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What Is Proteomics?

Proteomics Is the study of protein expression,
regulation, modification, and function in living
systems for understanding how living systems use
proteins. Using a variety of techniques, proteomics
can be used to study how proteins interact within a
system, or how proteins change due to applied
stresses.

Proteomics requires the use of advanced
measurement techniqgues with an emphasis on
separations and mass spectrometry.



The Central Dogma of Life

DNA - genetic information Q Replication

> Transcription

RNA - instructions for proteins

> Translation

Protelns — structure and function of living cells

Glycans - sugars attached to other biomolecules



The Basics - Proteins

Polymers of amino acids (20 naturally occurring)
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The Basics — Protein Structure

primary structure — amino secondary structure — local
acid sequence spatial arrangement
fDRLEFIVTALLKPV\{\
N-terminus C-terminus . | a-helix
B -S eet http://mcll.ncifcrf.gov/integrase/asv_secstr.html
tertiary structure — protein guaternary structure —

folding multimeric complexes

http://www.path.cam.ac.uk/~mrc7/igs/mikeimages.html

ttp://www.path.cam.ac.uk/~mrc7/igs/mikeimages.htm



Proteomics Approaches

Top-down
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Chromatographic Separation

Reverse-phase
chromatography
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Chromatographic Separation

Molecular Interactions
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Electrospray lonization

2002 Nobel Prize in Chemistry awarded to John Fenn for advancing electrospray

to 10-port valve

analytical column
C18-5um-100A 75um x 15cm

/‘ N
MICrocross
Sample
trapping \
column Pt lead
C18-5um-200A
75Mmtt 1.5cm (2.5kV) Mass Spectrometer

Compliments of Dr. Myeong Hee Moon



Mass Spectrometry
Time-of-Flight MS

+22 kV

O kv

LmH*
+20 kV

O kV

O kV

{

1) lons enter source region,
accelerated toward reflectron.

2) lons separate in space based on
their relative mass-to-charge (m/z).

3) lons reverse path in reflectron.

4) lons impact detector.
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Instrumentation
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Database Searching
(Informatics)

\AJMHNWIILJIIIK%
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\Database searching software

~

/ o > Results
MASCOT

Proteins found

Database (SwissProt) Hemoglobin, beta chain
Actin Pept. Mass Score Sequence

738.84 41 HLDNLK
912.01 61 VHLTDAEK

MYTCVPIASEQUENCEMIMEWTPQSDLI
RPTVCIMNERCVGGPYILCMTEND

1
2
Amylase 3 915.06 56 AAVNGLWGK
DSLIKRNYTIPMCSQIRECNHIPLMTRCH 4 109024 41 VINAENDGLK
GYYKWSIALAINTQSFGIVRIVAMNKLPS
SCRTIVGHWEDRICTMQNCISPPEKELIA 5 1122.33 62 VVAGVASALAHK
VARGTSP 6 1218.42 70 LVINAENDGLK




ldentification approaches

« SEQUEST?! — cross-correlation

LLL L Ly )

nredicted observed

* Mascot? — probability-based scoring
o bl b2 b3 b4 b5 b6 b? b8 b9 blO bll
~Y11 Y10 Yo Ys Y7 Y6 YsYa Y3z Yo Y1

1. Yates JR, lll, Eng JK, McCormack AL, Schieltz D. Anal Chem. 67 1426 (1995).
2. Perkins DN, Pappin DJ, Creasy DM, Cottrell JS. Electrophoresis. 20 3551 (1999).



1.
2.

Intensity Prediction

Kinetic model!
— model based on chemical mechanism (CID)
— universally applicable?

Decision tree?
—+2 only
—b &y ions only

Zhang Z. Anal Chem. 76 3908 (2004).
Elias JE, Gibbons FD, King OD, Roth FP, Gygi SP. Nat Biotechnol. 22 214 (2004).



A Machine Learning Approach to
Predicting Peptide Fragmentation
Spectra

Randy J. Arnold, Narmada Jayasankar, Divya
Aggarwal, Haixu Tang, and Predrag Radivojac

Collaborative project between the Department of
Chemistry and the School of Informatics

Presented at PSB in Jan. 2006



Peptide charge state
MLQLVEESKDAGIR
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Method — classification model

* Precursor sequence S
— Charge qg € {+2, +3}
» Estimate probabillities: P(l(i) 2t | S, q¢)
—where [(i) is peak intensity of any fragment
jon:

— i € {precursor-H,0, b, b-H,0O, b-NH,, b-H,O-
NHB’ y, y'Hzo, y-NH31 y'Hzo'NH3, b2+, y2+}
— t = 1% of total intensity of the spectrum



