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What is Proteomics?
• A proteome is the set of all 

proteins expressed by an 
organism, organ, tissue, etc, at a 
given time.

• Parallel to Genome = all genes 
expressed in an organism, etc...

• One goal: Find a protein or 
proteins that indicates disease.



Motivation
• Protein Biomarkers

• Proteins are most directly responsible 
for biological function.

• RNA expression ≈ Protein expression.

• Post Translational Modifications 
(phosphorylation, glycoslyation) not 
observable at DNA/RNA level.

• Many diseases while treatable at early 
stages are still fatal at advanced stages.

DNA RNA Protein



Motivation
• Protein Biomarkers

• Proteins are most directly responsible 
for biological function.

• RNA expression ≈ Protein expression.

• Post Translational Modifications 
(phosphorylation, glycoslyation) not 
observable at DNA/RNA level.

• Many diseases while treatable at early 
stages are still fatal at advanced stages.

DNA RNA Protein
* Not necessarily equals:  Anderson, L and Seilhamer J. Electrophoresis. 1997 Mar-Apr;18(3-4):533-7.

*



What is a protein?

• Repeating unit is an amino acid.

residue

   

side chain

peptide groupC

H

H3N+

20 possible side chains have different chemical properties.

COO–

R

• Proteins are hetero-polymers,  meaning they are made of 
   repeating chemical units with different composition.
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Where might we look for 
proteins?

Blood
Serum Plasma

Cerebrospinal Fluid
Synovial Fluid

Tissue
LiverColon

Pancreas Kidney
Heart

“Proximal” Fluids

Urine
Feces

Prostate

• Where shouldn’t we look?

Bile

Others...



Challenges of Blood

•Millions of molecular forms

• >1010 dynamic range

• Extremely diverse chemically

• A few, highly abundant proteins



Dynamic Range of
 Human Plasma

Anderson and Anderson.  MCP 2002, 1.11, 845-867.
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Detectability / Sampling

Limit of Detection

Dynamic Range

Abundance

# of
Molecular

Species



Protein Species in Plasma
“True” Plasma Genes: 
~500 genes x 20 glycosylated 
forms x 5 different “sizes”

50,000

Tissue leakage: ~35,000 
genes x 10 variants (splicing, 
PTMs, cleavage, etc.)

350,000

Immunoglobulins 10,000,000

Anderson and Anderson.  MCP 2002, 1.11, 845-867.
sensitive indicator of inflammation or infection (101). These
two clinically useful proteins differ in plasma abundance by a
factor of 1010, and the fact that both can be measured in the
hospital laboratory is a dramatic demonstration of the power
of current immunoassay technology. Finding a molecule of an
analyte present at 10 pg/ml among the albumin molecules
present at 55 mg/ml is like finding one individual human being
by searching through the population of the entire world (1 in
6.2 billion).

It is sobering to recognize that this immense dynamic range
is achieved only by technologies that presuppose the identity
of the analyte: available methods for unbiased protein discov-
ery, such as 2-DE or LC/MS/MS, have typical dynamic ranges
of only 102–104, short of the requirement for comprehensive
proteome mapping by some 6–8 orders of magnitude. Cur-
rent approaches to the extension of this range combine inde-
pendent fractionation methods (principally chromatography,
immunoaffinity subtraction, preparative isoelectric focusing,
or precipitation) with 2-DE or MS to gain an additional factor
of 10–102, which, although very productive, is still far short of
the desired range.

There can be a significant division of opinion over whether
the low abundance plasma components are more “interest-
ing” or clinically meaningful than those of high abundance (or
vice versa). In fact we know that proteins at all abundance
levels prove to be useful as evidenced by the existence of
clinical assays for all those plotted in Fig. 3. More important

questions are where are the proteins in various abundance
classes coming from and how many of them are there? Here
the clinically measured proteins seem to be divided into three
major classes: plasma proteins at the high abundance end,
tissue leakage proteins in the middle, and cytokines at the low
abundance end.

