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1.	
  Introduc0on	
  and	
  Overview	
  



Genomics	
  vs.	
  Proteomics	
  

Genomics Proteomics 
Genomes rather static 

 
 

~ 20 k genes 

established technology 

(capillary sequencer) 

Proteomes are dynamic 

(age, tissue, breakfast, 
…) 

up to 1000 k proteins 

emerging technologies 

(MS, HPLC/MS,  protein 
chips) 



Main	
  fields	
  of	
  proteomics	
  

protein expression 

protein characterization 
(identification + PTMs) 

protein interaction 

protein localization 
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Applica(ons	
  of	
  proteomics	
  

? 
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1.0

•  Drug target identification •  Determine content of a  
  protein mixture 

•  Understanding regulation 
  of protein activity 

•  Gene annotation 
•  Therapeutic markers 

•  Drug target identification 

•  Functional annotation 
  (compartment and function) 

•  Drug target identification 
   

protein expression 

protein characterization 
(identification + PTMs) 

protein interaction 

protein localization 



Exp.	
  Methods	
  –	
  Proteomics	
  

•  Compare	
  two	
  proteomes	
  (e.g.	
  healthy/diseased)	
  
•  Separate	
  using	
  2D-­‐PAGE	
  (w.r.t.	
  molecular	
  mass,	
  pI)	
  
•  Excise	
  protein	
  spots	
  from	
  the	
  gel	
  
•  Tryp0c	
  digest	
  of	
  the	
  proteins	
  
•  Iden0fy	
  proteins	
  using	
  mass	
  spectrometry	
  and	
  Database	
  

search	
  	
  
Lindsay, Nature Rev. Drug Discovery, 2003, 2, 803 



Separation 1 
separate peptides  
by their retention 
time on column 

Ionization 
electrospray, 
transfers charge 
to the peptides 

Separation 2 
MS separates by 
mass-to-charge 
ratio (m/z) 

HPLC            ESI                             TOF 

HPLC-­‐MS	
  

RT 

I Spectrum (scan) 



Mass	
  Spectrometry	
  

mass 
spectrometry 

 
measure a peptide‘s 
mass-to-charge ratio 

m/z 

In
te
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y 

Peak area proportional to 
peptide concentration 



Proteomics:	
  Database	
  Search	
  

•  Iden0fica0on	
  of	
  mass	
  spectra	
  
is	
  easily	
  done	
  through	
  
database	
  search	
  
•  Search	
  all	
  pep0des	
  of	
  
matching	
  mass	
  from	
  a	
  
database	
  

•  Construct	
  a	
  theore0cal	
  
mass	
  spectrum	
  for	
  these	
  
pep0de	
  candidates	
  

•  Score	
  against	
  the	
  
experimental	
  spectrum	
  

Sequence DB 

? ? ?



Exp.	
  Metabolomics	
  

•  Extract	
  all	
  metabolites/	
  small	
  molecules,	
  usually	
  <	
  
800	
  Da	
  

•  Separate	
  homogenous	
  collec0on	
  of	
  analytes	
  
(lipids,	
  di-­‐	
  or	
  tripep0des,	
  phospholipids,	
  sugars,	
  
etc.)	
  

•  Iden0fy	
  and	
  quan0fy	
  the	
  analytes	
  



Exptl.	
  Metabolomics	
  

Nicholson and Lindon. Nature 2008, 455, 1054-1056 



Metabolic	
  Networks	
  

http://www.genome.jp/dbget-bin/www_bget?pathway+ecj00020 



Proteomics	
  

•  Studying	
  the	
  proteome	
  
Proteome:=	
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Proteome:=	
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  that	
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Proteomics	
  

•  Studying	
  the	
  proteome	
  
Proteome:=	
  All	
  proteins	
  that	
  are	
  expressed	
  in	
  a	
  given	
  
organism,	
  0ssue	
  or	
  cell	
  at	
  a	
  given	
  state	
  and	
  0me	
  

•  Goal	
  of	
  studying	
  proteomes:	
  understand	
  the	
  func0on	
  
of	
  all	
  proteins	
  in	
  a	
  biological	
  system	
  

•  Large	
  databases	
  have	
  been	
  established,	
  e.g.,	
  the	
  
Gene	
  Ontology	
  Consor0um	
  (www.geneontology.org)	
  
catalogues	
  all	
  proteins	
  by	
  their	
  molecular	
  func0on,	
  
biological	
  process	
  and	
  cellular	
  compartment	
  



Protein	
  

•  A	
  protein	
  or	
  polypep0de	
  consists	
  of	
  a	
  linear	
  chain	
  
of	
  amino	
  acids	
  that	
  build	
  3-­‐dimensional	
  structures	
  

•  Amino	
  acids	
  are	
  connected	
  via	
  pep0de	
  bonds	
  

H2N C

H

R1 

C NH C C NH C

O

R2 

O H

R3 

C NH C C

O H O

R4 

OH 

Peptide bonds 

C-terminus N-terminus 



Protein	
  
•  There	
  are	
  some	
  problema0c	
  issues	
  on	
  defining	
  a	
  
protein	
  
•  Protein	
  iden0ty:	
  unique	
  amino	
  acid	
  sequence	
  and	
  single	
  
source	
  of	
  origin?	
  

