National Cancer Institute
at Frederick

NCEFrederick

National

Mass Spectrometry In‘lﬁfﬁ

Database Searching:
SEQUEST

Aaron Lucas "
Bioinfor matic Analyst | :
L aboratory of Proteomics and Analytical Technologies o

National Cancer Institute — Frederick
SAIC- Frederick Inc.

dlucas@ncifcrf.gov
301-846-7191




“OMIC

DNA MRNA Protaeins

® Transcriptome ®  Proteome

i
1

I
i1
I
i

1

|
Fri
i

gt n
|l||'|, {1
lll:l

|||'|_ i

oo

ssgce oms
ecee ow

g

cscse.pes o
Galactose vs. Glucose

G




Siructural Genomics Functional Genorics P
Proteomics >

ESTs Transcript tagging Tandem MS Protein Chips
PCR DNA Arrays FTICR Systematic Gene
Gene Mapping Gene Expression MALDI-TOF Knockouts

Positional Cloning Bioinfor matics Protein Chips Transient Gene
DNA Sequencing 2D PAGE I nactivator

DNA Arrays Bioinfor matics Transgenics
Bioinfor matics Yeast 2 and 3 hybrid
Phage Display (antibodies
and peptides)
Affinity assay technologies
Bioinfor matics
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Biological Activity




THE NEED FOR PROTEOMIC ANALYSIS

While the genome predicts which proteins may be expressed by a cell,
the proteome tells which proteins are expressed.

Proteins are the genera bioeffectors within the cell.

|dentical cell types undoubtedly have different expressed proteomes

depending many factors (environment, metabolic state, stress...)

MRNA measurements are not always reflective of protein levels.

Post-trandlational modifications (i.e. phosphorylation, glycosylation)
play akey rolein protein function.




Amino Acids

Amino Acid

3 Letter Abb.

1 Letter Abb.

Monoisotopic
Mass

Average
Mass

Alanine

Ala

71.0371

71.080

Arginine

Arg

156.1007

156.1901

Asparagine

Asn

144.0429

144.1054

Aspartic Acid

Asp

115.0269

115.0900

Cysteine

Cys

103.0092

103.1444

Glutamic Acid

Glu

129.0426

129.1173

Glutamine

Gln

129.0426

129.1173

Glycine

Gly

57.0215

57.0527

Histidine

His

137.0589

137.1435

Isoleucine

lle

113.0841

113.1620

Leucine

Leu

113.0841

113.1620

Lysine

Lys

128.0950

128.1767

Methionine

Met

131.0405

131.1991

Phenylalanine

Phe

147.0684

147.1801

Proline

Pro

97.0528

97.1187

Serine

Ser

87.0320

87.0793

Threonine

Thr

101.0477

101.1066

Tryptophan

Trp

186.0793

186.2176

Tyrosine

Tyr

163.0633

163.1794

Valine

Val

<[<|S|H|w|g|n|Z|x[C|—-|z|o|m|o|o(z|x|>

99.0684

99.1347




Reversed-Phase Liquid Chromatography-lon Trap Mass Spectrometry

Capillary LC

Pumps f

-lm—-ml-

10 cm reversed-phase ni.C
electrospray column
(50 nm ID/3mm particles)










lonization

Power Supply

A high positive potential is applied to the capillary causing positive ions in solution
to drift towards the meniscus. Destabilization of the meniscus occurs, leading to
the formation of a (Taylor) cone and a fine jet emitting droplets with excess positive

charge. Gas-phase ions are formed from charged droplets in a series of solvent
evaporation—Coulomb fission cycles.
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Workflow of a proteomic project




Workflow of a proteomic project




SEQUEST




SEQUEST PseudoCode /<-dtaf"e>

P := the set of peptides p, each with known m/z and their corresponding fragment spectra

for each protein sequence d in Fasta DB do

{

V = the set of theoretical peptides v, resulting from a specific protease
digest d into theoretical peptides v

foreachpin P do

{

M :=those v in V with m/z(v) comparable to m/z(p) (mass tolerances)

for each min M do

{

create theoretical fragment ion spectra(m)

compare fragment ion spectra(m) to fragment ion spectra(p) calculate score s
save (d,p,s)

END

}
END

.out file




SEQUEST SEARCH
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SEQUEST CLUSTER

*Beowulf design model
«Classic “Divide and Conquer” Strategy
*Operating systems supported:
*Microsoft Windows 2000 SP4
*Red Hat Linux (Version 8)




Beowulf Design

Donald Becker and Thomas Sterling

Independent computers combined into a unified
system through software and networking.

