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emammses P TOTEOMICS

Second letter

of codon
U C & G
UUU Phe |UCU Ser |UAU Tyr ([UGU Cys
UUC Phe | UCC Ser |UAC Tyr ([UGC Cys
U
UUA Leu |UCA Ser | UAA Stop |UGA Stop
UUG Leu | UCG Ser [UAG Stop |UGG Trp
CUU Leu|(CCU Pro|CAU His|CGU Arg
¢ CUC Leu | CCC Pro|CAC His|CGC Arg
CUA Leu(CCA Pro|CAA GIn |CGA Arg
CUG Leu | CCG Pro|CAG GIn |CGG Arg
AUU lle | ACU Thr | AAU Asn |AGU Ser
" AUC lle | ACC Thr | AAC Asn |AGC Ser
AUA lle| ACA Thr | AAA Lys |[AGA Arg
AUG Met | ACG Thr| AAG Lys |AGG Arg
GUU Val [ GCU Ala| GAU Asp | GGU Gly
: GUC Val [ GCC Ala| GAC Asp | GGC Gly
GUA Val | GCA Ala|GAA Glu| GGA Gly
GUG Val [ GCG Ala| GAG Glu| GGG Gly

Figure 27-7

Lehninger Principles of Biochemistry, Sixth Edition

© 2013 W. H. Freeman and Company
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Proteomics

DNA

 RNA (dynamic)
e Protein (dynamic)

» DNA (static) 4

» All proteins encoded by the “ LU L LLLLL

genome

» Multiple modifications
possible (e.g.
phosphorylation)

Image credit: Genome Research Limited From yourgenome.org



2D-SDS PAGE GEL

1st Dimension:separation of proteins according to their isoelectric point (pl) by
isoelectric focusing (IEF).

* Proteins mixture
resolved on a pH 3—

10 |PG Strlp Anode @ @ & @ 4 : @ : @ © - Cathode

+ 9 @ e
according to each @@ Q@G ® O 00O ©® )
protein’'s pl and PH @ : < ;
independently of its e

size.

e 4
« Net protein charge is g G 7 Cathado
0 at the pl, so at that S & o 7 ® o

point it will no longer oH
respond to the

electric field immobilized pH gradients (IPG) strips

www.bio-rad.com/en-us/applications-technologies/isoelectric-focusing-2d-electrophoresis




2D-SDS PAGE GEL

Second Dimension Separation of proteins according to their molecular weight

Low pH 4& (‘9 : C@ Oj_qsz High pH

* polyacrylamide gel
electrophoresis (PAGE) seconomesion @) © © O

SDS-PAGE,
separation by MW

High MW

* Proteins denatured

e SDS coats all proteins
with a negative charge
essentially in proportion
to their mass

* mobility related
logarithmically to mass

Low MW

http://www.bio-rad.com/en-us/applications-technologies/second-dimension-separation




2D-SDsS PAGE GEL
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Proteomics

e Proteomics Used in
» Functional studies
» Drug Studies
» Epigenetics
» Biomarker Search
» Signaling Pathways

Mallick & Kuster Nature Biotechnology 28, 695-709 (2010)



Proteomics

organization of E Co

proteomic
experiments

Example ]

Mallick & Kuster Nature Biotechnology 28, 695-709 (2010)
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Protein analysis

In vitro biochemistry

Proteomics

Protem

culture

o

Protein complexes

In vitro biology

/el "\

Biological complexity

Protein networks

In vitro biology

Cell culture models

In vitro target or
marker discovery

mmal

model

g

Translational studies

In vivo marker discovery

Population proteomics

In vivo marker discovery

or verification

% Purity and identity Pairwise interactions Interaction screening | Cell composition Biopsy composition Genetic variation
-§ Single PTM Complex composition | Network composition | PTM discovery Xenograft composition | Marker verification
:5 Quantitative PTM PTM analysis Pathway crosstalk Organelle composition| Perturbation analysis PTM characterization
== Multiple PTM Complex dynamics Network dynamics Expression profiing | Cross model analysis Patient stratification
PTM stoichiometry | Complex stoichiometry | Comprehensive PTM | Protein activity Biofluid composition Marker discovery
Splicing, SNPs Spatial organization MALDI imaging

Mallick & Kuster Nature Biotechnology 28, 695-709 (2010)

Applications of proteomic technologies




Technologies
for proteomics

Proteomics

loal protein Iabellng (ICPL)
Chemical peptide labeling (ICAT, cICAT, iTRAQ,
- TMT, methylation, esterification)
Enzymatic peptide labeling ('%0)
Absolute quantification (AQUA, QconCAT)
Label-free (spectrum counting, emPAIl, APEX,
XICs expression)

quantification

Database searching
De novo sequencing
Peptide mass fingerprinting (PMF)
Accurate mass and time tag (AMT)
Mascot, Sequest, X!/Tandem

Protein
identification

Biopsy
Biofluid
Laser-capture microdissection
Cell sorting (FACS)
Primary cell culture
Stable cell line culture
Free-flow electrophoresis
Gradient centrifugation

DN

1D and 2D gel electrophoresis
Isoelectric focusing

Capillary electrophoresis
Column chromatography
Immunoprecipitation
Pulldowns with tagged proteins
Cell surface labeling

Protein
fractionation

OMSSA, Phenyx, Spectrum Mill Active site labeling
PEAKS, PepNovo, InsPecT, PTM Affinity depletion
Score, A-Score, ModifiComb Phosphoflow
Mass Peptide Glycocapture
\\ \ spectrometry fractionation / 7
Electrospray ionization (ESI) ‘ lon-pairing reversed phase (RP-HPLC)
Matrix-assisted laser desorption/ionization (MALDI) Isoelectric focusing (IEF)
Time-of-flight MS (TOF) Strong cation exchange (SCX)
lon trap MS / Weak anion exchange (WAX)
Quadrupole MS | Hydrophilic interaction (HILIC)
Orbitrap MS [ —— J Immobilized metal affinity (IMAC)
Fourier-transform ion cyclotron MS (FT-ICR) ~____________— Titanium dioxide, zirconium dioxide
Liquid chromatography MS (LC-MS) Lectin affinity chromatography
Imaging MS Immunoprecipitation
lon mobility MS
Tandem mass spectrometry (MSn) Fractional diagonal chromatography

Collision-induced dissociation (CID)
Electron-transfer dissociation (ETD)
Electron-capture dissociation (ECD)
Post-source decay (PSD)

Mallick & Kuster Nature Biotechnology 28, 695-709 (2010)




Conceptual Proteomics

Fixed gases or s R
volatile liquids ~
- by EI, Cl, or FI ~

Solidsor | [/
solutions 5 Sch:e/ IONS miz Analyzer lons ) | Detector \‘
by ESI, APCI,

200N, :l; !

