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Biology of Systems
(aka Systems Biology)

Proteins and proteomics: a laboratory manual. Simpson, R.J., Cold Spring Harbor, NY : Cold Spring Harbor Laboratory Press, 2003,926 
pages



Proteomics:
The	term	“proteomics”	was	first	coined	in	1995	

defined	as	the	large-scale	characterization	of	the	entire	protein	
complement	of	a	cell	line,	tissue,	or	organism.	

Wasinger,	V.	C.,	S.	J.	Cordwell,	A.	Cerpa-Poljak,	J.	X.	Yan,	A.	A.	Gooley,	M.	R.	Wilkins,	M.	W.	
Duncan,	R.	Harris,	K.	L.	Williams,	and	I.	Humphery-Smith. 1995.	Progress	with	gene-
product	mapping	of	the Mollicutes: Mycoplasma	genitalium. Electrophoresis 16:1090-1094.



Microbiol Mol Biol Rev. 2002 Mar; 66(1): 39–63.

Proteomics:



Genomics inform proteomics:

Why not just look for genetic differences?

Genetics and transcriptomics inform what protein products 
may be produced in the cell. 

The actual protein composition is affected by many post-
transcriptional processes:

• Translational regulation due to miRNAs
• Post translational modifications
• Protein uptake from microenvironment
• Protein Stability



Jeremy Shockey, celebrating a NY Giants 
game winning 40 yard field goal.

Proteomic is like taking a snapshot of football 
game and inferring the outcome.



That Missed … Wide Left!

Proteomic is like taking a snapshot of football 
game and inferring the outcome.



Take Home Points
Proteomics technologies are needed to 

characterize the gene products as follows:

A. Identification
B. Localization
B. Characterization (modifications, stability, 
transport, localization, etc.)
C. Quantification

How we measure is as important 
as what we measure!



What	Can	Proteomics	Do

Protein(s) 
identification 

PTM Identification

Protein Crosslink
Identification

Drug Binding Site
Identification

Pathway Analysis
Protein Profile Analysis

Protein Interaction Analysis



Proteomics

Sample Collection 
and Processing

Mass Spectrometry
or Protein Arrays

Bioinformatics Biostatistics



What is Mass Spectrometry?

Mass spectrometry is an analytical technique used to 
measure the mass of gas phase ions

Source

Typical mass spectrometer consists of the following:

Mass Analyzer Detector

Source – vaporization / ionization of the molecules
Mass Analyzer - separation of gas-phase ions by mass
Detector - detection of mass separated ions



ESI and MALDI
for Ionization of Biopolymers

Q) Why are ESI and MALDI so useful in the analysis of 
biopolymers?

A)	Because:	They	are	“soft” ionization	techniques	capable	of	
generating	ions	of	nonvolatile	biopolymers.



The	Royal	Swedish	Academy	of	Sciences	has	decided	to	award	the	Nobel	Prize	in	Chemistry	
for	2002

”for	the	development	of	methods	for	identification	and	structure	analyses	of	biological	
macromolecules”

John	B.	Fenn,	Virginia	Commonwealth	University,	Richmond,	USA,	and
Koichi	Tanaka,	Shimadzu	Corp.,	Kyoto,	 Japan
”for	their	development	of	soft	desorption	ionisation	methods	for	mass	spectrometric	analyses	
of	biological	macromolecules”

Kurt	Wüthrich,	Swiss	Federal	Institute	of	Technology	 (ETH),	Zürich,	Switzerland	and	The	
Scripps	Research	Institute,	La	Jolla,	USA
”for	his	development	of	nuclear	magnetic	resonance	spectroscopy	for	determining	the	three-
dimensional	 structure	of	biological	 macromolecules	 in	solution”.

ESI and MALDI



Mass
Spectrometry

All types of hardware used in proteomics

ESI

MALDI

FT ICR

Ion Trap   LTQ
Orbitrap
amaZon

TOF     UltraFlex
maXis

Quandrupole  Triple-Quad



- Mass spectrometers do not directly give the mass of the ion!  

- Rather the instrument determines the mass to charge ratio or 
m/z. 

