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Mass$Spectrometry$is$a$technique$for$the$
detection$and$resolution$of$a$sample$of$ions$
by$their$mass;to;charge$ratio$; represented$
by$m/z where$m$is$the$mass$in$Daltons$and$
z$is$the$charge.$
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History$of$MS
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! Mass$Spectrometry$is$generally$recognized$to$have$been$
started$with$the$work$of$Sir$Joseph$John$Thomson.$
! His$work$on$conduction$of$electricity$through$ionized$gasses
lead$to$the$Nobel$Prize$for$Physics$in$1906.$
! Thomson's$best$known$work$in$mass$spectrometry$was$in$
demonstrating$the$presence$of$atomic$isotopes$of$gasses ; atoms$of$the$same$
element$with$differing$masses.$
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Molecular masses are measured in Daltons (Da) or mass units (u).
One Dalton = 1/12 of the mass of a 12C atom.
Monoisotopic mass = sum of the exact masses of the most abundant isotope of each 
element present, i.e. 1H=1.007825, 12C=12.000000, 16O=15.994915.
This is the most accurately defined molecular mass.
Average mass = sum of the abundant averaged masses (“atomic weights”) of the 
constituent atoms of a given molecule.
The result is a weighted average over all of the naturally occurring isotopes present 
in the compound. This is the common chemical molecular weight that is used for 
stoichiometric calculations (H=1.0080, C=12.011, O=15.994). The average mass 
cannot be determined as accurately as the monoisotopic mass because of variations 
in natural isotopic abundances.
The mass to charge ratio (m/z).  A quantity formed by dividing the mass (in u) of 
an ion by its charge number; unit: Thomson or Th.

Mass$Definitions
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Element Mass Natural
Abundance

H 1.0078
2.0141

99.985%
0.015

C 12.0000
13.0034

98.89
1.11

N 14.0031
15.0001

99.64
0.36

O 15.9949
16.9991
17.9992

99.76
0.04
0.20

P 30.9737 100

S 31.9721
32.9715
33.9679
35.9671

95.00
0.76
4.22
0.02

By coincidence, the 
most abundant 
isotope of common 
elements has the 
lowest mass.

Isotopic$Abundances$of$Common$Elements
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Effect of different resolving power on Hemoglobin beta chain peak, 
C724H1119N195O201S3

Protein masses are normally reported as average masses

15860 15870 15880 15890 15860 15870 15880 1589015860 15870 15880 15890

RP=10000 RP=20000 RP=30000

Monoisotopic peak is not visible!

MWMonoisotope = 15,857.2575 MWav = 15,868

Mass (Da) Mass (Da) Mass (Da)

Protein$Mass$Measurement

Data$from$MS

! Proteins$in$mixtures
!Quantitative$analysis$of$protein$expression
! Post;translational$modification
!Phosphorylation

! Protein$interactions

8Dr.$S.$Sadeghi; Proteomics



Dr.$SADEGHI; Proteomics 9

Mass$Spec$Components
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Ref: Glish & Vachet. Nature Reviews.  2003, 2, 140.
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http://www.explainthatstuff.com/how-mass-spectrometers-work.html



! MALDI quadrupole
! Electrospray ion$trap mass$analysis

time$of$flight
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Measures a mass to charge ratio or m/z
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! Classical$biochemistry$
techniques$and$2DGE$
are,$in$general,$‘top;
down$proteomics’$–
identify$and$quantify$
whole$proteins.

!Most$modern$proteomic$
MS$is$‘bottom;up’

Dr.$S.$Sadeghi; Proteomics



Bottom;up$vs.$top;down
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Bottom;up$proteomics

! Bottom;up$proteomics$is$a$common$method$to$identify$proteins$and$
characterize$their$aa$sequences$and$PTM$by$proteolytic$digestion$of$
proteins$prior$to$analysis$by$mass$spectrometry.

! The$proteins$may$first$be$purified$by$a$method$such$as$gel$
electrophoresis$resulting$in$one$or$a$few$proteins$in$each$proteolytic$
digest.$Alternatively,$the$crude$protein$extract$is$digested$directly,$
followed$by$one$or$more$dimensions$of$separation$of$the$peptides$by$
liquid$chromatography$coupled$to$mass$spectrometry,$a$technique$
known$as$shotgun/proteomics.