AP-MALDI v

N | Solids by
~N| MALDI or

LSIMS Vacuum

— -.-

Computeridata
system

Applications of proteomic technologies

Introduction to Mass Spectrometry: Instrumentation, Applications, and Strategies for Data
Interpretation; Fourth Edition. J.T. Watson & O.D. Sparkman, John Wiley & Sons, Ltd (2007)



Conceptual Proteomics

ionization

g -
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" :ﬂ 'l?l l'l = M+ fﬂ?‘" m?“ mass spectrum
™ - Jm
/TN

s mz57 ® mass analysis

of all ions
sl ® data recording
sample vapor lonization and uni-molecular ®  plot of bar
mol. mass 58 absorption of excess decomposition of M*™ graph

energy

Applications of proteomic technologies

Introduction to Mass Spectrometry: Instrumentation, Applications, and Strategies for Data
Interpretation; Fourth Edition. J.T. Watson & O.D. Sparkman, John Wiley & Sons, Ltd (2007)



Time of Flight (TOF)

Acceleration

/ Grids
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/ - ‘ Field Free Drift Region ——
lonization and Synchronized
Acceleration Region Oscilloscope

Electron Gun

Time of Flight Conceptual Schematic

Introduction to Mass Spectrometry: Instrumentation, Applications, and Strategies for Data
Interpretation; Fourth Edition. J.T. Watson & O.D. Sparkman, John Wiley & Sons, Ltd (2007)



MALDI TOF

Matrix Assisted Laser Desorption lonization

@ . (b)
,/\,t,l.
| malrix—,  smesss,

« Sample spotted in matrix z,s-d.:dib/mc - probe?i;)mil%
2,5-dihydroxybenzoiC
acid (DHB)

 Vaporization by laser (C)

e Fast

* Most analytes +1 charge s

* Can breaks analytes )

Introduction to Mass Spectrometry: Instrumentation, Applications, and Strategies for Data
Interpretation; Fourth Edition. J.T. Watson & O.D. Sparkman, John Wiley & Sons, Ltd (2007).



Electrospray lonization

e Sample liquid through ®
charged needle

* Sprayed into evaporation
chamber

 Gas phase +ve charge Eniliadion
analytes egg@;ﬂl

* (Can have multiple
charges (deconvolution . —
issues) <|> ¢ " Fow

High Voltage
Power Supply

Introduction to Mass Spectrometry: Instrumentation, Applications, and Strategies for Data
Interpretation; Fourth Edition. J.T. Watson & O.D. Sparkman, John Wiley & Sons, Ltd (2007).



Electrospray lonization
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Introduction to Mass Spectrometry: Instrumentation, Applications, and Strategies for Data
Interpretation; Fourth Edition. J.T. Watson & O.D. Sparkman, John Wiley & Sons, Ltd (2007).



Mass Spectrometers

lon source

f

Liquid Nozzle Sampling cone
chromatography | J

spray """ "
needle

lons

Pulsed laser

{Mass analyser I—m

Electrospray ionization
(ESI)

a
Reflector ;

time-of-flight (TOF) I

Il Ew\""lu/

I
Sample plate

b

TOF | iy

Reflector

Time-of-flight
time-of-flight (TOF-TOF)

Iliv\muu/

I

Collision cell

Q \q 2 Q,

®

c
Triple quadrupole | J
or linear ion trap | )

vl

Aebersold & Mann, Nature 422 p. 198 (2003)

Matrix-assisted laser
desorption/ionization

g, TOF

Pulsed laser
Sample lons
plate

Extraction grid (MALDI)
Q1

d
Quadrupole | )
time-of-flight | \]

Reflector

Super
conducting
f . Q magnet
Fourier transform
ion cyclotron | J .
resonance mass | 1
spectrometer (FT-MS)




Orbitrap

r

Introduction to Mass Spectrometry: Instrumentation, Applications, and Strategies for Data
Interpretation; Fourth Edition. J.T. Watson & O.D. Sparkman, John Wiley & Sons, Ltd (2007).

thermo.com



Orbitrap

Vac Vac Vac Vac

Mixture of
Frequency-Amplitude

| Pairs
‘||||I|<m—‘2“'?,; <

W Wy Wy Wy W Wy w

treguency )

Introduction to Mass Spectrometry: Instrumentation, Applications, and Strategies for Data
Interpretation; Fourth Edition. J.T. Watson & O.D. Sparkman, John Wiley & Sons, Ltd (2007).

thermo.com



Proteomics Approaches

Top-down
m/z 779.3295, RT=26.8 CDEWSVNSVGK
1
(LC) |
Protein(s) ?:\‘ASSM S) m“ b
MS MSMS

Top-down Proteomics

Entire Proteins

Rune Matthiesen (ed.), Mass Spectrometry Data Analysis in Proteomics, Springer (2013)



Proteomics

Bottom-up

. m/z 779.3295, RT=26.8 COEWSVNSVGK
~\/ Y

N\
—" N >
(LC)
MS e 1

Protein(s) Enzymatic  Peptides LI LN AN g
digestion MSMS

MS MSMS

Digest to Peptides (typically trypsin)

Rune Matthiesen (ed.), Mass Spectrometry Data Analysis in Proteomics, Springer (2013)



Proteomics

Shotgun

. ,,\ s miz 779.3295, RT=26.8 CDEWSVNSVGK

| A/

- N/ Y ) .