Tissue leakage proteins are important because a serious
pathology can be detected in a small volume of tissue by
measuring release into plasma of a high abundance tissue
protein. Cardiac myoglobin (Mb) is present in plasma from
normal subjects at 1–85 ng/ml but is increased to 200–1,100
ng/ml by a myocardial infarction (102) and up to 3,000 ng/ml
by fibrinolytic therapy to treat the infarct (103). The last figure
perhaps best represents a complete release of highly soluble
(!99% cytosolic (104)) Mb as a result of clearing blocked
vessels perfusing the damaged tissue volume. Given an av-
erage blood volume of 4.5 liters in a 70-kg male (105) and an
average volume proportion of plasma in blood of 55%, there
are "2.5 liters of plasma in the average person, containing
roughly 250 g of plasma protein. A level of 3.0 !g/ml Mb is
equivalent to the release and dilution of 7.5 mg of Mb into the
whole plasma volume, which, since Mb accounts for 0.28% of
total cardiac protein (106), would be equivalent to complete
release of Mb from about 2.7 g of cardiac tissue. This is clearly
an underestimate since moderate infarct masses are typically
"45 g (107), and thus it is probable that something like 5% of
the releasable Mb is in circulation at the relevant time point (a

FIG. 2. Histogram of the calculated masses of the processed forms of 289 proteins observed in plasma (Table I). kd, kilodaltons.

The Human Plasma Proteome

Molecular & Cellular Proteomics 1.11 855



What can we do?
• Spread Proteins Out

• In Time  (Time-of-Flight Mass Spec, Chromatography) 

• In Space (2D-Gel)

• In Frequency (Fourier Transform Mass Spec)

• Throw Proteins Away
• Filter (Molecular Weight Cut Off) 

• Retain (ELISA) 

• Focus (Glycoproteins)

• Break Proteins Apart
• Digestion (Trypsin)

• Fragmentation (MSn)



2D Gel
Intact Proteins

Poly-Acrylamide Gel 
Electrophoresis 
(PAGE) separates 
proteins by approx 
molecular weight.

Iso-Electric Focusing 
(IEF) separates 
proteins by charge 
(pI).

1,268 spots
(proteins)

Gingival crevicular fluid 
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What is a Mass Spectrometer?

Molecules

A mass spectrometer measures the mass-to-charge
ratios (m/z) of molecules.



What is a Mass Spectrometer?

Molecules

Molecular Weight

m=1,000 Da

m=750 Da

m=100 Da



What is a Mass Spectrometer?

Apply charge
(Ionization)

+
+

+
+



What is a Mass Spectrometer?

+
+ ++

Separate based on 
mass-to-charge ratio

(m/z)

(Mass Analysis)

m/z



What is a Mass Spectrometer?

Molecules

Molecular Weight

m=1,000 Da

m=750 Da

m=100 Da
+
+ ++

Separate based on 
mass-to-charge ratio

(m/z)

(Mass Analysis)

m/z

Mass-to-Charge

m/z=501

m/z=751m/z=101



What is a Mass Spectrometer?

Cu
rr

en
t

m/z

101 501 751

Convert these
ions into
current that
varies in time/
frequency.
(Detection)



Muddiman, Hawkridge



Ion Cyclotron Resonance

ωc =

qB0

m

Cyclotron Frequency

Resolving Power

R ∼

qB0Tacq′n

m

Calibration
m

z
=

A

f
+

B

f2

Basic Principle: Important 
Relationships:Ions rotate about a magnetic 

field with frequency ~ 1 / m/z.
+

B

q

Marshall, Hendrickson IJMS 215 (2002) 59-75Muddiman, Hawkridge



Time of Flight

m

z
= At

2

Basic Principle: ion flight time proportional to m/z.

R ∼

Leff

2∆z

CalibrationImportant 
Relationships:

Resolving Power

Source
(MALDI)

Flight TubeElectric
Field

Detector Spectrum

Lefflaser

Current

Chernuschevich et al.  J. Mass Spectrom. 2001; 36: 849-865.
Guilhaus.  J. Mass Spectrom.  1995; 30: 1519-1532.



Resolution / Resolving Power
A measure of an instrument’s 

ability to discriminate or 
“resolve” peaks adjacent in 

mass.

