Chap 7 Mass Spectrometry

Biochemistry and Molecular Biology
M 9.1 Introduction

H 9.2 lonization

M 9.3 Mass Analysis

W 9,5 Structural Information by Tandem Mass
Spectrometry

® 9.7 Computing and Database Analysis



Biological Mass Spectrometry

"i.ﬂ A key tool for Protein.
Peptides. Carbohydrate.
DNA......... and more
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J.J. Thomson

 J.J. Thomson observes a
line at mass 22 in the
spectrum of neon.

e J.J. Thomson delivers his
Bakerian Lecture, “Rays
of Positive Electricity” to
the Royal Society of
London.
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Advances in Modern Mass Spectrometry

Limitations of traditional M S on biological applications

High molecular weight >50,000
Amount of Sample <1012 - 101> mole

Intact Molecule

ElectroSpray |onization MS
Matrix Assisted L aser Desorption | onization MS

John B. Fenn Koichi Tanaka
ESI MALDI




Evolution of Mass Spectrometry-1

Francis Aston is awarded
the Nobel Prize in
chemistry for his discovery

of isotopes of “inactive The double-foucsing
elements.” mass spectrograph is
| developed

J.J. Thomson
Rays of Positive Electricity

-
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Evolution of Mass Spectrometry-2

( Biomolecules .
lon-molecule reaction, unimolecular dissociation

Volatile organic molecules

1960 1970 1980 1990 2000



Human Genome Pr oj ect

2003, 4, 114

35000-40000 C

SPEGIAI. - | 9




Genomics ( )

1953: Watson and Crick: DNA double helix

Danio rerio

C. Elegans (1998)

Rattus norvegicus =Anopheles gambiae (2002

I-:ugu r‘ubriE)es
(2002) = 9
Drosophila melanogaster (2000)

~ Mus musculus 12002)
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From Genomicsto Proteomics

Genome Transcriptome Proteome
Proteins Modif_ied Biological
% Protelnl Function
Transcription Translatlon Post-Translation

Modification

PROTEIn complement to a genOME

Entire protein complement in agiven cell,
tissue or organism
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Protein activity, modifications, |ocalizations, amd
Interactions of proteins in complexes

Proteomics can be defined as the qualitative and
guantitative comparison of proteomes under
different conditions to further unravel biological

Processes
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Protein chemistry and proteomics

. g

Protein Identification

( )

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
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Disease Proteomics
?

{3 Use of proteomic patterns in serum to identify ovarian cancer

Emanuel F Petricoin ill, A M Ardekani, Ben A Hitt, Peter | Levine, Vincent A Fusaro, Seth M Steinberg, Gordon B Mills,
Charies Simone, David A Fishman, Elise C Kohn, Lance A Lictta

Background MNew technologies for the detection of eardy-
stage ovaran cancer are urgently needed. Pathological
changes within an organ might be reflected in proteomic
pattems in serum. We developed a bicinformatics tool and
used it to identify proteomic patterns in serum that
distinguish neoplastic from non-neoplastic disease within

the ovary.

5TZ T LASCET Yl 100 = Febraay [n, 382+ wraw shalarsoa s com
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Protein Chips

SELDI ProteinChip™ Technology Process

sSample goes directly onto the ProteinChip™ Array
*Protemns® are captured and refamed on the chap (aftinty E‘f?pture i
*EANA 15 added to the chup
*Fetentate map 1s “read” by Surface-Enhanced Laser Desorption Iomzation
(aELIDI}

o

Sanmple

Laser

Maz='charge






Imaging Mass Spectrometry

Frozen Saction MS Imuages

MALDY TOF
Mass Spaclrometar

¢ Mafrix Applicalinn

> R R
000 6000 8000 10000
Wass (mf)

; * Lasar

Fig. 1 Methodology developed for the spatial analysis of tissus by MALDI mass spectrometry. Frozen sections are
mounted on a metal plate, coated with an UV-absorbing mairix and placed in the mass spectrometer.

A pulsed UV laser desorbs and ionizes analytes from the tissue and their méz values are determined using a time-of-flight
analyzer. From a raster over the tissue and measurement of the peak intensities over thousands of spols, mass
spectrometnic images are generated at specific molecular weight values.

Mat. Med. 2001, 7, 493-496



Wide Applications of Mass Spectrometry

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

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

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

LLISIONAL- Derrick et al, Org.
ICI:\ICI)DUC?EI(D) FOURIER TRANSFORM  Mass Spectrom. 27, ORTHOGONAL
ION CYCLOTRON 1077 (1992) QUADRUPOLE-
DISSOCIATION oo S e yie  TIME-OF-FLIGHT  TIME-OF-FLIGHT
ITIME-OF-FLIGHT s
Futrell et al Yost et al, J. Am. MS
(1964) Chem. Soc. 100, Cooks etal,
EIVE 2274 (1978) 59, 1677 (1987)
SECTOR TRIPLE QUADRUPOLE Hager et al , Rapid Commun.
QUADRUPOLE ION TRAP MS Mass Spectrom. 2002, 16,
MS MS 512 (2002)
LINEAR
l IONTRAP
| ® 1.® L®
| | | |
1960 1970 1980 1090 2000
_ » FTICR- TRAP
1943 > ION- TRAP ~Trple Q  11>Q-TOF| '»Q-FTICR
1943 > ION- TRAP ?EERlI¢&:!! »Q-TgF  »Q-FTICR
1st COMMERICAL
>»EBE-TOF »TOF-TOF qg
MASISCEPHETRISHETER > LINBARFHAF

MASS SPECTROMETER

»LINEAR TRAP



What is mass spectrometry?

lonization

V] >M*or M-

Mass-to-charge Ratio (m/z)

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.