= "‘\/’ Y
2D-LC/MS

Mixture of Enzymatic  Peptides MS e . LA
proteins digestion MSMS MS MSMS

Many Proteins
Digest to Peptides
Reconstruct

Rune Matthiesen (ed.), Mass Spectrometry Data Analysis in Proteomics, Springer (2013)



Accuracy and resolution

Systematic error
Bias

Accuracy

A

Resolution= M/AM
AM >

lon counts

| e

Experimental Correct value
value

Rune Matthiesen (ed.), Mass Spectrometry Data Analysis in Proteomics, Springer (2013)



Proteomics

* 3, b, and c ions are charged
fragments containing the N-
terminal part of the fragment.

* X, VY, and z the C-terminal part of
the fragment.

* Box indicates the composition of
residue R2.

* Residue mass for R2 is given by
summing the masses of the
elements of residue R2

Nomenclature for
peptide fragment ions

R3
|

|
H

—Residue R2

Y, z, X

C—C—~N-+C—COCH

Yz T

Rune Matthiesen (ed.), Mass Spectrometry Data Analysis in Proteomics, Springer (2013)



Proteomics

|sotopic
distributions are a
combinatoric
problem

Rockwood & Palmblad in Rune Matthiesen (ed.), Mass Spectrometry Data Analysis in
Proteomics, Springer (2013)



Proteomics

Example MS/MS

m/z = 616.7989, RT = 38.0 GVVDSAIDAETR

Intensity y5591.31 y6704.4 1 y997751
s00] 186.1 1
] a2/R 129.11
| | b2/R157.11 /5 8624 1
2501 Lo v4476.31
1 ' y1175.11
200 : | 2322821 y12616.4 1
trypnC pep‘“de ] ! . pszse2d y9-18 9595 1
] i L i y227821b4371.21 y7775.4 1 !
GVVDSAIDAETR 1501 i o Ey3'18387‘T1 | y10-H20 105835 1
] ! Lo |1 y340521  y101076.6 1
100 i A |1 251841221 i !
] : o Pl 2543021
| |1l 1b5-18440.2 1 ;
50 ! |11l b5458.21 y8-18844.4 1,
] : ‘ 5 .t b6-18511.3 1 '
' y5-17574.31 ‘ b12 1214,
o | .1 ||‘J,| bl . |..J|J.l,|.|| ST T P , BT B R
0 100 200 300 400 500 600 700 800 900 000 1100 1200

Rune Matthiesen (ed.), Mass Spectrometry Data Analysis in Proteomics, Springer (2013)



Intensity

Multiple Reaction Monitoring

Data-dependent MS/MS

O 0|/

Retention time (min) peptides

— :'_/ :
' ’ N 00®
lonize all

( « 4 \
% s
OO
Y
( .
)
- ~
(
)
X C
» -
< r J

| “:l‘

‘ |‘.I‘ 100 ms

mr

Mass-select Fragment Detect all Full-scan (MS/MS)

peptide ion peptide ion fragment ions spectrum

lons automatically selected for MS/MS based on
intensity in preceding MS spectrum.

-~ Electrospray

— emitter

5

] Collision o000 Endogenous analyte peptide

9as OO0 Synthetic isotope-labeled peptide

(also known as 'internal standard’)



Multiple Reaction Monitoring

Data-dependent MS/MS

, Q0 L - 7 - I\ : 5 _;;\;7 :
— - —— - - A A O s = SRy S e g
g‘ \~‘\ | O — x O o(r) ) 4, C
: 0% o ol 23 : -2 Lt d Ll 100 ms
lonize all Mass-select Fragment Detect all Full-scan (MS/MS)
Retention time (min) peptides peptide ion peptide ion fragment ions spectrum

* In chromatographic separation 10-100s peptides eluting.
* 4-10 ions in MS spectrum are automatically selected for MS/MS.

___ Electrospray Collision o000 Endogenous analyte peptide

— emitter e * gas

OO0 Synthetic isotope-labeled peptide
(also known as ‘internal standard’)

Gillette & Carr Nature Methods 10, 28-34 (2013)



Intensity

Multiple Reaction Monitoring

Targeted MS/MS

(SID-MRM-MS) : —
----- r ’: *x
= 00® 000 ‘ | ‘
! | 10 ms
lonize all Mass-select Fragment Monitor 23 MRM spectrum
Retention time (min) peptides peptide ion peptide ion fragment ions (light and heavy)

Proteotypic peptides uniquely representing proteins of interest predefined
together with their most informative fragment ions.

User-specified list of targeted precursor-fragment pairs (‘transitions’) for
fragmentation.

Synthetic peptides with stable-isotope labels possible spike-in standards
Comparing labeled to unlabeled peak area for precise relative quantification

of endogenous analyte.

- Electrospray Collision o000 Endogenous analyte peptide

. " s
N emitter * gas OO0 Synthetic isotope-labeled peptide
(also known as ‘internal standard’)

SID, stable isotope dilution

Gillette & Carr Nature Methods 10, 28-34 (2013) MRM - Multiple Reaction Monitoring



Multiple Reaction Monitoring

Input Processing Depth of coverage
Concentration
{pg mi)
- Abundant = 10"
‘j plasma, liver
v %‘- + @ and tissue
proteins
Biofluid

=) — %~ 0

- Tissue

p | %: leakage
Cell lines l{[:]}l I C? O — ‘

Kinases,
NV post-translational
™ 4 . ifi i
\ > 4 —> %’_ + @ modifications
LFi-D AN Interleukins,
E50 < o cytokines

¥oo = W e o

Digest to peptides, Deplete Fractionate Affinity-enrich Affinity-enrich
add internal standard proteins peptides

)

Tissue Transcription

factors

SID, stable isotope dilution
Gillette & Carr Nature Methods 10, 28-34 (2013) MRM - Multiple Reaction Monitoring



Quantitative Proteomics

Tissues/Cells Proteins Peptides LC-MS or Data Analysis
LC-MS/MS
-
&F <3 il 5
Label-free e
Quantitation 1:2¢
&5 <% sl ¢
~2 54 £
mfz
Metabolic
Labeling
Isotopic
Tags
Isobaric
Tags
Spiked
Heavy
Peptides

thermofisher.com




Quantitative Methods

* Isotope Coded Affinity Tagging (ICAT)
» Light Vs. Heavy
» Hydrogen Vs Deuterium (Am = 8 Daltons)