! By$comparing$the$masses$of$the$proteolytic$peptides$or$their$tandem$
mass$spectra$with$those$predicted$from$a$sequence$database$or$
annotated$peptide$spectral$in$a$peptide$spectral$library,$peptides$can$
be$identified$and$multiple$peptide$identifications$assembled$into$a$
protein$identification
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Top;down$proteomics

! Top;down$proteomics$is$a$method$of$protein$identification$that$uses$an$ion$
trapping$mass$spectrometer$to$store$an$isolated$protein$ion$for$mass$
measurement$and$tandem$mass$spectrometry$analysis.

! The$name$is$derived$from$the$similar$approach$to$DNA$sequencing.
! Proteins$are$typically$ionized$by$electrospray$ionization$and$trapped$in$a$
quadrupole ion$trap$mass$spectrometer.$

! Fragmentation$for$tandem$mass$spectrometry$is$accomplished$by$
electron;capture$dissociation$or$electron;transfer$dissociation.
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Shotgun$proteomics

! refers$to$the$use$of$bottom;up$proteomics$techniques$in$
identifying$proteins$in$complex$mixtures$using$a$
combination$of$HPLC$combined$with$MS.

! The$name$is$derived$from$the$rapidly$expanding,$quasi;
random$firing$pattern$of$a$shotgun.$

! The$most$common$method$of$shotgun$proteomics$starts$
with:
! the$proteins$in$the$mixture$being$digested$and
! the$resulting$peptides$separated$by$liquid$chromatography
! Tandem$mass$spectrometry$is$then$used$to$identify$the$peptides.
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Shotgun$proteomics

! Shotgun$proteomics$arose$from$the$difficulties$of$using$
previous$technologies$to$separate$complex$mixtures.$

! In$1975,$2D;PAGE$was$described$by$O’Farrell$and$Klose$
with$the$ability$to$resolve$complex$protein$mixtures

! The$development$of$matrix;assisted$laser$desorption$
ionization$(MALDI),$electrospray$ionization$(ESI),$and$
database$searching$continued$to$grow$the$field$of$
proteomics.$

! Above$methods$difficulty$identifying$and$separating$low;
abundance$proteins and$membrane$proteins.$

! Shotgun$proteomics$could$resolve$even$these$proteins
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Ion$sources

MALDI)&)ESI
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Sinapinic acid !-cyano-4-hydroxycinnamic acid (CHCA) 2,5-dihydroxybenzoic acid (DHB)
HO

COOH

OHCH3O

CH3O

HO CH=CH-COOH HO CH=C-COOH
CN

! Analyte is dissolved in solution with excess matrix (>104).

! Sample/matrix mixture is dried on a target and placed in the MS vacuum.

! Requirements for a satisfactory matrix, it must:

! co-crystallize with typical analyte molecules

! absorb radiation at the wavelength of the laser (usually 337 nm)

! transfer protons to the analyte (it should be acidic)

! Typical matrices for UV MALDI are aromatic carboxylic acids.

Matrix;Assisted$Laser$Desorption/Ionization$
(MALDI)

Dr.$S.$Sadeghi; Proteomics
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�20 kV

Sample and matrix, 
crystallized on stage

Desorbed sample 
ions and neutrals

Pulsed laser 
(337 nm)

3.5 ns

Sample stage

Mass analyzer

Matrix;assisted$laser$desorption$ionization$
(MALDI)

Dr.$S.$Sadeghi; Proteomics
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1.$Laser$pulse$produces$matrix$neutrals,$+$and$; ions,$and$sample$neutrals:
M$;;>$M*,$MH+,$(M;H); (M=$Matrix)

2.$Sample$molecules$are$ionized$by$gas;phase$proton$transfer:

MH+ +$A$;;>$AH+ +$M (A=Analyte)
(M;H); +$A$;;>$(A;H); +$M

MALDI$Ionization$Mechanism

Dr.$S.$Sadeghi; Proteomics
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Electrospray$Ionization$(ESI)

Sample in 
solution flows 
into capillary 

tube

Nitrogen flowing in 
outer tube aids 
nebulization

Tube held at 
+1- 5 kV

0 kV
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Electrospray$ionisation
ESI

! High$voltage$placed$
on$a$fused$silica$
column$causes$a$
spray$of$charged$
droplets$which$
evaporate$leaving$
charged$peptides

26Dr.$S.$Sadeghi; Proteomics
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Electrospray$Ion$Formation

Droplets formed in electric field have excess positive ions.

Evaporation of neutrals concentrates charge.

Droplets break into smaller droplets.