- For ions with either a +1 or –1 formal charge (as it the case 
most of the time) the mass of the ion is the same as the m/z 
ratio

The mass to charge ratio
m/z 

(Th or Thompson)
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Sequence of Myoglobin

MW = 16951

Molecular Weight Measurement of the Protein



Tandem Mass Spectrometry
• Combines two or more mass analyzers of the same or different

types
• First mass analyzer isolates the ion of interest (parent ion)
• The ions are fragmented between the first and second mass

analyzer via collisions or irradiation with UV light
• The last mass analyzer obtains the mass spectrum of the

fragment ions (daughter ions spectrum)

Mass Analyzer Mass Analyzer



Protein Identification by Top Down MS/MS

ECD MS/MS

Histone H4
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N-AGRGK5GGK8GLGK12GGAK16RHRK20VLRDNIQGIT H4

Ac Ac Ac Ac Ac
Me Me

Ac Ac Ac

Known Modification

Modification Detected

Protein Identification by Top Down MS/MS



Measure protein
Positives:
fast experiment, observe 
changes in protein mass
Negatives:
not good for protein id 
due to resolution & PTMs, 
requires clean sample

Measure peptides
Positives:
fast experiment, identify 
proteins & PTMs
Negatives:
not good for mixtures of 
proteins, confidence in 
identification not ideal

Measure fragments
Positives:
identify protein & PTMs,  
high result confidence.
Negatives:
longer instrument time, 
longer database search

TOP DOWN Peptide Fingerprinting Middle Down
Bottom Up

MS/MS

ENZYME

MS/MS



Peptide Mass Mapping

• Important data
– multiple peaks
– mass accuracy
– confirming information 

(pI, approx. mass, 
organism, etc.)

?MS

MS Peptide MW
Found in Selected

Databases
NDALYFPT...
SWDLTAL...
PTDLDVSY...

protein peptides identify

rank



mass position peptide sequence
927.486 161-167 YLYEIAR

1050.485 588-597 EACFAVEGPK

1282.703 361-371 HPEYAVSVLLR

1305.708 402-412 HLVDEPQNLIK

1439.504 360-371 RHPEYAVSVLLR

1478.788 421-433 LGEYGFQNALIVR

1567.735 347-359 DAFLGSFLYEYSR

1639.931 437-451 KVPQVSTPTLVEVSR

1667.893 469-482 MPCTEDYLSLILNR

1823.892 508-523 RPCFSALTPDETYVPK

2045.021 168-183 RHPYFYAPELLYYANK

2506.243 469-489 MOXPCTEDYLSLILNRLCVLHEK

1 MKWVTFISLL LLFSSAYSRG VFRRDTHKSE IAHRFKDLGE EHFKGLVLIA FSQYLQQCPF DEHVKLVNEL
71 TEFAKTCVAD ESHAGCEKSL HTLFGDELCK VASLRETYGD MADCCEKQEP ERNECFLSHK DDSPDLPKLK
141 PDPNTLCDEF KADEKKFWGK YLYEIARRHP YFYAPELLYY ANKYNGVFQE CCQAEDKGAC LLPKIETMRE
211 KVLTSSARQR LRCASIQKFG ERALKAWSVA RLSQKFPKAE FVEVTKLVTD LTKVHKECCH GDLLECADDR
281 ADLAKYICDN QDTISSKLKE CCDKPLLEKS HCIAEVEKDA IPENLPPLTA DFAEDKDVCK NYQEAKDAFL
351 GSFLYEYSRR HPEYAVSVLL RLAKEYEATL EECCAKDDPH ACYSTVFDKL KHLVDEPQNL IKQNCDQFEK
421 LGEYGFQNAL IVRYTRKVPQ VSTPTLVEVS RSLGKVGTRC CTKPESERMP CTEDYLSLIL NRLCVLHEKT
491 PVSEKVTKCC TESLVNRRPC FSALTPDETY VPKAFDEKLF TFHADICTLP DTEKQIKKQT ALVELLKHKP
561 KATEEQLKTV MENFVAFVDK CCAADDKEAC FAVEGPKLVV STQTALA

