquid Gas

grinding
pulverizing
digesting
dissolving

…

filtration 
separation

cutting
homogenization
centrifugation

…

dilution
filtration

collection
adsorption

filtration
separation

collection
adsorption

filtration

Liquid + gas



Sample preparation

Extraction 
techniques of 
liquid samples

Liquid-gas 
extraction

Liquid-liquid 
extraction

Liquid-solid 
phase 

extraction

Static headspace analysis (SHSA)

Dynamic headspace analysis (DHSA)

Purge and trap (PT)

Classical  liquid-liquid extraction (LLE)

Continuous liquid-liquid extraction (LLCE)

Microextraction (ME)

Single drop microextraction (SDME)

Stir membrane liquid-liquid 
microextraction (SM-LLME)

Solid phase extraction (SPE)

Solid phase microextraction (SPME)

Rotating disc extraction (RDE)

Dispersive solid-phase extraction (DSPE)

Membrane Solid phase microextraction 
(M-SPME)

Moleculary imprinted solid-phase 
extraction (MI-SPE)

Extraction to the liquid phase

Polymeric membrane extraction (PME)

Extraction with using of the 
semipearmeable membranes (SPMD)

Extraction 
techniques of 

gaseous samples

Gas-solid 
extraction

Gas-liquid 
extraction

Extraction methods of liquid and gaseous samples

GC-MS

Scheme of SPME

SPE equipment



Extraction 
techniques of 
solid samples

Solid-gas 

extraction

Solid-liquid 

extraction

Static headspace analysis (SHSA)

Dynamic headspace analysis (DHSA)

Thermal desorption (TD)

„Shake extraction” 

Extraction in a solvent stream

Soxlhet extraction

Sample homogenization

Accelerated solvent extraction (ASE)

Supercritical fluid extraction (SFE)

Microwave-assisted solvent 
extraction (MASE)

Multi-stage (sequentional) 
extraction

Saponification

C
lassical m

eth
o

d
s

Classical 
method -

supported

Ultrasound assisted 
extraction (USE)

High- pressure extraction (HPE)

M
o

d
e

rn
 

extractio
n
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iq
u

es

Microwave assisted 
extraction (MAE)

Extraction methods of solid samples

Sample preparation
GC-MS

Thermodesorber

Microwave extraction system



Derivatization

The direct analysis of compounds mixture in GC is difficult due to:

 too low volatility of analysed compounds

 too low thermal stability of analsed compounds

 interactions between the compounds

 interactions between the compounds and the GC column stationary phase

 too low sensitivity or specificity of the assay

Therefore, the main way to prepare a sample for analysis is conversion of analytes to
derivatisation products

Derivatization of analytes is performed as a result of

 silylation
 alkylation
 acetylation

GC-MS

Reaction of silylation

OH
cholesterol

TMSO

cholesterol TMS

+ BSTFA:TMCS, 60
o
C/60 min



Procedure Functional group -
Compound type

Derivative Reagent

Silylation -OH -alcohols, phenols
-CO -ketones, steroids
-COOH -amino acids, 
fatty acids, steroids
-(CH2OH)n -sugars
-NH, -NH2 -amines, urea
-CONH, -CONH2 -imides, 
proteins

Trimethylsilyl  ethers

Trimethylsilyl amides

Bistrimethylsilyltrifluoroacetamide (BSTFA)
N- methyl-N-t-butyldimethylsilyl-
trifluoroacetamide (MTBSTFA)
N- methyltrimethylsilyltrifluoroacetamide 
(MSTFA)
Trimethylsilylimidazole (TMSI)
Halo- methylsilyl reagents

Alkylation -OH -alcohols, phenols
-CO -aldehydes
-COOH -amino acids, 
fatty acids
-NH, -NH2 -amines, 
amino sugars
-CONH –amides
-SH -mercaptans

Methyl esters (DMF)
Trifluoroacetates (TFAA)
Methyl esters (BF3-methanol)
Pentafluorobenzyl ethers 
(PFBBr)
Methyl amides (TMAH)
Methyl esters (DMF)

Benzylbromide
Boron trifluoride (BF3) in methanol or butanol 
Dimethylformamide (DMF)
Pentafluorobenzyl- hydroxylamine 
hydrochloride (PFBHA)
Tetrabutylammonium hydroxide (TBH) 
Trifluoroacetic anhydride (TFAA)

Acylation -OH -alcohols, phenols
-(CH2OH)n -sugars
-NH, -NH2 -amines
-CONH -amides
-SH -mercaptans

Pentafluoropropionates (PFPA)
Trifluoroacetamides (TFAI)
Trifluoroacetamides (MBTFA)
Trifluoroacetamides (TFAA)
Trimethylsilyl ethers (MBTFA)

Heptafluorobutyric  anhydride (HFBA)
N-Methyl-bis( trifluoroacetamide) (MBTFA) 
Pentafluorobenzoyl chloride (PFBCI) 
Pentafluoropropanol (PFPOH)
Trifluoroacetic anhydride (TFAA)

Derivatization
GC-MS



Figure. Diagram of the GC system 
(modified from de.leco-europe.com)

The gas chromatograph consists of

 injector

the sample is injected into the heated injection port 
where it is volatilized and carried into the column by the 
carrier gas - inert purity ≥ 99,9995% (Ar, He, N2 or H2)

 GC column

the sample is separated inside the column

 detector

responds  to  some  physicochemical  property  of  the  
analyte and  generates  an  electronic signal measuring the 
amount of analyte present

chromatogram - result of chromatographic separation

GC chromatogram of human plasma components

GC-MS

Gas chromatograph



GC injector

Stages of injection

1. The sample is injected into the heated injection port 
2. In the injection port  the sample is volatilized 
3. The carrier gas entraines volatilized sample into the carrier stream entering the GC column

Types of GC injectors are Split/Splitless (SSI)

Split injection
only a small portion of the vaporized samples is applied 
to the column (usually 1/20 to 1/500)
- primarily used for non-trace analysis of volatile samples

Splitless injection
the whole sample reaches the column
- primarily used for trace and ultra-trace analysis

GC-MS



GC  columns

Packed column (analytical, micro packed) filled with solid particles

• carbon adsorbents 
• silica 
• alumina 
• molecular sieves 
• porous synthetic polymers

Adsorbents are less common stationary phases due to the:

• lower reproducibility of the results
• longer retention time
• appearance of "tails" with much lower separation efficiency

Capillary column (capillary, microcapillary)
 open tubular capillary tubes are embedded with a liquid 

• silicones 
• squalene 
• polyethylene glycol

 liquid stationary phase should be:
• chemically inert
• capable of dissolving separated components
• highly selective for the components of the mixture
• low volatility
• thermal stability under the operating conditions of the column
• particularly suitable for the separation of gaseous components 

with high separation efficiency

 are frequently used

GC-MS



Column phases

GC-MS

Methylpolysiloxane

Methylpolysiloxane + 5% phenyl

Methylpolysiloxane + 50% phenyl

Methylpolysiloxane + 7% cyanopropyl + 7% phenyl

Methylpolysiloxane + 25% cyanopropyl + 25% phenyl

Polyethylene Glycol (PEG)

Methylpolysiloxane + 70% cyanopropyl

Polysiloxane + ≥90% cyanopropyl
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Separation mechanism

The  rate  and  degree  of compounds partitioning in the GC column is a function of the 
distribution of these components in two phases (mobile and stationary) remaining in 
equilibrium 

Separation is the result of different migration rates caused by different values of the 
partition coefficient (Ks)

The Nernst equation can express the partition coefficient:

KS = CL/CG

CL - the concentration of the substances in the stationary phase
CG - the concentration of the substances in the mobile phases

The higher affinity for the stationary phase material, the higher value of Ks and the 
higher the value of the retention time (tR)

Kslower > Kfaster

GC-MS



GC  detectors

Characteristic of ideal GC detector

 high sensitivity

 good stability and reproducibility

 wide range of linear response to solutes that extends over several orders of magnitude 
(calibration purposes)

 a wide temperature range

 a short response time independent of flow rate

 high reliability and ease of use

 similarity in response toward all solutes

 the detector should be nondestructive

GC-MS



GC detectors

Type Type of 
response

LOD 
[g/sec]