Eventually one molecule + n protons is left.
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ESI
Liquid$flow

Q/or/Ion/Trap
analyzer

ESI$is$a$solution$technique$that$gives$a$continuous$stream$of$ions,$
best$for$quadrupoles,$ion$traps,$etc.
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MALDI
3/nS/LASER/PULSE

Sample$(solid)$on$target$at$
high$voltage/$high$vacuum

MALDI$is$a$solid;state$technique$that$gives$ions$in$pulses,$
best$suited$to$time;of;flight$MS.

TOF/analyzer

Atmosphere///Low/vac.///High/vac.

High/vacuum
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Ionization$Methods$for$Biomolecule$
Analysis

MALDI
•Very$long$sample$lifetimek$
repeated$measurements$possible

•Good$for$mixtures

•Matrix$peaks$can$interfere$at$$MW$
<600

•Salt$tolerant

•Low$maintenance

•Generate$ions$with$few$charges

Electrospray
•Online$LC/MS$
possible

•Poor$for$mixtures$
without$LC

•Quantitation$
possible

•Good$for$MW$<600

•Generate$highly$
charged$ions

Dr.$S.$Sadeghi; Proteomics

….MALDI or Electrospray ?

MALDI is limited to solid state, ESI to liquid

ESI is better for the analysis of 
complex mixture as it is directly 
interfaced to a separation 
techniques (i.e. HPLC)

MALDI is more “flexible” 
(MW from 200 to 400,000 Da)

Dr.$S.$Sadeghi; Proteomics



ESI$vs$MALDI
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Ref: Glish & Vachet. Nature Reviews.  2003, 2, 140.

Mass$analysis$in$time;of;flight
TOF

DrS.$Sadeghi; Proteomics 32

Ref: Glish & Vachet. Nature Reviews.  2003, 2, 140.



Mass$analysis$in$quadrupole
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In$a$quadrupole$mass$analyses,$the$correct$magnitude$of$the$radio$frequency$and$
direct$current$voltages$applied$to$the$rods$allows$ions$of$a$single$m/z to$maintain$
stable$trajectories$from$the$ion$source$to$the$detector$whereas$ions$with$different$
m/z values$are$unable$to$do$so.

Ref: Glish & Vachet. Nature Reviews.  2003, 2, 140.

34

Triple$Quadrupole$
MS



35

The Nobel Prize in Chemistry 2002 was awarded "for the development of methods 
for identification and structure analyses of biological macromolecules" with one 
half jointly to John B. Fenn and Koichi Tanaka "for their development of soft 
desorption ionisation methods for mass spectrometric analyses of biological 
macromolecules"

Dr.$S.$Sadeghi; Proteomics

Peptide$Analysis

! Edman$Degradation
! MS

! More$sensitive
! Can$fragment$peptides$faster
! Does$not$require$proteins$or$peptides$to$be$
purified$to$homogeneity

! Has$no$problem$identifying$blocked$or$modified$
proteins

Dr.$S.$Sadeghi; Proteomics



Edman degradation
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Edman$Degradation$vs.$MS/MS

Dr.$S.$Sadeghi; Proteomics



Experimental$steps

1.$Proteins$digested$with$an$enzyme$to$produce$
peptides

2.$Peptides$charged$(ionized)$and$separated$
according$to$their$different$m/z ratios

3.$Each$peptide$fragmented$into$ions$and$m/z values$
of$fragment$ions$are$measured

! Steps/2/and/3/performed/within/a/tandem/mass/
spectrometer.

Dr.$S.$Sadeghi; Proteomics

Breaking$Protein$into$Peptides$and$
Peptides$into$Fragment$Ions

! Proteases$e.g.$trypsin,$break$protein$into$
peptides.

! A$Tandem$Mass$Spectrometer$further$breaks$
the$peptides$down$into$fragment)ions and$
measures$the$mass$of$each$ion.

! MS$accelerates$the$fragmented$ionsk$heavier$
ions$accelerate$slower$than$lighter$ones.

! Mass$Spectrometer$measure$mass/charge ratio$
of$an$ion.