* Isobaric Tagging for Relative and Absolute Quantitation (iTRAQ)
» 4 |sobaric Tags
» Reporter lons

* Tandem Mass Tags (TMT)
» 6-10 Isobaric Tags
» Reporter lons

» Stable Isotope Labeling of Amino acids in Cell culture (SILAC)
» Cells grown in isotope-enriched media
» 13C Glucose, N Ammonium, 2H Water

e |Label Free Quantitation



|sotopic Tags

* Isotope-Coded Affinity Tag (ICAT)

Heavy reagent: d8-ICAT (X=deuterium) 8 Dalton difference
Light reagent: dO-ICAT (X=hydrogen) (hyd rogen vs deuteriu m)

ICAT Reagents:

H xX Xy H
X X Thiol-specific
Biotin Linker (heavy or light) reactive group

Gygi et al., Nature Biotechnology 17, 994 - 999 (1999)



|sotopic Tags

* Isotope-Coded Affinity Tag (ICAT)

Heavy reagent: d8-ICAT (X=deuterium) 8 Dalton difference
Light reagent: dO-ICAT (X=hydrogen) (hyd rogen vs deuteriu m)

ICAT Reagents:

H xX Xy H
X X Thiol-specific
Biotin Linker (heavy or light) reactive group

binds to

cysteine
(alkylation)

Gygi et al., Nature Biotechnology 17, 994 - 999 (1999)



|sotopic Tags

* Isotope-Coded Affinity Tag (ICAT)

ICAT R ts- Heavy reagent: d8-ICAT (X=deuterium) 8 Dalton dlfference
Sagen'S:  Light reagent: d0-ICAT (X=hydrogen) (hydrogen vs d euterium)

H xX Xx H

Thiol-specific
Biotin Linker (heavy or light) reactive group
affinity
capture binds to
cysteine
(alkylation)

Gygi et al., Nature Biotechnology 17, 994 - 999 (1999)



|sotopic Tags

« Isotope-Coded Affinity Tag (ICAT) -

Cell State 1
(Al cysteines labeled (All cysteines labeled
with fight ICAT) with heavy ICAT)
~ Heavy reagent: d8-ICAT (X=deuterium) \ /
ICAT Reagents: Light reagent: dO-ICAT (X=hydrogen) e
ompine,

optionally fractionate,
and proteolyze

Affinity isolation of ICAT-
H X X X X HThiOl' ific labeled peptides
Biotin Linker (heavy or light) reactive group

Analyze by LC-MS

(Quantitate relative proteln levels by measuring peak ratios |

100 4
&\r s’f’ b(,,o b@o b@@ &Q
& = X
Q""Q Q"Q Q%Q QQ& Q°° <2°Q

T rLL_

Retention time

Relative Abundance

[ Identlty proteins by sequence information (MS/MS scan) |

100 & ICAT label
NH,-EACDPLR-co0H =3 Peptide A defines Protein A

—J;Léa.-‘lg.l,igtol; \l;, wliy MLI } llm‘j‘,ﬁ"L
Gyqi et al., Nature Biotechnology 17, 994 - 999 (1999) Mossicherge

Relative Abundance

o



|sotopic Tags

* Isotope-Coded Affinity Tag (ICAT)

Heavy reagent: d8-ICAT (X=deuterium)
Light reagent: dO-ICAT (X=hydrogen)

ICAT Reagents:

H xX ¥ H. i
Thiol-specific
Biotin Linker (heavy or light) reactive group
A 1002 S84 B 100+ Wy
g g e ’
g S6% @ 1380 :'4 o Ughe 5'
o] X 3 v L~
4 j
g wa . 1‘)75‘ g d \I
é | 06 Hra‘} o d \[!
| " " : ; AU LA N
%90 6);-%‘ an G500 1000 1 1200 1300 1400 1500 ’ =) L 1002 010
mz C mz
’ 400- Aroa 6,16 X 107

mZe X381 05

Alea 11.33x 107

mz=WTT+058

Relative Abundance
2
h

AL L]

~ -

190 195 200 205
Time (min)

Gygi et al., Nature Biotechnology 17, 994 - 999 (1999)

Cell State 1 Cell State 2
(Al cysteines labeled (All cysteines labeled
with fight ICAT) with heavy ICAT)

Combine,
optionally fractionate,
and proteolyze

Affinity isolation of ICAT-
labeled peptides

Analyze by LC-MS

(Quantitate relative proteln levels by measuring peak ratios |

Relative Abundance

100 4

¥ O Q9 % %
b@ i @0 b@ q.bQ b@ b?)
Q"‘Q Qéz Q°Q <z‘1’Q <z°Q <2°Q

|

Retention time

[ Identlty proteins by sequence information (MS/MS scan) |

Relative Abundance

100

1

o

& ICAT label
NH,-EACDPLR-cooH =3 Peptide A defines Protein A

Mass/charge



Protein Vs mRNA

Model of galactose utilization

(perturbation study)
GLYCOGEN
GAL10  SYNTHESIS

GALACTOSE METABOLIC FLOW PCL10
0P Nyop. A
HXTs Glucose | Galactose = GLYCOLYSIS
_> -
Ga ga})ose : Gal |g§039‘=\ Galactose-1-P Glucose-1-P == Glucose-6-P

GAL2 GAL1 | AL7 - GALS

: : PROTEIN

: ' METABOLISM
: 1> RPA49

GAL4 ; : YPS3

IBE: : : ]
GALS80 ' GAL6 : : UNKNOWN
< : — Enzymatic reaction - FUNCTIONS
GAL3 : —> 1l\flembrane transport : MLF3
; —» Transcript. activation TIT YMR318C
CORE REGULATORY ‘? —>» Protein activation > YELO57C
MECHANISM —{ Protein inhibition :

|deker et al., Science 292(5518):929-34, (2001).



Protein Vs mRNA

Strains in presence or
absence of 2% galactose
(+gal vs. -gal)

* Ratios of wt+gal to wt-gal
protein expression

e 289 genes using (ICAT)
& tandem mass
spectrometry (MS/MS)

* Corresponding mRNA
expression ratios
measured by microarray.

