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Data Analysis
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Proteins/Peptides as Biomarkers:

Clinical Proteomics

Molecules as marker candidates:

Metabolites
Drugs
Peptides

v

Proteins

v

Lipids
DNA/MRNA

v

Sources:

Serum/Plasma
Urine

Blood

Synovial fluid
Tears

Other body fluids

v

Metabolomics

Proteomics
Lipidomics
Transcriptomics

Defined cell populations
Cell supernatants
Biopsy material

Semen

Endometrial Lavage
Endometrium / lesion
Tissues
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PROTEINn complement to a genOME

One Genome...

...Two Proteomes

To characterize functional protein networks and their dynamic alteration during physiological
and pathological processes, proteins have to be identified, sequenced, categorized and
classified with respect to their function and interaction partners in a protein network

This is achieved by 'proteomics’, the combination of high-resolution protein separation
techniques with mass spectrometry and modern sequence database mining tools
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a Separation by molecular weight 0

Protein Analysis by SDS-PAGE

Sodium Dodecylsulfate Gel-Electrophoresis: protein separation by molecular
Weight along an electric gradient, molecules travel through a poly-acrylamide polymer

Detection limit by mass spectrometry: 3x10° molecules
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Gene versus Protein Expression
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: : ; O prl +:>:)¢—‘ ST = | HighpH
Two-dimensional separation e + f—— > &)
— 1t dimension — |IEF (paper strips, tube gels)
— 27 dimension — SDS PAGE ® e '
Low pH High pH
© I I )
2D-gel profile of GeneChip array of
young and aged muscle young and aged muscle

+ Yad Ag +

M. Altun, E.Edstrém, E.Spooner, A. Flores-Moralez E. Bergman, P. Tollet-Egnell, G.Norstedt, B. Kessler and B.Ulfhake. Muscle & Nerve, 2007, 36(2): 223-33.
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Protein and Antibody Microarrays

S ELISA

- TR O W (enzyme-linked immunosorbent assay)
IO A

- Substrate
L ] e
'7'&‘

Substrate
O 6 5\}:% /) \Y ®) Substrate
() ‘Si‘:rate /gk\ Zp((J)n:.]ry Antibody 4 k\ hb )L (\ 6 ’)l<
. A
\ W

DIRECT ELISA INDIRECT ELISA SANDWICH ELISA COMPETITIVE ELISA

« LUMINEX (different protein families: cytokines, kinome, growth factors etc.)
* Protein arrays

* Antibody arrays

* Nucleic Acid Programmable Protein Array (NAPPA)

 Peptide arrays



Proteomics Applications
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« Standard proteome analysis
v MW, Protein ID

* Analysis of Multi-Protein Complexes
v' Protein Tagging, Tandem Affinity Purification (TAP)
* Analysis of post-translational modifications (PTMSs)

v' > 400 known modifications
v' Phosphorylation, Acetylation, Methylation, Ubiquitination
v’ Glycosylation, Hydroxylation, Lipid modification

« Quantitative Analysis of proteins in health and disease
v" Clinical Proteomics

e Systems Biology

v' Combining large proteomic & genomic datasets
v' Mathematical modelling
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Standard Proteome Analysis
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« 2D gel

« Silver stain

« Spot isolation

« Enzymatic digestion (Trypsin)
e Chromatography

MALDI-TOF
LC-MS/MS




NLC-ESI-MS/MS

LC Nano-Liquid Chromatography

: Nanoscale LC Set up

pump C

pump B

autosampler

filter

pump A

e

-~ mixing T RP analytical
K) /?() o Oﬁ column

RP precolumn

10cm x 75 um\1.D.

Pump flow rate: 8 uL/min
column flow rate: 200 nL/min
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http://www.google.co.uk/imgres?q=mass+spectrometry&start=370&um=1&hl=en&sa=N&biw=1109&bih=799&addh=36&tbm=isch&tbnid=x5_7DxWK28fz3M:&imgrefurl=http://www.ddw-online.com/enabling-technologies/p146734-mass-spectrometry-in-drug-discovery-and-development-fall-10.html&docid=taVq0jnaffqaVM&imgurl=http://www.ddw-online.com/img/32/800/600/0/0/mass-spectrometry.jpg&w=448&h=336&ei=-Oh1UJ3kMeKw0AWA_oDgDA&zoom=1&iact=hc&vpx=670&vpy=233&dur=844&hovh=194&hovw=259&tx=104&ty=100&sig=105311926996709979717&page=16&tbnh=138&tbnw=179&ndsp=25&ved=1t:429,r:18,s:370,i:306

Tandem Mass Spectrometers
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Quadrupole Time-of-flight (QTOF)