Linear range Comments

Thermal conductivity
(TCD)

universal 10-5-10-6 103-104 measures changes in heat
conduction

Flame ionization
(FID)

universal 10-12 106-107 measures ion currents from 
pyrolysis

Electron capture
(ECD)

selective 10-14 102-103 detector for compounds containing
atoms with high electron affinities

Flame photometric
(FPD)

selective 10-13 102 detector for compounds containing
S, P

Nitrogen-
phosphorous (NPD)

selective 10-8- 10-14 105-107 selective for compounds containing
N, P 

Photoionization
(PID)

selective 10-8- 10-12 105 selectivity due to identify of gas in 
lamp

Fourier-transform
infrared (FTIR)

selective 10-10 depends of the 
functional group

polar molecules

Mass spectrometer
(MS)

universal 10-12 depends of the type
of MS analyzer, 

operation mode and 
compound

non-destructive detector, 
one  of  the  most accurate and 
efficient tools for analyzing organic 
samples, 
the most powerfull detectors for GC

GC-MS



Comparison of GC detectors sensitivity and dynamic range

10-15 10-12 10-9 10-6 10-3

fg pg ng μg                     mg
1 ppt 1 ppb 1 ppm 0,1%                    100%

TCD

FID

μECD

FPD-S

FPD-P

NPD-P

NPD-N

PID

MS
(SIM) (SCAN)

GC detectors
GC-MS



GC-MS

 is a versatile tool to:
• separate
• identify
• quantify unknown substances

 is the most effective technique for the analysis of volatile organic compounds in complex
matrices in a wide range of concentrations (from ppb to ppm)

 is characterized by high selectivity and sensitivity, providing a wide range of applications:

Gas chromatography – mass spectrometry
(GC-MS)

- medical and pharmaceutical applications
- biological analysis
- forensic and criminal applications
- environmental monitoring
- security and chemical warfare agent detection
- food/flavor/fragnance analysis
- chemical/industrial applications
- geochemical research
- petrochemical analysis

GC-MS



GC-MS  instrumentation

Analysed
substance

Ionization
source

Analyzer Detector

Ionization techniques

EI - electron ionization - the most commonly used ionization technique in GC-MS, hard ionization

CI - chemical ionization - relatively mild (so-called „mild ionization”)

other ionization techniques used in GC-MS:

• photoionization (PI) 
• field ionization (FI) 
• field desorption (FD) 
• laser desorption (LD) 
• fast atom bombardment (FAB) 
• plasma desorption (PD) 
• secondary ion mass spectrometry (SIMS) 
• matrix-assisted laser desorption ionization (MALDI)

GC-MS



Analyzer - separate charged ions according to their m/z ratio

 Q - quadrupole (singleQ, tripleQ)
 IT – ion traps (linear, spherical)
 TOF – „time-of-flight”
 hybrid MS analyzers:

• QqQ
• Q/IT 
• Q/TOF 
• Orbitrap

 other analyzers used in GC-MS:
• magnetic (B) sector
• electric (E) sector
• electric and magnetic sector
• ion cyclotron resonance (ICR) 
• Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) 

GC-MS  instrumentation
GC-MS

Analysed
substance

Ionization
source

Analyzer Detector

Detector - data registration
 Faraday cup
 electron multiplier
 microchannel plates
 photomultiplier



Advantages

 Fast analysis

 High efficiency – leading to high resolution

 Sensitive detectors (ppb)

 High quantitative accuracy (<1% RSD)

 Non-destructive – (coupling to MS) 

 Requires small samples (<1 mL)

 Rugged and reliable techniques

 Well established with extensive literature and 
applications

Disadvantages

 Limited to volatile samples or
derivatisation is required

 Not suitable for thermally labile samples 
that degrade at elevated temperatures -
derivatisation is required

 Not suited to preparative chromatography

 Requires MS detector for analyte
structural elucidation (characterization)

 Most non-MS detectors are destructive

 The limited peak capacity in analysis of 
very complex samples – GCxGC
separation is required

GC-MS

GC-MS



Two-dimensional gas chromatography
(GC×GC; 2D GC)

Diagram of the  GC×GC system (de.leco-europe.com)

Parematers 1D column 2D column

lenght 15-30 m 0,5-2m
inner diameter 0,25 mm 0,1 mm
film thickness of the 
stationary phase

0,25-1 µm 0,1-0,25 µm

type of stationary phase non-polar
100% polydimethylsiloxane or

5% phenyl/95% dimethylsiloxane

polar
50% phenyl/50% dimethylsiloxane or

polyethylene glycol (Carbowax)

GC×GC columns

GCxGC detectors

 FID (max. 300 Hz)
 TOFMS (max. 500 Hz)
 µ-ECD (50-100 Hz)

Acquisition rate

GC-MS



GC-MS
GC×GC



Chromatogram of the mixture of volatile compounds (alkanes, alcohols, 
aldehydes, ketones, amines) analyzed in 2D GC [Pegasus 4D; Leco].

GC-MS

GC×GC



Chromatogram of human plasma lipids
GCxGC-TOFMS analysis

GC-MS
GC×GC



Advantages

 Increased peak capacity - separation of 
complex mixtures is possible

 Total separation of all components

 Detection limits (signal/noise ratio) is
improved (in comparison with 1D GC)

 Structured chromatograms obtained

 2D GC chromatogram contains much more 
information than 1D GC - easier and more 
reliable identification of unknown 
substances

 The ordered nature of chromatograms 
makes group analysis much easier

Disadvantages

 Required detectors with a high 
acquisition rate (TOF, μECD, FID)

 Large capacity of registered data - data 
processing can be very time–consuming

 Very high cost of equipment

GC-MS

GC×GC
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Capillary Electrophoresis‐Mass 
Spectrometry (CE‐MS)

Coral Barbas
Antonia Garcia

Capillary Electrophoresis

• Separation based on electrophoretic mobility 

• Simple instrumentation

• Primary applications in bioanalysis

– DNA sequencing

– DNA fragment analysis

• Multiple modes for improved 

selectivity of neutrals

– MEKC

– CEC



Advantages
Offers new selectivity, an alternative to HPLC 
Easy and predictable selectivity 
High separation efficiency (105 to 106 theoretical plates) 
Small sample sizes (1‐10 ul) 
Fast separations (1 to 45 min) 
Can be automated
Quantitation (linear) 
Different “modes” (to be discussed)

Disadvantages
Cannot do preparative scale separations
Low concentrations and large volumes difficult
“Sticky” compounds
Species that are difficult to dissolve
Reproducibility problems

Advantages and Disadvantages of CE

Applications of CZE

• Wide variety of applications
– Small molecules

– Macromolecules (proteins, peptides)

• Limitations
– Must have different charges

– Low ionic strength sample

• Advantages
– Simple

– Direct analysis of complex systems



Capillary Electrophoresis (CE)

samplebuffer buffer

+ _

Fused silica

1-30 kV

Detection

Modes of CE

• Capillary Zone Electrophoresis (CZE)
– Basic mode using open channels

• Micellar Electrokinetic Chromatography (MEKC)
– Separates compounds with micelles

• Capillary Gel Electrophoresis
– Size exclusion using sieving gels

• Capillary Electrochromatography
– Hybrid of CE and HPLC

• Capillary Isoelectric Focusing

• Enantiomeric CE



Capillary Zone Electrophoresis (CZE)

Electroosmotic Flow

• Capillary flow mechanism based on applied potential and pH

• Provides bulk solution flow in capillaries with moderate to low 
concentration buffers are used

• Very dependent on solution ionic strength and surface 
chemistry

EOF
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 electrophoretic mobility
Q= charge on the particle
= solution viscosity
r = Stokes radius of the particle

Electrophoretic Mobility

r6

q




Electrophoresis and Electroosmosis

A pictorial representation of the combined effect in a capillary, 
when EO is faster than EP (the common case):
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Figure from R. N. Zare, Stanford
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Diagrams of flow in CE and HPLC
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Capillary wall

EOF

Column wall

Limit the range of 

detection (M) 

Characteristics Advantages Detector 

‐10‐3 
‐10‐6 for the detection of 
aromatic compounds 

‐Universal 
 

‐The possibility of direct and 
indirect detection 
‐Very common detector 

UV/vis absorbance 

‐10‐6 ‐ 10‐9   
 

 

‐Selective ‐Highly sensitive and highly 
selective 
‐Used for fluorescent 
compounds or derivatives 

LIF (Laser‐induced 
fluorescence) 

‐10‐5  (it depends on the 
type of MS and 
metabolites) 

‐Universal 
‐Selective 
 

‐Qualitative and 
quantitative information 
‐Highly sensitive and highly 
selective 

MS 

 

Detection Options



Optimizing CE Separations
PARAMETERS

• pH
– First paramater to control
– Effects EOF and mobility (charge)

• Organic Solvent
– Analyte solvation

• Interacting agent
– Ion‐pairing, solvation, etc.