19



Two different ways of measurement

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

o Structure of analyte (MS/MS, tandem MS)
* Dissociation *

L *|‘\ .




A Turb
High Vacuum System | biusion pumps

Rough pumps
| | Rotary pumps

] Detector Data
Inlet — lon source — Mass Filter —

- System
| | | | |
«Sample plate | *MALDI \ *TOF Egﬁ%ﬁa&ﬁﬂgﬁe :ESnSSPA_RK
“Target *Electrospray <\—+Quadrupole rHybrid” e
*FAB elon Trap
*GC *LSIMS *Magnetic Sector
*El ‘FTMS

Cl 21



| onization M ethods

 Electron Impact (El)
* Fast Atom Bombardment (FAB)
 Electrospray lonization (ESI)

» Matrix-Assisted Laser Desorption lonization (MALDI)

22



Advances in Modern Mass Spectrometry

Limitations of traditional M S on biological applications

High molecular weight >50,000
Amount of Sample <1012 - 101> mole

Intact Molecule

ElectroSpray | onization MS
Matrix Assisted L aser Desorption | onization MS

s
?ﬁ 2002 Nobel Prize in Chemistry



Matrix-Assisted Laser Desorption |onization (MALDI)

Time-of-flight
Mass &nalyser

Extraction g

_

W Desarbed *plume’ of
matrix and analyte ions
Pulsed laser heam . / W
‘ . dale = dnalyte

Matrix
Cation {eg. Ma® or HY )

b

- . 2 . .
Sarmple 2 . P .

plate * s = . "
L] . - by - - L} -

- - - & [ ] - -
« -

s WD . s T . A, . .
. ] - ]

S --/ .
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Matrix-Assisted Laser Desorption |onization (MALDI)

© Anayte
*  Metd lon
0 Matrix

http://www.ionsource.com
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Matrix selection

a.-Cyano-4-hydroxy- Peptides<10kDa
cinnamic acid (CHCA)
Sinapinic Acid Proteins >10kDa
2,5-Dihydroxybenzoic | Neutral Carbohydrates,
acid (DHB) Synthetic Polymers
“Super DHB” Proteins,

Glycosylated proteins

3-Hydroxypicolinic acid

Oligonucleotides

HABA

Proteins,
Oligosaccharides

COOH

sghel

2-(4-hydroxyphenylazo)-benzoic acid

(HABA)

CH3O CH=CHCOOH

HO

CH_O
3

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

COOH
OH

3-hydroxypicolinic acid (3-HPA)

CH=C(CN)COOH
HO” :

a-cyano-4-hydroxycinnamic acid

N/

X

26



A typical mass spectra

A 12360

|

- [M+H]?
300 -
oo [M+2H]?*
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Electrospray: Generation of aerosols and droplets
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ElectroSpray | onization (ESI)

Reduction "
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. Charge Residue Model

fission

evaporation fission

~ ion ewaporation

+ @+
+ +
Coulomb repulsion : Charge repulsion > surface tension
evaporation fission field-assisted ion desorption

5 +
—_— e
+ 4

lon Desorption Model lon desorption from the droplet surface




Multiple-charged ESI spectra

Relative Intensity
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HH,

O OH CH,
W s
e HC-SH  CH CH;CH; CHiHH ¢
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Deconvolution

relative intensity

Step 1: assume 190.1 = mass/charge
379.2 = mass/charge
Step 2: assume the two peaks are related
379.2 190.1 = m/(z+1)
379.2=m/z

Step 3: solvem and z

m=378.2, z=1

Charge state
+1
+2

Calculation Unprotonated mass
(379.2-1)*1 378.2
(190.1-1)* 2 378.2

average 378.2

33
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Molecular Weight of Proteins

Reduction[]

)
Electrons

TDC

Anltana

MALDI

ES|

intermsity

1. 20E=00D
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Mass Analysis

lons are separated according to their
mss-to-charge (m/z)

FULL
SCAN
ION SPECTRA TO
THE DETECTOR

= A
¢ ®eco o

TRANSPORT of +/

+/-10ONS AND - IONS TO

NEUTRALS

PARENT MASS
FORMED IN

ion SOURCE

ANALYZER

ION SOURCE Transport Mass analyzer DETECTOR

optics
36



lon Mass

Data
source Detector

Filter ™ m ==

Inlet

Sector Instruments XA

B Time-of-flight Analyzer 'ﬁli_’ B

B Quadrupole Mass Filter @

B [on-Trap Instrument S

B FT-ICR -—g )




Quadrupole Mass Filter (m/z -4000)

resonant ion {detected)

nonresanant ian
to detector

source slits
{entrance to quadrupole)

quadrupale rods

analyte ions fram source
of differing msz ratios
£ 2000 PAUL GATES

a,=a,=-a,=4zU/mo 22 alg = 2U/V, others fixed

dy = Oy = -0, = 22V / mo 212 .

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




Elements of a quadrupole analyzer

Positive rods

a +

5 Bames-UAB 172704
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lon-Trap Instrument Cap electrode

* Principle very similar to
quadrupole

» lons stored by RF & DC fields

e Scanning field can eject ions of
specific m/z

MS"




hitp:/fvesrw chem. wm_edu/deptfacultyjepoutfaculty_himd

lon path in a trap

41



Multiple MS/MS (MS") for Structural determination

“i

615.32 (M+H)*

r

637.33 (M+Na)*

Full MS )J N
5“;27?‘1 {::4—" “:‘7: JB;';;s.nr
55119 5796 (M'-ZHZO)
/ nﬁzz_/ 597.6 (M—HZO)
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- 3
394.24 M“Sz‘of 5729,6
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Time-of-flight Mass Spectrometry

lons are generated in the source zone of the instrument.