R =
m

∆mFWHM

∆m∆mFWHMFWHM

50%

height

R=∞



Isotopes

(differing #
of neutrons)

spacing ~1/z

1H   99.9885%
2H   0.0115%
12C  98.93%
13C  1.07%
14N  99.995%
15N  0.005%

16O  99.7570%
17O  0.038%
18O  0.205%
32S   94.93%
33S   0.76%
34S   4.29%
36S   0.02%

616 618 620 1228 1230 1232414 416 418

16O

Mr=828 Mr=1846 Mr=3680

Importance of Resolving Power: Isotopes



Chromatography
Chromatography separates molecules in time based on their 
chemical properties.

Stationary Phase

Abun.

Retention TimeMobile Phases

Gradient

%B
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Chromatography

Chemical Property

Reverse Phase Water-dislike
(Hydrophobicity)

Strong Cation Exchange (SCX) Charge

Chromatography separates molecules in time based on their 
chemical properties.

Stationary Phase

Abun.

Retention TimeMobile Phases

Gradient

%B

100

0 60Retention Time 
(minutes)

A B



Ionization



Ionization
•Multiply charged species
•Solution phase
•Fenn et al: Nobel Prize



Ionization

h!

Matrix Assisted Laser
Desorption Ionization (MALDI)
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•Solution phase
•Fenn et al: Nobel Prize



Ionization
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•Multiply charged species
•Solution phase
•Fenn et al: Nobel Prize

•Mostly singly charged 
species

•Solid phase
•Tanaka et al: Nobel 
Prize



Mass Spec Semi-quantitative
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Relative Quantification
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Labeling
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Break proteins apart
• An endoprotease breaks proteins into 
   smaller peptides at specific residues.

H3N+ C
H H

Rn-1 Rn-1O

C N C
H

Rn Rn

COO–

H3N+ C
H H

H

HRn-1 O

O–

C N C
H

Rn

COO–

Condensation Hydrolysis

Trypsin K, R !P

Chymotrypsin F, W, Y !P

Pepsin L, F, W, Y !P

Endopep. V8 E

Lys-C K

Common endoproteases

+



18O Labeling

T A
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Trypsin
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Alphabet soup

Labeling Separation Ionization Mass 
Analysis

(None)
18O

ICAT
iTRAQ
SILAC

...

2D Gel
Reverse- 

Phase
SCX
IEF
...

ESI
MALDI
EI/CI
DESI
FAB
...

TOF
Quadrupole

FT-ICR
Orbitrap

...



Blood 
Plasma

Deplete
Top 6 

Proteins

Trypsin
Digestion

18O
Labeling

Strong
Cation

Exchange
Chromato-

graphy

Reverse
Phase

Chromato-
graphy

FT-ICR/
Oribtrap

Mass
Spectro-
metry

Sample A 
(Control)

Sample B 
(Disease)

Albumin

Antitrypsin

Igg      Iga

Haptoglobin

Transferrin
H

2
18O

H
2

16O

MQKTS

MQK
TS

Charge
(pI)

Hydro-
phobicity

A B

T A
K

T A
K

Experimental Overview
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1-2 sec/spectrum 60-90 min/chromatogram

60-270 min/fraction weeks-months-...30-135 hours/patient



Data Size Per Patient Sample

LTQ-FT

Peaks ~9M

Spectra 57k / 228k

Fractions 30

Total Raw Size ~1.5GB

Analysis Size 
(Compressed, Transient)

>20GB

39



0
*Plasma reference concentrations courtesy of N. Leigh Anderson, Plasma Proteome Inst.

Data Set 1: LTQ-FT, 4 samples
(Scaffold 99% Protein Probability)
( 20 ppm precursor mass tolerance)
• 119800 MS/MS spectra
• 164 Proteins with ≥ 2 peptides
• 206 Proteins with ≥ 1 peptide

Data Set 2: LTQ-Orbitrap, 1 sample
(Scaffold 99% Protein Probability)
( 20 ppm precursor mass tolerance)
• 270700 MS/MS spectra
• 437 Proteins with ≥ 2 peptides
• 862 Proteins with ≥ 1 peptide
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Kenneth Johnson et al.  ASMS 2006



How are we doing?
• HUPO:  3,020 total proteins with at least two 

peptides from a consortium of 18 laboratories.