Combines relatively inexpensive computers into
a supercomputer through parallelism

|dea of primary and secondary nodes




Software needed

PVM (Parallel Virtual Machine)

 software package that permits a heterogeneous collection of Unix and/or Windows
computers hooked together by a network to be used as a single large parallel
computer

WRSHD RSH
Microsoft Windows NT/2000
more complete implementation of RSH than what Microsoft ships

start up new console based Applications on Remote Systems under secure
conditions, run parallel sessions (farming) and retrieve their output / interact w/ them

login to remote Systems using a different account
manage remote files (e.g: copy files between Unix and Windows)
starts the processes on each secondary node of the cluster.

Xcalibur Bioworks 3.1 SR1 / Xcalibur 1.4

SEQUEST Cluster 3.1 SR1




How SEQUEST Cluster Works

PVM passes data to the secondary nodes from the primary through sockets

Master Node Contains
.RAW
FASTA
.DTA, .OUT

Upon launch of SEQUEST Cluster

Sequest27_master
Identifies all secondary nodes configured and licensed to run SEQUEST Cluster
Subsequently launches sequest27_slave on each node depending on number of CPUs
Reads .params file then passes to secondary nodes
Reads .dta files and passes them to the secondary nodes

Sequest27_output
Writes results from secondary nodes to disk as .out file

What about loss of a node??




SEQUEST Cluster Layout

Direct Attached
HDD

Primary Node
Master or Management Node
Must be Microsoft Windows 2000 Server

Secondary Nodes
Slave or Compute Nodes
Microsoft Windows 2000 Server
Red Hat Linux 8.0




Performance

Mouse Serum Sample

150 min. Data Dependent Tandem MS Run

LCQ Deca
5620 MS scans

Number of Processors

Total Search Time
(secs.)

Average Search Time
(secs.)

7858

1.049

4377

.585

PACYAS)

310

1213

162

629

.084

526

.070




Nodes and Performance

408.7928207

336.6553722

285.8257835

195.9734371




DTA (Data File)




OUT (Database Search Result)




Results




Drawbacks

SEQUEST resultant file is usually smaller than the block size for the hard
disk that it is stored on.

Leads to wasted disk storage space

Sluggishness and instability when attempting to access directories
Fixes created .ms2 and .sqt files

Collation of .dta and .out files respectively
Algorithm

Constantly accessing HDD
Expensive operation

Data accumulation

Instrument Technology Increases
LCQ 19mb raw files
LTQ 100mb  raw files
LTQ-FT >250mb raw files




Searching Parameters (Mass Tolerances)

LCQ or LTQ (MS and MS?)
lon Trap / lon Trap
Precursor Mass tolerance (1.5 AMU)
Peptide lon Tolerance (0.5 AMU)

FTICR (MS)/ LTQ (MS?)
ICR / lon Trap
Precursor Mass Tolerance (0.01 AMU)
Peptide lon Tolerance (0.5 AMU)

FTICR (MS) / FTICR (MS?)
ICR/ICR
Precursor Mass Tolerance (0.01 AMU)
Peptide lon Tolerance (0.01 AMU)




Protein Databases




SVAANIES

Name

Offset

Cleave At

Don’t Cleave At

No_Enzyme

Trypsin(KR)

After

Trypsin(KRLNH)

After

Trypsin(KR/P)

After

Trypsin(KRLNH/P)

After

Chymotrypsin

After

Chymotrypsin(FWY)

After

Clostripain

After

Cyanogen_Bromide

After

lodosoBenzoate

After

Proline_Endopept

After

Staph_Protease

After

Trypsin_K

After

Trypsin_R

After

GluC

After

ED

LysC

After

K

AspN

Before

D

Elastase

After

ALIV

Elastase/Tryp/Chymo

After

ALIVKRWFY




Searching with Modifications

Static: Every specified amino acid(s) have
sald modifications.

