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Chap 5 Mass Spectrometry

Biochemistry and Molecular Biology
9.1 Introduction
9.2 Ionization
9.3 Mass Analysis
9,5 Structural Information by Tandem Mass 
Spectrometry
9.7 Computing and Database Analysis 
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Biological Mass Spectrometry

A key tool for Protein. 
Peptides. Carbohydrate. 

DNA………and more
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1913 1922 1934 1946

J.J. Thomson
Rays of Positive Electricity

Francis Aston is awarded 
the Nobel Prize in 
chemistry for his discovery 
of isotopes of “inactive 
elements.”

The double-foucsing 
mass spectrograph is 
developed

Evolution of Mass Spectrometry-1
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• J.J. Thomson observes a 
line at mass 22 in the 
spectrum of neon.

• J.J. Thomson delivers his 
Bakerian Lecture, “Rays 
of Positive Electricity” to 
the Royal Society of 
London.

J.J. Thomson

Back to the history………
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The first mass spectrometer -
parabola spectrograph 

Back to the history………

1912  J. J. Thomson

Used magnetic field and 
recorded the resultant spatial 
dispersion of ions on 
photographic plates.  

Slow

instability of magnet

Low detection sensitivity 
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Francis Aston

• Francis Aston is awarded the 
Nobel Prize in chemistry for his 
discovery of isotopes of 
“inactive elements.”
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♦ High molecular weight  >50,000
♦ Amount of Sample   < 10-12 - 10-15 mole  

Advances in Modern Mass Spectrometry

Limitations of traditional MS on biological applications 

ElectroSpray Ionization MS

Matrix Assisted Laser Desorption Ionization MS

John B. Fenn

ESI

Koichi Tanaka

MALDI 
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1960 19801970 20001990

Volatile organic molecules

Biomolecules

Ion-molecule reaction, unimolecular dissociation

Evolution of Mass Spectrometry-2
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Human genome Project
(planned in 1988, started in 1990)

2003, 4, 14

Lead by Department of 
Energy, USA

Estimated 30000 genes
The genome is nearly the 

same (99.9%) for individual
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Genomics (基因體學)

Homo sapiens (2001)

Drosophila melanogaster (2000)
Mus musculus (2002)

Danio rerio

Rattus norvegicus

Fugu rubripes (2002)

Anopheles gambiae (2002
C. Elegans (1998)

1953: Watson and Crick: DNA double helix
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Y
Y

RNA Proteins Modified 
Proteins

DNA Biological
Function

Transcription Translation Post-Translation
Modification

Genome Transcriptome Proteome

Entire protein complement in a given cell, 
tissue or organism 

PROTEin complement to a genOME

從基因體到蛋白質體的研究
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Proteomics can be defined as the qualitative and 
quantitative comparison of proteomes under 
different conditions to further unravel biological 
processes

PR TE MICS

Protein activity, modifications, 
localizations, amd interactions 
of proteins in complexes 

蛋白質體學

Marc Wilkins
The University of New 
South Wales (UNSW), 
Sydney, Australia
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Protein chemistry and proteomics

Protein chemistry Proteomics
Individual proteins Complex mixtures

Complete sequence analysis Partial sequence analysis

Emphasis on structure and function Emphasis on identification

  by database matching

Structual biology Systems biology

Protein Identification
( 蛋白質鑑定)
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COLLISIONAL-
INDUCED 
DISSOCIATION

Jennings et al , Int. J. 
Mass Spectrom. Ion. 
Phys. 1, 227 (1968)

TRIPLE 
QUADRUPOLE 
MS

Yost et al, J. Am. 
Chem. Soc. 100, 
2274 (1978)

QUADRUPOLE 
ION TRAP MS

FOURIER TRANSFORM 
ION CYCLOTRON 
RESONANCE MS

Cooks et al, 
Anal. Chem. 
59, 1677 (1987)

Freiser et al , 
Anal. Chem. 54, 
1431 (1982) 

ORTHOGONAL 
QUADRUPOLE-
TIME-OF-FLIGHT 
MS

Morris et al, Rapid 
commun. Mass 
Spectrom. 10, 889 (1996)

TIME-OF-FLIGHT 
/TIME-OF-FLIGHT 
MS

Derrick et al, Org. 
Mass Spectrom. 27, 
1077 (1992)

FIVE 
SECTOR 
MS

Futrell et al 
(1964)

LINEAR 
ION TRAP

Hager et al , Rapid Commun. 
Mass Spectrom. 2002, 16, 
512 (2002)

1960 19801970 20001990

LINEAR TRAP
TOF-TOF

FTICR- TRAP
Q-TOF Q-FTICRTriple Q

EBE-TOF
ION- TRAP1943

1st COMMERICAL 
MASS SPECTROMETER

生物分子之應用促使質譜技術高度發展

LINEAR TRAP
TOF-TOF

Q-TOF Q-FTICR
Triple Q

EBE-TOF

ION- TRAP1943

1st COMMERICAL 
MASS SPECTROMETER
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What is mass spectrometry?