A potential (V) is applied across the source to extract and
accelerate the ions from the source into the field-free 'drift' zone
of the instrument.

lons travel with velocity v = d/t ; d:tube distance, t:itime

All ions produced will leave the source at the same time with the
same kinetic energy (KE = 2 mvZ= 2V ), due to their having
been accelerated through the same potential difference (ideally).
The time-of-flight of the ions produced will only be dependent on
the mass and the charge of the produced ion.

m/z=[22V]/ d?

The larger the ion, the slower its velocity and thus the longer it
takes to traverse the field-free drift zone.



N\
’ Laser

2500 Volt
‘ ___________________________________________________________________________________________
O ® o
e
il _ _
electric field drift region
~3.6cm ~1lm
1
Mass spectrum m )2
| 2zeEs
A O ¢ . t= 100 p second for mass 50 ( small moleculae)

1000 u second for mass 5,000 (peptide, polymer...)
3000 p second for mass 50,000 (protein, DNA....)

m/z
44



Calibration of Mass Spectrum

1
f=| " jZD
27eEs

1

t=a(m)z2+b

The mass is independent of any
Instrumental parameters

Flight time D: drift length

B Internal calibration |

B External calibration



m/z is a function of flight time

‘ source | drift region

S : D
> ®—
S D-
E=VI/s J_ E=0
v -
In a electric field E=— where V = accelerating voltage
S 1
1, 27eEs )2
In drift region Em\/ =(qV = zeEs ’ V:( m

1
Flight time  { — m 2 D
2zeEs

Relation between m/z and t m — 2eEs t2
Z D?




Factors of Poor Resolution in TOF MS

/
Linear MALDI TOF

Time-of-flight will be affected by:
Linear MALDI TOF € Temporal Distribution

Large kinetic energy spread, tlme Of ion formation
broad peaks . . . .
poor resolution € Spatial Distribution
(unresolved isotope) . .. . . . .
. initial location in the extraction field

m @ Kinetic Energy Distribution
different initial kinetic energy 47



lons of same mass,
different velocities

1: No applied electric field.
OV 4 \ lons spread out.

— @

2 o Uslow = = Ufast
\ V < < V

Potential

Delayed Extraction (DE)

+20 kV

o—
| -

2. Field applied. Gradient accelerates slow ions more than fast ones

+20 kV I i [

3: Slow ions catch up with faster ones at the detector

=

—_—
et




Fourier Transform lon Cyclotron Resonance
Analyzer, FTICR

Detector ‘
plate \
. FT f |
Trapping ———+t Da
plate R\ detection an — FT on —

— Excitation |frequency spectrum  mass spectrum
plate
Z

Magnetic _/’

field, B

_excitation an, one frequency
L RFY excites one My

= 1997 PaLUL GATES

F-z2VxB, . - 2B m_ By

Comisarow, M. B.; Marshall, A. G. Fourier transform ion cyclotron resonance spectroggopy
Chem. Phys. Lett. 1974, 25, 282-283.



Vv F=zvXxB
F: Magnetic force on the ion
z: Charge of the ion

F v: Velocity of the ion

® B: Magnetic Field

~ A charged particle (ion) will rotate
around the magnetic field line of a
homogeneous

magnetic field in a circular motion.

50



L arge biological system

Exact mass measur ement

LC-MS

Comparison of Different Types of Mass Spectrometer ¢

Characteristic | Magnetic | Quadrupole QIT TOF FT-ICR
Sector
MassRange |15,000 |4,000 100,000 | unlimited |> 106
(Da)
Resolution 200,000 | Unit 30,000 15,000 > 106
Dynamic ++++ +++ +++ +++ ++ ]
Range
MSMS Ft++ +++ +++ T+ ++
LCor CE + ++++ +++ ++ ++
Cost $$$$ + + ++ ++++

51




Tandem Mass Spectrometry

’

PARENT

+/-10NS AND
NEUTRALS
FORMED IN
ion SOURCE

-IONS TO

TRANSPORT of +/

PARENT MASS
ANALYZER MS 1

CELL

esee

\

MASS ANALYZER IS
PARKED, PASSING
ONLY PARENT IONY
OF ASINGLEM/Z
TO COLLISION

/PARENT IONS \

ENTER
COLLISION CELL
COLLIDE WITH
Ar GAS AND

—

/ PRODUCT \

MASS ANALYZER
MS 2 1S SCANNED,
PASSING FULL
SCAN PRODUCT
ION SPECTRA TO

DISASSOCIATE

MS 2

|
- X
ION SOURCE Transport MS 1 Collision cell
optics Inert gas

THE DETECTOR/

DETECTOR
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In space

Methods of MS-MS

MS 1 Collision MS 2
cell

Fitsetleels : L Product ion scan
ion selection  DIssociation

Il — 5%

Product ion scan

r_,-o” —_———a-
- — - —_— Jam
‘\\_‘1
Saelaectad et | ] =Ccarmnnimno
TE
Frecursor iomn scan
—
-
—_— — e — = —_—
—_— Tl
Scannimg [ ] e} Selaected
ez
MMeutral loss scan
— T - — -
E— — e e — -
—a= T — = 33
Scannimng o ] Scanning



Triple Quadrupole (QQQ)

lcu is Non-Linear Collision Cell
Qo Q1 02 Q3
I | e
ESI Probe |
— -
— | | I |
I Hyperbolic, high ' Electron

Square Rod lon Transmission to precision Multiplier,
Analytical Quads quadrupoles Detection System

Quad Functions during MS/MS

Q1 scans a preset m/z range or selects ion of interest
Q2 (collision cell) transmits ion and introduces collision gas into flight path
Q3 analyses fragment ions generated in Q2