• Non‐aqueous Conditions
– Solvation and charge

• Temperature
– Solvation, chemical equilibria

INSTRUMENTATION CE-MS

* OPTIMIZATION REQUIRED

MS‐TOF

*

*

*

*



ESI SOURCE CE-MS

CE-MS: Electrical interfacing

image provided by Agilent Technologies



This project has been funded with support from the European Commission.

This publication reflects the views only of the authors, and the Commission
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METABOLOMICS

Coral Barbas
Danuta Dudzik
Mª Fernanda Rey‐Stolle 
Francisco J. Rupérez
Antonia Garcia 

SUMMARY

1. Introduction to metabolomics

2. Analytical approaches in metabolomics
• Workflow of the metabolomics study
• Quality Control and Quality Assurance Procedure in Metabolomics

3. Data processing and identification of metabolites
• Data processing pipeline
• Non‐targeted metabolomics data treatment
• Metabolite identification
• Statistical analysis

4. Data analysis
• From data identification to pathways
• Biomarker validation

5. Practical sessions
• Targeted and non‐targeted metabolomics
• Metabolomics with free online tools



New emerging field of “omics” research (which includes genomics, proteomics and
metabolomics) concerned with comprehensive characterization of the small molecule
metabolites present in biological systems.

Metabolomics

Omics & Systems Biology

Addendum: Definition of Metabonomics

• Measurement of the dynamic multiparametric metabolic response 
of living systems to pathophysiological stimuli or genetic 
modification (Nicholson, 1999)

– quantitative measurement of the time-related “total” metabolic 
response to pathophysiological (nutritional, xenobiotic, surgical 
or toxic) stimuli

• MetaboLomics - the picture, MetaboNomics – the movie

• Nowadays, everything is Metabolomics



Definition of Metabolome

• “...the complete set of 
metabolites/low-molecular-weight 

intermediates, which are context 
dependent, varying according to the 
physiology, developmental or 
pathological state of the cell, tissue, 
organ or organism…” (Oliver 2002)

• Origin: Endometabolome, Microbiome, 
Xenobiome, Nutribiome…

• Nature: Glycome, lipidome, 
sphingolipidome, peptidome…

• Metabolome ↔ Phenotype

Host 

What metabolomics can provide (I)

• Overview of the metabolic status and global biochemical events associated with a 
cellular or biological system. 

– Pathological situations without known mechanism, i.e. relationship between obesity 
and insulin resistance



What metabolomics can provide (II)

• Identification (proposal) of new biomarkers, important in the 

process of new drug discovery or as in vitro diagnostics tools. 

– For instance, new diagnostic biomarkers for aggressiveness 

in chronic lymphatic leukemia

What is metabolomics good for…..

• searching for metabolic differences between groups of samples (case vs control; 
before vs after treatment; One condition vs another)

• identifying compounds that are significant and proposing the mechanisms

• finding out information about the phenotype

• observing the effects of a treatment

• finding new drug targets

• a method to reveal the fate of a metabolite or drug

• a method for quantification

• the use of a simple kit to quantify a grouop of metabolites (it requires NMR, MS…)

• Possible without simultaneous comparison of samples

What is metabolomics NOT….



Definition of Metabolism

The complete group 
of (bio)chemical 
processes within an 
organelle, cell, 
tissue, organ or 
organism, essential 
for life

Analytical approaches in metabolomics



Three ways to do metabolomics

WORKFLOW 



• GC/MS: Small polar compounds

– Mainly water soluble (some hydrophobic)

– Sample treatment: Derivatization

– Fragmentation reproducible - databases

• NMR

– Water-soluble

– Virtually no sample treatment

– High LOD

• LC/MS

– from small to large (<1500 Da) medium to non-polar metabolites

• CE/MS: Small-medium polar compounds

– Amino acids, acylcarnitines, polyamines, etc.

– No derivatization

ANALYTICAL TECHNIQUES

MS Based analytical platforms in metabolomics
Analysis 
Technique 

Application Advantages Disadvantages 

GC‐MS Separation, 
identification, and 
quantification of 
volatile and thermally 
stable less polar 
metabolites.  

High chromatographic 
resolution, availability 
of large spectrum 
libraries for metabolites 
identification.  

Inability to analyze 
thermo‐labile and high 
molecular weight 
metabolites, the 
requirement of 
derivatization for non‐
volatile metabolites.  

LC‐MS Separation, 
identification, and 
quantification of very 
broad groups of 
metabolites, 
depending on the type 
of column and mobile 
phase.  
 

High sensitivity, large 
sample capacity, 
derivatization not 
required, ability to 
analyze thermo‐labile 
compounds.  

Limited availability of 
commercial libraries, 
restriction on LC eluents, 
matrix effect, limited 
potential in identification 
unless an MS‐MS 
technique is used. 

CE‐MS Separation, 
identification, and 
quantification of polar 
and ionized 
metabolites, using 
reduced sample 
volumes. 

High resolution and 
rapid analysis, utility for 
complex biological 
samples, even if in a 
small volume. 

Limited availability of 
commercial libraries. 
Buffer incompatibility, 
detection limits. Limited 
potential for 
identification unless an 
MS‐MS technique is used. 

 



Quality Control and Quality Assurance Procedure in 
Metabolomics

A: QCs (red dots) clustered together B: QCs spreaded

DATA TREATMENT IN METABOLOMICS: 
Signal Processing



• Gas chromatography coupled to mass spectrometry

• Gold standard

– Highly sensitive and reproducible

– Information: Quality and Quantity

– Spectrum libraries for identification purposes

– 10-20% of the known compounds can be analyzed by GC

• High metabolic relevance

ANALYTICAL TECHNIQUE: GC-MS

(a) 3D Data of GC/MS, (b) Extracted Ion chromatogram for the selected ion 
(c)   A single data point in time gives a single mass spectrum 
adapted from Chromatography today

Deconvolution

Abril 2009Page 64

TIC

Component 1
Component 2

Component 3

Coelution of 3 compounds

matrix

target

interference

a) b)

After deconvolution

a) Before and b) After the deconvolution process 
adapted from  https://www.agilent.com/cs/library/Support/Documents/f05017.pdf



Deconvolution in LC-ESI-MS and CE-ESI-MS

• Peak-based methods

• Molecular Feature Extractor (Agilent) considers the accuracy of the mass 
measurements to group related ions by charge-state envelope, isotopic 
distribution, and possible chemical relationships when determining whether 
different ions are from the same metabolic feature. 

• It can consider also related ions like adducts: proton, sodium, potassium and 
ammonia adducts in positive ionization or loss of a proton, adducts with formate, 
etc. in negative ionization mode. 

After Deconvolution 

a) Total Ion Chromatogram 
b) Chromatograms from every single compound obtained after deconvolution



Chromatogram or features list? 