Bovine Albumin

Cut	protein	into	manageable	pieces	for	the	mass	spectrometer	to	analyze



mass position peptide sequence

927.486 161-167 YLYEIAR

1050.485 588-597 EACFAVEGPK

1283.703 361-371 HPEYAVSVLLR

1305.708 402-412 HLVDEPQNLIK

1439.504 360-371 RHPEYAVSVLLR

1479.788 421-433 LGEYGFQNALIVR

1567.735 347-359 DAFLGSFLYEYSR

1639.931 437-451 KVPQVSTPTLVEVSR

1667.893 469-482 MPCTEDYLSLILNR

1823.892 508-523 RPCFSALTPDETYVPK

2045.021 168-183 RHPYFYAPELLYYANK

2506.243 469-489 MOXPCTEDYLSLILNRLCVLHEK
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Peptide Mass Mapping



MKWVTFISLL FLFSSAYSRG VFRRDAHKSE VAHRFKDLGE ENFKALVLIA FAQYLQQCPF EDHVKLVNEV TEFAKTCVAD 
ESAENCDKSL HTLFGDKLCT VATLRETYGE MADCCAKQEP ERNECFLQHK DDNPNLPRLV RPEVDVMCTA FHDNEETFLK 
KYLYEIARRH PYFYAPELLF FAKRYKAAFT ECCQAADKAA CLLPKLDELR DEGKASSAKQ RLKCASLQKF GERAFKAWAV 
ARLSQRFPKA EFAEVSKLVT DLTKVHTECC HGDLLECADD RADLAKYICE NQDSISSKLK ECCEKPLLEK SHCIAEVEND 
EMPADLPSLA ADFVESKDVC KNYAEAKDVF LGMFLYEYAR RHPDYSVVLL LRLAKTYETT LEKCCAAADP HECYAKVFDE 
FKPLVEEPQN LIKQNCELFE QLGEYKFQNA LLVRYTKKVP QVSTPTLVEV SRNLGKVGSK CCKHPEAKRM PCAEDYLSVV 
LNQLCVLHEK TPVSDRVTKC CTESLVNRRP CFSALEVDET YVPKEFNAET FTFHADICTL SEKERQIKKQ TALVELVKHK 
PKATKEQLKA VMDDFAAFVE KCCKADDKET CFAEEGKKLV AASQAALGL 

Human Albumin

m/z Missed 
Cleavages  Sequence  

1013.4244  0  589ETCFAEEGK597  
1013.5990  0  599LVAASQAALGL609 
1141.5194  1  589ETCFAEEGKK598  
1141.6939  1  598KLVAASQAALGL609 
1149.5759  1  25DAHKSEVAHR34  
1149.6150  0  66LVNEVTEFAK75  
1352.6661  1  497VTKCCTESLVNR508 
1352.7685  1  427FQNALLVRYTK437  
1623.7876  0  348DVFLGMFLYEYAR360  
1623.9581  1  362HPDYSVVLLLRLAK375  
1898.9952  1  169RHPYFYAPELLFFAK183  
1898.9952  1  170HPYFYAPELLFFAKR184  
	

0

MS alone CAN NOT distinguish peptides of 
similar molecular weight.

lpost-translational modification.
lsequence coverage determinations 
difficult.
lthe identification of more than one 
protein in a sample impossible.
lMass accuracy requirements



- By use of Tandem Mass Spectrometry we can
selectively fragment a peptide/protein.

- CID - Collision Induced Dissociation is due to high
energy collisions with an inert gas.

- ETD and ECD - Electron Transfer/Capture
Dissociation is due to an energetic transfer of an
electron to the positively charged peptide or protein.

- Peptide and Proteins follow rules for how they
fragment.

Peptide Fragmentation



Mass Spectrometry
Based Proteomics

Basic Elements of MS and MS/MS analysis of proteins



Peptide Fragmentation

Roepstorff Nomenclature	Scheme

Fragment	ions	form	 from	the	backbone	cleavage	of	protonated	peptides.
Fragment	ions	retaining	 the	positive	charge	on	the	amino	terminus	are	termed	a-,	b-,	
or	c-type	ions.	
Fragment	ions	retaining	 the	positive	charge	on	the	carboxy terminus	are	termed	x-,	y-
,	or	z-type	ions.



