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Mass spectrometry
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lon-Sources

Electro spray ionization

Nobel Prize 2002
John Fenn




Separation

lons kept in place by AC
current generating an electric
field

The ions will leave the trap as
we increase the voltage of the
A control in order of their m/z
Inexmponer | J | (lowest first)

a)

Time of Flight (TOF) | OrbiTrap

Electrostatic attraction to
s EET, the inner electrode is
* . e .
® * « high sensitivity balanced by centrifugal
. e low resolution
forces.

Linear time-of-flight mass spectrometer

Reflector time-of-fight mass spectrometer Detect the ions b)’ theil"
2 movement along the axis of
P T~ the electrode.
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. ¢ mass range up to 5000 Da .

- 2 e et 2//- low sensitivity ngh Mass accuraC)’
m=m, V,<V, / /// ¢ high resolution ( | _2 Ppm)

http://www.youtube.com/watch?v=KjUQYuy3msA




Tandem mass spectrometry
a.k.a MS/MS or MS?
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What do they look like?

Time of Flight Orbitrap



Why do we need proteomics?

We already know the sequence
of the genome!

We know how to measure
transcription!

What else do we need to know!?

DNA replication
DNA repair

genetic
< recombination)
DNA
5/- .- - -.-. - - .- 3,
3 .!--!-!---!-!!-!!!--!5,
RNA synthesis
(transcription)
i RNA
L L L e L
protein synthesis
(translation)
PROTEIN
HZNQ-I;}QCQO&O-COOH

amino acids

Figure 6-2. Molecular Biology of the Cell, 4th Edition.



Same DNA, different configuration of proteins
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http://youtu.be/jEtaqmW3ZK4

Proteins are closer to the Phenotype
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MRNA levels correlate only weakly with protein levels

[Schwanhausser et al. Nature 201 I]
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One protein - Many functions

Proteins undergo post- Proteins may have different

translational modifications functions in different
complexes or
compartments

Function I<—‘ ‘\3 —> Function 2
13



Why don’t everybody
do proteomics!



Proteins concentration in yeast
range >4 orders of magnitude

Protein Abundance (Log, copies/cell)
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Protein concentration in blood plasma

range >10 orders of magnitude
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- .

PTMs

Sequence
rearrangements,
mutations

How to define a protein!?

Definition
Protein coding ORF
Splice variant

Protein species

Cell specific
protein species

Occurrence in Human

21,257 [Ensembl]
| 48,792 [Ensembl]
> |0°

> |10/



Proteomic techniques

e K a' —
i i

Mass spectrometry-

based approaches Shotgun proteomics Top-down

proteomics

N\ /7
e.g.

Enzyme-linked

immunosorbent assay
approaches (ELISA)

Antibody-based Protein Arrays



Relative Intensity
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Different definitions of Masses

100 00

7500 1

Relative Abundance
£
3

ﬂ ‘ Glucagon
Formula : Cy53H554N4505,5
Nominal Mass: 3480
ﬂ Monoisotopic Mass: 3481.5997
Most Abundant Mass: 3483.6048

MM60 M780 34800 34820 34840 34860 34880 M0

Mass Type

Mass

The sum of the molecules’ atoms’:

Nominal Mass

Average Mass

Integer mass of the most abundant isotope

Masses of unbound, ground-state, isotope
The preferred measure for high-resolution MS

Average Mass given the isotopes and their natural abundance

The preferred measure for low-resolution MS




Mass of Elements

Element Average mass Monoisotopic Mass

C 12.0107

...............................................................................................................................................................

14.00674 14.00307
"""""""""""""""""" 100794 1oo782
""""""""""""""""" 159994 1599492
""""""""""""""""""" 2066 3197207
Pepide ALLETYCATPAKSE,
CesH 105N 150235 1496.682 1495.72281

monoisotopic mass is the mass of the principal (most abundant) isotope.

average mass is the average mass of all isotopes, normalized for natural abundance.

21



Residue mass of amino acids

Amino Acid $# Short # Abbrev. $#¢ Formula $# Mon. Mass§ (Da) # Avg. Mass (Da) $

Alanine A Ala C3HsNO 71.03711 71.0788
Cysteine C Cys C3H5NOS 103.00919 103.1388
Aspartic acid D Asp C4H5NO, 115.02694 115.0886
Glutamic acid E Glu CsH;NO3 129.04259 129.1155
Phenylalanine F Phe CgHgNO 147.06841 147.1766
Glycine G Gly CoH3NO 57.02146 57.0519
Histidine H His CgH7N30 137.05891 137.1411
Isoleucine I lle CgH14NO 113.08406 113.1594
Lysine K Lys CgH1oN-0 128.09496 128.1741
Leucine L Leu CgH11NO 113.08406 113.1594

Y Mot P

etc...