Data preprocesing
• Alignment

– Peak shifts are observed across the RT axis 
– Two groups: 

• data are aligned before peak detection
• peak-based alignment methods: detected spectral peaks are aligned across 

samples. 
• softwares:

– MetaboAnalyst (metaboanalyst.ca)
– mzmine and mzmine2 (http://mzmine.sourceforge.net/) 
– metAlign
– BinBase (fiehnlab.ucdavis.edu) 
– xcms and xcms2 (Scripps) 
– metaXCMS (Scripps)
– XCMS Online (Scripps) 

• Missing values

– Problems in further analysis
– Different strategies

• Replace by the half of the minimum, by mean/median, k-nearest neighbour (KNN), 
probabilistic PCA (PPCA), Bayesian PCA (BPCA) method, Singular Value Decomposition 
(SVD) …

• Filtering

– Variables of very small values - detected using mean or median
– Variables that are near-constant - detected using standard deviation (SD)
– Variables that show low repeatability - measured using QC sample



Data pretreatment

• Normalization

– Sample‐specific normalization (i.e. weight, volume)

– Normalization by sum or median

– Normalization by reference sample

– Normalization by a pooled sample from group control

– Normalization by reference feature

– Quantile normalization

• Data transformation

– Log transformation

– Cube root transformation

• Data scaling

– Mean centering

– Auto scaling (mean‐centered and 

divided by the standard deviation 

of each variable)

– Pareto scaling (mean‐centered 

and divided by the square root of 

standard deviation of each 

variable)

– Range scaling (mean‐centered 

and divided by the range of each 

variable)

AIMS to:

o detect differences between sample groups at the chemical level
o rank compounds by relative importance for sample differentiation

o dependent variable: represents the output 
or effect, or is tested to see if there is effect, 
e.g.: abundance of metabolite

o independent variable: represents the inputs 
or causes, or are tested to see if they are the 
causes, e.g.: treatment conditions within the 
experiment

VARIABLES

Statistics for Metabolomics

o Univariate analysis UVA: 
o Normal distribution: Student’s t-Test, ANOVA, 
o Non-normal distribution: Mann-Whitney U-Test, Kruskal-Wallis

o Multivariate analysis MVA: PCA, PLS-DA, OPLSDA

TYPES



o used as a tool in exploratory data 
analysis

o each dot graphically represents each 
sample measured

o the algorithm has no knowledge of the 
group associations of the samples –
unsupervised analysis

o first principal component explains most 
of the variance 

o compound loadings indicate the impact 
of that compound on the analysis 

o each dot is the sum of the compound 
loadings for a sample

o the tightness of the clustering reflects 
the variance of the samples

PCA

an algorithm using past data to predict the 
results of future observations

• the algorithm has knowledge of the 
group associations of the samples –
supervised analysis

• common algorithms

– Partial Least Squares 
Discriminate Analysis (PLS-DA)

– Support Vector Machine

– Decision Tree

– Naïve Bayes

– Neural Network

an algorithm using past data to predict the 
results of future observations

Class prediction



a statistical method that bears some relation to principal components analysis (PCA) but 
is a supervised analysis 

o creates a linear regression model by projecting the predicted and observable variables to a new 
space

o well suited when there are more predictors (compounds) than observations (samples)

o each compound has a t-score that represents its impact on the prediction

o a prediction confidence value is assigned when the model is run

Partial Least Square - Discriminant Analysis 
Projection on Latent Structures - Discriminant Analysis 

Class prediction: PLS-DA

:Univariate and Multivariate Statistical Analysis



assesses accuracy of prediction rule that is built and provides an indication of over-
fitting models:

o all samples in the training set except one is used to build the prediction rule
o using this rule, the class of sample that was left out is predicted
o the sample is returned to the training set while a different sample is left out and the prediction 

rule is built with remaining samples
o this process is repeated until each sample in training set has been predicted exactly once
o the number of correct and incorrect predictions is then tallied to determine the success rate 

1. samples in the training set are randomly divided into N equals subsets, maintaining relative 
classes frequency

2. N-1 subsets are then combined for training and the remaining set is used for testing 
3. repeat step 2 step with each group left out in turn
4. repeat step 1, 2, 3 M times
5. each sample gets  predicted M times and majority class predicted over these M times is 

reported in validation results

leave one out

N - fold

Class prediction: Validate the model

Identification



DATABASE CLASIFICATIONS

• Based on Spectral input

– Mainly small molecules and not only metabolites

– NMR 

– MS or MS/MS 

• Based on compound information 

– Compound name, structures, physical properties, identification

• Based on Metabolic pathway database

– Metabolites, xenobiotics, proteins, signal pathways 

• Complete Metabolomic database

– A combination of the previous ones

Database List in 2018

Name URL Name URL

ARALIP
http://aralip.plantbiology.msu.edu/pathways/pat
hways KEGG http://prime.psc.riken.jp/?action=metabolites_index

AtIPD http://www.atipd.ethz.ch/ KEGG Glycan http://www.genome.jp/kegg/glycan/
BiGG http://bigg.ucsd.edu/ KNApSAcK  http://prime.psc.riken.jp/?action=metabolites_index
BioCyc http://biocyc.org/ LipidMaps http://www.lipidmaps.org/
BioNumbers http://bionumbers.hms.harvard.edu/ MarkerDB http://www.markerdb.ca/users/sign_in
BML‐NMR http://www.bml‐nmr.org/ MassBank http://www.massbank.jp/
BioMagResBank http://www.bmrb.wisc.edu/metabolomics/ MetaboAnalyst http://www.metaboanalyst.ca/MetaboAnalyst/
BMDB http://www.cowmetdb.ca/cgi‐bin/browse.cgi MetaboLights http://www.ebi.ac.uk/metabolights/index

ChEBI http://www.ebi.ac.uk/chebi/ MetaCrop
http://metacrop.ipk‐
gatersleben.de/apex/f?p=269:111:

ChEMBL https://www.ebi.ac.uk/chembl/about# MetaCyc http://metacyc.org/
ChEBI http://www.ebi.ac.uk/chebi/ METAGENE http://www.metagene.de/program/a.prg
ChemMine http://chemminedb.ucr.edu/ METLIN https://metlin.scripps.edu/index.php
ChemSpider http://www.chemspider.com/ MMCD http://mmcd.nmrfam.wisc.edu/

CCD
http://ccd.chemnetbase.com/intro/index.jsp#abo
ut mzCloud https://mzcloud.org/

CSF Metabolome Database  http://www.csfmetabolome.ca/ OMIM  http://www.ncbi.nlm.nih.gov/omim/
CyberCell Database  http://ccdb.wishartlab.com/CCDB/ OMMBID http://ommbid.mhmedical.com/
DrugBank http://www.drugbank.ca/ Oryzabase http://www.shigen.nig.ac.jp/rice/oryzabase/
ECMDB http://www.ecmdb.ca/ PepBank http://pepbank.mgh.harvard.edu/
ExPaSy Pathways http://web.expasy.org/pathways/ PharmGKB http://www.pharmgkb.org/

Fiehn GC‐MS Database
http://fiehnlab.ucdavis.edu/Metabolite‐Library‐
2007/ PMN http://www.plantcyc.org/

FooDB http://www.foodb.ca PubChem http://pubchem.ncbi.nlm.nih.gov/
GMDB http://gmd.mpimp‐golm.mpg.de/ Reactome http://www.reactome.org/
HMDB http://metabolomics.pharm.uconn.edu/iimdb/ RiceCyc http://pathway.gramene.org/gramene/ricecyc.shtml

HumanCyc http://www.genome.jp/kegg/
Serum Metabolome 
Database http://www.serummetabolome.ca/

IIDMB http://www.genome.jp/kegg/glycan/ SetupX & BinBase http://fiehnlab.ucdavis.edu/projects/binbase_setupx



• Devoted to metabolite annotation.
• Performs searches over unified compounds 

from different sources.
• Apply knowledge based on the input data 

given by the user.
• Aid to identify oxidized lipids.
• http://ceumass.eps.uspceu.es/mediator
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Pipecolic acid

Confirmation by Standard addition

From Lists to Pathways

 

Compound  

Retention  
Time  
(min)  

Conc. in  
Urine 
(µM)  Compound  

Retention  
Time  
(min)  

Conc. in  
Urine 
(µM)  

Dns-o-phospho -L-serine  0.92  <D.L. * Dns-Ile 6.35  25 

Dns-o-phospho -L-tyrosine  0.95  <D.L.  Dns-3-aminosalicylic  acid  6.44  0.5  

Dns-adnosine monophosphate  0.99  <D.L.  Dns-pipecolic acid  6.50  0.5  

Dns-o-phosphoethanolamine  1.06  16 Dns-Leu  6.54  54 
Dns-glucosamine  1.06  22 Dns-cystathionine  6.54  0.3  
Dns-o-phospho -L-threonine  1.09  <D.L.  Dns-Leu -Pro 6.60  0.4  

Dns-6-dimet hylamine purine  1.20  <D.L.  Dns-5-hydroxylysine  6.65  1.6  

Dns-3-methyl -histidine  1.22  80 Dns-Cystine  6.73  160  

Dns-taurine  1.25  834  Dns-N-norleucine  6.81  0.1  
Dns-carnosine  1.34  28 Dns-5-hydroxydopamine  7.17  <D.L.  
Dns-Arg  1.53  36 Dns-dimethylamine  7.33  293  

Dns-Asn  1.55  133  Dns-5-HIAA  7.46  18 

Dns-hypotaurine  1.58  10 Dns-umbelliferone  7.47  1.9  

Dns-homocarnosine  1.61  3.9  Dns-2,3 -diaminoproprionic acid  7.63  <D.L.  