•  There	
  may	
  be	
  different	
  genes	
  encoding	
  the	
  iden0cal	
  amino	
  acid	
  
sequence	
  

•  Different	
  organisms	
  may	
  encode	
  iden0cal	
  proteins	
  

•  Splice	
  variants:	
  A	
  gene	
  can	
  give	
  rise	
  to	
  different	
  mRNAs	
  
•  Polymorphisms:	
  many	
  genes	
  occur	
  in	
  allelic	
  variants	
  
encoding	
  sequence	
  varia0ons	
  	
  

•  PosYransla0onal	
  modifica0ons:	
  PTMs	
  are	
  very	
  hetero-­‐
geneous	
  	
  and	
  significantly	
  alter	
  the	
  func0on	
  of	
  the	
  protein	
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•  Studying	
  the	
  metabolome	
  
Metabolome:=	
  	
  



Metabolomics	
  

•  Studying	
  the	
  metabolome	
  
Metabolome:=	
  The	
  metabolome	
  refers	
  to	
  the	
  
complete	
  set	
  of	
  small-­‐molecule	
  metabolites	
  (such	
  
as	
  metabolic	
  intermediates,	
  hormones	
  and	
  other	
  
signaling	
  molecules,	
  and	
  secondary	
  metabolites)	
  
to	
  be	
  found	
  within	
  a	
  biological	
  sample,	
  such	
  as	
  a	
  
single	
  organism.	
  (hYp://en.wikipedia.org/wiki/Metabolome)	
  



Technologies	
  

Modern	
  Proteomics	
  and	
  Metabolomics	
  studies	
  are	
  
based	
  on	
  	
  
	
  
	
  

	
   	
  Liquid	
  chromatography	
  (LC)	
  
	
   	
   	
   	
  -­‐	
  
	
   	
  Mass	
  spectrometry	
  (MS)	
  



(Liquid)	
  chromatography	
  

•  Mobile	
  phase	
  liquid,	
  sta0onary	
  phase	
  is	
  usually	
  
solid	
  

•  Analytes	
  are	
  held	
  back	
  on	
  a	
  column	
  
•  “Mobile	
  phase”	
  is	
  pumped	
  over	
  the	
  column	
  
•  Analytes	
  con0nously	
  separate	
  and	
  elute	
  from	
  the	
  
column	
  according	
  to	
  specific	
  proper0es	
  (e.g.	
  
hydrophobicity)	
  

•  Other	
  chromatography	
  (e.g.	
  gas	
  chromatography)	
  techniques	
  
will	
  also	
  be	
  men0oned	
  



HPLC	
  (High	
  Performance	
  Liquid	
  Chromatography)	
  

pump 

column 
(stationary phase) 

detector 

mobile phase 
retention time (RT) 
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analyte mixture 

column 

injection valve 
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  Performance	
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Mass	
  spectrometry	
  

•  Mass	
  spectrometry	
  (MS)	
  is	
  an	
  analy0cal	
  technique	
  to	
  
measure	
  the	
  mass	
  (or	
  more	
  precisely:	
  mass-­‐to-­‐charge	
  
ra0o,	
  m/z)	
  of	
  an	
  analyte	
  

•  MS	
  has	
  a	
  long	
  history	
  in	
  physics	
  and	
  chemistry	
  and	
  today	
  
the	
  key	
  technology	
  in	
  proteomics	
  and	
  metabolomics	
  

•  “so_	
  ioniza0on”	
  methods	
  enable	
  its	
  applica0on	
  in	
  the	
  
bio(-­‐analy0cal)	
  sciences	
  	
  

•  For	
  OMICS	
  analyses	
  MS	
  is	
  usually	
  coupled	
  to	
  a	
  second	
  
separa0on	
  technique	
  (e.g.	
  LC	
  for	
  proteomics	
  and	
  LC/GC	
  
for	
  metabolomics)	
  

•  There	
  are	
  various	
  types	
  of	
  mass	
  spectrometers	
  



Mass	
  spectrometry	
  

Modified from Aebersold and Mann, Nature, 2003 

Ionization techniques 

Mass analyzers Mass detector 

Reflector 
time-of-flight 
(TOF) 

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

Triple 
Quadrupole 

Quadrupole – 
time–of-flight 

Ion trap 

Fourier 
transform – 
Ioncyclotron 
resonance 

Orbitrap 

Electron multiplier 

Matrix Assisted 
Laser Desorption/ 
Ionisation (MALDI) 

Electrospray 
ionization (ESI) 



Challenges	
  in	
  computa(onal	
  MS	
  

•  Huge	
  data	
  sets	
  (up	
  to	
  TBs	
  per	
  experiment)	
  