Mass-to-charge Ratio   ( m/z )

M M+ or M-

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
m/z0

100

%

1619.28
968.64

836.58

893.67

1251.93

969.70

970.69

1013.80

1060.23

1061.26

1252.97

1254.00

1570.17

1448.14

2313.69
2312.76

1621.14

1670.25

1671.24

1672.14

1873.46

1853.38 2019.57
1876.41

2271.83

2036.57

2314.75

2315.80

2366.83

2367.90

2368.85

2369.91 2718.09

Ionization

MS is an analytical tool that 
measure the molecular 
weight of molecules based 
on the motion of charged 
particle in an electrical or 
magnetic field. 
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Two different ways of measurement

• Composition of analyte (MS)
e.g. Peptide mass fingerprinting 

• Structure of analyte (MS/MS, tandem MS)
Dissociation
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•Sample plate
•Target
•HPLC
•GC
•CE

•MALDI
•Electrospray
•FAB
•LSIMS
•EI
•CI

•TOF
•Quadrupole
•Ion Trap
•Magnetic Sector
•FTMS

•Microchannel Plate
•Electron Multiplier
•“Hybrid”

Inlet Ion source
Data
System

High Vacuum System Turbo pumps
Diffusion Pumps
Rough pumps 
Rotary pumps

Mass Filter Detector

•PC’s
•SunSPARK
•DECStation
•Macs



18

Ionization Methods

• Electron Impact (EI)

• Fast Atom Bombardment (FAB)

• Electrospray Ionization (ESI)

• Matrix-Assisted Laser Desorption Ionization (MALDI) 
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♦ High molecular weight  >50,000
♦ Amount of Sample   < 10-12 - 10-15 mole  

Advances in Modern Mass Spectrometry

Limitations of traditional MS on biological applications 

ElectroSpray Ionization MS

Matrix Assisted Laser Desorption Ionization MS

2002  Nobel Prize in Chemistry 



Soft Laser Desorption (SLD)
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In two publications and lectures in 
1987-1988, Tanaka presented 
ionisation of proteins such as 
chymotrypsinogen (25,717 Da), 
carboxypeptidase-A (34,472 Da) 
and cytochrome c 

A breakthrough for the laser desorption 
method in its application to large 
biomolecules was reported at a symposium 
in Osaka in 1987, when Koichi Tanaka at 
the Shimadzu Corp. in Kyoto presented 
results of a mass spectrometric analysis of 
an intact protein (12,384 Da).

1. Second Japan-China Joint Symposium on Mass 
Spectrometry.

2. Mass Spectroscopy (Japan). 36, (1988) 59.
3. Rapid Commun. Mass Spectrom. 2 (1988) 151-153.

Koichi Tanaka 
Shimadzu Corp. 
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Matrix-Assisted Laser Desorption Ionization (MALDI)
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Matrix-Assisted Laser Desorption Ionization (MALDI)

Analyte

Matrix
Metal Ion

http://www.ionsource.com
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Matrix selection

Sinapinic Acid Proteins >10kDa

α-Cyano-4-hydroxy-
cinnamic acid (CHCA)

Peptides<10kDa

2,5-Dihydroxybenzoic 
acid (DHB)

Neutral Carbohydrates,
Synthetic Polymers

“Super DHB” Proteins,
Glycosylated proteins
Oligonucleotides

HABA Proteins,
Oligosaccharides

3-Hydroxypicolinic acid

α-cyano-4-hydroxycinnamic acid

HO

CH C(CN)COOH

3-hydroxypicolinic acid (3-HPA)

COOH

OH
N

Sinapinic acid (3,5-Dimethoxy-
4-hydroxy cinnamic acid)

HO

CH
3
O

CH
3
O

CH CHCOOH

2-(4-hydroxyphenylazo)-benzoic acid 
(HABA)

COOH

OH

N N
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A typical mass spectra 

[M+H]+

[M+2H]2+



Electrospray Ionisation
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The well-defined breakthrough 
of ESI came in 1988 at a 
symposium in San Francisco, 
when John Fenn presented an 
identification of polypeptides 
and proteins of molecular 
weight 40 kDa

Proc 36th Annual Conference, Am. Soc. for Mass 
Spectrom., San Francisco, 5-10 June 1988, p. 773.

the charged droplets evaporate to a point where the 
number of repulsive electrostatic charges on the surface 
becomes so large relative to the droplet size that an 
explosion (”Rayleigh explosion”) occurs. This produces a 
number of smaller droplets that also have a surface
containing electrostatic charges.