1.5 T T T T T T T T
GAL7,GALIa
1k GALI0A |
GAL2
ERGI10, 7y
S YMR318C
=1}
g 0.5} )I()R/ s8¢ FCY1 aHIS .
z GALS (PGM2)_ DBP2 2 sr08 UTR2
b= ADEI7 > / RHR?
5 AHRTs 'r .:‘ Yk 123 5AM1 / /II()R RHR2
g o [FALDS GUT2.. ' ) "““. Srnts i
2 J
@ SI)II//)II(MSH Floge
& S, ”‘(( SGDHI/3
1] 16
) p— 2 PG \«Il ADEI6
= .05} YBR230C 7)[ DI o -
) OARI
o
& FUNCTIONAL CATEGORIES
1k s TOKle 4 Galactose-induced metabolic genes |
T v Respiratory genes
Ribosomal protein genes
-1.5 1 1 I 1 1 1 I 1
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

mRNA expression ratio (log)

|deker et al., Science 292(5518):929-34, (2001).



SILAC

Stable Isotope Labeling by Amino Acids in Cell Culture
(SILAC)

. . . . o SILAC
e /n vivo incorporation of specific amino acids into all
mammalian proteins. State A State B
* cell lines are grown in media lacking a standard
essential amino acid but supplemented with a non- % N
radioactive, isotopically labeled form of that amino X ;
acid, in this case deuterated leucine (Leu-d3). por-dmes
 Normal leucine or Leu-d3 media at the start of the
experiment '
) ) ) i y y Combine and
* |sotopic state information is already “encoded” into digest with trypsin
the amino acid sequences.
* No chemical modification or affinity steps Cloantietion by M8

Ong et al., Molecular & Cellular Proteomics, 1, 376-386 (2002).



SILAC

Stable Isotope Labeling by Amino Acids in Cell Culture

(SILAC)

48 hrs

‘%‘ w 12 hrs ‘°%‘ d3 24hrs '%‘ -
£ d3 £ £
f 1 :
L b )
| ‘ X do « [
mwm AL U f\ﬂm Mﬂ | M\.M’W\A_ULW J‘WJ\“
mmmm m/z . M W\ W W W Wt W S W e mmmmm,zaulsenw-j
’t: d3,| Day3 ‘°°§ 43 Day5
: i
- | 2
VMJ}WLM&_ MMJMUW

Ong et al., Molecular & Cellular Proteomics, 1, 376-386 (2002).

SILAC

State A State B

Leu-d0 Leu-d3

. »

Optional protein
purification

'
Combine and
digest with trypsin

'
Quantitation by MS



SILAC

Stable Isotope Labeling by Amino Acids in Cell Culture
(SILAC)

* Mouse C2C12 cells as they
differentiate from myoblasts
iINto myotubes

* Muscle differentiation R AR a2 & N
induced by a 5-fold Undifferentiated Day 2 Differentiation ~ Day 5 Differentiation

reduction in serum

Ong et al., Molecular & Cellular Proteomics, 1, 376-386 (2002).



SILAC

Stable Isotope Labeling by Amino Acids in Cell Culture
(SILAC)

Day 0 (white)
Day 2 (gray)

. Day 5 (black) 5 J] ﬂ [I

ssion Levels
=3

Levels

Relative Expm

Relative Expr

Non-muscle Myosin Fibronectin Py vate Kina
ﬂ Heavy Chain Type Il
Do amemi * wsmeeens © GlUCOSE metabolism-related enzymes upregulated on
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Ong et al., Molecular & Cellular Proteomics, 1, 376-386 (2002).



Protein Vs mRNA

Proteins

Mouse fibroblasts (€= SILAC light

pulse labelled with 1
heavy amino acids

3 timepoints 0000

5
1.5,4.5,13.5h

Pre-existing l Newly
proteins synthesized

\. H/Lratio Proteins

L /

O

Intensity

H
T

m/z

@ SILAC heavy
(ttaty)

mRNAs

S=—

l 400 uM 4sU (2 h)

=

l RNA isolation and

Mouse fibroblasts
labelled with
nucleoside
4-thiouridine (4sU)

biotinylation

Z
uy
Seoe
/\ ,G{,b
) ”
Separation

S—
~
= SN
Pre-existing Newly synthesized Total
RNA RNA RNA

Ny S

Solexa sequencing

Schwanhédusser et al., Nature 473(7347):337-42, (2011) &

Corrigendum Nature 495, 126-127 (2013)



Increased H/L

ratios over time

Protein Vs mRNA

Relative intensity

Relative intensity
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Schwanhédusser et al., Nature 473(7347):337-42, (2011) &
Corrigendum Nature 495, 126-127 (2013)



Protein Vs mRNA

2.5
2} Rrm2
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Harvesting time point

Schwanhausser et al., Nature 473(7347):337-42, (2011) &
Corrigendum Nature 495, 126-127 (2013)



Protein Vs %mRNA:
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Schwanhausser et al., Nature 473(7347):337-42, (2011) &
Corrigendum Nature 495, 126-127 (2013)
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Protein Vs mRNA

Functional characteristics of genes with different mRNA and

protein half-lives
mRNA half-life (h)

1005 10’ 10'°
§ | | ]
- O
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0o A0.0
Unstable mRNAs/ (o} Stable mRNAs/
A unstable proteins unstable proteins
0
0 0 0 &

Schwanhausser et al., Nature 473(7347):337-42, (2011) &
Corrigendum Nature 495, 126-127 (2013)



Protein Vs mRNA

Functional characteristics of genes with different mRNA and
protein half-lives 2 transformed

\ log,, P-value

<
¢

-1.5 0 1.5

Generation of precursor metabolites/energy
Oxidation reduction

Purine nucleotide metabolic process
Monosaccharide metabolic process
Cellular respiration

Tricarboxylic acid cycle

Glycolysis

Secondary metabolic process
Gluconeogenesis

Translation

Chromatin organization

Chromatin modification

Cell division

Mitosis

Cell cycle

Transcription

Regulation of transcription
Ribosome biogenesis

Regulation of cytokine production
ncRNA processing

RNA splicing

tRNA processing
Dephosphorylation

mRNA processing

Regulation of cell proliferation
Defence response

Glycogen metabolic process
Cellular iron ion homeostasis
Integrin-mediated signalling pathway
Cell adhesion