Dns-guanidine  1.62  <D.L.  Dns-L-ornithine  7.70  15 
Dns-Gln  1.72  633  Dns-4-acetyamidophenol  7.73  51 

Dns-allantoin  1.83  3.8  Dns-procaine  7.73  8.9  

Dns-L-citrulline  1.87  2.9  Dns-homocystine  7.76  3.3  

Dns-1 (or 3 -)-methylhistamine  1.94  1.9  Dns-acetaminophen  7.97  82 
Dns-adenosine  2.06  2.6  Dns-Phe-Phe 8.03  0.4  
Dns-methylguanidine  2.20  <D.L.  Dns-5-methyo xysalicylic acid  8.04  2.1  

Dns-Ser 2.24  511  Dns-Lys 8.16  184  

Dns-aspartic acid amide  2.44  26 Dns-aniline  8.17  <D.L.  

Dns-4-hydroxy -proline  2.56  2.3  Dns-leu -Phe 8.22  0.3  
Dns-Glu  2.57  21 Dns-His 8.35  1550  
Dns-Asp  2.60  90 Dns-4-thialysine  8.37  <D.L.  
Dns-Thr 3.03  157  Dns-benzylamine  8.38  <D.L.  

Dns-epinephrine  3.05  <D.L.  Dns-1-ephedrine  8.50  0.6  

Dns-ethanolamine  3.11  471  Dns-tryptamine  8.63  0.4  

Dns-aminoadipic acid  3.17  70 Dns-pyrydoxamine  8.94  <D.L.  
Dns-Gly 3.43  2510  Dns-2-methyl -benzylamine  9.24  <D.L.  
Dns-Ala  3.88  593  Dns-5-hydroxytrptophan  9.25  0.12  

Dns-aminolevulinic acid  3.97  30 Dns-1,3 -diaminopropane  9.44  0.23  

Dns-r-amino-butyric acid  3.98  4.6  Dns-putrescine  9.60  0.5  

Dns-p-amino -hippuric acid  3.98  2.9  Dns-1,2 -diaminopropane  9.66  0.1  
Dns-5-hydroxymethyluricil  4.58  1.9  Dns-tyrosinamide  9.79  29 
Dns-tryptophanamide  4.70  5.5  Dns-dopamine  10.08  140  

Dns-isoguanine  4.75  <D.L.  Dns-cadaverine  10.08  0.08  

Dns-5-aminopentanoic acid  4.79  1.6  Dns-histamine  10.19  0.4  

Dns-sarcosine  4.81  7.2  Dns-3-methoxy -tyramine  10.19  9.2  
Dns-3-amino -isobutyrate  4.81  85 Dns-Tyr  10.28  321  
Dns-2-aminobutyric acid  4.91  17 Dns-cysteamine  10.44  <D.L.  

metabolomics



• Rich source of biological data that relates metabolites to 
genes, proteins, diseases, signaling events and processes

• Provide various tools to permit visualization and 
gene/metabolite mapping

• Often cover multiple species

• KEGG (www.genome.jp/kegg/), BioCyc/MetaCyc
(https://biocyc.org/), SMPDB (www.smpdb.ca), Reactome
(www.reactome.org), WikiPathways
(http://www.wikipathways.org)...

• “Strictly speaking, one could argue that pathways don't 
exist... there are only networks.” (WikiPathways.org)

Pathway Databases

KEGG – Kyoto Encyclopedia of Genes and 
Genomes

http://www.genome.jp/kegg/



The Metabolite Set Enrichment Analysis MSEA approach

Start with a compound List



Concentration Comparison

Quantitative Enrichment Analysis



RESULT

Metaboanalyst
Metabolic Pathway Analysis (MetPA)

• Purpose: to extend and enhance metabolite set enrichment analysis for 
pathways by 

– Considering the structures of pathway 

– Dynamic pathway visualization

• Currently supports ~1500 pathways covering 17 organisms (based on KEGG)



PRACTICAL SESSION. VISUALS_1

PRACTICAL SESSION. VISUALS_2

Raw data 
window



PRACTICAL SESSION. VISUALS_3

PRACTICAL SESSION. VISUALS_4



PRACTICAL SESSION. VISUALS_5

 

sampleName  class  polarity  sampleType  batch  injectionOrder  diet 

QC  one  positive  pool  B1  1  NA 

C1  one  positive  sample  B1  7  C 

HC3  one  positive  sample  B1  10  HC 

BL  one  positive  blank  B1  12  NA 

...  …  …  …  …  …  … 

PRACTICAL SESSION. VISUALS_6



PRACTICAL SESSION. VISUALS_7

PRACTICAL SESSION. VISUALS_8



PRACTICAL SESSION. VISUALS_9

PRACTICAL SESSION. VISUALS_10

Independent peak lists

Group ions by m/z

Group ions by RT

Resulting 
matrix



PRACTICAL SESSION. VISUALS_11

PRACTICAL SESSION. VISUALS_12

Grouping peaks in mass bin: 337.975 – 338.225 m/z (mzwid) 

Grouping peaks in mass bin: 337.975 – 338.225 m/z (mzwid) 



Grouping peaks in mass bin: 337.975 – 338.225 m/z (mzwid) 

4 samples in each 
group

PRACTICAL SESSION. VISUALS_13

Group.dataMatrix.ts
v

Group.variableMetadata.
tsv

Group.Rpl
ots.pdf

PRACTICAL SESSION. VISUALS_14



PRACTICAL SESSION. VISUALS_15

PRACTICAL SESSION. VISUALS_16



A group 
step

PRACTICAL SESSION VISUALS_17

A group 
step

PRACTICAL SESSION. VISUALS_18



variableMeta
data.tsv

dataM
atrix.tsv

PRACTICAL SESSION. VISUALS_19

Exported 
data matrix

PRACTICAL SESSION. VISUALS_20
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information contained therein
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Mass	Spectrometry	Based	
Lipidomics	

Elisabete	Maciel,	
Eliana	Alves,		

Pedro	Domingues,	
Rosário	Domingues	
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Lipidomics	

-  The	full	characterization	of	lipid	molecular	species	and	of	their	
biological	roles	with	respect	to	expression	of	proteins	involved	
in	lipid	metabolism	and	function,	including	gene	regulation	

(AOCS	Lipids	Library)	

-	Analysis	of	lipid	profile	and	its	relation	to	cell	physiology	
and	pathophysiology	

Lipidomics	

Lipid	isolation	 Lipid		
analysis	

Study	of	
metabolic	
pathawys	

interactions	
Lipid-proteins	

Ø Profiling	cellular	lipidome	

Ø Membrane	lipid	domains	&	dynamics	

Ø Regulatory	(e.g.	signaling)	functions	of	lipids		

Ø  Integration	of	omics	&	interaction	of	cellular	
complement	&	machinery	to	form	cells/organism	

Lipidomics	
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Why	lipids	are	so	important?		

Energy	Metabolism/Reserves	

Membranes	

Cellular	Regulation	
	signaling	messengers,	
	hormones,	…	

								
Cell 
membranes 

Dysfunction	of	lipid	signaling	&	metabolism	plays	a	
central	role	in	health	&	diseases	

Lipids	-	Cell	Membrane	

Membrane	Assymetry	

Membrane	domains		
Lipid	rafts		
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Lipid	profiling	in	cell,	tissues	and	biofluids	

% of total acyl lipid content

Glycerolipids
Chloroplast

thylakoid

inner
mitochondrial

membrane
plasma
membrane

MGDG 51% 0 0
DGDG 26 0 0
SQDG 7 0 0
PC 3 27 32
PS 0 25 0
PG 9 0 0
PE 0 29 46
PI 1 0 19
CL 0 20 0

Each	type	of	cell,	tissue	and	body	fluid	have	a		characteristic	lipid	profile	with	
a	defined	lipid	compositions.	

Identification	of	all	cellular	lipids	-	

Profile	of	Phospholipid	classes	

Cardiomyocytes	cell	line	

Breast	cancer	cell	Lines	

Phospholipid classes quantification

Main classes of phospholipids
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Profile	of	Fatty	Acids	

Effects	of	PL	fatty	acid	composition	in	membrane	properties	
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What	are	the	big	challenges	in	
lipidomics?	