Dynamic: Specified amino acid(s) may
have zero or more of said modification.




Biofluid Proteomics

Large number of .raw files

Need to collate results together in usable form

Report generation

Carr, S., R. Aebersold, et al. (2004). "The need for guidelines
In publication of peptide and protein identification data:
Working Group on Publication Guidelines for Peptide and
Protein Identification Data." Mol Cell Proteomics 3(6): 531-3.
Epub 2004 Apr 09.




‘INTERACTOME’ INVESTIGATION

Centrifuge
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MALDI-TOF MS (Diagnostic)
or

Tryptic Digest /
MRPLC-MS/MS (Discovery)




LMW Cutoff Strategy

30 kDa
MWCO Filter —

HMW Retentate
LMW Eluate
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GLOBAL ANALYSISSTRATEGY
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Database Hits (Uniqgue Peptide???)

>143B_HUMAN (P31946) 14-3-3 protein beta/alpha
TMDKSELVQKAKLAEQAERYDDMAAAMKAVTEQGHELSNEER NVVGARRSSW
RVISSIEQKTERNEKKQQMGKEYREKIEP&E%:DICNDVLELLDK{LIPNATOPESKVFYL

Y

KMKGDYFRYLSEVASGDNKQTTVSNSQ

QEAF SPIKE
EIIE'CN;EEEKACSLAKTAFDEA'AELDTLNEES (Sgecific Protein Identification Key
\ " Peptide unique to one protein

>143E_ HUMAN (P62258) 14-3-3 proteix epsilon -3E)
MDDREDLVYQAKLAEQAERYDEMVESMKKVAGMBVELTVEER NVIGARRASW

YYEILNSPDRACRLAKAAFDDRAIAELATLSEESYK,
EQNKEALQDVEDENQ

X
HPeptide gAly foundfh 14-3-3 family
4

GDREQLLQRARLAEQAERYDDMASAMKAVTELNEPLSKEDR NVVGARRSSWR
VISSIEQKTMADGNEKKLEKVRAYREKIEKELETVCNEYVESLLDKFLIKINCNDFQYESKV
FYLKI\/IKGDYYRYLAEVASGEKKNSVVFASEAA%FEISKEQM HPIRLGLALNFSV
FYYEIQNAPEQAZLLAKQAEDEATAELDTLNEDSYK NLTLWTSDQQDEE

>143F _HUMAN (Q04947) 14-3-3 protein eta

oo o Uy o 3230 roteil gamma
VDREQLVQKARLAEQAERYDDMAAAMKNVTELNEPLSNEER NVVGARRSSWR
VISSIEQKTSADGNEKKIEMVRAYREKIEKEEEAVCQDVLSLLDNYLIKNCSETQYESKV
FYLKMKGDYYRYLAEVATGEKRATVVESSEKAYSEAHEISKEHMQPTHPIRLGLALNYSV
FYYEIQNAPEQACHLAKTAFDDAIAELDTLNEDSYK DNLTLWTSDQQDDD
GGEGNN




GLOBAL MOUSE SERUM PROTEOME

8,665 Unique Proteins
12,384 Unique Peptides

2,909 Protein Groups

/\

1,399 containing 1,510 without
unique protein unique protein

| ncreased confidence?




Quantitative Proteomics




Quantitative Proteomic Schemes

Drosophila, C. elegans, Rats!!

}

Cell Culture

}

Cell Lysis

}

Protein Recovery

Stable Isotope _ |
Post-extraction .-

Labeling Proteolysis _ Fractionation

J

LC/MS

!