The free form of the amino acids are a the equivalent of a water

molecule heavier (~18 Da) than its residue mass
22



The mass of a peptide

The mass m(p) of peptide p can be
. ' T calculated as the residue mass of
H3N—CH—ﬁ—OH + H—N—CH—COO . . . .
0 its constituent amino acids, a,...an,
4f’° and the mass of a water molecule
R H Tz

.| |
H3N—CH—(Ii—N—CH—COO'

(0

m(p)=m(H20) + > =, , m(a))

23



Shotgun proteomics

" 90 g0 0
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MGREATMATCHK
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COX1 LUMTE <4—
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MS?2

Intensity [a.u.]

Intensity [a.u.]
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Peptide Fragmentation
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Fragmentation Spectrum
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Peptide fragmentation
spectrum
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de Novo sequencing
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Peptide Identification

31




Peptide identification

Normally we keep only
the top-scoring PSM for

Spectra
each spectrum

‘I M.,

PSMs

rum Peptide Score

PSM - Peptide Spectrum Match

32



Four popular search engines

SEQUEST (Scripps, Thermo Fisher Scientific)
http://fields.scripps.edu/sequest

MASCOT (Matrix Science)
http://www.matrixscience.com

X! Tandem (The Global Proteome Machine Organization)
http://www.thegpm.org/ TANDEM

MS-GFDB
http://proteomics.ucsd.edu/Software/MSGFDB.html

33


http://f/
http://www.matrixscience.com/
http://www.thegpm.org/TANDEM
http://proteomics.ucsd.edu/Software/MSGFDB.html

Sequest

First published automated spectral search engine
Published but patented algorithm [Eng et al. JASMS 1994]

For each spectrum x the top 500 candidate peptides are
selected by a fast calculated preliminary score $p.

The theoretical spectra y are calculated for

each of these top candidates and a R =YXy,
. . =1
background normalized cross correlation ! .
score, Xcorr, is calculated X=R,-—— D R
NEP

A score deltaCn is provided which gives the relative
difference between the first and second best Xcorr

Re-implementations free for Academic users: Crux and Tide

34



Theoretical Spectrum of a peptide
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Search engine
SEQUEST:

matched peptide(s,D) = argmax f(s,T(p))

pbeD
Database of peptides Theoretical spectrum of p
peptide

other:

matched peptide(s,D) = argmax f(s,p)
pbeD

36



SMATRIX )}
Mascot SCIENCES

Probably the most spread commercial spectral search
engine

Unpublished scoring function (Trade secret),
Reports Rank, score and E-value for each PSM

Predicts a homology threshold from database size and
instrument accuracy which each PSM should pass

Provides a fancy web report

37



X! Tandem x/

Open source, published algoritm
[Craig & Beavis Rapid Commun. Mass Spectrom 2003]

Scoring function, HyperScore, is build around
the hypergeometric distribution (of number
of matched b- and y-ions)

Provides hyperscore and E-value for each PSM

i

HyperScore = (E Li+ P;
i=0

Relatively fast

Present O/ |

38



Post Processors

Combinations of scores are known to give better yield than
individual scores. Two examples are:

*PeptideProphet (LDA) [Keller et al. 2002 Anal Chem]
*Percolator (semi-supervised SVM) [Kaill et al. Nat Methods 2007]

‘IHl\.>

, XCorr
il L, > — el \
> €

L = U . \»\ :

- E | >~ > combined
LT N \ Sp score

g f | -
1l peptide trypticity

3 ...etc...



(Un)reliability of manual validation

Manual Authenticators —

Search
Results

|

== Correct Validation === Incorrect Validation =—= Validation Withheld

40 [www.systemsbiology.org]


http://www.nonlinear.com

Score thresholds
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correct/incorrect target PSMs

score type

7.5
7.2
6.9
6.8
6.7
6.5
6.4
6.4
6.3
6.

threshold

5.9
5.7

FDR(x) is the expectation value of the fraction of PSMs above
threshold x that are incorrect

42



control for ...