John Fenn 
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Electrospray:  Generation of aerosols and droplets
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ElectroSpray Ionization (ESI)
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Charge Residue Model

Ion Desorption Model

Coulomb repulsion : Charge repulsion > surface tension

Ion desorption from the droplet surface
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Multiple-charged ESI spectra
Deconvolution
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Step 1: assume 190.1  = mass/charge

379.2 = mass/charge

Step 2: assume the two peaks are related

190.1 = [m+(z+1)]/(z+1)

379.2=m+z/z

Step 3: solve m and z

m=378.2,   z=1

Charge state                  Calculation                    Unprotonated mass

+1                             (379.2-1)*1                             378.2

+2                             (190.1-1)*2                             378.2

average             378.2

Deconvolution
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Molecular Weight of Proteins
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DETECTORTransport 
optics

Mass analyzerION SOURCE

+ / - IONS AND
NEUTRALS
FORMED IN 
ion SOURCE

FULL
SCAN

ION SPECTRA TO
THE DETECTOR

TRANSPORT of + / 
- IONS TO 
PARENT MASS 
ANALYZER

Ions are separated according to their 
mass-to-charge (m/z)

Mass Analysis
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•

•Sector Instruments

Time-of-flight Analyzer

Quadrupole Mass Filter

Ion-Trap Instrument

FT-ICR

Inlet

Ion 
source Data

System
Mass 
Filter

Detector
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Quadrupole Mass Filter (m/z -4000)

Length, diameter, kinetic energy - m/e range, resolution

a/q = 2U/V, others fixedau = ax = -ay = 4zU / mω 2ro
2

qu = qx = -qy = 2zV / mω 2ro
2 

M+
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Principles of Quadrupole Mass Filter
1. A potential of ~100-1000 V (DC) is applied alternately to 

the opposing pairs of rods at a frequency of a few MHz 
(RF). 

2. At a specific combination of DC & RF, an m/z has a 
stable trajectory through the rods, and all other m/z are 
lost. 

3. The mass range is 
scanned as the voltages 
are swept from min m/z to max m/z, 
but at constant DC/RF ratio.
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Ion-Trap Analyzer
• Principle very similar to 

quadrupole
• Ions stored by RF & DC fields
• Scanning field can eject ions of 

specific m/z

MSn

Ring electrode

Cap electrode

RF
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Principle of Ion Trap Analyzer
1. Ions are focused using an electrostatic lensing system into 

the ion trap.
2. An electrostatic ion gate pulses open (-V) and closed (+V)

to inject ions into the ion trap.
3. Collisions with helium dampens the kinetic energy of the 

ions and serve to quickly contract trajectories toward the 
center of the ion trap, enabling trapping of injected ions.

4. Trapped ions are further focused toward the center of the 
trap through the use of an oscillating potential, called the 
fundamental rf , applied to the ring electrode. 

5. An ion will be stably trapped depending upon the values for 
the mass and charge of the ion, the size of the ion trap (r), 
the oscillating frequency of the fundamental rf ( w), and the 
amplitude of the voltage on the ring electrode ( V).

See more details in 
http://www.abrf.org/ABRFNews/1996/September1996/sep96iontrap.html
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Multiple MS/MS (fragmentation) Capability 

Facile MSn

Very Sensitive

Fast Scanning

Small

Inexpensive
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Multiple MS/MS (MSn) for Structural Determination 
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Time-of-flight Analyzer



45

Laser 

＋

＋

＋

＋
＋＋＋

m/z

＋ ＋ ＋

Mass spectrum

electric field
~3.6cm

drift region
~1m

2500 Volt

D
zeEs
mt

2
1

2
⎟
⎠
⎞

⎜
⎝
⎛=

t=  100 µ second for mass 50 ( small moleculae) 

1000 µ second  for mass 5,000 (peptide, polymer…)

3000 µ second  for mass 50,000 (protein, DNA….)
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Calibration of Mass Spectrum 

D
zeEs
mt

2
1

2
⎟
⎠
⎞

⎜
⎝
⎛=

( ) bmat += 2
1

The mass is independent of any 
instrumental parameters

Internal calibration     

External calibration

[M+H]+

Flight  time D: drift length
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s
VE =

In a electric field
[Potential Energy]

zeEsqVmv ==2

2
1 2

1

2
⎟
⎠
⎞

⎜
⎝
⎛=

m
zeEsv

In drift region
[Kinetic Energy]

where V = 
accelerating voltage

D
zeEs
mt

2
1

2
⎟
⎠
⎞

⎜
⎝
⎛=

2
2

2 t
D
eEs

z
m

⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

Relation between m/z and tFlight  time

Mass-to-Charge (m/z) is a Function of Flight Time

E=V/s

S D

M2

M1

M1 < M2
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Fourier Transform Ion Cyclotron Resonance 
Analyzer, FTICR

Z
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A charged particle (ion) will rotate
around the magnetic field line of a 
homogeneous magnetic field in a circula
motion. 