Cellular cation homeostasis
Chemical homeostasis
Phosphorylation

Proteolysis

Schwanhausser et al., Nature 473(7347):337-42, (2011) &
Corrigendum Nature 495, 126-127 (2013)




ITRAQ

isobaric Tagging for Relative and Absolute Quantitation (iTRAQ)

Isobaric Tag
Total mass = 145
A Amine specific peptide
Reporter Group mass . reactive group (NHS)
° reporter group 114 117 (ReAtains Charge) : o
(based on N-methylpiperazine) ¢ Y
e mass balance group (carbonyl) . : l 0\N
* peptide-reactive group (NHS ester). \/l vl
I I
N ' 1 O
>

- 8
Balance Group
Mass 31-28 (Neutral loss)

Ross, P. L. et al. Mol Cell Proteomics 3(12): 1154-69, (2004)



ITRAQ

isobaric Tagging for Relative and Absolute Quantitation (iTRAQ)

i
I
s
* 4 Labels N\) ! i
* The overall mass of reporter and » :
balance components of the — v
molecule are kept constant using miz 114 (#1) C 13¢ 180
differential isotopic enrichment
with 13C, 15N, and 80 atoms mzv.en S 2
* Avoids problems with m/iz116 (+#3) C, "N  C
chromatographic separation miz 117 (+4) 1C, "N

seen with enrichment involving
deuterium substitution

Ross, P. L. et al. Mol Cell Proteomics 3(12): 1154-69, (2004)

(+3)
(+2)
(+1)

(+0)



ITRAQ

isobaric Tagging for Relative and Absolute Quantitation (iTRAQ)

114 31 —NHS*PEPTIDEW 114

b
. 114 31 INH-PEPTIDE = Gy G G G
115} 30 l-nHs + PEPTIDE | Mix 115;)LFNH_PEP”DE msms 115
= P| E I |DI|E
.

>‘—' 116H 29 |INHPEPTIDE™
:izs|

o
—

MS 17 116

-NH-PEPTIDE

116|{ 29 |-NHS + PEPTIDE y
117
117 28 | -NHS + PEPTIDE )
Reporter-Balance-Peptide INTACT -Peptide fragments EQUAL
- 4 samples identical m/z -Reporter ions DIFFERENT

Compare to ICAT quantitation at the MS/MS stage Vs MS

Ross, P. L. et al. Mol Cell Proteomics 3(12): 1154-69, (2004)



ITRAQ

isobaric Tagging for Relative and Absolute Quantitation (iTRAQ)

i) 1352.84
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* E.g. MS/MS spectrum  {= 5
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* Protein digest mixture l \
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oo
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Mass (m/z) Mass (m/z)

Ross, P. L. et al. Mol Cell Proteomics 3(12): 1154-69, (2004)

Mass (m/z)



ITRAQ

isobaric Tagging for Relative and Absolute Quantitation (iTRAQ)

| Ratio Mean SD
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Ross, P. L. et al. Mol Cell Proteomics 3(12): 1154-69, (2004)



ITRAQ

isobaric Tagging for Relative and Absolute Quantitation (iTRAQ)

Reduce & Trypsin Label with
Alkylate digest~ 114 Tag
Xrn1A | >g o= —

Mix, dilute in
SCX buffer

Label with
R . 115 Tag
* Yeast Upfla =—=>t >g >
¢ WT, Upf1 A & SCX mg:i'ga&ys
Xrn1A strains. Label with / Fractionation -
- N 116 Tag‘
« Standards WT s D! >
Label with

. ~ 117 Tag
Synthetic peptide ——=>

Ross, P. L. et al. Mol Cell Proteomics 3(12): 1154-69, (2004)



ITRAQ

isobaric Tagging for Relative and Absolute Quantitation (iTRAQ)
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2
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0 e
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Ross, P. L. et al. Mol Cell Proteomics 3(12): 1154-69, (2004)
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ITRAQ

isobaric Tagging for Relative and Absolute Quantitation (iTRAQ)
Upf1A Up Xrn1A Up

Biosynthesis
Amino acid &
Derivative Metab.
Amine metab.
Organic acid Metabolism
Nitrogen metab.
mm:d' s, (62 Proteins) (48 Proteins)
e Yeast Heterocycle metabolism
10

¢ WT, U pf1 A & ” :: Ca:goryzollatt:: % cmgory Mat:t: N
Xrn1A strains. Upf1A Down Xrn1A Down

Standard Biosynthesis —
[ ]
anaaras Protein | (23 Proteins)
Metabolism. 1]
RO, e E————
e

80 60 40 20 0 z'o 4Yo c'o 80
% Category Match % Category Match

Ross, P. L. et al. Mol Cell Proteomics 3(12): 1154-69, (2004)

(39 Proteins)




Tandem Mass lags

e Tracking Difterent Timepoints with Chemical
Labeling (TMT 6plex [or 10-plex])

» Mass normalizer: Peptides from different sample
have same peak

@)

» Reporter ion ratio o 0 N
@)
» for quantitation —— | ——

Mass reporter |Mass normalizer  Reactive Group
lon

Cleavable linker

http://www.thermo.com
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L abel Free Quantitation

Compare
* signal intensity
e Acquired Spectral counts



Human Proteome

A draft map
of the human

proteome

b

Kim et al.,

Adult tissues
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Nature 509, p. 575 (2014)
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B cells

MS4A1
CD19
BLK
CD72
STAP1
FCRL1
FAM129C

Human Proteome

) —

| I
) ™ N

| | i

Ovary/testis

DDX4
TKTL1
STK31
RBMXL2
FMR1NB
C9orf9
FAM718B

Frontal cortex

SYNGAP1
ICAMS
SCN1A

SHC3
CACNG3
C8orf46
KIAA1211L

11} I

e well-studied genes (black)

e hypothetical proteins of unknown function (red)

Kim et al., Nature 509, p. 575 (2014)
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Fetal liver
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Fetal ovary

Fetal testis

Fetal brain
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Adult retina
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Adult liver
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Adult lung
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Adult kidney
Adult oesophagus
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Tissue-supervised
hierarchical
clustering

Adult urinary bladder

Adult prostate
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B cells

CD4* T cells
CD8* T cells
NK cells
Monocytes
Platelets

a
1.0

* Normalized

spectral counts
per gene detected
across the tissues.

e N.d., not

determined.