Peptide Fragmentation

Comparison	of	CID	and	ETD



# b Seq. y #
1 58.0287 G 13
2 171.1128 L 1362.7515 12
3 284.1969 L 1249.6674 11
4 413.2395 E 1136.5834 10
5 528.2664 D 1007.5408 9
6 641.3505 L 892.5138 8
7 698.3719 G 779.4298 7
8 861.4353 Y 722.4083 6
9 976.4622 D 559.3450 5
10 1075.5306 V 444.3180 4
11 1174.5990 V 345.2496 3
12 1273.6674 V 246.1812 2
13 K 147.1128

GLLEDLGYDVVVK

CASP4_MOUSE
Caspase-4
OS=Mus musculus

LC/MSMS
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Data Analysis for MS/MS Method

?MS/MS

MS	Peptide	MW
Found	in	Selected

Databases
NDALYFPT...
SWDLTAL...
PTDLDVSY...

protein peptides identify

rank
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Database Searching
nMascot
•16 node cluster for high-speed data processing

nProtein sequences are digested and fragmented In Silico which 
produces an enormous peak list

nRaw MS/MS data is converted to a peak list and compared against 
the In Silico peak list.

nCritical point of database searching
•The enzyme must work properly (no non-specific cleavage and missed 
cuts)
•The mass accuracy limits must be set appropriately
•Any modifications must be accounted for (modified cysteine)
•The database must contain the protein



Peptide Sequence and MS/MS Information 



Middle Down

Why Middle Down:
simplifies the complex mixtures offered by bottom up strategies
while avoiding the diminished performance of top down experiments

GluC Cleavage

GluC Cleavage GluC Cleavage

GluC Cleavage

GluC Cleavage GluC Cleavage GluC Cleavage

GluC Cleavage



Conventional Proteomics

Lin D, Tabb DL, Yates JR  Biochemica biophysica Acta-Proteins and Proteomics 2003, 1636, 1-10



Shotgun Proteomics, aka LC-MS/MS

http://www.vicc.org/jimayersinstitute/technologies/



Differential Expression 
Profiling



Stable Isotope Labeling

Sechi S, Oda YCurr Opin Chem Biol 2003, 7, 70-77.



Stable Isotope Labeling

Sechi S, Oda YCurr Opin Chem Biol 2003, 7, 70-77.



Label Free Spectral Counting

http://www.vicc.org/jimayersinstitute/technologies/



Targeted Proteomics - Multiple 
Reaction Monitoring

http://www.vicc.org/jimayersinstitute/technologies/
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teome of cancer cell lines (Jessani et al., 2002). In addition, new
chemical reagents have been developed that can profile and
identify the catalytic activity of enzymes in complex mixtures.
This combination of emerging technologies has the potential to
functionally map the state of enzyme networks before and after
perturbation (Ideker et al., 2001; Phizicky et al., 2003; Tyers and
Mann, 2003). Nevertheless, the measurement of enzymatic
activity levels, by themselves, is not sufficient to recapitulate the
activity level of a protein network in situ. This is because signal-
ing networks exist within the context of the inter- and intracellu-
lar microenvironment. Consequently, array-based technology
must incorporate measurements related to the status of
enzyme substrates and binding partners as they exist in vivo.
Spectrum of applications
Protein microarrays are currently being studied within several
fields relevant to cancer research: (1) Discovery of novel ligands
or drugs that bind to specific bait molecules on the array, (2)
multiplexing immunoassays to develop a miniature panel of
serum biomarkers or cytokines, and (3) profiling the state of
specific members of known signal pathways and protein net-
works. For categories 1 and 2, a variety of competing technolo-
gies already exist for protein discovery and multiplexed clinical

immunoassays.These include mass spectroscopy, ICAT, 2D gel
electrophoresis, bead capture, micro-ELISA (Celis and Gromov,
2003; Chen et al., 2002; Delehanty and Ligler, 2002; Pandey
and Mann, 2000), and 3rd generation clinical analyzers. In con-
trast, for category 3, the use of protein microarrays for network
profiling of cellular samples and clinical material offers the
greatest potential to gather knowledge not attainable by other
methods. Consequently, we will narrow our analysis to this spe-
cific application for clinical specimen profiling.
Classes of protein array technology
Currently, protein microarray formats fall into two major classes,
forward phase arrays (FPA) and reverse phase arrays (RPA),
depending on whether the analyte is captured from solution
phase or bound to the solid phase (Figure 1). In FPAs, capture
molecules, usually an antibody, are immobilized onto the sub-
stratum and act as a bait molecule. Each spot contains one type
of immobilized antibody or bait protein. In the FPA format, each
array is incubated with one test sample (e.g., a cellular lysate
from one treatment condition), and multiple analytes are mea-
sured at once. In contrast, the RPA format immobilizes an indi-
vidual test sample in each array spot, such that an array is
comprised of hundreds of different patient samples or cellular
lysates. In the RPA format, each array is incubated with one
detection protein (e.g., antibody), and a single analyte endpoint
is measured and directly compared across multiple samples.