Resolution 20,000-40,000 Sampling C
ampling Cone ¥
MaSS Accuracy 1_5ppm ESI Prolllltbe IIII Quadrupole MS TOF-MS
Sensitivity 1fmol | | onsm .
ons
- I”] Pusher Detector
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Optics Cell
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Orbitrap o
HyperQuad Mass Filter with Advanced AR
HCD Cell C-Tr?p Quadrupole Teclhnology (AQT) Beam Guide

Resolution 50,000-500,000 g
Mass Accuracy <lppm — I“
Sensitivity <1fmol (iHhHH}"-+
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How a mass spectrometer works:
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Protein Identification by MS/MS
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extract G enzyme

pre-
proteins digestion fractionation

% ¢ %0 —
HPLC ESI
MS1 —> HCD/CID > MS2
fragmentation
by collision
A
~ data dependent
5 | | acquisition 2 ‘
m/z

m/z

« Data analysis
« Theoretical sequences from a defined mass

« Generation of a theoretical spectrum
« Matching with the acquired spectrum
« De novo sequencing
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Sa, this is profteomics, so
we're going to use fandem
mass spectrometry to
identfy proteins-- hopefully
many of them, and hopefully
very quickly.
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Impart energy in collision cell
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The mass spectrometer imparts energy
into the peptide causing it to fragment at
the peptide bonds between amino acids.
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Protein Identification by MS/MS

Peptide Fragmentation Pattern
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These ions are
commonly called B
ions, based on
nomenclature you
don’t really want to
know about. ..

B-type lons

\/IS\/ .}\/ T\/ R\Ha
N N N N N N

< >l< > < s > | < > < >
129.0 | |1 97.0 | || 101.0 |} 113.1 1741

Intensity
N
Q

M/ But the mass difference
between the peaks
corresponds directly to the

amino acid sequence.




M .= The second half are
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M / All these peaks are seen togsther
| ,,II simultaneously

B-type, A-type, Y-type IonN

M/z

Intensity




...Is The Basis for Sequence
Information
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MATRIX
AATHIX! Mascot Search Results
Peptide View
MI3/E Fragmentation of [QQEIAVQNPLVSER
Found in OTUB1_HURAN, (Q26FW 1) Uhiguitin thiolesterase protein OTUB] (EC 3.4.--) (Otubain 1) (OTU domait-containing ubig
Match to Query 28: 1722 925448 from(262.500000,2+) intensity( 22678 0000)
Cmpd 32, +MBn(363.13), 104 min
From data file DADataWOrctober20050B 2_1-B,2_01_1888 d\Analysis maf
Monoisotopic mass of neutral peptide Mri{calc): 1722.93
Click mouse within plot atea to zoom in by factor of two about that point Tons Score: 112 Expect: le-07
Or, Plaot frorm 200 to 2000 Da Matches (Bold Red): 357158 fragment ions using 35 most intense peaks
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Batycka and Kessler, 2005



Progress in Proteome Analysis
“Proteome/Sub-Proteome Screens” OXIORD
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Human Protein Atlas (tissue based map of human proteome)
>17,005 unique proteins, 217 tissues
(www.proteinatlas.org)

Human Proteome Map (HPM)
>17,294 proteins (84% of human genes, 17 adult, 7 fetal tissues)

(http://humanproteomemap.org)

“Proteomes” of 11 cell lines analysed o
(~10,500 proteins each; >90% of the total proteome ??) HUMAN PRUTE'N ATLAS
(Geiger T et al., MCP 2012) e

A Tissue-Based Map

.:f' 1 y
>50,000 phosphorylation sites known 2 Q/? 06 o heHumanProteome
. . ® G
>16,000 acetylation sites known # 00! ©0
>6,000 glycosylation sites known 000 e ——

(www.phosida.com) e P

% SUBCELL ATLAS | CELL LINE ATLAS

>17,000 ubiquitylation sites known
(https:/Igygi.med.harvard.edu/ggbase)

>8,000 proteins known in human plasma
Proteomic inventory & quantity ~2,000 (Farrah et al., MCP 2011)



Modern Biological MS

“Shotgun” Proteomics

< )/
N N
@ = = 3/4 ~  Peptides
Biological Protein Digestion
Sample Extracts l
Pre-fractionation
PO
i VYV
Liquid
chromatography
(T
it
ET>s
” = e
Wl gl | i~ 4 |
MS data i V
MS/MS Ll 11 i o e
/ l i . [ 1, analysis 5-_ Fold chirge
Metabolomics
~ MML &""‘""' don
@ LC/GC MS s # .
— =% % .
LC/GC-MS/MS
Biological Metabolite ' MS data
Sample Extraction | analysis
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>10,000
proteins

>50,000
phosphosites

>30,000
ubiquitylation sites

>16,000
acetylation sites

>400 different
protein PTMs

>1,000
‘metabolites

Cutillas P & Kessler BM. 2017, OTCB. In press



Proteome Depth
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‘Ultra depth’ 2-5mg 10,000 — 13,000 ++++++...
Multi Enzyme, Liquid >108 cells

Chromatography High-pH

reverse phase pre-fractionation,

less demanding fraction

concatenation.