Data Processing, Display and Analysis




Cleavable ICAT Reagent Structure

Isotope Coded Tag Protein
Affinity Reactive
Tag ey il @S Gy Group
(Biotin) Light: 9 * 12C (227 AMU) lodoacetamide

Affinity Taqg (Biotin): Enables selection and concentration of cysteine containing peptides.

Acid Cleavage Site: Enable the removal of the biotin portion of the label following purification
of ICAT reagent labeled peptides.

Isotope-coded tag: The tags are chemically identical but differ in mass. The heavy with 9-13C
atoms and the light with 9-12C atoms creates a mass difference between the labels of 9 AMU.

Protein Reactive Group (lodoacetamide): The reactive group covalently links the ICAT
reagent to the protein by alkylation of free cysteine.




If ] - =]

Control TreEsiet
| | CICAT L abel

All cysteineslabeled with 13C, ICAT All cysteineslabeled with 13C, ICAT

N\

Combine and Proteolyze

§

Affinity Isolate cl CAT Peptides

§

Strong Cation Exchange Fractionate cl CAT L abeled Peptides

§

Analyze cl CAT Peptide Fractionsby mrRPLC-MSMS

Quantitate by Integrating ICAT Peptide Elution Peak Areas | dentify proteins from sequence information from MS/M S

“

| SHCIAEVEK |

Ys

Ya p,Ysp,

Ys b
v Yl
L 400 500 600 700 800 900 1000 1100 1200 1300
Retention time m'z

Relative Abundance
Relative Abundance




clICAT Search Parameters




MS of clCAT Labeled Peptide from LTQ-FT
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662.33984

666.85468

R=69890

d
<

+2 Charge State

Dm =4.5

R=67852

662.84125
R=66903

663.34320
R=59830

663.63208
R=37560

]

666.35309
R=64636
664.83466 665.42102
R=46286 R=43271
[ [

667.35657
R=67546

667.85944
R=73957

\ \ \
662.0 662.5 663.0 663.5 664.0

\ \ \ \
665.0 665.5 666.0 666.5

m/z

\
664.5

\ \ \
667.0 667.5 668.0




clCAT validation

100

Relative Abundance

82.0 83.0 84.0
Retention Time (min)

BCYB3C,ratio=1.76

Relative Abundance

S\

82.0 83.0 84.0
Retention Time (min)

B. Western Blot
S

Cyclin D1

Densitometricratio = 2.44




Statistical Analysis of cICAT Labeled
Peptides

14 +

2s cutoff:
<0.357 or >1.677
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clCAT Peptide Abundance Ratio




130 Incorporation

Condition A Condition B

A A
| |

Lyophilize Proteins

l l

Resuspend in 160- Resuspend in 180-
bu{fer bulfer

Digest w/trypsin Digest w/trypsin

l l

Quench in Acid (TFA)

Combine

Analysis and quantitation of labeled peptides
using capillary LC/MS/MS




180 Search Parameters




Phosphopeptides

Enrichment
IMAC
Antibody
Modification — Biotin/Avidin Purification

lonization
Neutral loss H,PO;(poor MS?)
Positive / Negative lon Mode




Phosphopeptides (PTM)

429.69
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Phosphopeptides (PTM)

100 668.47

MS/MS of precursor ion:
766.84

Neutral loss of 98
H,PO,

Relative Abundance

998.26 1194.30

716.63 843.31 94233 1084.40
\\H‘}u 1/817‘3‘2’\ oo ’

616.21
31624 39457 493.19 ’
0 Lol \J [ r\, ool \f‘y bl f‘\\ sl i b ‘ \ i o nn \ b i i
200 300 400 500 600 700 800 0]0] 1000 1100 1200 1300 1400 1500
m/z

‘ h " 1177.36” 133‘5.38
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Phosphopeptides (PTM)

MS3: 766.84

Major vault protein MS2: 668.47

P.HNAAVQVYDYR.E
Known Tyrosine Phosphorylation

1084.37

Relative Abundance

1198.36
1013.35

616.16

1161.41

235.08 394.26 599.58 ‘ 883.36 ’
[ | [

‘M \’ . J 1 1 ‘h \” T ’r\! h’y\ ‘ ‘\\ A 1’ i V ‘ ‘ :
200 300 500 600 900 1000 1100 1200 1300




Instrument preprocessing or
Database Searching???