Protein microarrays: Analytical challenges
Dynamic range of the proteome
Protein microarrays pose a significant set of analytical chal-
lenges not faced by gene arrays (Celis and Gromov, 2003; Lal et
al., 2002; Zhu and Snyder, 2003). The first serious obstacle is
the vast range of analyte concentrations to be detected. Protein
concentrations exist over a broad dynamic range (by up to a fac-
tor of 1010). To make the analysis even harder, a low abundance
analyte always exists in a complex biological mixture containing
a vast excess of contaminating proteins. Imagine that the speci-
ficity of a detection antibody is 99%, but a crossreacting protein
exists in a thousand fold (or greater) excess. For every one ana-
lyte molecule detected, there will be ten crossreacting contami-
nating molecules detected, and the signal over background will
be unacceptable.
Sensitivity requirements
PCR-like direct amplification methods do not exist for proteins.
Consequently, protein microarrays require indirect, and very
stringent, amplification chemistries (King et al., 1997; Kukar et
al., 2002; Morozov et al., 2002; Schweitzer et al., 2002).
Adequate sensitivity must be achieved (at least femtomolar
range), with acceptable background. Moreover, the labeling and
amplification method must be linear and reproducible to insure
reliable quantitative analysis. Finally, the amplification chemistry
must be tolerant to the large dynamic range of the analytes and
the complexity of the biologic samples.The biologic sample may
naturally contain biotin, peroxidases, alkaline phosphatases,
fluorescent proteins, and immunoglobulins, all of which can
substantially reduce the yield or background of the amplification
reaction.
Clinical samples
The clinical power of protein microarrays can only be realized if
the technology can be directly applied to biopsies, tissue cell
aspirates, or body fluid samples. In such cases, the input sam-
ple for protein microarrays is small in volume and low in analyte
concentration. A cubic centimeter of tissue may contain approx-

P R I M E R

Figure 1. Classes of protein microarray platforms

Forward phase arrays (top) immobilize a bait molecule such as an anti-

body designed to capture specific analytes with a mixture of test sample

proteins. The bound analytes are detected by a second sandwich anti-

body, or by labeling the analyte directly (upper right). Reverse phase

arrays immobilize the test sample analytes on the solid phase. An analyte-

specific ligand (e.g., antibody; lower left) is applied in solution phase.

Bound antibodies are detected by secondary tagging and signal amplifi-

cation (lower right).

Protein microarrays: meeting analytical challenges for clinical applications. Liotta LA, Espina V, Mehta AI, Calvert V, Rosenblatt K, Geho D, 
Munson PJ, Young L, Wulfkuhle J, Petricoin EF 3rd. Cancer Cell. 2003 Apr;3(4):317-25.
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imately 109 cells. For a core needle biopsy or a cell aspirate, the
total number of cells available for analysis may be less than
100,000. Moreover, since tissues are highly heterogeneous, the
population of target cells may comprise a small percentage of
the total. Thus, for the analysis of cancer cells within a core
biopsy, only a few thousand cancer cells may be procurable.
Assuming that many proteins of interest, or their phosphorylat-
ed counterparts, exist in low abundance, the total concentration
of the analyte protein in the sample is obviously very low.

If the sensitivity of an analytical system is s (moles per vol-

ume), and the number of analyte molecules per cell is x, then
the threshold T for cell procurement per volume will be:

(x ≡ number of analyte molecules per cell [molecules/cell]; T ≡
threshold for cell procurement per volume [cells/volume]; s ≡
sensitivity of detection system [moles/volume]; A ≡ Avogadro’s
number [6.02 * 1023 molecules/mole]).