Z

X B: Magnetic Field

F

v
F=z v x B
F: Magnetic force on the ion

z:  Charge of the ion

v: Velocity of the ion  

1. Ions in a magnetic field move in circular orbits 
characteristic of their m/z values. 

2. If energy is provided at a frequency equal to their 
precession frequency, and in a direction 
perpendicular to their plane of precession, the ions 
will absorb the energy, enabling them to be 
detected.
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Thermal Ions cyclotron 
at a frequency 
dependent on their m/z 
at a smaller orbit radius 

Applying a RF signal at 
the cyclotron frequency 
resonantly accelerate 
the ions to larger orbit 
radius 

Without collisions, the 
accelerated ions 
continue to  cyclotron at 
the larger orbit radius at 
the same frequency 

Step 1 Step 3Step 2
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Extremely High Resolution

MSn capability

Must Operate at very good 
vacuum

Superconducting Magnet

Difficult to operate

Becoming increasingly reliable
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Principle of Protein 
Identification and Quantification 
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Peptide and Protein Analysis
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Molecular weight Identification
Sequence information 

digestion

Peptide mass fingerprinting

(MALDI TOF MS)

Peptide Sequencing

(Tandem MS) 

Mass Spectrometry Methods

MALDI TOF MS

ESI MS 
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Mass spectrometer

In
te

ns
ity

, c
ou

nt
s

MALDI-TOF MS

DETECTORTransport 
optics

Mass 
analyzer

ION 
SOURCE

400 800 1200 1600 2000 2400

64
8.

41

78
1.

50

10
81

.5
5

15
23

.7
8

17
87

.9
3

MQIPVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNICK

Two Ways of Measurement─
1. Peptide Mass Fingerprint (by M.W. measurement)
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Two Ways of Measurement─
2. Peptide Sequencing  (by MS/MS, or Tandem MS)

Tandem mass spectrometer

R
el

at
iv

e 
ab

un
da

nc
e

100

MS/MS
ESI-Q-TOFy9

400 600 800 1000 1200 1400 1600 1800

36
0.

2

48
9.

3
60

2.
3

70
3.

2
81

8.
1

90
5.

2
10

02
.3

11
31

.3
12

30
.4

13
59

.5
14

72
.4

15
73

.5

16
86

.6

y3 y4
y5

y6

y7

y8

y10

y11

y12
y13

y14 y15

DETECTOR
Transport 

optics

MS 1
Collision 

cell

MS 2
ION 

SOURCE
Inert 
gas

MQIPVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNICK

T I T L E V E P S D T I E N V K
y15 y14 y13 y12 y11 y10 y9 y8 y7 y6 y5 y4 y3
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Peptide Mass Fingerprint 
• This methodology was the first 

to allow protein identification 
without the need for time-
consuming Edman sequencing 
or immunoaffinity probes..

• Landmark Study(1993) 
MS approaches alone could be 
used to analyze proteins from 
2DE

Left to right:

William J. Henzel; Protein Chemistry;
Genentech

John T. Stults; Analytical Chemistry; 
Genentech

Colin Watanabe; Software Engineer;
Genentech
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Peptide Mass 
Fingerprinting

H2N-

-COOH

H2N-

-COOH
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Lys
Arg

Cys
Lys
Arg

Cys
H2N-

-COOH

H2N-

-COOH

Tryptic Digest
Reduction / Alkylation

Protein

Every protein generate a set of unique peptides 

Step 1:  Enzyme digestion or chemical fragmentation

每一個蛋白質有一套獨特的peptide碎片
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Peptide Mixtures

Extraction, clean up% Intensity

m/z600 3000

% Intensity

m/z600 3000

Mass Spectrum

Mass Spectrometry Analysis

Step 2: Mass spectrometry analysis

Peptide Mass Lists
for each protein in Database

A unique list
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Step 3: Database match