54



Methods of MS-MS

In time Time 1

I gl

apnyjdwe 4

EJECT ALL
IONS OTHER
THAN PARENT
ION

INJECION OF
IONS INTO THE
TRAP

Time 2 Time 3

PRODUCT
ION SCAN

COLLISIONAL-
INDUCED L
DISSOCIATION

v

Time (ms)

55



New Types Mass spectrometer

MS 1

magnetic
analyzer

Quadrupole: /@
analyzer

=
lon trap e
analyzer a>»
Time-of-flight s
analyzer \I[ i
\

Collision
cell

=

MS 2

Electrostatic
analyzer

Quadrupole
analyzer

lon cyclotron
resonance cell

lon trap
analyzer

Time-of-flight
analyzer g



Orthogonal-Quadrupole Time-of-flight

Triple quadruple MS

)

A

Time-of-flight MS

Mass Spectrometer, Q-TOF

» Good precursor ion
selection

» Efficient fragmentation

)
]

»Good sensitivity
» Good sensitivity
» Good resolution
» Speed




2D Linear Trap Instrument

Triple quadruple MS Quadrupole ion trap MS

)

A

N \f

|

» 4 scan modes

»Good sensitivity

» Quantitative analysis

orifice / M, CﬂfD Gas

» Sensitive product ion scans

shimmar A AD
_-".

Exil lens

4 * '
)’ | o | o | | IH
ﬁ\ |1 || ]| | [ 1Y
f

LINAC

linear ion trap
3x10- Torr

Blanc et alggroteomics,
3, 859 (2003)



FTICR Trap Instrument

Linear ion trap MS

) ~ ! | >Good sensitivity
1 | > MS"capibility
| J /T
N ]
Fourier transform

ion cyclotron
resonance MS

» Accurate Mass
» Ultra-high Resolution
» High dynamic range

—\—

59



Time-of-flight / time-of-flight
Mass Spectrometer, TOF-TOF

a N, laser

Detectors
TOF 2 source // \

— 7 unnmu\
i

o oy
-

—

o

L e e e

sl I\IIIIIIII

/
_‘ [ Retarding r | | Reﬂectron

lens

Floating
collision cell

Schematics from
Applied Blosystemgg



High Energy Peptide Fragment
Pattern and Nomenclature

. Xn—'
A - Single cleavage :'"5 Vi

- _ZQ; Yn -1~ _y_r';i—l 2H

Vn—i+ : :_

S L neigg
~HN-CH—-CO+NH:-CH-CO-NH=
Ri i i Ei CH'E'R i’+1 I
D S e
I b| <___' Rl +1 bi+1

B | - Double cleavage Ci -

di+
: Nomenclature of Peptide Fragmentation

—CO%HN—?H—CO—NH—?H{CO%NH—
! R '
T o Ais1 Yo 5

STttt > Dy Yai <Toooes

61



Carbohydrates

e Carbohydrates are the most abundant organic molecules
In nature

— Photosynthesis energy stored in carbohydrates;

— Carbohydrates are the metabolic precursors of all
other biomolecules;

— Important component of cell structures;

— Important function in cell-cell recognition;

— Carbohydrate chemistry:
« Contains at least one asymmetric carbon center;
» Favorable cyclic structures;

» Able to form polymers
62



Summary of Some Functions of Glycans

Froviding structural components
Cell walls

Sl LRI Intrinsic functions

Modifying protein properties performed by glycans
Solubility
Stability

Directing trafficking of glycoconjugates
Intracellular

Extracellular

Mediating and modulating eell adhesion | EXtrinsic functions
Cell-cell interactions resulting from
Callmatrix interactions glycan—ectin interactions

Mediating and modulating signalling
Intracellular

Extracellular




The cell surface of bacterial is LPS-rich

All Cells Are Coated with “Glycans”

cyiaplagm nuclaus plasma mambrans
| | I

L

- # b rlrll_-

Electron micrograph of a human lymphocyte (Rutheniom Red staining?



Roles of Oligosaccharides in Recognition
and Adhesion at the Cell Surface

Virus, Bacterium, Lymphocyte.......




Carbohydrates Have Diverse M.W.

Macromolecules

Macromolecule Building Block Aproximate Possible
Mass Variations in a
Trimer
Protein Amino acids 125 -+ 10%10° 6
Nucleic Acid Nuclectides 330 -+ 10°-10° 6
Lipid Fatty acids 250 - 10° NA

Carbohydrate

Monosaccharides

200 - 10%10°

1,056 to 27,648!

66




Monosaccharide Mass and Low Mass
MS/MS (CID) Carbohydrate Marker lons

Monosacchari de / Composition Monoi sot o
Di saccharide | nt act Resi dt
Hexos e, He x C6 06 H12 180. 0634 16
(Gal act os e, Mannose)

Deoxy-Hexose, dHex C60b64. 0685 146. 0579
(Fucose)

N-acetyl hexos €80D6MNél15Hex NAc9322068880794 20
(N-acetyl glucoseami ne,
N-acetyl gal actoseami ne)

N-acetyl neuraminic9 ClAIMB®.NHAG4 292/ PD&/ 256
aci d, Neu5Ac, NANA

(sialic acid)

Hex - Hex NAc G14011NB83.1428 365.1322
Hex 3HexNac?2 C46 O35N2H76 910. 3278 8

(Common N-linked Cor e)
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High Mannose-Type Glycans

Manas, Jak3
M' ?A&nuﬂ

“Banp 1—4GIcNACH 1 —4GIcNAC-Asn
Manao

" Manat”

(MansGicNAc,Asn)

0o

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 276, No. 10, Issue of March 9, pp. 7351-7356, 2001



% Intensity

MALDI/TOF/TOF MS Spectrum of N-Glycans
Derived from Ribonuclease B
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Tandem Mass Spectrometry
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|dentification and
Quantification of Proteins