•  Ambiguity	
  in	
  protein	
  iden0fica0on	
  
•  Uncertainty	
  in	
  proteome	
  size	
  
•  Ambiguity	
  of	
  masses	
  for	
  small	
  molecules	
  

•  Peak	
  picking/	
  Feature	
  Finding	
  
•  Map	
  alignment/	
  Quan0fica0on	
  	
  
•  Pep0de/	
  Protein	
  Iden0fica0on	
  
•  Metabolite	
  iden0fica0on	
  
•  Sta0s0cal	
  analysis	
  	
  
•  Enrichment	
  analysis	
  
•  Analysis	
  of	
  0me	
  course	
  data	
  
•  Data	
  integra0on	
  

upstream 

downstream 



Peak	
  Picking	
  

raw data sticks 

•  Iden0fy	
  peaks	
  
•  Integrate	
  peaks	
  to	
  s0cks	
  



Quan(fica(on	
  

•  Determine	
  volume	
  of	
  each	
  feature	
  in	
  a	
  map	
  



Quan(fica(on	
  

m/z: Isotopic pattern 

RT: elution profile 

feature model 

•  Quan0fica0on	
  as	
  a	
  3D	
  signal	
  detec0on	
  problem	
  



Map	
  alignment	
  

•  Correct	
  for	
  reten0on	
  0me	
  offset	
  and	
  distor0ons	
  in	
  
label-­‐free	
  experiments	
  	
  



Pep(de	
  Iden(fica(on	
  

LC-MS/MS experiment Fragment m/z values 

Sequence db 
Theoretical fragment m/z  

values from suitable peptides 

Compare  

Q9NSC5|HOME3_HUMAN Homer protein homolog 3 - 
Homo sapiens (Human) 
MSTAREQPIFSTRAHVFQIDPATKRNWIPAGKHALTVSYFYD
ATRNVYRIISIGGAKAIINSTVTPNMTFTKTSQKFGQWDSR
ANTVYGLGFASEQHLTQFAEKFQEVKEAARLAREKSQDGG
ELTSPALGLASHQVPPSPLVSANGPGEEKLFRSQSADAPGP
TERERLKKMLSEGSVGEVQWEAEFFALQDSNNKLAGALRE
ANAAAAQWRQQLEAQRAEAERLRQRVAELEAQAASEVTP
TGEKEGLGQGQSLEQLEALVQTKDQEIQTLKSQTGGPREA
LEAAEREETQQKVQDLETRNAELEHQLRAMERSLEEARAE
RERARAEVGRAAQLLDVSLFELSELREGLARLAEAAP 

569.24 
572.33 
580.30 
581.46 
582.63 
606.32  
610.24 
616.14 

569.24 
572.33 
580.30 
581.46 
582.63 
606.32  
610.24 
616.14 

569.24 
574.83 
580.70 
580.92 
579.99 
603.92  
611.14 
616.74 

570.84 
571.72 
580.40 
591.18 
579.35 
607.25  
611.42 
614.45 

569.24 
572.33 
580.30 
581.46 
582.63 
606.32  
610.24 
616.14 

569.24 
572.33 
580.30 
581.46 
582.63 
606.32  
610.24 
616.14 

569.24 
572.33 
580.30 
581.46 
582.63 
606.32  
610.24 
616.14 

569.24 
572.33 
580.30 
581.46 
582.63 
606.32  
610.24 
616.14 

569.24 
572.33 
580.30 
581.46 
582.63 
606.32  
610.24 
616.14 

569.24 
572.33 
580.30 
581.46 
582.63 
606.32  
610.24 
616.14 

1 QRESTATDILQK 18.77 

2 EIEEDSLEGLKK 14.78 

3 GIEDDLMDLIKK 12.63 

Score hits 

Theoretical spectra 

m/z 

[%] 

m/z 

[%] 

m/z 

[%] 

m/z 

 [%] 

Experimental spectra 

m/z 

RT 



Protein	
  inference	
  

Nesvizhskii, Molecular and Cellular Proteomics, 2005 



Metabolite	
  iden(fica(on	
  

Kind and Fiehn. BMC Bioiformatics 2006, 7:235 



Textbooks	
  

Eidhammer,	
  Flikka,	
  Martens,	
  
Mikalsen:	
  Computa0onal	
  
methods	
  for	
  mass	
  
spectrometry	
  proteomics,	
  
Wiley,	
  2007	
  

	
  
Good	
  introduc0on:	
  
•  Biochemical	
  basics	
  
•  Mass	
  spectrometry	
  
•  Algorithms	
  for	
  protein	
  
iden0fica0on/	
  quan0fica0on	
  



Important	
  papers	
  

Nature Reviews, Molecular Cell Biology, 2004 



Important	
  papers	
  

Nature, 2003 



Important	
  papers	
  

Nature Methods, 2007 



Nesvizhskii, Molecular and Cellular Proteomics, 2005 



Important	
  papers	
  



Important	
  papers	
  



Important	
  papers	
  



Chromatography	
  

•  Family	
  of	
  techniques	
  used	
  to	
  separate	
  a	
  mixture	
  into	
  
individual	
  components	
  

•  Separa0on	
  by	
  passing	
  the	
  mixture	
  through	
  immobilized	
  
porous	
  substance	
  

•  Individual	
  components	
  interact	
  to	
  different	
  degrees	
  

•  Reten(on	
  (me	
  ≔	
  0me	
  an	
  individual	
  component	
  takes	
  
to	
  pass	
  through	
  the	
  system	
  

•  Chromatography	
  has	
  a	
  long	
  tradi0on	
  and	
  is	
  a	
  scien0fic	
  
field	
  in	
  itself	
  

•  In	
  Proteomics/	
  Metabolomics:	
  used	
  for	
  separa0on	
  



Detectors	
  used	
  for	
  HPLC	
  

•  The	
  detectors	
  registers	
  the	
  components	
  as	
  they	
  pass	
  
•  Detec0on	
  of	
  light	
  absorp0on	
  	
  