Dr.$S.$Sadeghi; Proteomics
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Ref: Zhang et al. Chem Rev. 2013 Apr 10; 113(4): 2343–2394.
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Enzymatic$degradation:$
Proteases:

The$overlap$of$the$sequences$
of$fragments$allows$to$
determine$the$protein$
sequence$



Tandem$Mass$Spectrometry

Dr.$S.$Sadeghi; Proteomics

Tandem$Mass$Spectrum

! Tandem$Mass$Spectrometry$(MS/MS):$
! mainly$generates$partial$N; and$C;terminal$
peptides$

! Chemical$noise$often$complicates$the$spectrum.
! Represented$in$2;D:$mass/charge$axis$vs.$
intensity$axis

Dr.$S.$Sadeghi; Proteomics
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! Search fragment 
spectrum against a 
database of protein 
sequences.  For each 
sequence, digest into 
peptides, generate an 
expected fragment 
ion spectrum, and 
match to observed 
spectrum

m/z

In
te

ns
ity

m/z
In

te
ns

ity
IITHPNFNGNTLDNDI

MLIK

?

Mass$
Analyser$+$
Detector
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What$you$need$for$peptide$
mass$mapping

! Peptide$mass$spectrum

! Protein$Database:$$$$$$$GenBank,$Swiss;Prot,$dbEST

! There$are$multiple$commonly$used$MS/MS$fragment$
spectra$search$engines,$including:
! Mascot
! Sequest
! OMSSA
! X!Tandem
! MS$Amanda
! Andromeda
! ProteinPilot

Dr.$S.$Sadeghi; Proteomics
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! The$prevailing$experimental$method$for$protein$identification$is$a$bottom;
up$approach,$where$a$protein$sample$is$typically$digested$with$Trypsin$to$
form$smaller$peptides.$

! Proteins$are$too$big,$peptides$usually$fall$within$the$limited$mass$range$that$
a$typical$mass$spectrometer$can$measure.$

! Mass$spectrometers$measure$the$MW$of$peptides$in$a$sample.$
! Mascot$then$compares$these$molecular$weights$against$a$database$of$
known$peptides.$

! The$program$cleaves$every$protein$in$the$specified$search$database$in$
silico$according$to$specific$rules$depending$on$the$cleavage$enzyme$used$
for$digestion$and$calculates$the$theoretical$mass$for$each$peptide.

! Mascot$then$computes$a$score$based$on$the$probability$that$the$peptides$
from$a$sample$match$those$in$the$selected$protein$database.$The$more$
peptides$Mascot$identifies$from$a$particular$protein,$the$higher$the$Mascot$
score$for$that$protein.

52Dr.$S.$Sadeghi

Mascot$
identifies$proteins$by$interpreting$MS$data
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Database search for protein identification



Mascot

Dr.$S.$Sadeghi; Proteomics
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Protein Identification by MS

Artificial)
spectra)built

Artificially)
trypsinated

Database)of)
sequences

(i.e.)SwissProt)

Spot)removed)
from)gel

Fragmented)
using)trypsin

Spectrum)of)
fragments)
generated

MATCH

Li
br
ar
y
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Applications
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1.$Protein$identification

Dr.$SADEGHI; Proteomics 60



2.$Protein;protein$interactions
(a)$Y2H$system

! Biological$processes$are$carried$out$by$interactions$
between$many$biomolecules.$

! There$are$diverse$types$of$interactions,$such$as$
! protein;DNA$or$RNA,$
! protein;protein$interactions$(are$challenging$to$study$
due$to$their$high$diversity)

! The$classic$approach$to$studying$protein;protein$
interactions$is$yeast$two;hybrid$(Y2H)$system which$was$
introduced$more$than$20$years$ago.
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Ref: Zhang et al. Chem Rev. 2013 Apr 10; 113(4): 2343–2394.

2.$Protein;protein$interactions
(a)$Y2H$system

! In$a$Y2H$experiment,$a$transcript$factor$is$split$into$two$subunits,$one$is$
the$binding)domain)(BD))and$the$other$one$is$the$activating)domain)
(AD).$

! The$engineered$bait$protein$is$fused$to$the$BD$and$the$second$protein$
(prey)$is$fused$to$the$AD.$If$the$bait$and$prey$proteins$interact$with$each$
other,$the$transcript$factor$can$be$activated,$starting$the$transcription$of$
reporter$gene.$

! Y2H$was$designed$to$investigate$direct$binary$interactions.$
! The$initial$Y2H$experiments$focused$on$the$interactions$between$a$
limited$number$of$proteins.$However,$after$genome$scaled$resources$of$
open$reading$frames$(ORFeomes)$became$available,$comprehensive$
network$maps$have$been$drawn$for$various$model$organisms$by$large$
scale$Y2H,$including$Saccharomyces$cerevisiae,$Drosophila$
melanogaster,$Caenorhabditis$elegans,$and$even$humans.
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2.$Protein;protein$interactions
(a)$Y2H$system
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Ref: Zhang et al. Chem Rev. 2013 Apr 10; 113(4): 2343–2394.