Peptide and Protein Analysis

Enzymatic
Digest

Gene
E.xpre'EiSi/
\ 3 Peptides
) "g - 5
ve

DNA
The«:&rehA .
Peptide or Aptlde or

Fragment Fragment

mass MASS SPECTROMETRY mass




Mass Spectrometry Methods

% Protein ?[ Peptides
T B

o,

,
digestion v

Molecular weight Identification |
Sequence information

v MALDI TOF MS v'Peptide mass fingerprinting

v ESI MS (MALDI TOF MS)

v'Peptide Sequencing
(Tandem MS)
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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..

e Landmark Study(1993)

M S approaches aone could be

used to analyze proteins from
William J. Henzel; Protein Chemistry; 2DE

Genentech

Left to right:

John T. Stults; Analytical Chemistry;
Genentech

Colin Watanabe; Software Engineer;
Genentech 76
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Step 1. Enzyme digestion or chemical fragmentation

Protein

O Cys

H,N
2 @ Lys
M Arg
-COOH

J Reduction / Alkylation

Tryptic Digest

oeEE AR 06/ ATIECAE €@
somm OmSvvm OROVLOVESV Ve
04 B CABRO S AAOTIOAE

Every protein generate a set of unique peptides

78

pepti de



Step 2. Mass spectrometry analysis

A unique list

Peptide Mass Lists

for each protein in Database )
% Intensity

Peptide Mixtures

Extraction, clean up

Mass Spectrometry Analysis

Mass Spectrum

DOSEE AN 060AAOIROAE €0
somm Oonmdvvm OROVIOVESVVe
0o B CAROOOAAOTTOAR ¢

600

79

3000



Step 3. Database match

\Wish Sapser Irdoamration

URL 1015222 HTTF pert- BO Sl DK
Digest Reagents Peptide Properties Miz__ | eve | Tomwee] &
|||
Sirradsta digast vath |||'.1'..|| '-'I 4
Chasnge [+ | |
Gapondsip dige sk with |r|' F '| Tolevares [+1 | |[-: ¥ |
Mumbes of rizsed Chearvages "= Ign tolersnce o Tolerance
Mol Weight B
; ™ Erchude bockmass
¥ Reskict M) g exchude st Exclude List
e

Isoelectric Point

™ Resmictipd]

Vi copd e Byl el

Rarge liom |'-' I|:||'- 5 Ll [¥ Sagrch curent spachum
Modification Hits to return
Fraed il alion O psonal modicalon [T |-,- ,I
Farad plabor: H-Tair -
Easi ik ¢
L arbasrwchoarsed by L. . :
- abagmet Optional Peptide Match ey
Carbarmed Carbarred
Wafad sctan - CTarmr i eyl aetai - CTar
it b :I i i :I ITI Cancal |

Ciaody Ippe P45

™ Search monciolops mass sl




Step 3: In-Silica digestion

Mass
_ 3583.8
Protein Sequence
3493.6
MVYIIAEIGC NHNGDINLAK KMVDVAVSCG 2995.4
VDAVKFQTFK AEKLISKFAP KAEYQKATTG
TADSQLEMTK RLELSFEEYL EMRDYAISKG 29445
VETFSTPFDE ESLEFLISTD MPIYKIPSGE 2349
ITNLPYLEKI GKQQKKVILS TGMAVMEEIH 2188.1

QAVNILRQNG TTDISILHCT TEYPTPYPSL _ _
NLNVIHTLKD EFKDLTIGYS DHSIGSEvpl ~ Digestion 18118

AAAAMGAEVI EKHFTLDTNM 1683.8
EVPDHKASAT 1573.8
PDILAALVKG FALLNQALGR FEKIPDPVEE 1558.7
KNKIVARKSV VALKPIKKGD [YSIENITVK 1453.7
” RPGNGISPMN WYDILGQEAQ DDFEEDEVIR 1392.7
0 PSRFENQLPE LHHHHHH i
1269.7

> 1159.7
[ 954.63
) 926.48
c 696.36
670.36

__L ; || 63831

600 1000 1500 2000 2500 3000 53825

m/z

Peptide Sequence

NGTTDISILHCTTEYPTPY
LNLNVIHTLK

RPGNGISPMNWY DILGQEAQ
DDFEEDEVIR

GVETFESTPFDEESLEFLIST
DMPIYK

DLTIGYSDHSIGSEVPIAAA
AMGAEVIEK

VILSTGMAVMEEIHQAVNIL R
MVY IAEIGCNHNGDINLAK
FENQL PELHHHHHH
HFTLDTNMEVPDHK
IPSGEITNLPY LEK
LELSFEEYLEMR
ATTGTADSQLEMTK
MVDVAVSCGVDAVK
GDIYSIENITVK
ASATPDILAALVK
GFALLNQALGR
SVVALKPIK

IPDPVEEK

DYAISK

FQTFK

AEYQK

DEFK 81



Search Result

1 343e+004 9717 (52%) 509397892 YEREN  F1S173

FROTEDN-TYROETNE FHOSFHATASE TOFH (EC 3.1 2 48)
(VIETLEHMCE FROTELN)