Datasets

Doubly charged precursors

Triply charged precursors

lon Positives | Negatives | Total | Positives | Negatives | Total
precursor — H,0 239 1484 1723 64 590 654
b 5210 16916 22126 950 12000 12950
b-H,0 1700 20426 22126 206 12744 12950
b - NH, 678 21448 22126 117 12833 12950
b-H,0-NH, 249 21877 22126 121 12829 12950
b? - - - 1343 11607 12950
y 9323 12802 22126 1639 11311 12950
y—-H,0 431 21695 22126 132 12818 12950
y —NH, 286 21840 22126 101 12849 12950
y—H,0 - NH, 145 21981 22126 107 12843 12950
y2 - - - 1953 10997 12950




Features — 202 In total

fragmentation point

TCPVQLWVDSTPPPGTR
1 2 A \ .

ol ok+1

Tryptic peptide, n residues long, from human p53

amino acids at positions k, k-1, k+ 1, k+ 2
amino acid at position 1

amino acid compositions for both fragment ions
length and mass of each fragment ion
various physical / chemical properties



Model selection & training

Ensembles of two-layer feed-forward neural
networks

Experimented with network architecture

Datasets were high-dimensional & class-
iImbalanced

Different set of negatives for each network in the
ensemble

Applied feature selection & PCA

Separate validation set for each individual model
(20% of training set)

Each ensemble contained 30 neural networks



Performance evaluation (ROC)

Doubly charged precursors

Triply charged precursors

lon sn sSp acc/AUC sn sp acc/AUC
precursor — H,0O 72.0 60.8 66.4/70.7 81.3 68.5 74.9/79.7
b 80.4 75.4 77.9/85.8 80.6 71.9 76.3/84.6
b-H,0 76.8 76.3 76.5/84.6 76.2 60.2 68.2/76.8
b-NH, 75.8 76.0 75.9/82.8 76.9 65.0 70.9/78.6
b-H,0-NH, 69.1 64.6 66.8/73.1 81.8 51.9 66.9/68.1
b2 - - - 88.4 75.8 82.1/88.5
y 84.7 79.3 82.0/89.5 88.9 79.1 84.0/91.4
y-H,0 66.4 66.2 66.3/72.2 82.6 56.5 69.6/73.0
y —NH, 70.3 70.8 70.6/79.0 81.2 59.8 70.5/77.8
y—H,0 - NH, 60.7 51.1 55.9/56.5 83.2 54.3 68.7/69.6
y2 - - - 87.9 72.6 80.2/86.8




Amino Acid preferences

y-ion from +2 precursor

b-ion from +2 precursor
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Figure 2. The amino acid preferences for peptide fragmentation. The frequencies of observing ion
types (b-, y- or b2, y2) were plotted in grey scaling from 0 (white) to 1 (black). The rows indicate amino
acid on the left-hand side, while the columns indicate amino acids on the right-hand side of the
cleavage site.

Rows
N\
A CDIEFG
N
Columns

Site of
fragmentation

Similar results to
from studies by
Smith, Wysocki,
and others



+2 peptides w/o Proline
GYS FTTTAER mobile proton
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+2 peptides w/o Proline
VEDKDGNGYISAAELR
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+2 peptides w/ Proline

GAAQNIIPASTGAAK

mobile proton
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+2 peptides w/ Proline
TYFSHIDVSPGSAQVK
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+3 peptides w/o Proline

VFDKDGNGYISAAELR

mobile proton
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+3 peptides w/o Proline
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+3 peptides w/ Proline
GSHSQTPSPGALPLGR mobile proton
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+3 peptides w/ Proline
HVLSGTLGVPEHTYR
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Peptide ID - Scoring

vs. 500 random sequences; 25 in each category

Doubly charged precursors

Triply charged precursors

Mobile proton Non-mobile Mobile proton Non-mobile
Scoring proton proton
scheme
w/oPro| wPro |w/oPro| wPro |w/oPro| wPro [w/oPro| wPro

New [ .32+.03 | .26+.04 | .30+.03 | .24+.04 | . 13+£.03 |.14+.04 | .22+.03 | .25+.04
diff

simle | 22+.02 | . 14+.03 | .23+£.02 | .15+£.02 | -01+.02 | -.03+.02 | .08 +.02 | .09 +.03

New (1.1+01|14+02|11+01|15+02|18+0.7(15+£02|14+04|1.2+0.2
rank

simple | 1.1+0.1|14+02|10+£01|13+£02|90+£18 | 190+45 |23+10(6.1+22




Fragmentation Prediction
Conclusions

 Peptide MS/MS spectra are predictable using a
neural network machine learning approach

e Observation of known mechanisms (enhanced
fragmentation N-term to Pro)

« Potential to study subtle effects (mobile vs. no
mobile proton)



Relative Abundance

“Undersampling” Problem

Incomplete proteome coverage

o e en e Mass spectrum at 72.31 min.
AMGLPEDL!Q | APAAIGAYSQAVLVDR
from Fatty acid- / from 14.5 kDa translational
binding protein inhibitor protein