3232 G. S. Omenn et al. Proteomics 2005, 5, 3226–3245

ebi.ac.uk/pride. Figure 2 shows the numbers of proteins
identified with ! n peptides with the percentage of those IDs
confirmed in a second laboratory. Of these peptides, the vast
majority were ten or more amino acids in length, with a me-
dian of 12.9 and a minimum of six amino acids in this data-
set; the distribution of lengths is shifted to the right com-
pared with the theoretical tryptic peptides from the total IPI
database. The 3020 proteins represent a very broad sampling
of the IPI proteins in terms of characterization by pI and by
molecular weight of the transcription product (often a “pre-
cursor” protein).

The PPP database permits future users to choose their
own cut-points for subanalyses, including 2857 proteins
identified at least once with “high confidence” criteria;
1555 proteins based on two or more peptides, at least one of
which was reported as high confidence (from the intersec-
tion of the 3020 and the 2857); and 1274 proteins based on
matching to three or more peptides.

Figure 3 shows the methods used and the log of the
number of proteins identified by the various laboratories. At
the top of the figure are results with MALDI-MS. Four labs
reported MALDI-MS without MS/MS for certain specimens.
For example, Lab 22 analyzed all four samples of each of the
B1, B2, and B3 specimens by MALDI-MS, and then used in-
depth ESI-MS/MS Deca-xp for B1 serum only. Altogether
there were 367 distinct protein IDs by MALDI-MS, of which
226 were confirmed by MS/MS or FT-ICR/MS in the core
dataset of 3020 IPI proteins, while 141 were not so con-
firmed. The mean and median numbers of peptides for the
confirmed proteins were significantly higher than for those
not confirmed. The MALDI-MS data were not used in iden-
tifying the 3020 protein dataset or creating Fig. 2.

The capillary LC-FT-ICR-MS results (Lab 28) were
included. This method (Adkins et al. [12]) depends upon
previous ion-trap MS/MS studies to generate a database of
highly accurate mass and normalized elution time parame-

ters for each peptide. Proteins in new specimens cannot be
recognized if those proteins were not already detected and
characterized in creating (and updating) the AMT database.
Only 22% of 722 proteins identified across the six PPP spe-
cimens had more than one peptide match; ProteinProphet
clustered these 722 into 377 non-redundant proteins. The
LC-MS/AMTmethod has the potential to expedite analysis of
large numbers of specimens once the mass tolerance is
tightened, the elution times are made highly reproducible,
and the AMT parameters are known for a very substantial
number of true-positive peptides. Even then, however, sam-
ples of differing origin and complexity may have different
PTMs and different elution times, limiting the usefulness of
the AMT tags. At present, peptide coverage seems to be quite
limited. However, powerful MS-FT-ICR-MS (MS3) combina-
tions are being introduced [13]. Lab 28 contributed valuable
data on serum/plasma comparisons. Adkins et al. [12] also
demonstrated that their approach gives a rough quantitative
estimation of protein concentrations based on average ion
current for all the peptides identified for 18 particular pro-
teins, correlated in log-log plots with nephelometric immu-
noassay results.

The most striking difference in MS was the comparison of
LCQ-Deca XP1 ion trap (IT) and LTQ linear IT MS/MS
instruments by Lab 34. The analyses were of two different
specimens from the BD B1 set, using similar depletion, pro-
tein array pixelation prefractionation, and tryptic peptide frac-
tionation (Tang et al. [14] this issue). LCQ analysis of B1-
heparin-plasma yielded 575 IDs, while LTQ analysis of B1-
serum yielded 2890 protein IDs, both with the PPP high-
stringency SEQUEST filters. Many low abundance proteins in
the low ng/mL to pg/mL range were identified. The compar-
ison is complicated, however, by the fact that the protein iden-
tifications used different amounts of starting material. Deple-
tion was applied to 193 mL (14.5 mg) of plasma and 415 mL
(35.3 mg) of serum. After the fractionation steps, fractions

Figure 2. Number of proteins
identified as a function of num-
ber of peptides matched.
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