MS-Fit Search Resul P e =
L re ulis 1
B a8 R 8 8
i b ] ey, |
Preas atep on v brewaer f wou sl 1 sbort day BE-Fi smech prenasaeky
Fiaeple [0 (eomeient) Mlagic Balley diges | W7 msice) (3251 JEPTE T D pl w0 KL o @ F 19970 YERE PRCTELN, TTROCTA FICAFHATATE TOFH
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Molscular waight pearch (D000 - WO D) relsrin 89T axmee -y M Bl Kayrnes Wil i
Fol pl rangs - “T40RY sroran
Combred molscuber wogkt ;md pl seacches nelect 89877 minen
ME-Fit icich ptlecti § coties :m:::: 18 1 .-':A'.'-EI |.-.1:'E;Dmm E
188 Y 1 T RO PLLIE
Cotuelered apddicansid | Pepide vermnal i se pyreh | Ochllarion of M | Prosein N renstsos ferecylae) | isanmse 15 2 o0 asa] 15 pulkmpy 7 a0 T Ve e 4ol
Men ¥Frpides Prptide Mo Peptede Masics  Dyget M 8Mimed  Cypbenies Pepide H :::::: L’::*:':" Ao m;;:;‘“ ""':;L;::f T
o Maxs Taksidi & [+s] 3] T} Climnigsd  Sadled by 1 eiseiia 4] ;
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Hoesmli Saifiaiiiary el i | 240 5147 1900 170 L2 2B 1200 BT 1628 00k TN TRES 120 LZFT ZhER il
b The e pagidry ey WS 53 (S0 k) of o preiem A
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Peptide Mass Fingerprinting (PMF)

In-Gel Digestion

Extract peptides;
mass analyze

Each protein has a unique peptide mass list

=== } Database search 83




Tandem Mass Spectrometry (MS/MS)

DoeEE AR 060AAIROAE €0
somm DimS/va ooV OVeSVVe

4
lonization Source o OOt DD.%‘V—V'I
Electrospray onm | D.GV‘V'.
R e _. — ooomd  mOvva
oomdy Svva
RN 02 / Al

Molecular lon

Fragment lons l

|

, Molecular lons l ,
‘ m/z




C-terminal ions
:':3 I! E:-I :.:.E I.E E.E }:1 Il E1

Peptide
R, O R, O F, O R, 0 _
HH —¢—Cn_ b dw_ el m_é_c” Fragmentation
ok ok ok ok

n‘l B1 Cl n.E B.E C.E n! B! c]
Mterminal ions

S-P-A-F-D-5-I-M-A-E-T-L-K
{protonated mass 1410.8)

mass’ b-ions y-ions mass’

- : 88.1 S PAFDSIMAETLK  1323.6

a,b,c — N-terminal side 185.2 SP AFDSIMAETLK  1226.4
. : 256.3 SPA FDSIMAETLK  1155.4

X,y,Z — C-terminal side 403.5 SPAF DSIMAETIX  1008.2
518.5 SPAFD STMAETLK 893.1

605.6 SPAFDS IMAETLYK 806.0

718.8  SPAFDSI MAETLYK 692.3

850.0 SPAFDSIM AETLK 561.7

921.1 SPAFDSIMA ETLK 490.6

1050.2  SPAFDSIMAE TLK 361.5

1151.3  SPAFDSIMAET LK 260. 4

1264.4  SPAFDSIMAETL K 147.2



. Name Symbol Residue mass Side-chain
ReS|d ue Alanine AAla 71.079 CHs-
M aSS Of Arginine R,Arg 156.188 IN=C(NH2)-N-(CH2):
. Asparagine N,Asn 114.104 H2N-CO-CHza-
Am I no Aspartic acid D,Asp 115.089 HOOC-CHoa-
ACldS Cysteine C.Cys 103.145 HS-CHa-
Glutamine Q,GIn 128.131 H2N-CO-(CH2)2-
Glutamic acid E.Glu 129.116 HOOC-(CH2)2-
Glycine G,Gly 57.052 H-
Histidine H,His 137.141 Imidazole-CHz-
Isoleucine Ille 113.16 CH3-CH2-CH(CH?3)-
Leucine L,Leu 113.16 (CH3)2-CH-CHa-
Lysine K,Lys 128.17 H2N-(CH2)s-
Methionine M,Met 131.199 CH3s-S-(CH2)2-
Metsulphoxide Met.SO 147.199 CH3-S(0)-(CD2)z-
Phenylalanine F.,Phe 147.177 Phenyl-CHz-
Proline P,Pro 97.117 Phrrolidone-CH-
Serine S,Ser 87.078 HO-CHa-
Threonine T,Thr 101.105 CH3-CH(OH)-
Tryptophan W,Trp 186.213 idole-NH-CH=C-CH
Tyrosine Y, Tyr 163.176 4-OH-Phenyl-CHo-

Valine V.,Val 99.133 CH3-CH(CH2)-




n

b
FESNFNTQA

Peptide Sequencing

Yn

1zyme 10fmaoliul

2 TOF M=hS 714.73E

0 Certer 17 (Cen 2, 8000, A

bz

1400
20420

1200
|

1000

a0

B0

400

200

F (phenylalanine): 147.177

S (Serine) : 87.078

87



Separation and
Quantification Techniques
for Mass Spectrometry




Diverse Properties of Proteinsv.s.
M ass Spectrometry

v M.W. measurement .
v Protein identification Protein
v tandem mass spectrometry Complex

(machines)

v M.W. measurement
v Protein identification

Protein-ligand  smooth endoplasmic
interaction

Post-translational
modification

v Protein identification
v Tandem mass spectrometry 89



What Do We See?
7 P A

Technology Platform V.S. Complex Proteome



Proteomic technologies for
biomarker detection & discovery

B Gel electrophoresis
v Two-dimensional gel electrophoresis ( )
v' Two-dimensional differential gel electrophoresis ( )

Gel free ( Mass spectrometry)

v Surface-enhanced laser desorption / ionization TOF M S (SELDI-
TOFMS)

v Multidimentional protein identification technol ogy
v Isotope coded affinity tag

Other technologies:
v" Protein microarrays o1
v' ELISA



Haemophilus
E. coli

Y east
Caenorhabditis
Drosophila
Human

1742

4413

6600
18000
13000
>100000
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A key technical challenge in proteomics