•  Components	
  absorb	
  light	
  at	
  certain	
  wavelength	
  (e.g.,	
  280	
  nm	
  for	
  
aroma0c	
  amino	
  acids)	
  

•  The	
  detector	
  can	
  also	
  be	
  a	
  mass	
  spectrometer	
  
•  It	
  registers	
  a	
  diagram	
  of	
  showing	
  the	
  intensity	
  of	
  elu0ng	
  

components	
  as	
  a	
  func0on	
  of	
  reten0on	
  0me.	
  This	
  diagram	
  is	
  called	
  
chromatogram	
  	
  	
  
	
  

Retention time 

Ab
so

rp
ti

on
 u

ni
ts 



Good	
  HPLC	
  performance	
  
•  Find	
  an	
  op0mal	
  balance	
  between	
  the	
  components’	
  affinity	
  for	
  the	
  

sta0onary	
  phase	
  and	
  the	
  solubility	
  of	
  the	
  components	
  in	
  the	
  
mobile	
  phase	
  
•  Different	
  components	
  should	
  migrate	
  at	
  different	
  rates	
  
•  Narrow	
  elu0on	
  peak	
  of	
  different	
  components	
  
•  Ideally	
  elu0on	
  peaks	
  of	
  different	
  components	
  should	
  not	
  overlap	
  

•  Challenge:	
  
•  Achieve	
  different	
  rates	
  of	
  migra0on	
  for	
  the	
  different	
  components	
  
•  Narrow	
  elu0on	
  peaks	
  

•  Difficul0es:	
  
•  Noise.	
  Signal-­‐to-­‐noise	
  ra0os	
  can	
  be	
  used	
  to	
  quan0fy	
  how	
  well	
  a	
  real	
  
signal	
  can	
  be	
  differen0ated	
  from	
  background	
  signal	
  	
  

•  Baseline	
  dri_.	
  The	
  baseline	
  is	
  recorded	
  when	
  only	
  the	
  mobile	
  phase	
  
elutes.	
  This	
  can	
  vary	
  over	
  0me.	
  

	
  



Good	
  HPLC	
  performance	
  

The	
  good	
  

•  Peaks	
  are	
  well	
  separated	
  
•  Peaks	
  are	
  sharp	
  	
  
•  Peaks	
  come	
  down	
  to	
  baseline	
  

The	
  bad	
  

•  Peaks	
  are	
  not	
  well	
  resolved	
  
•  Baseline	
  is	
  dri_ing	
  upwards	
  

epharmacist.blogspot.com/2008_04_01_archive.html	
  

Faculty of Pharmacy; Cairo University 



HPLC	
  methods	
  

•  Essen0al	
  components	
  are	
  
•  Sta0onary	
  phase	
  

•  Interac0on	
  of	
  sta0onary	
  phase	
  with	
  components	
  
•  Mobile	
  phase	
  

•  Solubility	
  of	
  components	
  in	
  mobile	
  phase	
  	
  	
  

•  Components	
  (analytes)	
  
•  Most	
  common	
  HPLC	
  methods	
  	
  

•  Reversed-­‐phase	
  (RP)	
  chromatography	
  
•  Strong	
  ca0on/anion	
  exchange	
  (SCX/SAX)	
  chromatography	
  
•  Affinity	
  chromatography	
  
•  Size	
  exclusion	
  chromatography	
  



Reversed-­‐phase	
  chromatography	
  

•  Easy	
  to	
  couple	
  to	
  MS	
  (via	
  ESI)	
  
•  Sta0onary	
  phase:	
  surface-­‐modified	
  silica	
  (most	
  
commonly	
  alkyl	
  chains:	
  (C4,	
  C8	
  or	
  C18);	
  comparable	
  
to	
  faYy	
  acid	
  chains)	
  

•  Mixture	
  of	
  two	
  solu0ons	
  used	
  as	
  a	
  mobile	
  phase	
  
•  Solu0on	
  A	
  is	
  used	
  to	
  inject	
  sample.	
  It	
  is	
  usually	
  water	
  
with	
  a	
  small	
  amount	
  of	
  organic	
  acid	
  (e.g.,	
  0.01%	
  
formic	
  acid	
  (FA))	
  

•  Solu0on	
  B	
  is	
  mainly	
  organic	
  solvent	
  (e.g.,	
  90%	
  [ACN],	
  
0.01%	
  FA)	
  



SCX	
  (mainly	
  for	
  proteomics)	
  

•  Opposite	
  charges	
  aYract	
  each	
  other	
  
•  Net	
  charge	
  of	
  a	
  pep0de	
  depends	
  on	
  pH	
  
•  Sta0onary	
  phase	
  SCX:	
  

•  Surface	
  modified	
  by	
  sulfonic	
  acid	
  groups	
  (neg.	
  charged	
  at	
  
pH	
  >	
  2-­‐3)	
  

•  Pep0des	
  injected	
  at	
  low	
  pH	
  (~3),	
  thus	
  posi0vely	
  charged	
  
(ca0ons)	
  

•  The	
  more	
  posi0ve	
  the	
  charges	
  –	
  the	
  stronger	
  the	
  
interac0on	
  

•  For	
  elu0on,	
  increase	
  ionic	
  strength	
  within	
  solu0on	
  B	
  
(using	
  salt)	
  



Calcula(ng	
  reten(on	
  (me	
  

•  Exact	
  calcula0on	
  is	
  difficult	
  due	
  to	
  high	
  number	
  of	
  
parameter	
  that	
  influence	
  reten0on	
  0me	
  

•  Predic0on	
  of	
  reten0on	
  using	
  machine	
  learning	
  
works	
  well	
  
•  Pfeifer	
  et	
  al.,	
  BMC	
  Bioinforma0cs.	
  2007	
  Nov	
  30;8:468.	
  