Structural	complexity	of	lipids	
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Phospholipids	

Also	called	glycerophospholipids	

 Phospholipids/	Glycerolipids	Molecular	Species	

	

 Phospholipids/	Glycerolipids	Molecular	Species	

	

16:0 

 18:1 

P choline 

G
lyc

e
ro

l 

18:2 

 18:3 

P ethanol- 
amine 

G
lyc

e
ro

l 

PC,	PE,	PS,	NPE,	PG,	CL,	PI,	PIP,	PIP2,	PIP3,	LysoPLs……	
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Phospholipid	shape	and	membranes	PL	&	fatty	acid	composition	&	membrane	properties	

Phospholipid	Biosynthesis	

Define	and	regulate	
Specific	Lipidome	signatures	
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Deviations	in	the	Lipidome	

Disease	
– Alteration	in	metabolic	pathways	
– Oxidative	modification	of	some	lipids		
	
Others:	
– Diet	–source	of	different	lipids	

Importance:	
	New	biomarkers	
	New	therapeutic	strategies	
	New	biotechnological	applications	

Lipidomic	analytical	strategies	to	overcome	
the	complexity	of	the	lipidome	
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Lipidomic	approach	

Lipossomes	 Tissues	Cells	

Lipid	Extraction	

Fractionation/Separation	by	
Chromatography:	TLC,	HPLC	or	

SPE	

Mass	Spectromatry	(MS)	Analysis	
	Untarget	analysis	
	Targeret	analysis	

Lipidomics	workflow	

Tissue and cells 

Bligh and Dyer  
Folch 
MTBE 

LC- MS 

Lipidomics	based	on		
Mass	Spectrometry	(MS)	

analysis	
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Lipid	Extraction	
Chemical extraction using organic solvents: 
 

q Folch method (CHCl3:CH3OH 2:1) 

q Bligh and Dyer (CHCl3:CH3OH 1:2) 

q others 
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 Lipid	Extraction	

Analyzed	Matrices Extration	protocols

Cajka	and	Fiehn,	Trens	in	Analytical	chemistry,	2014

 Lipid	Extraction		

Selective extraction of phospholipids from 
plasma using Hybrid SPE 
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Fractionation	of	lipid	extracts	

Solid	phase	extraction	
	To	separate	neutral	from	polar	lipids	
	Neutral	lipids(TG)	from	PL	

	
	
	
Chromatographic	methods	

	TLC	(Thin	layer	chromatography)	
	HPLC	(High	performance	liquid	chromatography)	

	
	To	separate	lipid	classes/molecular	species	

A

Separation	of	phospholipid	classes	

TLC	 HPLC	
l		

Phospholipid classes can be separated based on their 
polarity  by: 
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TLC	–	Thin	Layer	Chromatography	

CL-Cardiolipin 

PA-Phosphatidic Acid 

PE-
Phosphatidylethanolam
ine 

PS-Phosphatidylserine 

PI-Phosphatidylinositol   

PC-Phosphatidylcholine 

SM-Spingomyelin 

LPC-Lyso 
Phosphatidylcholine  

Different elution systems- different TLC profiles 

2D-TLC	

Two Diferent Solvent Systems 
 
 

Prof Valerian Kagan lab 
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HPLC-MS	

Cajka	and	Fiehn,	Trens	in	Analytical	
chemistry,	2014	

on-line	HPLC-MS

MS	Analysis

off	-lineTLC-MS

Lipid	Extraction

MS	Analysis
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MS	DATA	ANALYSIS: 
 

Ions formed during  ionization of lipids 

High	Resolution	Mass	Spectrometry	(HRMS)	

Cold Spring Harb Perspect Biol. 2011 Sep; 3(9): a004614. doi:† 10.1101/cshperspect.a004614

o  High	mass	accuracy:	

o  molecular	weight	calculation	

o  elemental	composition	and	molecular	formula	determination		

o  molecular	structure		

o  Molecular	 ions	 of	 isobaric	 species	 (same	m/z	 value	 but	 different	

molecular	formula	and	structure)	could	be	distinguished		
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Tandem	Mass	Spectrometry	(MS/MS)	data	analysis	

Fragmentation: 
§  Selection of ion of interest  in MS  
§  Formation of fragment ions in MS/MS 
§  Structural information 

MS Spectrum

 MS/MS Spectrum

The interpretation of the MS/MS 
spectrum is like solving a puzzle 

↓ 
Allows us to obtain structural 
information about the initial 

compound. 

Tandem	mass	
spectromety	(MS/MS)	
Glycerophospholipids		
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Glycerophospholipids	or	phospholipids	(PL)	

O O
P

O
Polar Head group

O

O

OH

Fatty acyl

Fatty acyl

R1

R2

R1 and R2 are used to designate 
undefined alkyl groups at the sn-1 
and sn-2 positions, respectively

N
+

NH2

H

OHOH

OH
OH

H

H

H

OH

NH2
O

OH

OHOH

Choline

Ethanolamine

Inositol

Serine

Glycerol

-H 	Hydrogen 

Information	needed	to		be	

confirm:	

-	Polar	head	group	

-	Fatty	acids	

	

	

Fragmenation	depends	on:	

-	Type	of	percursor	ion	

-	Colision	energy	

-	others	

m/z
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CH3
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O

OH
P

OH

O
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N
+ CH3

CH3

CH3

m/z 184

[MH]+

m/z 760

-R1COOH	-R2COOH	 [M+H]+	

Phosphatidylcholine–		MS/MS	[M+H]+	

MS/MS	spectrum	
-  m/z	184	
-  Loss	of	fatty	acids	

PC	16:0/18:1	
R	

R	

+	
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•  Positive	Mode	[M+H]	+		

•  Negative	Mode	[M-H]	–	

	
	
	

100 200 300 400 500 600 700
m/z0

100

%

x36 577.6
381.3

360.4

308.3 454.4 718.6
-R2CO	

-141Da		

Phosphatidylethanolamine–	PE			

[M+H]+ 

H+	
Na+	
H+	

Characteristic	loss	of	141	Da	

Loss	of	RCOOH	and	RC=O	

(R1=CO+	and	R2=CO+).	

	
ESI-MS/MS		[M+H]+	

R 

R 

PE	16:0/18:1	

R1COO-	

R2COO-	 [M-H]-	

[M-H]-	

Phosphatidylethanolamine	–		MS/MS	

MS/MS	spectrum	in	negative	mode	
	
•  R1COO-	ion		
•  R2COO-	ion		

R2COO-	

R1COO-	

-O	

	
ESI-MS/MS		[M-H]-	
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03-Mar-2010
09:49:39

.

m/z
500 550 600 650 700 750

%

0

100
RO-RK PLPS MS760  76 (0.802) Sm (SG, 5x3.00); Cm (15:113)

1.07e3575.4

760.4
576.4

[M+H]+	

-185	Da	

ESI-MS/MS	[M+H]+	POPS	

Phosphatidylserines	–	PS			

R 

R 

MS/MS	[M+H]+		Characteristic	loss	of	185	Da	

RK-PLPS neg #134-260 RT: 0.70-1.46 AV: 127 NL: 3.94E5
T: ITMS - c ESI Full ms2 758.40@17.00 [ 205.00-770.00]

300 400 500 600 700
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x10 -87	Da	
ESI-MS/MS	[M-H]-	POPS		ESI-MS/MS	of	[M-H]-	

	
•  Loss	of	87	Da	
•  R1COO-	ion		
•  R2COO-	ion		

	
R2COO-		

R1COO-		

-87	Da	

-185	Da	

m/z
100 200 300 400 500 600 700

%

0

100
R-D-TLC-DC-CONT-PG-2904MS699 64 (0.674) Cm (58:140)

95281.3

253.2

153.0 171.1

699.5

389.3

282.3
567.4417.3

418.3
567.3

699.0

700.0

700.2

[M-H]-	
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R 
R 

-	

m/z	241	

ESI-MS/MS	of	M-H]-		
16:0/18:1-PI	

Phosphatidylinositol	-PI	

m/z
100 200 300 400 500 600 700 800

%

0

100
R-GPIL-IBMC-1MS835  82 (1.266) TOF MSMS 835.50ES- 

82.8281.2
241.0

223.0

391.2

835.5553.3392.2 571.3

R 
R 

H+	

OH

OH

OH

OH

O P
O

O

O
-

R2COO-	

R1COO-	

	[M-H]-		

R2COO-		

R1COO-		

Phospholipid	classes	and	MS/MS	

Information	about	fatty	acyl	composition	
–  Positive	mode	

•  Loss	of	RCOOH	e	R=C=O	

–  Negative	mode	
•  Formation	of	carboxylate	anions	RCOO-	
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RT: 0.0 - 30.0 SM: 9B