AVQEVLVTHGEDTADRPPVPIFK

VVDLLAPYAK from Cytochrome P450 2D5
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Organelle Enrichment

Compartmentalization:
organization of eukaryotic cells into organelles

Mitochondria

Nucleus

AL
e "\

Cytoskeleton

(WD

'Wm Vacuoles

Golgi



Organelle Enrichment

1. Lyse cells

2. Low speed
centrifugation

fraction 3. Medium speed
centrifugation

Mitochondrial
fraction

—

Cytosol
fraction

0

Microsomal
fraction

4. High speed
centrifugation




Organelle Enrichment

Mouse Brain tissue - Trypsin digest LC-1T-MS/MS (2x)

Number of Peptides Number of Proteins
Sample Score >28 1+ Peptides 2+ Peptides 3+ Peptides
Whole cells 674 227 115 84
Nuclear 896 266 154 04
Mitochondrial 871 278 149 101
Microsomal 439 162 72 42
Cytosol 815 255 114 80

Combined 1501 538 244 164



Parsing Search Results

Peptides: 10

peptide

LNLVQR

LVIITAGAR

FIIPNVVK
DYSVTANSK
SADTLWGIQK
VTLTPDEEAR
QVVDSAYEVIK
AALKDQLIVNLLK + N-Ac
NVNIFKFIIPNVVK
SLNPQLGTDADKEQWK

50. Name: LDHA RAT Mass: 36427 Score: 464
Description: P04642 Lactate dehydrogenase A chain EC 1.1.1.27 LDHA LDH muscle subunit LDHM
Nuclear Mitochondrial Microsomal Cytosol
@ »

33 45 44 - - o7 48
. . . . . 30 43
43 . . . . . .
- 43 44 - 31 49 40
. . 30 - - 49 .
- - - - - 43 49
. . . . . 62 62
. . . . . 49 60
- - - - - 41 -
- - - - - 47 -

GEMMDLQHGSLFLKTPEK

Protein Results Parser 3.0

http://newweb.chem.indiana.edu/facilities/proteomics/parser/main.htm




“Cytoplasmic” Proteins

 Phosphoglycerate kinase (44.4 kDa) — glycolysis
— Peptide Count: 0.75/ 0.5/ 0.0/ 10.25 (Nucl / Mito / Micr / Cyto)

« |-lactate dehydrogenase (36.5 kDa) — anaerobic glycolysis
— Peptide Count: 3.0/ 2.75/1.5/11.25

o Glyceraldehyde-3-phosphate dehyd (35.7 kDa) — glycolysis
— Peptide Count: 4.25/4.0/10.25/9.0

« Dihydropyrimidinase related protein — 2 (62.2 kDa) — axon
elaboration?

— Peptide Count: 7.5/8.25/11.75/ 16.25

— Subcellular Location: tightly, but noncovalently, associated with
membranes

Data averaged from 4 LC-MS/MS analyses of two rat hippocampus tissue samples.

Protein subcellular location noted as “cytoplasmic” in SwissProt/TrEMBL (http://us.expasy.org/)



Ribosomal Proteins

Peptide counts: Nucl. / Mito. / Micr. / Cyto.

» 118 (21.5 kDa) -
* S6 (28.7 kDa) -
e L12 (17.8 kDa) -

e 37 other proteins
(9.3t0 47.2 kDa)

0.0/0.0/3.0/0.0
0.0/0.0/2.75/7/0.0
0.0/0.0/25/0.0

0.0/0.0/30.5/0.0

. SA ? (32.7 kDa)
« S12 (14.4 kDa)
. S28 (7.8 kDa)

0.0/0.0/0.0/2.0
0.0/0.0/0.0/0.5
0.0/0.0/0.0/0.75




“Marker” Proteins

Peptide counts: Nucl. / Mito. [ Cyto.

* ATP synthase — mitock
alpha (58.8 kDa)
beta (56.3 kDa)

ondrial inner membrane

13.25// 10.0 0.0
14.5 { 6.0/0.25

L incomplete J
j

separation?

mitochondrial matrix

e Glutamate dehydroienase (61.4 kDa)

(2751 4.0 /@/

damaged J
mitochondria?




Organelle Enrichment Conclusions

e Fast, semi-quantitation using peptide counts
* Nuclear / Mitochondrial separation challenging

« Biologically relevant information found for

cytoplasmic and ribosomal proteins



Proteomics Needs Informatics for...

e Locating peaks in 2 or more dimensions
« MS/MS spectra interpretation

e Protein/Peptide gquantification

* Peptide detectability

« EXxperimental data - Biological information
— enzyme or pathway regulation
— disease susceptibility

— drug efficacy
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