-­‐Support	
  vector	
  machines-­‐	
  

•  Oh	
  et	
  al.,	
  Bioinforma0cs.	
  2007	
  Jan	
  1;23(1):114-­‐8.	
  Epub	
  
2006	
  Nov	
  8.	
  
-­‐Ar0ficial	
  neural	
  networks-­‐	
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Ioniza(on	
  methods	
  

•  ElectroSpray	
  Ioniza0on	
  (ESI)	
  -­‐so0	
  ioniza3on-­‐	
  
•  Matrix	
  Assisted	
  Laser	
  Desorp0on/	
  Ioniza0on	
  
(MALDI)	
  	
  
-­‐so0	
  ioniza3on-­‐	
  

•  Electron	
  Impact	
  (EI)	
  -­‐hard	
  ioniza3on-­‐	
  (not	
  suited	
  
for	
  proteomics)	
  

•  Other	
  methods:	
  
•  Par0cle	
  bombardment;	
  Field	
  Desorp0on;	
  Field	
  
Ioniza0on;	
  	
  	
  

The following (ionization) is partly based on education material from the Genetics department, Wisconsin 
University, USA, http://skop.genetics.wisc.edu/AhnaMassSpecMethodsTheory.ppt 



Sob	
  ioniza(on	
  methods	
  
•  So_	
  ioniza0on	
  techniques	
  keep	
  the	
  molecule	
  of	
  interest	
  
fully	
  intact	
  

•  Electro-­‐spray	
  ioniza0on	
  first	
  conceived	
  in	
  1960’s	
  by	
  
Malcolm	
  Dole	
  but	
  put	
  into	
  prac0ce	
  in	
  1980’s	
  by	
  John	
  
Fenn	
  (Yale)	
  

•  MALDI	
  first	
  introduced	
  in	
  1985	
  by	
  Franz	
  Hillenkamp	
  and	
  
Michael	
  Karas	
  (Frankfurt)	
  

•  Made	
  it	
  possible	
  to	
  analyze	
  large	
  molecules	
  via	
  
inexpensive	
  mass	
  analyzers	
  such	
  as	
  quadrupole,	
  ion	
  trap	
  
and	
  TOF	
  

	
  





•  Electrospray	
  mass	
  spectrometry	
  (ESI-­‐MS)	
  
•  Liquid	
  containing	
  analyte	
  is	
  forced	
  through	
  a	
  steel	
  capillary	
  at	
  
high	
  voltage	
  to	
  electrosta0cally	
  disperse	
  analyte.	
  This	
  induces	
  
charged	
  droplets.	
  Ions	
  are	
  formed	
  by	
  extensive	
  evapora0on	
  	
  	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  

•  Matrix-­‐assisted	
  laser	
  desorp(on	
  ioniza(on	
  
(MALDI)	
  
•  Analyte	
  (protein)	
  is	
  mixed	
  with	
  large	
  excess	
  of	
  matrix	
  (small	
  
organic	
  molecule)	
  

•  Irradiated	
  with	
  short	
  pulse	
  of	
  laser	
  light.	
  Wavelength	
  of	
  laser	
  
is	
  the	
  same	
  as	
  absorbance	
  maximum	
  of	
  matrix.	
  

Sob	
  ioniza(on	
  methods	
  



•  Sample	
  dissolved	
  in	
  polar,	
  vola0le	
  buffer	
  (no	
  salts)	
  and	
  
pumped	
  through	
  a	
  stainless	
  steel	
  capillary	
  (70	
  -­‐	
  150	
  µm)	
  
at	
  a	
  rate	
  of	
  10-­‐100	
  µL/min	
  (for	
  nano	
  spray	
  this	
  can	
  also	
  
be	
  at	
  200	
  nl/min)	
  

•  High	
  voltage	
  (3-­‐4	
  kV)	
  applied	
  at	
  0p	
  along	
  with	
  flow	
  of	
  
nebulizing	
  gas	
  causes	
  the	
  sample	
  to	
  “nebulize”	
  or	
  
aerosolize	
  

•  Aerosol	
  is	
  directed	
  through	
  regions	
  of	
  higher	
  vacuum	
  
un0l	
  droplets	
  evaporate	
  to	
  near	
  atomic	
  size	
  (s0ll	
  carrying	
  
charges)	
  

Electrospray	
  ioniza(on	
  



ESI	
  

ESI image 

http://www.lamondlab.com/MSResource/images/lcms/ESI.jpg 



•  Very	
  sensi0ve	
  technique,	
  requires	
  less	
  than	
  a	
  picomole	
  
of	
  material	
  

•  Strongly	
  affected	
  by	
  salts	
  and	
  detergents	
  
•  Posi0ve	
  ion	
  mode	
  measures	
  (M	
  +	
  H)+	
  (add	
  formic	
  acid	
  to	
  
solvent)	
  

•  Nega0ve	
  ion	
  mode	
  measures	
  (M	
  -­‐	
  H)-­‐	
  (add	
  ammonia	
  to	
  
solvent)	
  

ESI	
  



•  Func0onal	
  groups	
  that	
  readily	
  accept	
  H+	
  (such	
  as	
  amide	
  
and	
  amino	
  groups	
  found	
  in	
  pep0des	
  and	
  proteins)	
  can	
  
be	
  ionized	
  using	
  posi0ve	
  mode	
  ESI.	
  