Digest Reagents

Mol Weight

Isoelectric Point

Modification

Fixed Optional

Peptide Properties

Tolerance

Exclude List

Peptide Match

Hits to return

Database
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Protein Sequence

MVYIIAEIGC  NHNGDINLAK KMVDVAVSCG  
VDAVKFQTFK AEKLISKFAP  KAEYQKATTG  
TADSQLEMTK RLELSFEEYL EMRDYAISKG  
VETFSTPFDE  ESLEFLISTD     MPIYKIPSGE
ITNLPYLEKI  GKQQKKVILS   TGMAVMEEIH  
QAVNILRQNG TTDISILHCT  TEYPTPYPSL    
NLNVIHTLKD   EFKDLTIGYS DHSIGSEVPI  
AAAAMGAEVI  EKHFTLDTNM   
EVPDHKASAT
PDILAALVKG  FALLNQALGR FEKIPDPVEE  
KNKIVARKSV VALKPIKKGD  IYSIENITVK 
RPGNGISPMN  WYDILGQEAQ DDFEEDEVIR
DSRFENQLPE  LHHHHHH

Digestion

Mass Peptide Sequence
3583.8 QNGTTDISILHCTTEYPTPY 

PSLNLNVIHTLK

3493.6 RPGNGISPMNWYDILGQEAQ 
DDFEEDEVIR

2995.4 GVETFSTPFDEESLEFLIST 
DMPIYK

2944.5 DLTIGYSDHSIGSEVPIAAA 
AMGAEVIEK

2324.2 VILSTGMAVMEEIHQAVNIL R
2188.1 MVYIIAEIGCNHNGDINLAK 
1811.8 FENQLPELHHHHHH
1683.8 HFTLDTNMEVPDHK
1573.8 IPSGEITNLPYLEK
1558.7 LELSFEEYLEMR
1453.7 ATTGTADSQLEMTK
1392.7 MVDVAVSCGVDAVK
1351.7 GDIYSIENITVK
1269.7 ASATPDILAALVK
1159.7 GFALLNQALGR
954.63 SVVALKPIK
926.48 IPDPVEEK
696.36 DYAISK
670.36 FQTFK
638.31 AEYQK
538.25 DEFK

Step 3: In-Silica digestion

% 

In
te

ns
ity

3000600
m/z

20001000 25001500
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Search Result
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Peptide Mass Fingerprinting (PMF)

Each protein has a unique peptide mass list

In-Gel Digestion

Extract peptides;
mass analyze

Database search

蛋白質身份鑑定
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Tandem Mass Spectrometry (MS/MS)

m/z

Molecular Ions

Molecular Ion

Fragment  Ions

m/z

CID

Ionization Source
MALDI 
Electrospray
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Peptide 
Fragmentation

a,b,c – N-terminal side
x,y,z – C-terminal side
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Symbols and residue masses of the protein amino acids
Symbol Residue mass
A,Ala

R,Arg

N,Asn

D,Asp

C,Cys

Q,Gln

E,Glu

G,Gly

H,His

I,Ile

L,Leu

K,Lys

M,Met

Met.SO

F,Phe

P,Pro

S,Ser

T,Thr

W,Trp

Y,Tyr

V,Val 99.133

186.213

101.105

163.176

97.117

87.078

147.177

147.199Metsulphoxide

113.16

128.17

131.199

113.16Isoleucine

137.141 Imidazole-CH2-

57.052 H-

128.131

129.116

H2N-CO-(CH2)2-

HOOC-(CH2)2-

115.089

103.145

Aspartic acid

Cysteine

114.104

Arginine

Asparagine

71.079

156.188

CH3-CH(OH)-

CH3-S(O)-(CD2)2-

Phenyl-CH2-

Phrrolidone-CH-

HO-CH2-

CH3-CH2-CH(CH3)-

ndole-NH-CH=C-CH

4-OH-Phenyl-CH2-

CH3-CH(CH2)-

(CH3)2-CH-CH2-

H2N-(CH2)4-

CH3-S-(CH2)2-

HN=C(NH2)-N-(CH2)3

H2N-CO-CH2-

HOOC-CH2-

HS-CH2-

Threonine

Tryptophan

Tyrosine

Valine

Phenylalanine

Proline

Serine

Lysine 

Methionine

Glycine

Histidine

Leucine

Name
Alanine

Table9.2
Side-chain

CH3-

Glutamine

Glutamic acid

Residue 
Mass of 
Amino 
Acids
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F E S N F N T Q A
bn

yn

Peptide Sequencing

87147

F (phenylalanine): 147.177
S (Serine) : 87.078 
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Tandem Mass Spectrometry