‘High depth’ 500 ug — 1 mg 8,000 — 10,000  ++++
Liquid Chromatography high-pH  20-50x107 cells

reverse phase pre-fractionation,

demanding fraction

concatenation.

‘Medium depth’ 10 pug — 400 ug (spin column) 4,000 — 8,000 ++

Spin column or StageTip based 500,000 to few million cells
high-pH pre-fractionation. No

concatenation
‘Single shot’ <10 ug 3,000 - 4,000 +
No pre-fractionation. Few thousand cells

Protein group numbers: ~20% less for SILAC experiments



Quantitation of Differentially-Regulated
Proteins
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LC/MS/MSE
HighLow LCMS Peptide ID List Peptide.ID LiS_t
TIC Mass Peptide Protein M:aSS Pep:tlde F’r:0teln
= = = - = =
j— j— p— J— J— J— ()
J\M ’_> f— — p— — — = 8
j— j— p— — — I >
— = = — - = o)
_ = = — e — o}
p— f— f— — f— f— @
— L o
Healthy Healthy =)
Mass Pep_tide Pﬂein
S + Up Regulated E E E “8’,
Compare > % * No Change = = = =
€ «DownRegulated | = = = }©
g — = = o
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Mass Peptide Protein

=)

HighLow LCMS Peptide ID List

LC/MS/MSE

Down Regulated




Label-Free Quantitation by MSE
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Maoko Suenaga 3_1c Jan 6Aprz2007 CE = 4.00000000

Mankn Suenaga 3_1c Jan BApr2007 1 TOF M5 ES+
1004 89.08 _ BFI
395.22 9282 1.30e3
865.43
59.29
39822
=

 MS for quantitative Information
(peak Intensities)

——)

MSE for identification (assignment of
precursor and fragment ions)

§72.09

 Experiment performed in triplicate

« Each peak defined by: exact Mass +
retention Time (EMRT)

93.83
BE3.95

Time

s7.00 | esoo | 8ewo0 | @ooo | g1o0 | @2oo0 | @300 | 9400

Xu D, Suenaga N, Edelmann MJ, Fridman R, Muschel RJ, Kessler BM. Mol Cell Proteomics 2008 7(11): 2215-2228



SILAC
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label
cultures : Amino Acids:
Heavy .. . Light
i o £q°, breakcells [ .°, . 13 2
wildtype clarify lysate wildtype Lys ~Cg “H;
untreated l l + met. 15 minutes Arg 13C.15N,
affinty purify
: bait :
% v

&ix‘sam‘ply

tryptic digest §

®
90% - IMAC 10% - C18
(phosphopeptides) / \ (total peptides)

analyze by MS Other MS Quant Methods:
c . peptide 2 LFQ
B | s HoL iTRAQ / TMT
=}
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5 i 'j;avy e PRM/MRM
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S .
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Examples of Biomarkers

Type of Biomarker Examples
Biochemical high-sensitivity, C-reactive peptide,
markers plasma B-type natriuetic peptide, plasma

homocysteme, urinary albumin excretion,
plasma renin activity

Physiologic Blood pressure, heart rate, pulmonary artery
markers pressure, pulmonary capillary wedge
pressures, ventricular premature beats
Anatomic Coronary vessel diameter (by coronary
measures angiography), carotid intima media

thickness (ultrasound), atherosclerotic
plaque burden (intravascular ultrasound)

Histologic Tissue biopsy specimens
markers

Physical Skin color, weight, height
markers

Mehul Desai, Norman Stockbridge, Robert Temple. The AAPS Journal 2006; 8 (1) Article 17



Classical Clinical Proteomics
(Triangular Approach)

Phases

Discovery
Shotgun proteomics

i B

v

Verification
Targeted proteomics

v

Validation
Immunoassays

Triangular strategy

Numbers of Numbers of

samples proteins
&a® ade
a®® Yo e e
&2 @ = 8
® g 82 & B
10s 100s-1000s
& &%
@ & &
10s-100s 10s
&
1-10

100s-1000s

B Discovery - Shotgun proteomics

Cohort

® @ & Depletion g Digestion
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Data analysis Raw data LC-MS/MS Fractionation
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Q -\ e T
Effect size ~———"

® Biomarker candidates
O Not significant

Geyer et al., Mol Sys Biol 2017



Classical Clinical Proteomics

(Triangular Approach) XFORD
DI &'E.ﬁ?bﬁi*

C Verification — Targeted proteomics D Validation - Immunoassays

Cohort
® o @ @7‘ eoeD g

R, S
E‘ @gg Depletion & Digestion i/:/’ wm!\]w e | ' | 1 ‘?‘ ?}/ $ \\? er:]télgl;ﬁg & & &
“ee N o ~N