•  Func0onal	
  groups	
  that	
  readily	
  lose	
  a	
  proton	
  (such	
  as	
  
carboxylic	
  acids	
  and	
  hydroxyls	
  as	
  found	
  in	
  nucleic	
  acids	
  
and	
  sugars)	
  should	
  be	
  ionized	
  using	
  nega0ve	
  mode	
  ESI	
  

Posi(ve	
  or	
  nega(ve	
  mode	
  



MALDI	
  



•  Sample	
  is	
  ionized	
  by	
  bombarding	
  sample	
  with	
  laser	
  light	
  

•  Sample	
  is	
  mixed	
  with	
  a	
  UV	
  absorbant	
  matrix	
  (sinapinic	
  
acid	
  for	
  proteins,	
  4-­‐hydroxycinnamic	
  acid	
  for	
  pep0des)	
  

•  Light	
  wavelength	
  matches	
  that	
  of	
  absorbance	
  
maximum	
  of	
  matrix	
  so	
  that	
  the	
  matrix	
  transfers	
  some	
  
of	
  its	
  energy	
  to	
  the	
  analyte	
  (leads	
  to	
  ion	
  spuYering)	
  

MALDI	
  

Sinapinic acid 

http://upload.wikimedia.org/wikipedia/
commons/6/6f/Sinapinic_acid.gif 

4-hydroxycinnamic acid 

https://commons.wikimedia.org/wiki/File:%CE
%91-cyano-4-hydroxycinnamic_acid.svg 



Spocng	
  on	
  a	
  MALDI	
  plate	
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•  Absorp0on	
  of	
  UV	
  radia0on	
  by	
  
chromophoric	
  matrix	
  and	
  
ioniza0on	
  of	
  matrix	
  

•  Dissocia0on	
  of	
  matrix,	
  phase	
  
change	
  to	
  super-­‐compressed	
  gas,	
  
charge	
  transfer	
  to	
  analyte	
  	
  

•  Expansion	
  of	
  matrix,	
  analyte	
  
trapped	
  in	
  expanding	
  matrix	
  
plume	
  (explosion/”popping”)	
  

+ 

+ 

+ 

MALDI	
  ioniza(on	
  



•  Unlike	
  ESI,	
  MALDI	
  generates	
  spectra	
  that	
  have	
  just	
  a	
  
singly	
  charged	
  ion	
  

•  Posi0ve	
  mode	
  generates	
  ions	
  of	
  (M	
  +	
  H)+	
  

•  Nega0ve	
  mode	
  generates	
  ions	
  of	
  (M	
  –	
  H)-­‐	
  

•  Generally	
  more	
  robust	
  that	
  ESI	
  (tolerates	
  salts	
  and	
  
nonvola0le	
  components)	
  

•  Easier	
  to	
  use	
  and	
  maintain,	
  capable	
  of	
  higher	
  
throughput	
  

•  Requires	
  10	
  µL	
  of	
  1	
  pmol/µL	
  sample	
  

MALDI	
  



Mass	
  analyzers	
  

•  Main	
  opera0ons:	
  
•  Separate	
  pep0des	
  
•  Selec0on	
  of	
  ions	
  (within	
  appropriate	
  m/z)	
  
•  (Fragmenta0on	
  of	
  selected	
  precursor	
  ions)	
  
•  Measure	
  the	
  m/z	
  of	
  ions	
  	
  



Mass	
  analyzers	
  

•  TOF	
  
•  Ion	
  trap	
  	
  
•  Quadrupole	
  
•  Orbitrap	
  
•  …	
  



Mass	
  Analyzer:	
  Time	
  of	
  Flight	
  

Time-­‐of-­‐flight	
  mass	
  analyzer	
  (TOF):	
  
•  Ions	
  are	
  extracted	
  from	
  the	
  ion	
  source	
  through	
  an	
  electrosta0c	
  field	
  in	
  

pulses	
  in	
  a	
  field-­‐free	
  dri_	
  zone	
  
•  An	
  ‘electrosta0c	
  mirror’	
  (reflectron)	
  reflects	
  the	
  ions	
  back	
  onto	
  the	
  

detector	
  
•  Detector	
  counts	
  the	
  par0cles	
  and	
  records	
  the	
  0me	
  of	
  flight	
  between	
  

extrac0on	
  pulse	
  and	
  a	
  par0cle	
  hi}ng	
  the	
  detector	
  

+ - Reflectron 

Drift zone 

Detector 

+ - + - + - + - 

Ua 



Mass	
  Analyzer:	
  Time	
  of	
  Flight	
  
•  Drib	
  tubes	
  have	
  sizes	
  of	
  over	
  a	
  meter	
  

in	
  real-­‐world	
  instruments	
  
•  A	
  reflectron	
  doubles	
  the	
  dri_	
  length,	
  

and	
  thus	
  the	
  instrument’s	
  resolu0on	
  
•  It	
  also	
  focuses	
  the	
  ions	
  onto	
  the	
  

detector	
  

http://www.biochem.mpg.de/nigg/research/koerner/instruments/absatz_pic_reflexIII.jpg 
http://upload.wikimedia.org/wikipedia/commons/thumb/d/d8/Reflectron.jpg/800px-Reflectron.jpg 