DETECTORTransport 
optics

MS 1 Collision cell MS 2ION SOURCE

+ / - IONS AND
NEUTRALS
FORMED IN 
ion SOURCE

PRODUCT
MASS ANALYZER
MS 2 IS SCANNED,

PASSING FULL
SCAN PRODUCT
ION SPECTRA TO
THE DETECTOR

PARENT 
MASS ANALYZER IS
PARKED, PASSING

ONLY PARENT IONS
OF A SINGLE M / Z

TO COLLISION
CELL

Inert gas

Energy

TRANSPORT of + / 
- IONS TO 
PARENT MASS 
ANALYZER  MS 1

PARENT IONS
ENTER 
COLLISION CELL
COLLIDE WITH

Ar GAS AND
DISASSOCIATE
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In space
Precursor 
ion selection Dissociation Product ion scan

Methods of MS-MS
MS 1 Collision 

cell
MS 2

CID
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In time Time 1 Time 2 Time 3

Methods of MS-MS

CID

INJECION OF 
IONS INTO THE 
TRAP

EJECT ALL 
IONS OTHER 
THAN PARENT 
ION

COLLISIONAL-
INDUCED 
DISSOCIATION

PRODUCT  
ION SCAN

Time (ms)

rf am
plitude
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New Types Mass spectrometer
MS 1 Collision 

cell
MS 2

Quadrupole 
analyzer

Ion trap 
analyzer

Time-of-flight 
analyzer

Ion cyclotron 
resonance cell

Quadrupole 
analyzer

Ion trap 
analyzer

Time-of-flight 
analyzer            

magnetic 
analyzer

Electrostatic 
analyzer

+
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Orthogonal-Quadrupole Time-of-
flight Mass Spectrometer, Q-TOF

Triple quadruple MS

Time-of-flight MS

+

Good sensitivity
Good sensitivity
Good resolution
Speed

Good  precursor ion 
selection

Efficient fragmentation
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Triple quadruple MS

+ Y

Quadrupole ion trap MS

Blanc et al, proteomics, 
3, 859 (2003)

2D Linear Trap Instrument

Good sensitivity

Sensitive product ion scans

4 scan modes

Quantitative analysis
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Linear ion trap MS

Good sensitivity
MSn capibility

super

conducting

magnet

Fourier transform 
ion cyclotron 
resonance MS

Accurate Mass
Ultra-high Resolution
High dynamic range

super                          
conducting                          

magnet+

FTICR Trap Instrument
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Time-of-flight / time-of-flight 
Mass Spectrometer, TOF-TOF

TOF 2 source 

TIS

Detectors

Reflectron

Floating 
collision cell

N2 laser

Retarding 
lens

TOF 1 TOF 2
Schematics from 
Applied Biosystemss
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A

B

- Single cleavage

- Double cleavage

Nomenclature of Peptide Fragmentation

-HN-CH-CO-NH-CH-CO-NH-
Ri CH-R’
ai bi ci

xn-i
yn-i zn-i

yn-i-1

bi+1

di+1

vn-i+1 wn-i

i+1

R”
i+1

Yn-i-1= yn-i-1-2H

yn-i                 bi+1

-CO-HN-CH-CO-NH-CH-CO-NH-
Ri Ri+1

ai+1 yn-i

High Energy Peptide Fragment 
Pattern and Nomenclature
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Separation and Fractionation 
Tools
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Diverse Properties of Proteins v.s. 
Mass Spectrometry 

Protein-ligand 
interaction

Protein 
Complex 
(machines)

PO4

NO
Lipid

Post-translational 
modification

M.W. measurement
Protein identification

Protein identification
Tandem mass spectrometry

M.W. measurement
Protein identification
tandem mass spectrometry



81

Number of Proteins per Genome

• Haemophilus 1742
• E. coli 4413
• Yeast 6600
• Caenorhabditis 18000
• Drosophila 13000
• Human >100000
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What Do We See?

Technology Platform V.S. Complex Proteome
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Proteomic Technologies for 
Biomarker Detection & Discovery

Gel free ( Mass spectrometry)
Surface-enhanced laser desorption / ionization TOF MS 
(SELDI-TOF MS)
Multidimentional protein identification technology (MudPIT)
Isotope coded affinity tag (ICAT)

Gel electrophoresis
Two-dimensional gel electrophoresis (2DE)
Two-dimensional differential gel electrophoresis (DIGE)

Other technologies:
Protein microarrays
ELISA
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A more complex biological problem

Diverse solution
(105 – 106 for protein abundance)  

Mass-spectrometry 
strategy for more 
complex mixture  ? 