... FDR or g value when you are interested in
identifying a set of PSMs

... PEP when you are interested in assessing the
quality of a particular PSM.

... p or E value in an experiment rendering one
single spectrum.

43



Target-decoy analysis

Target
SeqDB
Spectra

3 4
XCorr

[Moore et al. JASMS 2002]




S S

Methods to generate decoy sequences

. Shuffling sequences [Klammer et al. |PR 2006]

Markov models [Colinge et al. Proteomics 2003]

Reversing sequences [Moore et al. JASMS 2002]

Pseudo-Reversing sequences
[Elias&Gygi NMeth 2007]

Its essential that the decoy PSMs are good proxies
for incorrect target PSMs, which makes the first
two methods less suitable

45



Using decoy PSMs to
estimate false discovery rate

decoy PSMs Pr(x=x, H=0)
\\ PR Pr(x=x)
N
N TTo B’
> FDR= —=
C
()
g- N P
' g(x;)=inf{FDR(x)}
L X=Xt
Score Xt\\ \ [Kall et al. JPR 2008]
A~ B

TTo is the prior probability that a target PSM is incorrectly matched



More identifications >

q-p plot
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Some common PTMs

® Phosphorylations

® Phosphate attached to A
serine or threonine
. (Adapted from Pharmaceutical visions) CHO Human
® Glycosylations b h  AAA
oo © @ Y Y » ® @
900 %09 @m m . 2 : 'Y
® Glycans attached to a “"“E° = E'
nitrogen (N-linked) of E SSRGS
asparagine or arginine | S
side-chains |G @ W s |
® Accetylations Lysine s
_] ..
[ NHA
Accetyl group I "
I 2 Acetylat 2
attached to lysine or [ L
N-terminus Hy, . >
CIH Deacetylation CIHq
|a2 by HDs .
Ny BN Ny BN
48 H O H O



Theoretical Spectrum of a peptide
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Theoretical Spectrum of a PTM Peptide
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|dentification Post-Translational
Modifications

® [arge-scale identification of PTMs normally
involve digestion, PTM enrichment and

identification by MS/MS
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File format for spectral data

Pmtmmirq

Standards
Spectral data mitiative  Peptide Spectrum Matches
e XML- / \'\2(ML-based: pepXML,
based: . mzXML, .mzData mzldentML
® tab delimited:.ms2 ® tab delimited: .sqt
S 45894 45894 2 1 maccoss007 2038.59 9199.5 147.1 153628
M 1 272040.244 0.0000 1.5881 245.6 11 34 V.YKCAADKQDATVVELTNL.T U
L YCR102C
M 2 682038.265 0.0116 1.5698 208.4 11 36 S.TOSGIVAEQALLHSLNENL.S U
L YGRO8OW
M 3 342039.247 0.1582 1.3369 239.3 11 36 I.NEKTSPALVIPTPDAENEI.S U
L YLR0O35C
M 4 322 2040.365 0.1699 1.3183 160.0 9 36 I.LKESKSVOQPGKAIPDITIES.P U
L YJL126W
) ) .......
A nice file format converter - Proteowizard SO

52 proteowizard



Inferring proteins
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Shotgun proteomics
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protein identification

‘ protein sample ‘

Protein @@@@

protein wdentifications ‘

level
| peptide
_ : h SroNping,
Enzy il y ! valiclation
i gesiion |
L
i
by
i
Pe ptidﬂ | -
level !*~..
LO/MEMS datahase
sEarei,
verlidlertion
MS/MS spectra
I,E\'-E] desdliil ] el chalbdal L Aadliil . iilall S 18 Hi Aadlli] Jeldiliall malblil

ME/MS spectra

56 [Nesvizhskii et al. Anal Chem 2003]



PSM/Peptide/Protein level
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IPIO0S55733.1
IPIO0S56391.1

IPIO0655798.1
IPIO0556300.1

IPIO0656153.1
IPIO0555900.1

IPIO0S56614.1

IPIO0334610.2

IPIO0656109.1

IPI00333470.1

Shared peptides

IWHHTFYNELR

AGFAGDDAPR

IPI00248359.4

[MassSieve]

58

IPIO0021439.1
IPIO0023006.1
IPIO0021440.1
IPIOO008603.1
IPIO0S55571.1
IPIO0644165.1
IPI00401614.2
IPIO0515047.1
IPIO0021428.1
IPIO0157721.7
IPIO0642997.1
IPIO0025416.3
IPI00414057.2
IPIO0645534.1