2.$Protein;protein$interactions
(b)$AP;MS

! An$approach$complementary$to$Y2H$is$based$on$affinity$
purification$and$mass$spectrometry$(AP;MS)$

! In$an$AP;MS$experiment$the$target$protein$of$interest,$
together$with$its$interacting$partners,$is$purified$from$a$
protein$mixture.$

! The$purified$protein$complex$is$then$subjected$to$shotgun$
proteomic$identification$and$quantification$

Dr.$SADEGHI; Proteomics 64



2.$Protein;protein$interactions
(b)$AP;MS
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b: AP-MS is used to identify the whole protein complex. All the interactors 
binding to protein B, including both direct and indirect binders, are identified by 
shotgun proteomics.

Ref: Zhang et al. Chem Rev. 2013 Apr 10; 113(4): 2343–2394.

2.$Protein;protein$interactions
(b)$AP;MS

! Ideally,$interactome$experiments$based$on$AP;MS$should$
employ$high$quality$monoclonal$antibodies$against$the$
bait$proteins.$

! this$is$sometimes$difficult$due$to$a$lack$of$good$antibodies.
! Commonly,$an$engineered$protein$with$an$affinity$has$
been$used$in$AP;MS$based$protein$interactome$studies.$

! Instead$of$using$a$specific$antibody$against$target$protein,$
the$affinity)tag)system)employs$a$uniform$tag$specific$
purification$which$can$be$used$for$many$bait$proteins.$
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! A$widely$used$tag$system$is$tandem$affinity$purification$
(TAP)$which$consists$of$:
! calmodulin;binding$peptide$(CBP)$and
! protein$A$of$Staphylococcus$aureus$(ProtA),$
! linked$by$a$tobacco$etch$virus$(TEV)$cleavage$site$

! The$TAP$fused$protein$and$its$interactors$are$first$pulled$
down$by$the$distal$ProtA$affinity$tag,$and$then$released$by$
cutting$at$the$TEV$cleavage$site.$

! The$bait$protein$complex$is$subsequently$subjected$to$the$
second$purification$step,$which$binds$the$CBP.$
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" Scheme of tandem affinity 
purification (TAP). Two steps of 
purification significantly 
remove the unspecific binding 
proteins.

" The advantage of TAP 
compared with the normal 
single-step procedure is reduced 
background protein levels. 
" all the proteins non-

specifically binding to the 
affinity beads are excluded 
after the second 
purification.

Ref: Zhang et al. Chem Rev. 2013 Apr 10; 113(4): 2343–2394.



3.$New$Tumour$markers

! Until$2010,$strategy$for$tumour$marker$search=$
2;DE
! Comparing$proteome$between$healthy$+$tumour$
tissue

! Removal$of$spots$+$identification$by$MALDI
! Nowadays,$LC;MS/MS:

! Liquid$chromatography$coupled$to$tandem$MS
! Allows$for$separation$before$MS
! Can$be$done$with$complex$digested$protein$mixtures$
(shotgun)

Dr.$SADEGHI; Proteomics 69

! PSME3$(proteasome$activator$complex$subunit$3)
! Intracellular$CRC;associated$protein
!Discovered$by$LC;MS/MS
!Up;regulation$of$this$protein$would$have$been$
missed$by$image$analysis
!This$protein$was$masked$by$another$co;migrating$
high$abundant$protein$(annexin$A4)
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FIG. 1. Representative 2-
D gel of human primary 
colorectal cancer. Tissue 
lysates of malignant 
(tumor) and healthy 
(control) stripped mucosa 
1.5 mg of protein were 
subjected to 2-DE with a 
first dimension pH gradient 
of 4–7. Gels were stained 
with Coomassie Blue. 
Spots were excised, 
processed and analyzed by 
peptide mass 
fingerprinting. Protein 
identification of selected 
spots is indicated. ANXA3, 
an- nexin A3; CTSB, 
cathepsin B; CTSD, ca-
thepsin D. 

REF: Roessler et al. Mol Cell Proteomics. 2006;5(11):2092-101.

Learning$Outcome

! Different$components$of$MS
! Ionisation$methods

!MALDI
!ESI

! Applications$of$MS
!Protein$identification
!Yeast;two;hybrid
!New$tumour$markers
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