Major Vault Protein

Trypsin digested max 2 missed cleavages
Inbsi' rumentpreprocessing

Min fragment length 5 amino acids
Database searching

No modifications : 131 peptides
S,T,Y phosphorylation: 234 peptides!




Problems

PTM’s
complexity

ldentifying False Positives
Solutions???
XC, DCn filters

Search against other DBs
Reversed DB
Archaea

Other

Post processing techniques



When SEQUEST doesn’t work??

827.1










SEQUEST cannot tell us which version. We must resort to other experimental techniques.

et




Sidicacid Galactose N-acetylgalactosamine

Thr-Val-Pro-Ala-Ala-Val-Val-Val-Ala

APF isa sialoglycopeptide that has 100% homology to the
sixth transmembrane domain of frizzled 8
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Why didn’'t SEQUEST work??

SEQUEST can only identify those things
which it knows.
Sugars, modification, etc

Total unknowns can cause huge
misidentifications

True with any search engine




Post Processing and Data Analysis

A must for all data sets

To make sense of the vast amount of data
you are looking at

Easy to hand someone 200 sheets of paper
THINK BIOLOGY!













The ultimate problem:
Tying it all together.










Mining the data — A closer view.

50007

M Unique Peptides

4500 q ®
Unique Protein Identifiers

4000 : :

W Unique Proteins
3500
3000
2500
2000
1500 —
1000

~ I i I I I I
\ \ \ \ \

Fully Tryptlc Partially Trypt|c Fully Partially Fully Elastic Partially Elastic No Protease
Chymotryptic  Chymotryptic Constraint

| dentifications based on Enzymatic Constraint
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Glutamate receptor KA-2

Extracdlular

Intracellular




COMPARATIVE MOUSE SERUM PROTEOME ANALYSIS

Reference Ctrl Spikes LC Spikes SpikesDiff Ctrl Total Spikes LC Total Spikes Total Spikes Diff

ALBU_MOUSE 125 184 59 2157 4483 2326
TRFE_MOUSE 68 104 36 394 776 382
HEMO_MOUSE 24 6 i 125 264 139
PLMN_MOUSE 14 35 i 58 83 25
FINC_MOUSE 60 78 18 122 106
CFAH_MOUSE 6 16 13 38 25
Q9DBDO 15 31 16 38 87 49
Q8KOES 45 61 16 248 7
QO9K47 61 T 16
KNG_MOUSE 18 32 14
HPT_MOUSE 13
CERU_MOUSE i 34 13
APOH_MOUSE 5 12
THRB_MOUSE 11 23 12
CO5_MOUSE 32 44 2
A2MG_MOUSE 113

ITHL MOUSE 16 25
A2HS MOUSE 19 28
FLNA_MOUSE 54 )
EGFR_MOUSE 7 14
ITH3_MOUSE 7 14
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PLASMINOGEN, ANGIOSTATIN, AND CANCER

o First described in Lewis lung carcinoma
» Consists of first four kringle domains

o Triple-loop, disulfide-linked structures
» Angiogenesis inhibitor

* Not likely derived from the tumor, lack
detectable mRNA for plasminogen

» Combinations of kringlesresult in
varying inhibitory effects

e Found in avariety of other proteins




COMPARATIVE MOUSE SERUM PROTEOME ANALYSIS

Regional peptide map of unigue plasminogen peptides observed in control serum




COMPARATIVE MOUSE SERUM PROTEOME ANALYSIS

Regional peptide map of unigue plasminogen peptides observed in control serum




Relational Databases




Correlation between Proteomic and Transcriptomic
Expression Ratios
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Log, mMRNA expression ratio

Spearman Rank Correlation Coefficient, rs = 0.7
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Websites




Questions???