Drift tube 

Reflectron 



Mass	
  Analyzer:	
  Time	
  of	
  Flight	
  

•  The	
  kine0c	
  energy	
  transferred	
  to	
  the	
  ions	
  depends	
  on	
  the	
  accelera0on	
  
voltage	
  Ua	
  and	
  the	
  par0cle’s	
  charge	
  

•  Lighter	
  par0cles	
  fly	
  faster	
  that	
  heavier	
  par0cles	
  of	
  the	
  same	
  charge	
  
•  Hence,	
  they	
  arrive	
  later	
  at	
  the	
  detector	
  
•  The	
  0me	
  of	
  flight	
  is	
  thus	
  a	
  measure	
  of	
  the	
  par0cle’s	
  mass	
  

+ - Reflectron 

Drift zone 

Detector 

+ - + - + - + - 

Ua 



Mass	
  Analyzer:	
  Time	
  of	
  Flight	
  

•  Energy	
  transferred	
  to	
  an	
  ion	
  with	
  charge	
  q	
  accelerated	
  by	
  an	
  
electrosta0c	
  field	
  with	
  accelera0on	
  voltage	
  Ua:	
  
	
   	
  Epot	
  =	
  qUa 

•  This	
  energy	
  is	
  obviously	
  converted	
  into	
  kine0c	
  energy	
  as	
  the	
  
ion	
  accelerates: 	
   	
  	
  
	
   	
  Ekin	
  =	
  ½	
  mv²	
  =	
  qUa 

•  For	
  a	
  given	
  path	
  length	
  s	
  from	
  extrac0on	
  to	
  detector,	
  the	
  
0me	
  of	
  flight	
  t	
  is	
  thus	
  
	
   	
  t	
  =	
  s	
  /	
  v	
  

•  Time	
  of	
  flight	
  for	
  a	
  given	
  path	
  length	
  and	
  accelera0on	
  
voltage,	
  which	
  are	
  instrument	
  parameters,	
  depends	
  on	
  the	
  
ion’s	
  charge	
  and	
  mass	
  only	
  

	
   	
  	
  



stable ion path 
unstable ion path 

Mass	
  Analyzer:	
  Quadrupole	
  
•  Oscilla0ng	
  electrosta0c	
  fields	
  stabilize	
  the	
  flight	
  path	
  for	
  a	
  specific	
  mass-­‐to-­‐

charge	
  ra0o	
  –	
  these	
  ions	
  will	
  pass	
  through	
  the	
  quadrupole	
  
•  Ions	
  with	
  different	
  m/z	
  will	
  be	
  accelerated	
  out	
  of	
  the	
  quadrupole	
  
•  Changing	
  the	
  frequency	
  allows	
  the	
  selec0on	
  of	
  a	
  different	
  m/z	
  	
  



Ion	
  Trap	
  

•  Ions	
  are	
  captured	
  in	
  a	
  region	
  of	
  a	
  vacuum	
  system	
  
or	
  tube	
  

•  Trapping	
  of	
  ions	
  is	
  based	
  on	
  a	
  combina0on	
  of	
  
magne0c	
  and	
  electric	
  fields	
  

•  There	
  is	
  a	
  long	
  history	
  of	
  ion	
  trapping	
  and	
  a	
  
variety	
  of	
  different	
  technologies	
  have	
  emerged	
  
over	
  the	
  years	
  
•  Penning	
  trap	
  
•  Paul	
  trap	
  
•  Kingdon	
  trap	
  



Orbitrap	
  (based	
  on	
  Kingdon	
  trap)	
  

•  Outer	
  and	
  inner	
  coaxial	
  electrode	
  with	
  radii	
  R2	
  and	
  R1,	
  respec0vely	
  
•  Electrosta0c	
  field	
  
•  Ions	
  form	
  harmonic	
  oscilla0on	
  along	
  the	
  axis	
  of	
  the	
  electrosta0c	
  

field	
  

•  The	
  harmonic	
  oscillator	
  with	
  frequency	
  ω	
  is	
  used	
  to	
  determine	
   ​𝑚/
𝑧 ,	
  with	
  𝜔=√⁠​𝑘𝑧/𝑚  ,	
  where	
  k	
  is	
  a	
  constant	
  

R1  

R2  



Tandem	
  MS	
  

•  Uses	
  two	
  mass-­‐to-­‐charge	
  measurements	
  to	
  
analyze	
  precursor	
  and	
  product	
  ions	
  

•  Fragmenta0on	
  is	
  used	
  to	
  dissociate	
  the	
  analytes	
  
into	
  smaller	
  fragments	
  	
  