0 5 10 15 20 25 30
Time (min)

0

20

40

60

80

100

Re
lat

ive
 A

bu
nd

an
ce

19.2

24.15.63.1

7.7 14.811.8

NL: 3.30E7
Base Peak m/z= 
480.00-525.00+
700.00-1500.00 F: FTMS + 
p ESI Full ms 
[200.0000-1600.0000]  MS 
oxHaCaT_2h_1

HT2 #5478-6045 RT: 15.75-17.33 AV: 26 NL: 8.26E7
T: FTMS + p ESI Full ms [200.00-1600.00]

700 750 800 850
m/z

0

20

40

60

80

100

Re
lat

ive
 A

bu
nd

an
ce

782.6
760.6

784.6

780.5 786.6
756.6

787.6
778.5 806.6 868.7840.6754.5732.5703.5

TIC	
Positive	ion	mode	

PE 

PC 

LPC 

Time 

10 15 20 25
Time (min)

0

20

40

60

80

100

Re
lat

ive
 A

bu
nd

an
ce

RT: 16.3
AA: 9968214328

NL: 1.16E8
m/z= 782.56-782.57 
F: FTMS + p ESI 
Full ms 
[200.00-1600.00]  
MS  ICIS HT2RIC 

MS m/z: 782.6 

SM 

10 20 30
Time (min)

0

20

40

60

80

100

Re
la

tiv
e 

Ab
un

da
nc

e

740 760 780 800 820
m/z

0

20

40

60

80

100

Re
la

tiv
e 

Ab
un

da
nc

e

TIC	

MS	

200 400 600
m/z

0

20

40

60

80

100

Re
la

tiv
e 

Ab
un

da
nc

e MS/MS	

PG/PI 

PE 
PC 

LPC PS 

PC 

Bioinformatic	tools:	
	Mzmine	
	Compound	Discover	
	Lipidizer	
	LipidBlast	
	Others	

Untarget	Lipidomics	analysis	

Shotgun Lipidomics 

Target	Lipidomics	analysis	
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Quantification	by	LC	MS	

Internal	
Standard	

Before	MS	
Analysis	

•  Different lipid species have different quantitative 
responses  

•  One internal standard for each one phospholipid 
class 

Normalization of each molecular species to the 
internal standard of the corresponding class  

	possible	losses	that		
can	occur	during	

extraction	

di-C14	 	 di-C15		
di-C17	

Before	
Extraction	

Internal Standard 
Phospholipid  

Molecular Species 

PL Species 

Internal  
Standard 

Extracted Ion  
Chromatogram 

This	project	has	been	funded	with	support	from	the	European	Commission.	
	
This	 publication	 reflects	 the	 views	 only	 of	 the	 authors,	 and	 the	 Commission	
cannot	be	held	responsible	for	any	use	which	may	be	made	of	the	information	
contained	therein	
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Proteome

S. Serevisiae

Number of proteins (proteome): 5858

Total of proteins/cell: 42 million



Proteomics



Sample

Tissue or cell culture

Extraction of proteins and 

purification

Digestion of protein and 

purification of peptides

Analysis by LC-MS
Analysis of data and 

automation

Proteomics



Mass spectrometry-based proteomics



Error =              x106 = 6,3 ppm

• Sensitivity

• System response on a calibration curve

• Detection limit

• Signal to noise ratio (S/N)

• Depends on the matrix

Sensitivity
N

u
m

b
er

 o
f 

p
ro

te
in

s

Proteins in a sample

Detected proteins

Sensitivity = 
# of true results not rejected

total # of true

• In Omics:



Proteins in plasma



Peptide-based vs protein-based approaches



Multidimensional Protein

Identification Technology (MuDPIT)

Peptide-based approach (shotgun)

Sample

Peptide 

digestion
1D 

C18RP

MS MS/MS 2D 

SCX

C18RPPeptides

Raw 

extract

Purified 

extract

Complex Protein

Mixtures



LC-MS 

C18RP

MS MS/MS

Direct 

analysis 

(MALDI)

Protein-based approch (Electrophoresis)

Sample

Peptide 

digestion

Peptides

Raw 

extract

Purified 

extract

Gel 

electrophoresis

Complex Protein

Mixtures



MS-based protein identification : concept

PMF - Peptide Mass

Fingerprinting

PFF - Peptide Fragment

Fingerprinting

Mass 

analyser

fragmentation
Mass 

analyser



Protease

digestion

Theoretical MS data

Sequence 

database

m/z

Experimental MS data

MS-based protein identification : PMF concept

Protein sequence(s)Protein sample

Protein fragment sequences 

In silico

digestion

Protein fragments 

softwareMS

software

Best Match(es)



Protein Sequence Databases

*

*

* curated non-redundant protein database



Protein Sequence Databases - UniProt



Protein digestion (in silico)



Trypsin predominantly cleaves proteins at the carboxyl side (or 

"C-terminal side") of the amino acids:

- lysine (K) and 

- arginine (R) 

- except when either is bound to a C-terminal proline (P).



 +TOF MS: 50 MCA scans from Sample 1 (BSA Digest 100 fmol) of BSA Digest 100 fmol MS ...
a=3.56217430068478150e-004, t0=3.64725878201043440e+001, Thresholded

Max. 1305.0 counts.
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Extracted peak list (m/z)

PMF (peptide mass fingerprinting)

COM=10 pmol digest of Sample BSA

MASS=Monoisotopic

USERNAME=Pedro Domingues

USEREMAIL=p.domingues@ua.pt

TITLE= Cmpd 7, +MS, 16.8 min

847.50413

868.97220

922.46673

923.48150

927.49393

1022.45510

1050.45330

1163.63123

1164.65310

1193.60273

1249.62173

1250.71030

1296.75560

1297.74990

1305.71663

1416.79290

1439.81233

1479.79593

1482.75830

1567.74323

1639.93833

1823.86000

threshold



Identification search engines

• Mascot

• X!Tandem,

• MS-GF+,

• MS Amanda,

• MyriMatch,

• Comet,

• Tide,

• Andromeda

• OMSSA

• ProteinProspector

• Sequest

• PEAKS

• PRIDE

• ….



PMF (peptide mass fingerprinting)

Protein Search Engines



Extracted peak list (m/z)

PMF (peptide mass fingerprinting)

847.50413

868.97220

922.46673

923.48150

927.49393

1022.45510

1050.45330

1163.63123

1164.65310

1193.60273

1249.62173

1250.71030

1296.75560

1297.74990

1305.71663

1416.79290

1439.81233

1479.79593

1482.75830

1567.74323

1639.93833

1823.86000



PMF (Mascot results)

Decoy 

1. During the search, every time a protein 

sequence from the target database is 

tested, a decoy sequence of the same 

length is automatically generated and 

tested. 

1. Reverse sequence

2. Random sequence

2. The matches and scores for the decoy 

sequences are recorded separately in 

the result file. 

3. When the search is complete, the 

numbers of matches and the false 

discovery rate are reported in the result 

header.

Expect is the number of times we 

would expect to obtain an equal or 

higher score, purely by chance

(smaller is better)

Contaminants

Sequences for common contaminants, such as 

keratins, BSA, and trypsin.



PMF (Mascot Scoring)

• The Mascot Score is given as S = -10*Log(P), where 

• P is the probability that observed match is a random event

• P=E*N-1

• E=expect value

• N=number of proteins in the database

• The significance of that result depends on the size of the database being searched.  Mascot 

shades in green the insignificant hits using an E=0.05 cutoff

In this example, 

scores less than 60 are 

insignificant

Mascot Score

100 = 1x10-10



PMF (Mascot results)



 +TOF MS: 50 MCA scans from Sample 1 (BSA Digest 100 fmol) of BSA Digest 100 fmol MS ...
a=3.56217430068478150e-004, t0=3.64725878201043440e+001, Thresholded

Max. 1305.0 counts.
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1108.71 1292.95978.60

1790.101501.84 1616.92

Extracted peak list (m/z)

COM=10 pmol digest of Sample BSA

MASS=Monoisotopic

USERNAME=Pedro Domingues

USEREMAIL=p.domingues@ua.pt

TITLE= Cmpd 7, +MS, 16.8 min

847.50413

868.97220

922.46673

923.48150

927.49393

1022.45510

1050.45330

1163.63123

1164.65310

1193.60273

1249.62173

1250.71030

1296.75560

1297.74990

1305.71663

1416.79290

1439.81233

1479.79593

1482.75830

1567.74323

1639.93833

1823.86000

threshold

Mass values searched: 22

Mass values matched: 11

PMF (peptide mass fingerprinting)



• Fast, simple analysis

• High sensitivity

• Not good for mixtures

• especially a minor component.