= X LRI : |
~J <o - : ‘ Wash o,
@& /}'\@ ’!ntedmi:ll : @step B
standards :
[ l a @
AAAT
U
N
—'\’]\ - - >‘
Data analysis Raw data LC-MS/MS Fractionation Data analysis Readout Secondary
(_\(J J J JL/ JO O ;f;O antibOdy
® s 000000000000
0| @ ® o ) 00000000000
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® Biomarker candidates : @ Validated biomarker °
O Not significant : O Not significant 2
: o

Geyer et al., Mol Sys Biol 2017



Advanced Clinical Proteomics

(Rectangular Approach) XFORD
Py cicoue

A Rectangular strategy B Plasma proteome profiling
Phases Numbers of Numbers of Knowledge base
samples proteins :
Disease Risk Treatment . Lifestyle
7, -
|
#® ®g ) —_—
Discovery & B e & @f@
Shotgun proteomics @ g &ae 2
’ L a—— 1 Er JWM. J‘H\‘\l\lu
- T .- - HE e HH e
Cohort1 : s Hrf SIS EIERE RREi H
R ; : o Higt [ 111 L Hig
+ (e 28°ay | o : G = o]
2B T TN —
.................... 5 %  Proteins
....... @gg &
Ny v
Validation 5@ B &edB
Shotgun proteomics & ga &1
» @ @ & N
Cohort 2 &
100s-1000s 100s-1000s L_‘t
+
8 @ Validated : 7
= alidate (
P biomarker/panel | : ?
@ Study specific o Plasma proteome Al +
@ Not changed Individual profile h

Geyer et al., Mol Sys Biol 2017



More Accurate Prediction of

. . OXFORD
Diagnosis / Treatment &~ i
D wsrirure

Biomarker 1 [l ———> 33
Biomarker 2 -_—

o
Biomarker 3 _— Non-precise diagnosis ———
New biomarker 1 ] ———> B Non-precise decision I
( ,_/I
N

New biomarker 2 —_—

Patient Clinical
history data
Proteins %
- S am) (o)
+ + L)
H B | ) _\6,_ AT -
® i i ah Precise
‘T decision
= —> | Y 5 | —> | 3 —_— _ ) TREATMENT
a [ | . Y™
+ 4 . W/
[ |
v + +
J ] 5 a” +

[
[

Plasma proteome
profile Algorithm Data
interpretation

Geyer et al., Mol Sys Biol 2017



Current Limitations:
Abundance of Candidate Biomarkers

DYNAMIC CONCENTRATION RANGE
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@ Albumin Clinically used biomarkers
@ Proteins discovered by HUPO's
; Plasma Proteome Project
Transferrin
‘ Alpha-2-macroglobulin -
@ Alpha-1-acd glycoprotein 1 =] ma/ml
Apalipoprotein C-lll
Clusterin
Apolipoprotein -l
Complement companent 7
Tetranectin
EGF receptor Coagulation factor Xl B chain
Vitamin K dependent protein C
Kallikrein 11
=1 pg/ml
Fibronectin 1 X
Vitranectin
X Cytokeratin 8
Chromogranin A Neutrophil defensin 1
Classical plasma proteins Alpha-fetoprotein i
Her2/neu
Inhibin
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. Gastrin Kallikrein 10
Tissue leakage products VEGE B onadotrooin
Colony stimulating factor 1 T
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. . ® - pom
Interleukins, cytokines ®

Needles in a haystack. The abundance of different proteins in blood varies by more than
10 orders of magnitude. Most commercially used biomarkers (yellow dots) are present in only
minute quantities in blood, below the Llevel at which most proteins are detected (red dots).

Modified from Science 2008, Vol 321, 1758-1761



Single Cell Proteomics — CyTOF
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Complexity of Metabolic Pathways
and Cellular Processes
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LC-MS Strategies for Metabolomics

C18 Reversed Phase positive mode | v Discovery metabolomics
C18 Reversed Phase negative mode | _ (AMRT, MS/MS)

C18 lon pairing (pH 4.95) negative mode v' Targeted metabolomics
HILIC Luna NH2 negative mode | (MRM/SRM)

Fatty acids, lipids
Aromatic compounds
Steroids

Polar -ve charged
compounds

Glycolysis
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2-Dimensional Gas Chromatography

GCxGC-gMS
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Detection of >600 Molecular Features ~200 Targeted Metabolites

NMR

P 20
160 @50
Qe

Column 2 Retention Time (seconds)

Zhanru Yu et al., TALANTA 2017
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Metabolite Profiling & ldentification
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Please feel free to get in contact to discuss questions/experiments:

Email: darragh.obrien@ndm.ox.ac.uk
http://www.tdi.ox.ac.uk/mass-spectrometry