•  MS/MS	
  capable	
  instruments	
  
•  Same	
  mass	
  analyzers	
  are	
  used:	
  in-­‐3me	
  set-­‐up	
  
•  Different	
  analyzers	
  are	
  used	
  (hybrid	
  instruments):	
  	
  
in-­‐space	
  set-­‐up	
  



Tandem	
  MS	
  fragmenta(on	
  methods	
  

•  Different	
  fragmenta0on	
  techniques	
  
•  Collision-­‐Induced-­‐Dissocia(on	
  (CID)	
  
•  Pulsed	
  Q	
  Dissocia0on	
  (PQD)	
  
•  Electron	
  transfer	
  dissocia0on	
  (ETD)	
  
•  Electron	
  capture	
  dissocia0on	
  (ECD)	
  



Collision-­‐induced	
  dissocia(on	
  

•  Two	
  colliding	
  molecules	
  
•  Fragmenta0on	
  is	
  performed	
  in	
  collision	
  cell	
  
•  Inert	
  collision	
  gas	
  (e.g.,	
  Ar,	
  He)	
  is	
  used	
  for	
  collision	
  
•  Precursor	
  that	
  reaches	
  energy	
  threshold	
  will	
  fragment	
  into	
  

products	
  and/or	
  neutral	
  losses	
  
•  Typical	
  se}ngs:	
  high	
  (>1000	
  eV)	
  or	
  low	
  energy	
  (<100	
  eV)	
  CID	
  	
  
•  Pep0des	
  are	
  fragmented	
  at	
  the	
  pep0de	
  bond	
  !	
  



Hybrid	
  mass	
  spectrometer	
  

Different	
  hybrid	
  mass	
  spectrometers	
  are	
  used	
  for	
  
different	
  applica0ons.	
  The	
  most	
  frequently	
  used	
  
combina0ons	
  are	
  	
  
	
  

•  Q-­‐TOF	
  
•  Q-­‐Trap	
  	
  
•  LTQ	
  (linear	
  ion	
  trap)-­‐	
  Orbitrap	
  



Dr.	
  Sven	
  Nahnsen	
  

LTQ-­‐Orbitrap	
  –	
  MS	
  

•  Introduc0on	
  

mass / charge 

In
te

ns
it

y 

Mass-to-charge ratios (m/z) are 
recorded. The unit is Thomson [Th]. 
m…mass of precursor ion 
z…charge of precursor ion 



85	
  Dr.	
  Sven	
  Nahnsen	
  

LTQ-­‐Orbitrap	
  –	
  MS/MS	
  

•  Introduc0on	
  

mass / charge 

In
te

ns
it

y 

mass / charge 

In
te

ns
it

y 

Mass-to-charge ratios (m/z) are 
recorded. The unit is Thomson [Th]. 
m…mass of product ion 
z…charge of product ion 



Product	
  ion	
  genera(on	
  
A	
  pep0de	
  of	
  length	
  n	
  can	
  
poten0ally	
  give	
  rise	
  to	
  a,b,c	
  and	
  
x,y,z	
  ions.	
  This	
  example	
  shows	
  
the	
  fragments	
  that	
  can	
  be	
  
produced	
  between	
  amino	
  acids	
  
Rm	
  and	
  Rm+1	
  
	
  

Steen and Mann. Nature Reviews, Molecular Cell Biology, Vol. 5 2004 



b/y	
  ions	
  in	
  CID	
  
CID	
  fragmenta0on	
  predominately	
  produces	
  b	
  and	
  y	
  ions	
  

Steen and Mann. Nature Reviews, Molecular Cell Biology, Vol. 5 2004 



Accuracy	
  vs.	
  precision	
  …	
  

…	
  (of	
  a	
  mass	
  measurement)	
  



Resolu(on	
  
(peak	
  width	
  defini0on)	
  
Resolu(on:=	
  For	
  a	
  single	
  peak	
  made	
  up	
  of	
  singly	
  charged	
  ions	
  at	
  
mass	
  m	
  in	
  a	
  mass	
  spectrum,	
  the	
  resolu0on	
  may	
  be	
  expressed	
  as	
  ​
𝑚/∆𝑚 ,	
  where	
  ∆𝑚	
  is	
  the	
  width	
  of	
  the	
  peak	
  at	
  a	
  height	
  which	
  
is	
  a	
  specified	
  frac0on	
  of	
  the	
  maximum	
  peak	
  height.	
  It	
  has	
  been	
  
standardized	
  to	
  use	
  50%	
  of	
  the	
  maximum	
  peak	
  height.	
  FMWH	
  
(Full	
  Width	
  at	
  Half	
  Maximum)	
  is	
  commonly	
  used.	
  Note	
  that	
  
resolu0on	
  is	
  dimensionless.	
  Furthermore,	
  in	
  proteomics	
  it	
  has	
  
become	
  common	
  to	
  report	
  the	
  resolu0on	
  for	
  ions	
  at	
  400	
  	
  Th.	
  	
  



Charge	
  states	
  

•  Charge state determination is easy if the resolution is 
high enough 

•  For low resolution data this can become difficult 
http://www.lamondlab.com/MSResource/LCMS/MassSpectrometry/chargeState.php 



Sources	
  

•  Eidhammer	
  et	
  al.,	
  Computa0onal	
  Methods	
  for	
  
Mass	
  Spectrometry	
  Proteomics.	
  Wiley.	
  2007.	
  