• High mass accuracy is necessary. 

PMF (peptide mass fingerprinting)



Protease

digestion

(Trypsin)

Theoretical MS/MS data 

Sequence 

database

m/z

Experimental MS/MS data 

MS-based protein identification : PFF concept

Protein sequence(s)Protein sample

Protein fragment sequences 

software

Protein fragments 

software
MS

MS/MS

software

Best Match(es)

Calculated exact masses of 

peptides 

Calculated fragmentation 

spectrum of each peptide 



MS/MS QTOF

m/z

A



MS/MS QTOF

m/z

A

Percursor ion Fragment ionsActivation



Roepstorff P. and Fohlman J (1984)

Biemann, 1988 

X3

A1

Y3

B1

Z3

C1

X2

A2

Y2

B2

Z2

C2

X1

A3

Y1

B3

Z1

C3

CID

Polypeptide chain

Peptide Fragmentation



Charge-directed fragmentation

H2N    CH    C    NH    CH    C    NH    CH    C    NH    CH    C    OH

R1 R2 R3 R4

O O O O

H

b3

b ion formation

NH    CH    C    OH

R4

O

H

+
H y1

y ion formation

+

Neutral pumped away by vacuum system

and/or

H2N    CH    C    NH    CH    C    NH    CH    C 

R1 R2

O O O

R3

H+

+

+

Neutral pumped away by vacuum system

+



[ANELK+2H]2+

Complementary Ions b/y pairs

(multiple charged ions)

[ANE+H]+

[LK+H]+

[ANELK+2H]2+

[ANE+H]+ +    [LK+H]+

[ANE+H]2+ LK+H

ANE [LK+H]2+

[ANELK+H]2+



Lys (K)

Complementary Ions b/y pairs

L



http://db.systemsbiology.net:8080/proteomicsToolkit/

FragIonServlet.html

In silico peptide fragmentation models

AEFVEVTK

http://db.systemsbiology.net:8080/proteomicsToolkit/FragIonServlet.html


(1) correlations between fragment ions; 

Accurate modeling of peptide fragmentation 

Ionization method Fragmentation method

N-terminal aa C-terminal aa
Region in 

the peptide

a b y

y2

y-NH3

y-H2O

y-H2O-NH3y-H2O-H2O

b-NH3 b-H2O

b-H2O-NH3 b-H2O-H2O

a-NH3

a-H2O

b2

(3) influence of flanking amino acids to the cleavage site.

(2) dependencies due to the relative position of the cleavage site in the peptide; 

Fragmentation Energy



Identification search engines

• Mascot

• X!Tandem,

• MS-GF+,

• MS Amanda,

• MyriMatch,

• Comet,

• Tide,

• Andromeda

• OMSSA

• ProteinProspector

• Sequest

• PEAKS

• PRIDE

• ….



Protein identification



PFF (Peptide Fragment Fingerprinting)

COM=10 pmol digest of Sample BSA

MASS=Monoisotopic

USERNAME=Pedro Domingues

USEREMAIL=p.domingues@ua.pt

BEGIN IONS

TITLE= Cmpd 7, +MSn(461.8), 16.8 min

PEPMASS=461.7491 18565

CHARGE=2+

147.05 229

154.98 787 1+

172.95 1734 1+

183.87 410 1+

200.91 2479 1+

218.92 144

248.16 150

347.22 250

347.96 200

476.17 670 1+

548.13 180

575.33 672

576.37 393 1+

675.33 231

722.45 13125 1+

723.14 357 1+

759.39 159

833.47 141

851.45 149

904.13 432 1+

END IONS  

MS/MS 461.7

Threshold



PFF (Mascot)



PFF (Mascot results)



PFF (Mascot results)



PFF (Mascot results)



2-PFF (Mascot results)



• Orthogonal datasets and confidence levels

• Db : 100 000 sequences

• 500 spectra

• Probability of one (any) spectrum “accidentally” matching a sequence 
(wrong match) : 

• 1/100 000 x 500 = 5.10-3 (0.005)

• Probability of 2 spectra “accidentally” matching the same sequence

(wrong match) : 

• 5.10-3 x 5.10-3= 2.5 x 10-5

• Much higher confidence of identification with at least 2 peptides 
matching the same protein sequence

PFF (Orthogonal datasets and confidence levels)



Data Dependent Tandem Mass Spectrometry



• Easily automated for high throughput

• Can get matches from marginal data

• Can be slow

• Large dataset

• MS/MS is peptide identification

• Proteins by inference.

2-PFF





Pratical Bioinformatics



Transformation of data to mzML with MSConverter in 

ProteoWizard

1) To look at the data in the mMass application, although it can read the mgf file format that is used in SearchGUI, 

it is best if to convert the RAW data to mzML format.



Data observed in the mmass application

1) Open mzML format file

2) Observe the sequence of MS and MS/MS spectra in the acquisition list

3) Open MS at 45.50. Peak piking

4) Observe the MS spectrum at RT 47.50

5) Search MSMS m/z 1216.56(+2) at RT 47.53

6) Search MS/MS in Mascot





Search MS/MS in Mascot

Modifications: Oxidation M

Carbamidomethyl (C)









mmass

• Tools

• Mass calculator

• Mass to formula



Generation of FASTA database from Uniprot (SwissProt)

1) Now, you should download the FASTA file of the proteome of HOMO sapiens. 

a) This should be done in the taxonomy page of Uniprot site and search Homo Sapiens

2) Now you should download the Reviewed (Swiss-

prot) FASTA file



Dbtoolkit dataBase Processing Tool

You can look and edit the FASTA file information by using the Dbtoolkit dataBase

Processing Tool



• Use MSConverter in ProteoWizard to convert the HPC-MS data acquired in the orbitrap

(RAW data file) to a format that can be read by the SearchGUI (MGF data file). 

Transformation of data to MGF with MSConverter in ProteoWizard



Search Engines: SearchGUI

1) Open the searchGUI. 

2) In the search setting select edit and 

fill the form as shown. 

3) Variable modification were chosen 

(why?).

4) You can also configure the peptide 

shaker to open the results file, as 

shown bellow. 

5) The searchGUI will ask you if you 

want to create 

concatenated_target_decoy fasta

file. Say yes (Why is this important?)



Select the search options 

and the FASTA 

database

Variable modification 

were chosen (why?).



Select the peptideshaker options



Generation and evaluation of results: PeptideShaker for peptide and 

protein visualization, and validation. PTM analysis

1) After the searchGUI has performed the search 

• (~3 minutes with an Intel I7-6700K with 16MB of RAM), it will open the 
results in the peptideshaker platform. 

2) Here you will be able to see that ~700 proteins were identified, although 
373 have been classified has doubtful (why?). 

3) Also, you will be able to see information about the peptides identified for 
each protein and the mass spectra with the annotated fragmentation 
pattern.



A peptide-spectrum

match (PSM)



Data analysis: protein information, pathway analysis, and gene 

ontology

Explore the advanced data analysis options of the peptideshaker by opening 

the modifications tab, and the GO analysis tab. 



Data analysis: protein information, pathway analysis, and gene 

ontology

In the annotation tab you will be able to annotate information for each protein. 

However, if you wish to annotate multiple proteins, you will need to export 

your results (default protein report) and click the web link next to the 

resource and follow the instructions provided at the resource web page. 



Validation

score



Validation

To obtain 100% 

coverage, one 

would need a 50% 

FRD

Score

Score

Number of target 

and decoy proteins 

detected

False negatives

True Positives



Report

Show the results of this analysis:

• Number of proteins identified

• Top 3 most abundant proteins

• Select a group based on GO analysis

• Show the string analysis (functional protein association networks) of this group

• Annotate one important protein (central node) 
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