For example, if the abundance of a signal transduction or
transcription factor protein is in the range of 10,000 copies per
cell, and the analytical sensitivity of the detection is one femto-
mole/ml, then the number of cells T required for the assay will
be approximately 60,000 cells per ml, or 60 cells per microliter.
Consequently, if the analytic method does not have adequate
sensitivity, the number of cells required for the assay may not
exist within the range achievable for clinical utility.
Requirement for specific high affinity antibodies and 
ligands
Gene transcript profiling was catalyzed by the ease and
throughput of manufacturing probes with known, specific, and
predictable affinity constants. In contrast, the probes (e.g., anti-
bodies, aptamers, ligands, drugs) for protein microarrays can-
not be directly manufactured with predictable affinity and
specificity. The availability of high quality, specific antibodies or
suitable protein binding ligands is the limiting factor, and starting
point, for successful utilization of protein microarray technology
(Templin et al., 2002). Prior to use on any array format, antibody
specificity must be thoroughly validated (e.g., single appropriate
sized band on Western blot) using a complex biologic sample
similar to that applied and analyzed on the array. The degree of
posttranslational modifications or protein-protein interactions,
for an individual analyte protein, will contain critical biologic
meaning that cannot be ascertained by measuring the total con-
centration of the analyte. Consequently, a significant challenge
for protein microarrays is the requirement for antibodies, or sim-
ilar detection probes, that are specific for the modification or
activation state of the target protein. Sets of high-quality modifi-
cation state-specific antibodies are commercially available.
Unfortunately, high-quality antibodies are currently available for
only a small percentage of the known proteins involved in signal
networks and gene regulation. A significant challenge for coop-
erative groups, funding agencies, and international consortia is
the generation of large comprehensive libraries of fully charac-
terized specific antibodies, ligands, and probes. A major initiative
of HUPO (Human Proteome Organization) is the production and
qualification of antibody libraries that will be made available to
the scientific community (Hanash, 2003;Tyers and Mann, 2003).
Antibody affinity constrains array design
Each antibody-ligand interaction has its own unique affinity con-
stants (association and dissociation rates) that must be deter-
mined empirically, and in some cases laboriously. A number of
strategies are emerging that may speed up the process of dis-
covering and mass producing antibody/ligands with high speci-
ficity and affinity. The affinity constants constrain the linear
range of the assay. The linear detection range can only be
attained if the concentration of the analyte and antibody/ligand
are properly matched to the affinity. The analyte concentration
in many situations is, by definition, unknown, and may be the
experimental goal. A multiplexed format containing antibodies
with a wide range of affinities may not be able to handle a sam-
ple containing a wide span of analyte concentrations. Such a
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Figure 2. Reverse phase array design applied to analyze phosphorylation
states of signal pathway proteins

Following tissue procurement and microdissection, the cancer cells are
lysed and the entire cellular proteomic repertoire is immobilized onto a
solid phase. The immobilized analyte proteins containing those phosphory-
lated during signal transduction are probed with two classes of antibodies
that specifically recognize (1) the phosphorylated (modified) form of the
protein, or (2) the total protein regardless of its modified state. Each test
sample S1–S4 is arrayed and immobilized in a miniature dilution curve.
Upon signal development and imaging, the relative proportion of the ana-
lyte protein molecules, which are phosphorylated, can be compared
between test samples on the same array. For example, S3 has a low ratio of
phosphorylated to total protein, while sample S4 has a high ratio.

T = 
(A * s)

x

Protein Microarray Technologies: Overview



Protein Microarray Technologies: Challenges

• Antibody Specificity: 
For example, given an antibody with a specificity of a detection 
~99%.  A crossreacting protein that exists in a thousand fold (or 
greater) excess will lead to an unacceptable background signal.

• Dynamic range:
The dynamic range of detection is many orders of magnitude 
lower than the dynamic range of protein abundance in 
cells/serum. 

• Sensitivity: 
Low abundant substrates will require higher amounts of tissue 
in order to observe signal

Protein microarrays: meeting analytical challenges for clinical applications. Liotta LA, Espina V, Mehta AI, Calvert V, Rosenblatt K, Geho D, 
Munson PJ, Young L, Wulfkuhle J, Petricoin EF 3rd. Cancer Cell. 2003 Apr;3(4):317-25.