Kim et al.,

Human Proteome

Tissue expression of

fetal tissue-
restricted genes

ordered by average
expression across

fetal tissues

Genes whose protein products are highly expressed in fetal tissues
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Nature 509, p. 575 (2014)
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|Isoform Specific

Expression for FYN soem? \/MMAN‘\A\/\/\/ .[
(FYN protein e AR AN AN RA A
tyrosine kinase) st | LK Ak ) D

Kim et al.,

Human Proteome
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Nature 509, p. 575 (2014)



Human Proteome

5 2, 8
T g, pocBEge, 2o 52588558 93 ¢
Three of the subunits in 205 Jo BegfisbiEREEReil, S
constitutive proteasome 835588333333333333333332388x 8¢
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ol R il rSvee
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. i "
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Highly expressed
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PSMB10; coloured green) in
the 20S immunoproteasome

Kim et al., Nature 509, p. 575 (2014)
www.humanproteomemap.org




Human Proteome

Proteogenomics analysis

* 16 million MS/MS spectra did not
match known protein annotations.

 Compared against conceptually

translated

Proteogenomics analysis

[Protein database —> | (S (R
4 h uman g enome I’efe rence ; Un;;ztci?: € Reference genome RefSeq transcripts

/S =

» RefSeq transcript sequences ([ afame | afame

L Pseudogene e Non-coding RNA 3

> _ i Validation by ] E — ~ -
n O n CO d | n g R N AS [synthetlc paptides Subset N-terminal sequence Signal peptides

» pseudogenes e _ A =

e Searched against theoretical
amino termini & predicted signal
sequences

Kim et al., Nature 509, p. 575 (2014)



Human Proteome

e Expression of pseudogenes
across the analysed cells/
tissues.

* Some pseudogenes such as

VDAC1P7 and GAPDHP1
found to be globally
expressed.

Kim et al., Nature 509, p. 575 (2014)
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Human Proteome

e The distribution of novel N termini detected
with N-terminal acetylation is shown with
respect to the location of the annotated
translational start site.

e sites inthe 5" UTR are labelled upstream

» gites located downstream of the annotated
AUG start sites labelled as 1st Met, 2nd
Met and so on.

150 -

120 -

90 |-

Number of novel N termini

e Compared to current annotated N-terminus -
» 3 cases in which the N-terminal peptide
mapped upstream. L I L
pp p . @'Q§ (}@Q) b$ = {\\S’
» 195 cases where it mapped A
downstream Pownstream

Kim et al., Nature 509, p. 575 (2014)



Human Proteome

e The distribution of novel N termini detected
with N-terminal acetylation is shown with
respect to the location of the annotated
translational start site.

e sites inthe 5" UTR are labelled upstream

» gites located downstream of the annotated
AUG start sites labelled as 1st Met, 2nd
Met and so on.
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e Compared to current annotated N-terminus -
» 3 cases in which the N-terminal peptide
mapped upstream. L I L
pp p . @'Q§ (}@Q) b$ = {\\S’
» 195 cases where it mapped A
downstream Pownstream

Kim et al., Nature 509, p. 575 (2014)



Human Proteome
ARTICLE

doi:10.1038/nature13319

Mass-spectrometry-based draft of the
human proteome

Mathias Wilhelm"?*, Judith Schlegl""*, Hannes Hahne'*, Amin Moghaddas Gholami'*, Marcus Lieberenz?, Mikhail M. Savitski®,
Emanuel Ziegler?, Lars Butzmann®, Siegfried Gessulat?, Harald Marx', Toby Mathieson®, Simone Lemeer’, Karsten Schnatbaum®,
Ulf Reimer®, Holger Wenschuh*, Martin Mollenhauer®, Julia Slotta-Huspenina®, Joos-Hendrik Boese?, Marcus Bantscheff®,
Anja Gerstmair?, Franz Faerber? & Bernhard Kuster"®

Proteomes are characterized by large protein-abundance differences, cell-type- and time-dependent expression patterns
and post-translational modifications, all of which carry biological information that is not accessible by genomics or tran-
scriptomics. Here we present a mass-spectrometry-based draft of the human proteome and a public, high-performance,
in-memory database for real-time analysis of terabytes of big data, called ProteomicsDB. The information assembled from
human tissues, cell lines and body fluids enabled estimation of the size of the protein-coding genome, and identified organ-
specific proteins and a large number of translated lincRNAs (long intergenic non-coding RNAs). Analysis of messenger
RNA and protein-expression profiles of human tissues revealed conserved control of protein abundance, and integration of
drug-sensitivity data enabled the identification of proteins predicting resistance or sensitivity. The proteome profiles also
hold considerable promise for analysing the composition and stoichiometry of protein complexes. ProteomicsDB thus
enables navigation of proteomes, provides biological insight and fosters the development of proteomic technology.

Assembled protein evidence
for 18,097 genes in
Wilhelm et al., Nature Nature 509, p. 582 (2014). ProteomicsDB



Metabolomics

a Gene mRNA Protein Metabolites
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Genomics | Proteomics Metabolomics

Patti, Yanes & Siuzdak, Nature Reviews Molecular Cell Biology 13, 263-269 (2012)



Metabolomics

Biochemistry of pathways
Biomarkers for disease
» Alzheimers
» Inflammation
Toxicity (especially liver toxicity) in new drugs.
Drug Tests



Metabolomics

thermofisher.com

NMR

Other varieties

(-,
o
S =
S

agilent.com

all metabolites in cells
* small molecules

 lipids

e peptides

* amino acids

* nucleic acids

e Qorganic acids

Lipidomics

* lipids

* metabolic signaling
e energy storage

* cell proliferation

* cell migration

e apoptosis

e cellular membrane
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KEGG, http://www.genome.jp/kegg-bin/show_pathway?map01100




Metabolomics

@ Targeted metabolomics

Question:
What are the levels of specific
metabolites in a sample?