A more complex biological problem

Diverse solution
(10° — 10° for protein abundance)

~

Mass-spectrometry + Sample prefractionation
strategy for more

complex mixture ?
93



Protein Separation

E. coli Lysate
Fxn B5->H6

200 —
116 —
s t Gradient
68 — ‘
39 — - N
29 —
20 — . — | | "
14— "- = ] ..EI L | spuesen | Plms | s i | ¥ oat [l el
Chromatography
SDS-PAGE 2D-gel



Principle of Electrophoresis

sample
lquid
) —> el W
© J 55%
v=un'E
v = migration velocity (cm/s)
u = electrophoretic mobility

(cm?/V’s) s

capillary
charge, size, shape of molecule,

viscosity, pore size, buffer pH and
lonic strength, temperature of medium

electric

field

95



Two-dimensional gel electrophoresis

Protein Extract

Separate proteins on 2-D gels

9ZIS U0 paseq uoleredss

Separation based on pl

l

Analyze spots by
AAA

Sequencing
Mass spectrometry

A
5 =
[
o =

96



2D-PAGE )

Run gel;
gtain;
— = ——
@ In-Gel Digestion 97000
and sample prep
l for MS 66000
45000 —

Extract peptides; 30000 —
mass analyze

20100

14400

Database search




Separation methods for protein and peptides

Met hod Basis of separation
Chromatographic met hods

size-exclusion chromatography mol ecul a
l on-exchange chromatography charge

r ev phrassgipelrif or ma n grga hydhmplmonbaitco | nt er ac plieo m nlde tbvo
hydrophobic-inapephyctioal chpromad omadt agsaphpbyi o

affinity chromatography bi omol ecul a
( DNA, ligand, antibody )

El ectrophoretic met hods

one-di mensional gel electrophoresis mo | €

t wo-di mensi onal gel el ect r gep;h o2rneds idsi me n sgilosnt:

gel -free isoelectric focusing charge

Subcellular fractiosabicehl ul ar fractionati on

98



Example:
Today’'s 2D Gel-Based Proteomics

[ ] differentially expressed (170)
I no differences

99



2D-PAGE & protein identification

O

isoelectric 2 é
focusing, IEF SDS-PAGE o
I:| i . i R

I:l HiD T

]
(Molecular weight) . ===
e

differential

expression
pattern

m/z
databqse peptide mass in-gel digestion

SEENEINE finger-printing

100



Robotic spot excision In-Gel Digestion and
sample prep for MS

Automated data processing and
database searching

Advanced MS

101



Differential gel electrophoresis (2D-DIGE)

Control labelled

Test labelled
with methyl-Cy5

with propyl-Cy3

— . 1

|
< i
-__]|

I\

e 24 T,

l IEF

2D-electrophoresis

N\ "\ sps-PAGE

AE Cy3 AE Cy5
Image A Image B
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2D-PAGE & protein identification

« MALDI-TOF MSismostly used
e advantages:

— discovering biomarker

— high reproducibility

— semi-quantitative
 drawbacks:

— low sengitivity, particularly for less-abundant
proteins

103



Plasma proteome of Severe Acute Respiratory
Syndrome (SARS) analyzed by 2-DE and M'S

Normal Patient1

Proc. Natl. Acad. Sci. USA., 101, 17039 (2004) 04



Protein Profiles of SARS Patients




MALDI

Peptide Mass Fingerprinting (PMF)

@ X




lon suppression
Salt tolerance
Sample concentration




Table9.3 Mass differences due to isotopes in multiply charged p

Charge on peptide Apparent mass Mass difference
between isotope
Single charge [(M+H)/1] 1Da
Double charge [(M+2H)/2] 0.5Da
Triple charge [(M+3H)/3] 0.33Da
n charges [(M+nH)/n] 1/nDa
100 [ o o T 648.82 =
z 80 1297.64 ) so—f 649.32 L i
;r:: 60 60
k5 40 40_:
R 1298.64 7
20 20 3
0 o 3
1296 1298 1300 648 649 650 651
mfz mjz
100 432.93 +3 100 324.95 +4
(432.90) (324.93}
> 80 80
2 60 60
£ a0 40
IS
20 20
0 0]r|ll|ll|l|lll||llll| 108
433 434 3245 325.0 3255 326.0 326.5

mjz mfz
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N Makrin Science - Mascok - 55 Lons Search - Ficrosolt Internet Esplorer

| Fle EdE WView Favoites Took  Heln

[ o - 2] )| Ak ] et e matrtscience comfcpsearch_fom piTSEARCHSITS

MASCOT MS/MS lons Search
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Protein mass r_ kDa ICAT [
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SN Mascot Search Results
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1 ] I LR R ST TETY

1. POD433 Mass: 70137 Score: 1121 Peptides matched: 31
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M ulti-dimensiona L iquid Chromatography(MDLC)
Coupled Directly to MS

Initial Biological Sample Prep and Protein Extration
(organs, tissues, cell types, subcellular components)
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Dry Down
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Mass Spectrometry
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MudPIT (Multidimentional Protein
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U U frssran Liquid Chromatography
. column 1 column 2

jon-exchange hydrophobic interaction

database searching | c/vs 5 on-line

& data comparison LC/MS 4 tandem MS
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Isotope Coded Affinity Tag

Nature biotechnology (1999)17:994-999
@)
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Isotope Coded Affinity Tag (ICAT) strategy

protein tagged

U ‘ with “light” g
[1°C or H]
sample ICAT reagent dlgestlon
pr etr eatment /
purifying tagged
pepticdes

database
sear ching
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Proteomic pattern diagnostics

surface-enhanced laser desorption / ionization-time-of-flight, SEL Dl -TOF M S

applying to
protein-binding G /

chip

chip types:
cation or anion exchange,
immobilized metal
affinity, hydrophobic
interaction, etc.

rinsing to remove
—. unbound species,
adding matrix

compound

further analysis
using MSMS
technology ?

gel-view
mass spectra
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Disease Proteomics
?