IPIO0514530.3
IPIO0640698.1

VAPEEHPVLLTEAPLNPK

EITALAPSTMK

IPIO0003269.1
IPI00644182.1

IPI00444605.1

IPIO0647074.1
IPIO0455685.1
IPI00455475.1



Quality assessment of identified proteins

Two strategies:

|. Design a probabilistic models from which
we may infer protein level probabilities

2. Target-decoy competition on protein
level

59



Bayesian Approach

Proteins Peptides Spectra

Y (5) B (4)
O 30O
(Z)X

1 Conditional Independence of Peptides Given Proteins

2 Conditional Independence of Spectra Given Peptides

3 Emission of a Peptide Associated with a Present Protein

4 Creation of a Peptide from Noise

5 Prior Belief a Protein Is Present in the Sample

6 Independence of Prior Belief between Proteins

7 Dependence of a Spectrum Only on the Best-Matching Peptide

Find MAP estimate protein set by evaluating
Pr(Proteins|Spectra)

[Serang et al JPR 2010] 60
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perspectives
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sresearch

Assigning Significance to Peptides Identified by Tandem Mass
Spectrometry Using Decoy Databases

Lukas Kill," John D. Storey,"* Michael J. MacCoss,' and William Stafford Noble*"*

Departmenis of Genome Sciences, Biostatistics, and Computer Science and Engineering, University of
Washington, Seattle, Washington 98195

Received September 18, 2007

Automated methods for assigning peptides to observed tandem mass spectra typically return a lig
veptide—spectrum matches, ranked according to an arbitrary score. In this article, we describe meth
‘'or converting these arbitrary scores into more useful statistical significance measures. These meth
2mploy a decoy sequence database as a model of the null hypothesis, and use false discovery

FDR) analysis to correct for multiple testing. We first describe a simple FOR inference method

hen describe how estimating and taking into account the percentage of incorrectly identified spe
n the entire data set can lead to increased statistical power.
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e problem in the analysis of tandem mass spectra is
' the peptide that gave rise to an observed fragmenta-
rum. The most commonly used tools for solving this
such as SEQUEST,' Mascot,” or X!Tandem,” search a
uence database for the peptide whose theoretical
best matches the observed spectrum. The output of
of the analysis is a collection of peptide—spectrum
PSMs), each with an associated score (Table 1). The
ibsequent question is, “Which of these PSMs are

nese algorithms are very powerful, the problem is that

Table 1. Terminclogy

PSM A peptide-spectrum match, with |
associated score

target PSM A PSM created by searching the ol
database

decoy database A shuffled or reversed version of 1l
database

decoy PSM A PSM created by searching a dec
database

accepted PSM A PSM whose score is above some
threshold

correct PSM A PSM whose peptide corresponds
pcpudc thal generated the obscr
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Theavailability of human genome sequence has transformed biomedical research over the past decade. However, ¢
alent map for the human proteome with direct measurements of proteins and peptides does not exist yet. Here wi
a draft map of the human proteome using high-resolution Fourier-transform mass spectrometry. In-depth p:
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total annotated protein-coding genes in humans. A unique and comprehensive strategy for proteogenomic
enahledmtodhcoveummberoluovdpxmdn-eodhgregbm which includes translated pseudogenes, nor
RNAs and upstream open reading frames. This human proteome catalogue (available as an interactive we
resource at http://www.humanproteomemap. will complement available human genome and transcripton
accelerate biomedical research in health and disease.

Analysis of the complete human genome sequence has thus farledto  sets—PeptideAtlas’', GPMDB" and neXtProt™’ (which in
the identification of approximately 20,687 protein-coding genes’, although  tations from the Human Protein Aths'),

the annotation still continues to be refined. Mass spectrometry has rev- A general limitation of current proteomics methods is
olutionized proteomics studies in a manner analogous to the impactof  dence on predefined protein sequence databases for ides
next-generation sequencing on genomics and transcriptomics® ‘. Several  teins. To overcome this, we also used a comprehensive pre
groups, including ours, have used mass spectrometry to catalogue com-  analysis strategy to identify novel peptides/proteins that ;
nlete proteomes of unicellular orranisms’  and 1o explore proteomes not part of annotated nrotein databases This anproach re