Standard e LC/MS Of cp Selected reaction «p Optimization «p | Samples: - LC/MS of «p Data analysis by «p Quantification
metabolites standard monitoring and standard * Tissue lysates metabolite comparison of of specific
metabolites curve for * Cells extracts sample groups metabolites
% ﬁ o+ | quantification * Blood and and/or standards in biological
' . other biofluids 2 ‘5 samples
‘__. o Standard z :
\.:‘ - metabolite _Z é

Time Group 1 Group 2

Standard compounds for the metabolites of interest are first used to set up
selected reaction monitoring methods.

Optimal instrument voltages are determined and response curves are generatec
for absolute quantification.

After the targeted methods have been established on the basis of standard
metabolites, metabolites are extracted from tissues, biofluids or cell cultures anc
analysed.

The data output provides quantification only of those metabolites for which
standard methods have been built.

Patti, Yanes & Siuzdak, Nature Reviews Molecular Cell Biology 13, 263-269 (2012)



. Metabolomics

Question:
What is the global metabolic
profile of a sample?

Samples: wpp LC/MS Of sy Overlayed extracted =g Data alignment and analysis e Validation with = | Global

* Tissue lysates metabolite ion chromatograms MS/MS from metabolic
* Cells extracts @+ standards profile of
* Blood and - R biological
other biofluids ‘<: o 2 samples
0. g
- -
£
Mm L

Time

* Metabolites isolated from biological samples .

* Liquid chromatography followed by mass spectrometry (LC/MS).

* Process data (e.g. XCMS) to perform nonlinear retention time alignment.
* |dentity changing peaks.

* Use m/z values for peaks of interest to search metabolite databases to obtain
putative identifications.

e Confirm putative identifications by comparison to (MS/MS) data & retention
time data to standard compounds.

Patti, Yanes & Siuzdak, Nature Reviews Molecular Cell Biology 13, 263-269 (2012)
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Protein Microarrays

Antibody %Y\Qr/
Screens 1
”» 5 <
Enzymatic * 3BP_y-ATP ADP
Assays
* » <
* Different Assays.
| | y | . Protein- % 5 %
* Proteins immobilized at high PN - w o D e
spatial density onto a
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Hall, Ptacek & Snyder, Mech Ageing Dev. 128(1): 161-167 (2007)



Protein Microarrays

ProtoArrays
(Invitrogen)

9483 unique
human proteins in
duplicate

532 nm channel
example

(also 635 nm used)

Chen*, Mias Gl*, Li-Pook-Than*, Jiang* et al Cell 148, 1293-1307 (2012)
Mias, Chen et al. Scientific Reports 3, Article number: 3311 (2013)



Protein Microarrays

* Myelodysplastic Syndrome (MDS)
* Plasma IgG

2 Stage Approach

(I)Exploratory stage Multiple patient samples and proteins
were tested for Immunoglobulin G (IgG) reactivity,

() Validation stage using a smaller, high-interest subset of
the proteins identified in Stage | based on the
retrospective classification, and expanded to a larger
cohort.

Mias, Chen et al. Scientific Reports 3, Article number: 3311 (2013)



Protein Microarrays

* Myelodysplastic Syndrome (MDS)
* Plasma IgG
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Protein Microarrays

N () Exploratory Stage

Plasma Samples
(59 MDS; 16 AML;
34 Healthy)

i High Priority

nvitrogen Protoarrays @

(9,843 Candidate Proteins) oLl
! Biomarkers

(Il) Validation Stage

Plasma Samples
(161 MDS;
43 AML;

112 Healthy)

Focused Arrays L&
Bz

(25 Candidate Proteins)

Y

e AKT3
« FCGR3A
« ARL8B
ELISA, Enzyme-linked Immunosorbent Assays i, ERalle

Mias, Chen et al. Scientific Reports 3, Article number: 3311 (2013)

ngh Prlority
3 Proteins Validated Sipetimentz Sesn / Anies "/

t-MDS L

Top Associated Disorders,

Functions and Pathways

(number of molecules)

Cancer (14)

Neurological Disorder (8)

Cellular Assembly/Organization (12)

Cell Signaling (9)

DNA Replication, Recombination
and Repair (8)

Cell Cycle (8)

Role of NFAT in Regulation of the
Immune Response (3)

TR/RXR Activation (2)




Protein Microarrays

AKT3 Mean Reactivity AKT3 ELISA Intensity
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HIgn throughput PP

technology brief summary

generate ORF expression libraries,
purify panels of proteins, make array,
test binding to labeled query protein

protein arrays

advantages

once made, can do lots of
tests quick and cheap,
binding of compounds other
than proteins, too

disadvantages

lots of start-up work,
need binding assays, array
conditions may not be
physiological

Yeast two hybrid
method (Y2H)
(numerous variants
also possible)

interaction between hybrid protein
domains required to positively
regulate reporter gene expression

test occurs in vivo
transient ppi detected,
high resolution, can use

protein domains

hard to scale up,
takes place in nucleus,

non-physiological,
verification often tedious

mass spectrometry of
purified protein

protein complexes purified using
affinity tags in recombinant proteins,
then analyzed by MS

complexes (AP/MS)

physiological,
modest throughput, detects
indirect interactions in
complexes

interactions must be stable
to purification, weak ones
lost,
tags could interfere

protein complexes purified using
specific antibodies, then analyzed
by MS or other methods

antibody co-
immunoprecipitation

physiological, detects indirect
interactions in complexes

need antibody for each
bait, lower throughput,
antibody binding site must
still be open

measure expression under multiple

fast, lots of data already out

basic assumption is

co-expression conditions, there and easv to get more tenous,
(Lo B [T | [VLV L I I assumMe common expression reflects " sio?:) ic%l ’ unreliable predictor,
interaction Py 9 requires follow-up
mutations in interacting genes are physiological, need mutant collection,

synthetic lethality synergistic, e.g., two non-lethal

mutations are lethal together

depending on species can be
high throughput

high start-up effort, not all
positives due to ppi

von Merling et al., Nature 417:399-403 (2002), courtesy of Jerry Dodgson