Sample prefractionation

A key technical challenge in proteomics

+
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Separation Methods for Protein and Peptides

Method Basis of separation

Chromatographic methods
size-exclusion chromatography molecular weight
ion-exchange chromatography charge
reverse-phase high-performance chromatograph hydrophobic interaction between the sample and bonded
hydrophobic-interaction chromatography salt-promoted adsorption chromatography
affinity chromatography biomolecular interaction

(DNA, ligand, antibody…)
Electrophoretic methods

one-dimensional gel electrophoresis molecular weight
two-dimensional gel electrophoresis 1st dimension: charge; 2nd dimension: molecular weigh

gel-free isoelectric focusing charge

Subcellular fractionation subcellular fractionation 
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Example:Example:
TodayToday’’s 2D Gels 2D Gel--Based ProteomicsBased Proteomics

differentially expressed (170)

no differences

(二維電泳分離)
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2D-PAGE & Protein Identification

isoelectric
focusing, IEF

pIpretreated 
samples

SDS-PAGE

(Molecular weight)

differential 
expression 

pattern

in-gel digestionMSm/z

peptide mass
finger-printing

database
searching
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2D Gel
In-Gel Digestion and 
sample prep for MS

Advanced MS

Automated data processing and 
database searching

Robotic spot excision
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Differential Gel Electrophoresis (2D-DIGE)

2D-electrophoresis

IEF

SDS-PAGE
λE Cy3
Image A

λE Cy5
Image B

Test labelled 
with propyl-Cy3

Control labelled 
with methyl-Cy5
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2D-PAGE & protein identification

• MALDI-TOF MS is mostly used
• advantages:

– discovering biomarker
– high reproducibility
– semi-quantitative

• drawbacks:
– low sensitivity, particularly for less-abundant 

proteins
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Plasma proteome of Severe Acute Respiratory 
Syndrome (SARS) analyzed by 2-DE and MS
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Proc. Natl. Acad. Sci. USA., 101, 17039 (2004) 
Normal Patient
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Protein Profiles of SARS Patients 
030701-4, 5/5 030702-4, 5/11 030703-4, 5/16 030704-4, 5/21

030707-4, 5/28 030708-4, 6/1 

03-0801, 5/3 03-0802, 5/9 03-0803, 5/15 03-0804, 5/21 03-0806, 5/27 03-0807, 5/30

030808, 4/29 030810, 5/5 030811, 5/8 030813, 5/10 030812, 5/12

0809, 5/1 0814, 5/11 0815, 5/16 0816, 5/21 0817, 5/29
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Direct LC-MS/MS

Peptide Mass Fingerprinting (PMF)

Poor salt tolerance
Ion suppression

MALDI
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液相層析輔助質譜

Ion suppression
Salt tolerance
Sample concentration
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Table9.3     Mass differences due to isotopes in multiply charged p

[(M+3H)/3]

[(M+nH)/n]

1Da

0.5Da

0.33Da

1/nDa

Mass difference
between isotope

Charge on peptide Apparent mass

Single charge

Double charge

Triple charge

n charges

[(M+H)/1]

[(M+2H)/2]
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MS scan

MS/MS scan

Liquid chromatography 
scan
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101



102



103

Multi-dimensiona Liquid Chromatography(MDLC) 
Coupled Directly to MS

Further Analysis and
Characterization

Edman Sequencing
Mass Spectrometry

Dry Down
Reduce/Alkylate/Digest

MDLC

Initial Biological Sample Prep and Protein Extration
(organs, tissues, cell types, subcellular components)
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Liquid Chromatography
column 1

ion-exchange
column 2

hydrophobic interaction

MudPIT (Multidimentional Protein 
Identification Technology )

pretreated 
samples

digestion

MS
on-line

tandem MS
database searching
& data comparison LC/MS 4

LC/MS 3
LC/MS 2

LC/MS 1

LC/MS 5
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Quantitation by Isotope Labeling (Example: iTRAQ)
Isobaric Tags for Related and Absolute Quantitation

Multiplex  experiment: up to four different biological samples 
Amine-specificity: label all peptides in samples
Stable isotope reagents: product ion spectrum reveals the 

difference in abundance from each sample 
Journal of Experimental Botany, Vol. 57, No. 7, pp. 1501–1508, 2006
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nanoLC-ESI-
MS/MS

Multiplexed Protein Quantitation by iTRAQ

M/Z
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Reduction

Lysis 

Alkylation

Centrifugation

LC-MS/MS

Combine

Cell State 3 Cell State 4Cell State 1 Cell State 2

Membrane 
Fraction

Gel-assisted digestion

NH

30 115

NH

29 116

NH

31 114

NH

31 114

NH

29 116
NH

28 117

NH

28 117 NH

28 117

TI
C

Retention Time

MS Scan
MS/MS
Scan

m/z

Membrane 
Fraction

Membrane 
Fraction

Membrane 
Fraction

Sample 1 Sample 2 Sample 3 Sample 4

m/z

117116115114

NH

31 114

Isobaric Tags for Related and Absolute Quantitation

A New Quantitative Strategy for Membrane Proteomics
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Autosomal Dominant Polycystic Kidney Disease
ADPKD is one of the most common inherited life-
threatening diseases.It affects between 1 in 600 and 1 
in 1000 live births in all ethnic groups worldwide.