{3 Use of proteomic patterns in serum to identify ovarian cancer

Emanuel F Petricoin ill, A M Ardekani, Ben A Hitt, Peter | Levine, Vincent A Fusaro, Seth M Steinberg, Gordon B Mills,
Charies Simone, David A Fishman, Elise C Kohn, Lance A Lictta

Background MNew technologies for the detection of eardy-
stage ovaran cancer are urgently needed. Pathological
changes within an organ might be reflected in proteomic
pattems in serum. We developed a bicinformatics tool and
used it to identify proteomic patterns in serum that
distinguish neoplastic from non-neoplastic disease within

the ovary.
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Protein Chips

SELDI ProteinChip™ Technology Process

sSample goes directly onto the ProteinChip™ Array
*Protemns® are captured and refamed on the chap (aftinty E‘f?pture i
*EANA 15 added to the chup
*Fetentate map 1s “read” by Surface-Enhanced Laser Desorption Iomzation
(aELIDI}

o

Sanmple

Laser

Maz='charge






Imaging Mass Spectrometry

Frozen Saction MS Imuages

MALDY TOF
Mass Spaclrometar

¢ Mafrix Applicalinn

> R R
000 6000 8000 10000
Wass (mf)

; * Lasar

Fig. 1 Methodology developed for the spatial analysis of tissus by MALDI mass spectrometry. Frozen sections are
mounted on a metal plate, coated with an UV-absorbing mairix and placed in the mass spectrometer.

A pulsed UV laser desorbs and ionizes analytes from the tissue and their méz values are determined using a time-of-flight
analyzer. From a raster over the tissue and measurement of the peak intensities over thousands of spols, mass
spectrometnic images are generated at specific molecular weight values.

Mat. Med. 2001, 7, 493-496



MALDI Imaging Strategies

fresh cut
_-"'
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L7 matrix deposition  MALDI MS

Figure . Schevahos of e ot T eges oand Samphe presordion methads empioye o rseestigehs [oder popu ks in

It rigrhas

Membrane blotting of fresh tissue section, transferring some of the proteins

present

Direct analysis of a frozen and dried tissue section by coating it with

MALDI matrix

Laser capture microdissection followed by MALDI MS of selected cell

JMS 2001, 36, 355-369



MALDI MS Analysis of Prostate Branches

Ch

«Matrix deposited using
a narrow capillary
«Within the duct (1-4)
the protein profiles are

At

N

relaimve Inkensiiy

O (ducts insertion point) h) very similar
Variability seen in
. other regions
@ ’
®
®
=
A
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Mass (miz) Mlass | ey

Figure 10. MALDI-MS analy=is of 3 12 pm fissue section obtained from the mouse antenor prostate: (3) opbical image of
the section. The drops of matriz are circled. (b) Cormpanson of the protein profiles oblained in the left branch of the section.
{z) Companscn of the protzin profies obtained in all three major branches and also near the point of embranchment.

JMS5 2001, 36, 355-3659



Functional organization of the yeast
proteome by systematic analysis of
protein complexes

Anne-Claude Gavin®, Markus Bosche*, Roland Krause®, Paola Grandi*, Marlina Marziech®, Andreas Bauer®, Jorg Schuliz®,

Jens M. Rick®, Anne-Marie Michon®, Cristina-Maria Gruciat®, Marita Remor*, Christian Hofert®, Malgorzata Schelder=, Miro Brajenovie®,
Heinz Ruffner-, Alejandro Merino®, Karin Klein®, Manuela Hudak -, David Dickson-, Tatjana Rodi*, Yolker Gnau®, Angela Bauch-,
Sonja Bastuck*, Bettina Huhse*, Ghristina Leutwein®, Marie-Anne Heurtier*, Richard R. Copley T, Angela Edelmann®, Erich Querfurth®,
Viadimir Rybin-, Gerard Drewes-, Manfred Raida“, Tewis Bouwmeester”, Peer Borlk®, Bertrand Seraphiniz, Bernhard Kuster,

Gitte Neubauer® & Giulio Superti-Furga®+

* Cellzome AG, Meyerhofstrasse 1, 69117 Heidelberg, Gemany
t European Moleculor Biolegy Laboratory, Meyerhofstrasse 1, 69117 Heidelberg, Germany
FOGM-CNRSE, 91198 Gif sur Yverte Cedex, France

Most cellular processes are carried out by multiprotein complexes. The ideniification and analysis of their components provides
insight into how the ensemble of expressed proteins (proteome) is organized into functional units. We used tandem-affinity

purification (TAP) and mass spectrometry in a large-scale approach to characterize multiprotein complexes in Saccharomyces
cerevisiae. We processed 1,739 genes, including 1,143 human orthologues of relevance to human hiology, and purified 589 protein
assemblies. Bioinformatic analysis of these assemblies defined 232 distinct multiprotein complexes and proposed new cellular
roles for 344 proteins, including 231 proteins with no previous functional annotation. Gomparison of yeast and human complexes
showed that conservation across species extends from single proteins to their molecular environment. Our analysis provides an
outline of the eukaryotic proteome as a network of protein complexes at a level of organization beyond binary interactions. This
higher-order map contains fundamental biological information and offers the context for a more reasoned and informed approach

to drug discovery.

NATURE | VOL 415] 10 JANUARY 2002
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Tandem-affinity purification (TAP)

Strategy
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Statistics of identified proteins and complexes
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Protein complex network

Yeast TAP-C21
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