Pkd1 Conditional Knockout
by Dr. Hung LI, IMBS, Academia Sinica  

Pathogenesis of the renal cyst 
formation and progression is 
involved:

Alternations in specific 
membrane protein polarity ?

Changes in cell-matrix 
interactions ?

enlarging renal cysts and a 
progressive loss of normal 
kidney tissue
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Identification of Differentially Expressed 
Membrane proteins in ADPKD mice

Membrane 
Fraction

Membrane 
Fraction

Membrane 
Fraction

Membrane 
Fraction

Gel-Assisted Digestion
Reduction

Lysis 

Alkylation

Centrifugation

Addition of
iTRAQ Reagent

TI
C

Retention Time
2D LC-MS/MS

MS Scan
MS/MS
Scan

m/z

Combination

m/z

117116115114

NH

31 114

NH

31 114
NH

30 115

NH

29 116

NH

29 116
NH

28 117

ADPKD 1Normal 1 Normal 2 ADPKD 2
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Quantitative Analysis of Membrane Proteins from Quantitative Analysis of Membrane Proteins from 
the ADPKD Micethe ADPKD Mice

845 proteins are quantified (False discovery rate =0)

69 proteins are down-regulated (2-fold)

37 proteins are up-regulated (2-fold)

Sodium/potassium-transporting ATPase alpha-1 
chain precursor (IPI00311682)

Score : 86
Ratio = 1 : 0.97 : 0.51 : 0.61

1. DMTSEELDDILR + iTRAQ (Nterm)
2. LIFDNLK + iTRAQ (Nterm); iTRAQ (K)
3. DMTSEELDDILR + iTRAQ (Nterm) 
4. VIMVTGDHPITAK + iTRAQ (Nterm), (K) 
5. DAFQNAYLELGGLGER.V + iTRAQ (Nterm)

6. GVGIISEGNETVEDIAAR.L + iTRAQ (Nterm)
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Down-regulation of α1 or β1 subunit

Diminish the trans-epithelial sodium gradients, 
leading to fluid accumulation in renal cysts.

Because the β2 subunit is highly expressed 
in normal fetal kidneys, this result suggests a 
degree of either undifferentiation or 
dedifferentiation in the renal cystic epithelium. 

Up-regulation of β2 subunit

Result 
provided by Dr. 
Hung, Li, IMB, 

The Na+-K+ ATPase is an ion pump that uses 
the energy from the hydrolysis of ATP to 
actively pump sodium and potassium ions 
against their concentration

Mol. Cell. Proteomics, 2008, 7, 1983–1997
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Systematic Manifestation of the Altered Membrane 
Proteome in ADPKD

Extracellular Matrix

CDH1

CAPZA1

PC-1 PC-2PC-1 PC-2

EGFR

TLN1

FAK

ITGB

ATP1

ACTN1
CDH1

ACTN1

ITGA

CTNND1
CTNNB1

CTNNA1

MYC
CYCLIN D1
HUN
FOS

Nucleus

1.38/1.66
1.57/1.53

2.13/1.99

1.48/1.55

2.73/1.96

1.48/1.18

3.04/2.19

A1:0.65/0.51
B1:0.54/0.50

2.73/1.96 1.47/1.51

Enhanced Cell-
Matrix Adhesion

Cell Membrane
PC-1

PC-2

PC-1

PC-2

CDH16
0.53/0.62

Reduced Cell-Cell 
Adhesion

Abnormal Protein 
Traffic

A1: 1.00/1.00
A6: 1.57/1.55

B1: 2.30/2.20
B2: 3.37/2.53

0.87/0.99

CTNNB1

?
0.87/0.99

Mol. Cell. Proteomics, 2008, 7, 1983–1997
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List of Potential Drugable Target Proteins
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comprehensive description of 
the multitude of interactions 
between molecular entities, 
which in turn is a prerequisite 
for the discovery of general 
structural principles that
underlie all cellular processes.

Structural Proteomics

Wolfgang Baumeister
NATURE | VOL 422 | 13 MARCH 2003


